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3. INTRODUCTION

Obesity has become a significant problem. The global population with obesity has
increased by 3-folds since 1975, and there are 1.9 billion adults with overweight, and among
them, 650 million with obesity [1]. Obesity is a multifactorial disease; nevertheless, the major
reason for weight gain is considered an energy imbalance between energy intake and energy
expended. Exceed body fat content is no longer a cosmetic issue since it is a serious risk
factor for type 2 diabetes mellitus (T2DM), cardiovascular disease, as well as some types of
cancer development, which influences significantly the quality of life [2]. Because dietary
factors play one of the most important roles, therefore a dietary intervention is considered the

main approach for circumventing weight gain.

The most attention is paid to dietary fats and carbohydrates intake, and although a lot
of researches have been conducted, their role in obesity prevention and treatment is very
controversial. Therefore, also dietary recommendations of macronutrient intake for patients
with overweight/obesity and/or T2DM are being discussed and modified continously. From a
low-calorie diet (LCD) comprising mainly of fats with a limited carbohydrate restriction to
promoting a high-carbohydrate diet (HCD) and low-in-fat-diet when the role of diabetes in
developing cardiovascular disease has been established [3]. The rationale for advocating HCD
with low-fat content was the decreasing plasma cholesterol concentration with a negligible
increase in the fasting plasma glucose (FPG), however, these kind of diets failed to prevent
obesity, insulin resistance, metabolic syndrome, and T2DM development [4]. Therefore, a
high-fat diet (HFD) with low carbohydrates content is again regaining the grounds for the
general notion of reduction/control over body weight and its metabolic consequences such as
blood glucose concentrations [3]. Numerous human studies have reported the effects of
HCD/LCD consumption with comparable results in case of body weight, fasting plasma
glucose, insulin concentration, glycated haemoglobin (HbAlc), low-density lipoprotein

cholesterol (LDL) or high-density lipoprotein cholesterol (HDL) reduction [5, 6].



Except different macronutrients composition in a diet, there is also an increased
interest in use of plant-based foods to maintain health and well-being [7]. One of the
promising "functional fruits" are berries, which contain a vast collection of polyphenols
beneficial for health, e.g. anthocyanins, phenolic acids, flavonoids, flavanols, alkaloids, etc.
There is an increasing number of evidences that inclusion of berries in human diet is
associated with a reduced risk of development or even reversal of several health issues,
including diabetes, obesity or hypertension. Clinical and non-clinical findings reporting
positive health effects of the consumption of berries-based products in the prevention of
T2DM development and reduction of T2DM-related complications together with the
metabolic composition of berries and their potential mechanisms of action are presented in the
review paper which is a part of this dissertation (Hameed A. et al. Nutrients 12, no. 9: 2538)
[2]. Among functional plants with anti-obesity and/or antidiabetic activity cinnamon and
capsicum recently gained the attention of the scientific community [8-10]. Both spices not
only improve the physical cues of food but also grant the favourable healthy effects to its
consumers. Cinnamon has been already associated with improved the glycemic control,
insulin resistance, and hyperlipidemia, mostly by altering the expression of key regulatory
genes involved in glucose-lipid metabolism pathways, and by reducing proinflammatory
interleukins, prostaglandins, and nitric oxides production [11]. Similarly, capsicum or chili
pepper compounds possess anti-obesity/anti-diabetic properties and could be used for the
prevention and treatment of above-mentioned conditions [12]. Capsicum intake was noted to
promote the satiety, fat oxidation, energy expenditure, plasma markers of glucose/lipid
metabolism, obesity related systematic inflammation, and gut epithelial barrier function [10,
13].

Every dietary intervention should be long enough to observe its clinical effects,

however, analyses of postprandial changes in plasma metabolites can show which metabolic



pathways are modulated shortly after thefood intake, and observation of these short-term
changes can be useful to understand the possible long-term consequences of particular diets .
Therefore, in the present study we used untargeted metabolomics to evaluate a short-term
postprandial changes in plasma metabolites evoked by a single meal intake.

Metabolomics allows a systematic analysis of small molecules in a biological system.
It can be used to study inter-individual variability in metabolizing same foods in health and
disease states, therefore it is a key research tool in the studies aiming to develop a
personalized nutrition. Among others, changes in metabolome can reflect a genetic
background or be evoked by environmental factors, drugs or diet [14]. Blood metabolome is
vulnerable to rapid changes in response to meal challenge. It has already been shown that,
depending on the genetic background, specific meal types may evoke similar or different
postprandial changes in plasma metabolome [15, 16]. As it has been presented in the review
paper included in this dissertation, metabolomics studies provided a wide spectrum of
potential biomarkers of diabetes (Hameed A. et al. Journal of Clinical Medicine 9, no. 7:
2257) [17].

In the first part of this study we evaluated a short-term postprandial metabolic
response of participants with normal body weight (NW) or with overweight/obesity (OW/OB)
to HC (high carbohydrate) and NC (normo carbohydrate) meals intake. We have observed
differences in postprandial metabolites‘ levels between subjects with OW/OB and NW after
HC, but not after NC meal intake. Therefore, in the second part of the study we evaluated
potential benefits of cinnamon/capsicum, in individuals with OW/OB after HC meal intake

with cinnamon and capsicum capsule compared to placebo.



4. Study Aims:

1. Application of global metabolomics apparocah to evaluate and compare the
postprandial metabolic response to high-carboyderate and normal-carbohyderate meals in

lean-to-obese subjects prone to T2DM.

2. Application of untargeted metabolomics to unveil the effect of capsicum and

cinnamon intake on high carbohyderate meals in people prone to diabetes



S. MATERIALS AND METHODS

Ethics
This first substudy was a part of bigger project, which has been registered at

www.clinicaltrials.gov_as NCT03792685. The study protocol and procedures of both

substudies were approved by the local Ethics Committee of Medical University of Bialystok,
Poland (R-1-002/35/2009, R-1-002/314/2018, and R-1-002/95/2019). All of the participants
signed informed consent before enrollment to the study. The study procedures were conducted
following the ethical standards of human experimentation and with the Declaration of

Helsinki.

Participants and study design

The participants enrolled to these studies were volunteers of Polish-Caucasian origin.
Only males were included to the meal-challenge tests because of the possible sexual
dimorphism of investigated factors [18]. Exclusion criteria included T2DM or prediabetes, as
well as other disorders or any treatments that might affect obtained results. Also, subjects who
followed any special diet or dietary patterns were excluded from the study. Participants were
asked for and instructed to maintain their regular lifestyle throughout the study and to avoid
coffee, alcohol, and excessive physical activity for at least one day before each test day.
During the meal challenge test men stayed in bed, in a quiet room at thermoneutral conditions
(22-25°C).

Participants of the first study (n=24), based on the BMI criteria, were classified to
OW/OB study group (BMI>25, n=12) or to NW study group (BMI<25, n=12). In these
subjects, two meal-challenge-tests visits were performed in a crossover design, with an
interval of 2-3 weeks. Some of the participants refused to take part in both meal-challenge
tests visits; therefore, all of them underwent a meal-challenge-test with HC-meal intake and

18 of them with NC-meal intake. After fasting blood collection (at least 8h of fasting state),
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subjects received a standardized HC-meal (300 mL, Nutridrink Juice Style, Fat Free, Nutricia,
Poland, which provided 450 kcal: 89% of energy from carbohydrate, 11% from protein, and
0% from fat) or NC-meal (360 mL, Cubitan, Nutricia, Poland, which provided 450 kcal: 45%
of energy from carbohydrate, 30% from protein, and 25% from fat).

In the second intervention study 20 male individuals with OW/OB were enrolled into
double-blind, placebo-controlled trial consisted of two study visits with HC meal intake with
the capsule containing 2 g of cinnamon (Cinnamomum verum, Dary Natury Pvt., Ltd.,
Koryciny, Poland) and 200 mg of capsicum (Capsicum annum, Organic Cayenne Pepper
ground, Lebensbaum, Diepholz, Germany) or placebo capsule (composed of maltodextrin
only), in randomized order. A wash-over period between study visits was around 1-3 weeks.
A study meal was composed of wheat roll (100g), fruit jam (50g) and fruit juice (200ml). The

clinical and anthropometric characteristics of study participants are shown in Table 1.

Table 1. Baseline characteristics of studied individuals.

Anthropometric HC/NC Meal Study Cinnamon/ | p-value * for
Parameters OW/OB NW p-value* Capsicum Comparison
Study with OW/OB
Group
Age [years] 37.8+6.3 353+8.6 0.4 46 £ 8.4 0.02
BMI [kg/m?] 30.8+54 238+ 1.6 0.0009 32.0+43 0.2
Body Fat contents 28.0+6.3 17.0+53 0.0001 31.4+4.1 0.2
[%0]
Fat free mass [%] 69.8 +£12.2 66.3 £ 6.6 0.4 67.9+75 0.6
WHR 0.998 + 0.06 0.91 £0.06 0.003 1.03 £0.05 0.1
Fasting glucose 87.9+58 84.2 +£8.1 0.2 101.05 + 8.98 0.0002
concentration
[mg/dL]
Fasting Insulin 12.7+93 6.5+1.7 0.06 13.8+4.5 0.2
concentration
[IU/mL]
HOMA-IR 28+2.1 1.3+£0.3 0.05 346+12 0.05
HOMA-f 186.3+121.1 | 157.5+150.4 0.6 136.32 + 56.3 0.4
HbAlc 53+03 52+0.3 0.3 54+03 0.9

This Table is from the original article being a part of this dissertation. * - For quantitative variables
with normal distribution, the parametric #-test was used; for the other variables, the non-parametric
Mann—Whitney test was applied. The data are represented as the mean + STD, and p-values < 0.05
were considered significant. HC: high-carbohydrate, NC: normo-carbohydrate, OW/OB: individuals
with overweight/obesity, NW: individuals with normal weight BMI: body mass index, WHR: waist-
hip ratio, HOMA-IR: Homeostatic Model Assessment of Insulin Resistance, HOMA—B: Homeostatic
Model Assessment of f—cell function, HbAlc: glycated haemoglobin.
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Study Procedures

At the screening visit, the demographic data and anthropometric measurements, as
well as body weight, body composition analysis, and blood collections, were performed. In
subjects who met inclusion criteria, the meal-challenge test visits were conducted as described
in details previously [15, 19]. The metabolomics analyses were performed on plasma samples
from the blood collected at fasting (0°) and 30, 60°, 120°, and 180° minutes after a meal

intake.

Metabolomics measurements

The metabolomics analyses were performed using an HPLC system (1290 Infinity,
Agilent Technologies, Santa Clara, CA, USA) with mass spectrometry detection (6550
iFunnel Q-TOF, Agilent Technologies, Santa Clara, CA, USA). Samples were prepared by
mixing 1 volume of plasma with 4 volumes of freezing cold (—20°C) methanol/ethanol (1:1)
to perform simultaneous precipitation of proteins and extraction of metabolites. Obtained
samples were analyzed in the randomized order. Applied methodology has been described

previously [16, 20].

Metabolomics data pre-treatment

Data treatment included cleaning of background noise and unrelated ions through
molecular feature extraction (MFE) tool in Mass Hunter Qualitative Analysis Software
(B.06.00, Agilent, Santa Clara, CA, USA). Mass Profiler Professional (B.12.6.1, Agilent
Technologies, Santa Clara, CA, USA) software was used to perform quality assurance (QA)
procedure and data filtration. QA procedure covered a selection of metabolic features with
good repeatability. The features detected in >80% of quality control (QC) samples and with
RSD <30% were kept for further data treatment. Additionally data was filtered to keep

metabolic features present in 80% of the samples in at least one of the time points.
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Calculations and statistical analyses
Based on the relation between time points and the signal intensity of each metabolite,
the areas under the curve (AUCs) were calculated using a trapezoid rule in R software

environment (version 3.4.3, https://www.R-project.org/). The Homeostatic Model Assessment

of Insulin Resistance (HOMA-IR) and the Homeostatic Model Assessment of B-cell function
(HOMA-B) were calculated using the standard formulas: HOMA-IR = fasting plasma glucose
concentration (mmol/L)] fasting insulin concentration (U/mL)]/22.5, HOMA-B = 20 fasting
insulin (U/mL)/fasting glucose (mmol/L) - 3.5.

Statistical analysis of metabolomics data was performed on each metabolite's AUCs or
intensities of metabolic features (baseline comparison between individuals from OW/OB and
NW groups). The following comparisons were performed: AUCs after HC meal between
individuals from OW/OB and NW groups, AUCs after NC meal between individuals from
OW/OB and NW groups, AUCs after HC meal for cinnamon/capsicum and placebo group.
Selection of statistically significant metabolites was performed implementing multivariate
statistics. Partial least squares discriminant analysis (PLS-DA) models were computed for
each comparison using the SIMCA-P+ 13.0.3 software (Umetrics, now Sartorius Stedim,
Sweden). Volcano plots were created using variable importance in the projection (VIP), and
p(corr) values obtained from the PLS-DA models. Variables with VIP>1.0 and absolute
p(corr) >0.4 were considered significant.

Parametric (t-test) or non—parametric (Mann—Whitney test) was applied for clinical

and anthropometric data, depending on data normality.

Metabolites’ Identification
The identity of significant metabolites was confirmed by matching the experimental

MS/MS spectra to MS/MS spectra from such databases as METLIN, KEGG, LIPIDMAPS,
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and HMDB or by matching experimental m/z, fragmentation spectra and retention time with

these obtained for metabolite's standards (if available). Fragmentation experiments were

repeated with identical chromatographic conditions to the primary analysis. Phospholipids

were identified based on a previously described characteristic fragmentation pattern [21]. A

detailed fragmentation data of identified metabolites (except phospholipids) is presented in

Table 2.

Table 2. A detailed fragmentation data of identified metabolites.

Metabolite

Piperidine

Lactic acid

Indoxylsulfuric acid

Uric acid

Bilirubin

Androsterone sulfate
Arachidonic acid

Hydroxy stearic acid

LTA4

HETE

Docosenamide

Linoleamide

Monoisotopic
mass [Da]

85.0892

90.03185

213.0097

168.0282

584.2621

370.1814
304.2397

300.2659

318.21915

320.2348

337.3343

279.2558

RT
[min]

0.3

0.3

0.7

0.2

8.0

39
7.1

74

6.2

5.8

74

5.5

Fragments [m/z]

86.0963, 69.0696,
58.0652, 44.0498,
43.0544, 41.0385
87.0072, 71.0128,
44.9970, 43.0178,
41.0022

212.0021, 132.0448,
80.9653, 79.9573
167.0214, 124.0150,
96.0201, 69.0093,
41.9987

585.271, 299.138
583.254, 285.124

369.1741, 96.9603
303.2322, 285.2223,
259.2420, 231.2104,
205.1968, 59.0138
255.107, 138.911,

116.929, 100.934, 84.938

299.198, 273.219,
255.212, 201.160,
127.075, 59.012
319.2272, 301.2168,
257.2270, 221.1542,
179.1079, 155.0709,
135.1175, 107.0866,
69.0342, 59.0134
338.3416, 321.3144,
303.3055, 163.1477,
149.1326, 114.0912,
97.1009, 83.0857,
69.0702, 57.0704
280.2636, 263.2353,
245.2225,175.147,

109.101, 97.107, 95.0853,

Ton

[M+H]+

[M-H]-

[M-H]-

[M-H]-

[M+H]+
[M-H]-

[M-H]-
[M-H]-

[M-H]-

[M-H]-

[M-H]-

[M+H]+

[M+H]+

14



Palmitoylethanolamide

Stearoylethanolamide

Lauroyldiethanolamide

Ketosphingosine

Hexadecasphinganine

Sphingosine 18:3

Sphingosine 16:0

Sphingosine-1-
phosphate

Sphinganine C17:0
Arachidonic Acid
methyl ester

SM d34:2

SM d32:1

297.30246

327.31308

287.2456

297.2661

273.2662

295.25055

271.2509

379.2489

287.282
318.2559

846.4822

820.4666

7.8

7.3

6.0

4.1

5.7

4.5

83.0849, 81.068, 69.0705,
67.0549, 57.0696
298.3096, 256.2636,
116.1090, 102.0914,
88.0760, 57.0696,
43.0539

328.3209, 311.2942,
310.3147, 109.1025,
95.0861, 71.0854,
67.0520, 62.0601,
57.0708, 44.0498
288.2538, 227.1997,
106.0861, 88.0753,
70.0645, 57.0685
298.274, 281.243,
263.234,121.101, 97.101,
95.086, 93.068, 87.045,
83.086, 71.086, 69.07,
67.053, 57.07, 55.055
274.274, 256.258,
106.083, 88.074, 70.065,
57.07

296.2564, 279.2305,
261.2197, 233.2253,
184.8892, 153.1273,
121.0999, 107.0862,
95.0845, 83.0851,
81.0703, 69.0697
272.258,254.247,
106.086, 88.076, 57.069
380.2562, 362.2412,
264.2685, 247.2434,
82.0646, 57.0682
288.290, 270.279

319.2632, 287.2362,
269.2253

845.4749, 785.6480,
168.0416, 144.9231,
116.9279, 100.9334
819.4593, 759.6315,
168.0407, 144.9231,
116.9281, 100.9335

Metabolic pathway (enrichment) analysis and biological significance

Pathway

analysis

performed

using

[M+H]+

[M+H]+

[M+H]+

[M+H]+

[M+H]+

[M+H]+

[M+H]+
[M+H]+
[M+H]+
[M+H]+

[M-H+144.92]-

[M-H+144.92]-

MetaboAnalyst

4.0

(http://www.metaboanalyst.ca/) [22]. Two analyses were performed. The first pathway

analysis was performed for metabolites significantly discriminating OW/OB group from NW

group after HC meal, while the second for metabolites significantly changing in the

15


http://www.metaboanalyst.ca/

cinnamon/capsicum intervention study. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) based Homo sapiens library was selected for analysis with a hypergeometric test in
over-representation analysis and relative-betweenness centrality in pathway typology analysis
(to estimate node importance). Pathway significance was determined from pathway

enrichment analysis and based upon the values for each compound in the dataset.

6. Results and discussion of articles included in dissertation

Comprehensive untargeted metabolomics analysis of fasting and postprandial plasma
samples was carried out to investigate and compare the effects of HC/NC meals intake on the
plasma metabolome of participants with overweight/obesity (OW/OB group) and individuals
with normal body weight (NW group). Metabolites discriminating individuals from OW/OB
and NW groups at the fasting state are presented in Table 3. clearly indicating differences in

metabolic profiles between two populations with different BMIs.

Table 3. Significant serum metabolites discriminating individuals with overweight/obesity
from lean individuals at baseline.

Metabolites OW/OB vs. NW
Change * [%] | VIP Absolute p(corr)

Bilirubin =30 1.82 0.52
Leucine (S) 33 1.45 0.65
Valine —28 1.88 0.51
Piperidine 41 1.80 0.73
Linoleamide (S) 66 1.65 0.53
Dodecanamide (S) 32 1.51 0.57
Palmitoleamide (S) 79 2.17 0.68
HETE 43 1.78 0.49
LPC 18:1 21 1.29 0.43
LPA 16:0 20 1.39 0.51
LPI 16:0 51 1.48 0.53
LPI 18:0 31 1.15 0.43
LPI 18:1 37 1.82 0.61
PC 36:5 —45 1.98 0.64
PC 38:6 —26 1.60 0.47
PC O-36:5 or P-36:4 | 30 1.83 0.52
PC 38:5 —44 2.67 0.67

This is a modified Table 2 from the original article being a part of this dissertation. * -
Positive/negative value of percent of change means higher/lower intensity of metabolite in people with
overweight/obesity in comparison to lean individuals. The p(corr) and VIP values were calculated
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based on respective PLS-DA models. Variables with VIP > 1.0 and absolute p(corr) > 0.4 were
considered significant. RT: retention time, VIP: variable importance into the projection, p(corr):
predictive loading value, HETE: hydroxyeicosatetraenoic acid, LPC: lysophosphatidylcholine, LPA:
lysophosphatidic acid, LPI: lysophosphatidylinositol, PC: phosphatidylcholine.

Discriminating metabolites mainly belong to different classes of lipids, i.e.
phosphatidylcholine (PC), lysophosphatidylcholine (LPC), lysophosphatidylinositol (LPI),
lysophosphatidic acid (LPA), fatty acid amides (FAA) as well as hydroxyeicosatetraenoic
acid. Changes in BCAA, bilirubin and piperidine were also noted. Baseline metabolic profiles
discriminating people with overweight/obesity from those with normal weight indicate mainly
for dysregulation of cellular lipid and amino acids metabolism. It is known that people with
obesity have two-fold higher lipolytic fluxes what may result in the alteration of fasting
metabolic profile [23]. Presented research showed a decreased level of several PCs when
individuals from OW/OB group were compared with those from the NW group. Similar
findings were also reported by Bagheri et al. [24], who observed reduced fasting plasma levels
of long-chain PCs in individuals with overweight/obesity. Also Boulet et al. [25], observed a
positive association between various LPC and different anthropometric variables, i.e. BMI,
body-fat mass as well as subcutaneous and visceral adipose tissue content, what was widely
discussed in the original article included to this dissertation. Other lipid entities increased in
participants with overweight/obesity include FAA (i.e. dodecanamide, linoleamide, and
palmitoleamide). FAA are linked to the the endocannabinoid system which correct

functionality is significant to maintain and recover energy homeostasis [26].

We also noted higher fasting plasma levels of two BCAA (leucine and valine) in
subjects with OW/OB. The impaired catabolism of BCAA may lead to reduced expression of
branched-chain-keto acid dehydrogenase and branched-chain aminotransferase which prompt
obesity. Observed in our study disrupted fasting plasma metabolic profile of participants with
overweight/obesity can be an early predictor of insulin resistance, impaired glucose tolerance,

prediabetes, as well as T2DM [17].

17



As it can be seen in Table 4, postprandial metabolic profile of subjects with OW/OB

was substantially perturbed, especially after HC meal intake.

Table 4. A list of meal-dependent metabolites that changed postprandially, discriminating

people with overweight/obesity from lean individuals.

Metabolite NC meal HC meal Change in
OW/OB vs. NW OW/OB vs. NW Cinnamon/
Change | VIP | Absolute | Change | VIP | Absolute | Capsicum
[Yo] p(corr) [Yo] p(corr) Study*
Androsterone sulfate -8 NA NA 114 1.49 0.51 l
Indoxyl sulfate =25 NA NA 155 2.71 0.67 l
Lactic acid 10 NA NA 73 2.05 0.56 Not
changing
Uric acid -16 NA NA 145 1.55 0.63 !
Hydroxy stearic acid -17 NA NA 54 1.74 0.51 1
Hexanoylcarnitine —-16 0.42 0.12 84 1.88 0.42 ND
HETE —-11 NA NA 129 1.93 0.64 ND
Sphinganine C17:0 11 0.54 0.10 —49 1.89 0.50 1
Sphinganine C16:0 -8 0.15 0.07 —60 1.79 0.56 1
Sphingosine C16:0 12 0.88 0.27 —40 1.51 0.53 Not
changing
Sphingosine C18:3 550 2.63 0.55 57 0.42 0.27 l
Lauroyldiethanolamide —4 0.26 0.08 —71 2.87 0.78 1
Linoleamide 682 3.75 0.77 38 0.74 0.40 Not
changing
Palmitoyl 69 1.75 0.50 36 0.67 0.39 i
N-Isopropylamide
LPC 14:0 2 0.22 0.14 185 2.22 0.65 !
LPC O-15:0 -19 NA NA 125 1.02 0.65 1
LPC 16:0 -23 0.22 0.14 161 1.79 0.56 !
LPC 17:0 sn-1 -15 NA NA 91 1.96 0.51 Not
changing
LPC 17:0 sn-2 -14 NA NA 94 2.08 0.54 Not
changing
LPC19:0 22 NA NA 92 1.64 0.69 !
LPC 20:1 -36 0.28 0.02 274 2.17 0.55 !
LPE 16:0 23 NA NA 255 1.91 0.65 Not
changing
LPE O-16:0 2 NA NA 211 1.96 0.66 1
LPE P-16:0 or =30 NA NA 195 1.91 0.70 !
LPE O-16:1
LPE P-19:1 -23 0.18 0.02 133 1.67 0.67 l
LPE P-18:0 or =25 NA NA 113 1.17 0.63 1
LPE O-18:1
LPE P-20:0 or 10 NA NA 64 139 0.53 l
LPE 0-20:1
LPE 20:3 15 0.45 0.12 —71 2.49 0.53 1
LPA 22:4 30 1.19 0.29 101 1.53 0.52 Not
changing
LPI16:0 41 NA NA 224 1.40 0.68 ND
LPI 18:0 22 NA NA 98 1.59 0.58 ND
LPI18:1 26 NA NA 76 1.44 0.67 1
LPI120:4 -22 NA NA 41 1.50 0.42 !
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PC 32:1 73 1.52 0.34 116 1.48 0.49 l
PC 38:5 -8 0.54 0.23 78 1.06 0.49 !
SM 32:1 19 0.97 0.26 48 1.09 0.46 l
This is a modified Table 3 from the original article being a part of this dissertation. * - the direction of
arrow shows a direction of AUC Change after Cinnamon/Capsicum Intake. Positive/negative value of
percent of change means higher/lower AUC of postprandial change of metabolite level in people with
overweight/obesity in comparison to lean individuals. The p(corr) and VIP values were calculated
based on respective PLS-DA models. Variables with VIP > 1.0 and absolute p(corr) > 0.4 were
considered significant and are bolded. NA: values not available as it was not possible to build PLS-DA
model based on this data set. ND: not enough quality data for this metabolite were recorded in the
cinnamon/capsicum study. Not changing means that a difference between the AUC for placebo and
cinnamon/capsicum was below 5%. HC: high-carbohydrate, NC: normo-carbohydrate, OW/OB:
individuals with overweight/obesity, NW: individuals with normal weight, AUC: area under the curve,
RT: retention time, p(corr): predictive loading value, VIP: variable importance into the projection,
HETE: hydroxyeicosatetraenoic acid, LPA: lysophosphatidic acid, LPC: lysophosphatidylcholine,
LPE: lysophosphoethanolamine, LPI: lysophosphatidylinositol, PC: phosphatidylcholine, SM:
sphingomyelin.

Most of affected metabolites were phospholipids, sphingolipids, and FAA. The AUC
of several phospholipids (LPEs, LPCs, and LPIs), indoxylsulfuric acid, lactic acid or uric acid
was significantly increased in individuals with OW/OB when compared to subjects with
normal body weight, but only after HC meal intake. For some metabolites (sphingosine 18:3,
lauroyldiethanolamide, and palmitoyl N-isopropylamide) significantly increased AUC was
found after NC, but not HC meal, while for others significant differences in AUC between the
studied groups were observed after both meals. For most of the metabolites we noted an

increased postprandial AUC in OW/OB group in comparison to the NW study participants.

Other authors have reported similar results. Gonzalez-Granda et al. [27] studied the
effect of consuming high-fructose meals by indivuiduals with different body weight and
obserwed a marked increase of phospholipids and diacyl-LPCs levels in obese individuals in
response to fructose-rich diet. Most of the meal-type discriminatory metabolites were lipids.
Their postprandial AUC was found accelerated in OW/OB subjects in response to HC-meal.
Taking together all of these results we may conclude thatpopulation with BMI above normal
range is more susceptible to dysregulation of lipid metabolism due to HC-meals intake than

individuals with BMI within the normal ranges. These findings are in line with the result of
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the study in which lipidome of individuals with obesity and prediabetes was investigated, and
perturbations in the level of several PL, LPC, LPE, LPI, SM, and ceramides in people with
obesity have been reported [28]. Another study indicated three phospholipids, i.e. LPC 18:2,
PC 32:1, and PC 34:2, as the early predictors of diabetes in the susceptible population [29].
These studies underline the positive association of HC-meal intake and plasma/serum levels
of phospholipids, fatty liver index, and weight gain. Tulipani et al. [30] noted an inversed
relationship of LPCs 17:0, 18:1, and 18:2 with the BMI, body weight, hip and waist
circumferences. This contradiction in findings might be arising since OW/OB individuals in
this study group were largely normoglycemic. Additionally, carbohydrate-type, glycemic
index, and quantity of intake were considered important for determining the overall blood
glucose, lipid metabolism, and metabolic response as well [31].

After HC-meal intake we noted also significantly exacerbated the postprandial AUC
of hydroxy stearic acid and hydroxyeicosatetraenoic acid (HETE) in subjects with OW/OB
when compared to NW study group. HETE and its various isoforms have been found to
activate the inflammatory markers and reduce the secretion of insulin [32]. Moreover, we
noted a higher postprandial AUC of hydroxy stearic acid and lower postprandial AUC of
sphingolipids (with the exception for sphingosine C18:3) in OW/OB subjects in comparison
to NW individuals in response to HC-meal intake. Sphingosine is the key precursor of de novo
biosynthesis pathways of ceramides, and higher plasma concentrations of sphingosine and
ceramides were noted in obese and insulin-resistant Zucker rats [33] and diabetic individuals
[34]. Another metabolite with meal-dependent postprandial profile is androsterone sulphate.
We noted significantly higher AUC for this metabolite after HC-meal intake in OW/OB group
participants. The relationship between the steroid hormones, obesity and T2DM has been
already discussed [35], and it was found independently associated with a decreased risk of

T2DM development in postmenopausal women and healthy men [36]. We founf that
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postprandial AUC of indoxyl sulfate was higher in individuals with OW/OB in comparison to
normal body weight individuals after an HC-meal intake. Indoxyl sulfate is may also be
involved in the pathogenesis of metabolic syndrome, cardiovascular disease and chronic
kidney disease [37]. All of these results show that HC-meal intake can make individuals with
OW/OB more vulnerable to above-mentioned diseases.

Different response of participants with OW/OB in comparison to NW participants is
mostly observed after an HC meal intake and discriminating metabolites are mostly lipids. It
has been already observed that ingested capsaicinoids can prevent diet-induced obesity in rats
[38]. Moreover, it was noted that also cinnamon extract may regulate plasma levels of
adipose-derived factors and expression of multiple genes related to carbohydrate metabolism
and lipogenesis [39]. A beneficial effects of capsicum annum and cinnamon supplementation
on metabolic syndrome and diabetes management have been reviewed recently. Literature
data indicate different anti-diabetic/obesity mechanisms of cinnamon and capsicum action
[10, 40], therefore, we decided to combine them into one capsule and evaluate their ability to
diminish changes in plasma metabolome evoked by an HC meal intake in men with OW/OB.
As it has been presented in the original article included to this dissertation, we noted different
AUCs for postprandial changes in metabolites level when cinnamon/capsicum capsule was
taken with an HC meal in comparison to placebo capsule intake. Metabolites significantly
affected by the cinnamon/capsicum intake are presented in details in the Table 5.

For the most of metabolites significant after HC-meal intake, the opposite direction of
change was observed after the cinnamon/capsicum intervention, what indicate that these
spices may diminish the effect induced by an HC meal intake. Although considering exactly
the same metabolites, only six significant after HC-meal intake were also significantly
changing after cinnamon/capsicum intervention. Performed pathway analyses indicate that the
most of metabolic pathways affected by an HC meal intake are the same that are affected by

the cinnamon/capsicum ingestion with an HC meal. Although participants of both substudies
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were males with overweight/obesity, those from cinnamon/capsicum substudy were older and
more insulin resistant. It may explain why the lists of significant metabolites are not more
consistent. However, high similarities of affected pathways, together with the opposite
direction of noted changes in postprandial metabolites affected by an HC meal intake in
comparison to HC-meal intake with cinnamon/capsicum, indicate that these natural spices
may regulate metabolic pathways, which are perturbed by this kind of meal in men with

OW/OB.

Table 5. A list of metabolites significantly changing in the cinnamon/capsicum intervention
study.

Metabolite Change [%] VIP | Absolute p(corr)
Sphingosine-1-phosphate 170 1.26 0.49
Sphinganine C17:0 1,758,409 2.11 0.88
Arachidonic Acid methyl ester 688,141 1.32 0.58
Docosenamide 159 243 0.99
LPC 14:0 =27 1.13 0.48
LPC 16:0 -100 1.52 0.64
LPC 18:2 -8 1.79 0.79
LPC 20:1 —-34 1.50 0.67
LPE P-16:0 -17 1.22 0.54
LPE P-19:1 -29 2.01 0.87
LPE 20:3 1,134,744 1.36 0.56
LPE 20:4 —52 1.35 0.38
PC 32:4 -59 1.05 0.44
PC36:2 -99 1.38 0.54
PC 38:4 —99 1.32 0.53
PC 40:6 -90 1.62 0.66
PC 40:7 2884 1.20 0.46
PC 16:0/20:4 —88 1.50 0.42
PC 0-36:2 or PC P-36:1 17,503 2.12 0.86
PC 0-40:5 or PC P-40:5 —100 1.72 0.69
SM d34:2 =27 243 0.86
SM d32:1 =30 2.35 0.78

This is a modified Table 4 from the original article being a part of this dissertation. Positive/negative
value of percent of change means higher/lower AUC of postprandial change of metabolite level after
cinnamon/capsicum capsule intake in comparison to placebo capsule intake. Metabolites significant
after HC meal in OW/OB vs. NW comparisons are bolded. The p(corr) and VIP values were calculated
based on the PLS-DA models. Variables with VIP > 1.0 and absolute p(corr) > 0.4 were considered
significant. RT: retention time, p(corr): predictive loading value, VIP: variable importance into the
projection, LPC: lysophosphatidylcholine, LPE: lysophosphoethanolamine, PC: phosphatidylcholine,
PE: phosphoethanolamine, SM: sphingomyelin.
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7. Conclusions

This first substudy has shown the differences in postprandial metabolic response to
HC-meal in men with overweight/obesity in comparison to normal weight men. Several
metabolites and metabolic pathways were affected after an HC-meal intake in participants
with owerweight/obesity, but not in those with normal body weight. A substantial increase of
postprandial AUCs was mainly noted for different classes of lipids. The second substudy
showed ingestion of the cinnamon/capsicum together with an HC-meal by men with
overweight/obesity can diminish observed unfavourable postprandial metabolic response
evoked by such a meal. Further work aiming to confirm observed relationships and to explore
the mechanisms related to the perturbed metabolic pathways should be performed. Both

biochemical and animal experiments would be needed to validate obtained results.
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Abstract: Diabetes mellitus, a disease of modern civilization, is considered the major mainstay
of mortalities around the globe. A great number of biochemical changes have been proposed to
occur at metabolic levels between perturbed glucose, amino acid, and lipid metabolism to finally
diagnoe diabetes mellitus. This window period, which varies from person to person, provides us
with a unique opportunity for early detection, delaying, deferral and even prevention of diabetes.
The early detection of hyperglycemia and dyslipidemia is based upon the detection and identification
of biomarkers originating from perturbed glucose, amino acid, and lipid metabolism. The emerging
“OMICS” technologies, such as metabolomics coupled with statistical and bioinformatics tools, proved
to be quite useful to study changes in physiological and biochemical processes at the metabolic level
prior to an eventual diagnosis of DM. Approximately 300—400 such metabolites have been reported
in the literature and are considered as predicting or risk factor-reporting metabolic biomarkers for
this metabolic disorder. Most of these metabolites belong to major classes of lipids, amino acids
and glucose. Therefore, this review represents a snapshot of these perturbed plasma/serum/urinary
metabolic biomarkers showing a significant correlation with the future onset of diabetes and providing
a foundation for novel early diagnosis and monitoring the progress of metabolic syndrome at early
symptomatic stages. As most metabolites also find their origin from gut microflora, metabolism and
composition of gut microflora also vary between healthy and diabetic persons, so we also summarize
the early changes in the gut microbiome which can be used for the early diagnosis of diabetes.

Keywords: metabolomics; validated biomarkers; early biomarkers; diabetes mellitus; pre-diabetes;
glucose intolerance; insulin resistance; obesity; gut microbiota

1. Introduction

Diabetes mellitus (DM) is the most prevalent modern civilization disease and 8th major mainstay
of mortalities globally. This worldwide pandemic of DM is associated with large financial strain on the
healthcare systems of many countries, especially developing ones. The current projections from the
International Diabetic Federations (IDF) predict that the number of diabetic patients will hit 629 million
by 2045 and 34 million more people are at risk of developing DM than in 2015. Approximately 19 million
more adult people are undiagnosed than in 2015 and 1 in 6 births are influenced by hyperglycemia
in pregnancies [1]. Governments have allocated and spent almost USD 792 billion worldwide for
the treatments of DM, out which almost 377 and 166 billion dollars were allocated and spent only by
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the US and European Union (EU) countries. In the developing countries the financial burden of DM
treatment is mostly beard by patients themselves and it accounts for 25—40% of their monthly income.
However, to make matters worse, 4 out of 5 people with diabetes live in low- and middle-income
countries [1,2]. Therefore, new approaches are needed to lessen this financial pressure on both patients
and healthcare systems which is achievable only by reducing the epidemic of DM.

To circumvent the onset and/or delay in the progress of DM, it is most effective to recognize the
early stages of DM before major systematic damage (i.e., retinopathy, microvascular complications,
nephropathy etc.) occurs. Currently, a number of laboratory-based-diagnostic-tools are available
for the early detection of metabolic syndrome and related diseases which include impaired glucose
tolerance (IGT), impaired fasting glucose (IFG), combined glucose tolerance (CGT) tests, anthropometric
measurements and insulin sensitivity indexes [3]. These laboratory-based-tests are related to the
(pre)diabetic state which may take years to proceed to chronic DM. The aforementioned diagnostic
tests are directly related to glucose and insulin homeostasis. However, non-glucose/insulin related
reliable and validated biomarkers are needed to complement our knowledge on diabetes development
and indicate prognostic biomarkers. Regarding this, it has also been reported in the literature that
metabolic syndrome (pre-diabetic/diabetic state) is likely to alter the metabolic pathways related
to sugars, lipids, amino acids and their resulting metabolites resulting in the perturbed respective
metabolites level in predisposed individuals compared to healthy ones [4]. These altered metabolite
levels may serve as non-glucose/non-insulin related reliable and validated diagnostic biomarkers to
recognize the pre-diabetic stage. Furthermore, many beneficial metabolites are produced as a result of
intestinal microflora’s metabolism on sugars, lipids and amino acids. Therefore, metagenomic studies
of gut microbiota have also been considered complementary to metabolomics studies to summarize
the reported changes in the gut microbiota ecosystem.

A high throughput analytical technique such as metabolomics is immensely popular in
epidemiological studies to provide the mining of these new reported biomarkers of disease risks
and severity. This approach has the capability to detect the perturbation of one’s body metabolic
pathways affected by disease and hence permit new insights into the physiological and pathophysiological
development of disease [5]. The metabolomics technique has been used for screening potential diabetic
patients for early diagnosis, prevention or delayed onset of type 2 diabetes mellitus (T2DM). Literature
is full of many prospective, randomized, blinded, nested and case-controlled cohort studies where
the populations of different geographical localities have been recruited and tested for decades to
comprehensively understand the prognosis of DM in both vulnerable and non-vulnerable subjects.
These studies came up with a wide range of early T2DM biomarkers, especially of sugars, lipids and
amino acids origin. Most of these (pre)diabetes reporting biomarkers originating from sugars, lipids and
amino acids metabolism are considered validated biomarkers. However, a few conflicting studies are also
presented in literature and discussed in this review too. Most of these conflicts in findings may arise due
to not considering varying covariates in research design and personal or communal genetic variations.

The data regarding the early biomarkers of DM (T2DM) in human beings is really dispersed
and exhaustive. Therefore, the objectives of this comprehensive review were, for the first time in
literature, to collect, compile and update as much reliable and validated early DM biomarkers data in
one manuscript from published literature, which will be convenient for both physicians and potential
DM sufferers to score their risk factors.

2. Metabolomics and Early Biomarker of Type 2 Diabetes Mellitus (T2DM)

The global prevalence of the T2DM pandemic has attracted wide attention due to its
financial burden on health care systems. The failure in diagnosing prediabetes by conservative
laboratory-based diagnosis tools at their latest stages could also be partially blamed for this pandemic.
The laboratory-based diabetes diagnostic tools which are currently available include fasting blood
glucose levels, insulin sensitivity indexes, oral glucose tolerance tests (OGTT) and glycated hemoglobin
(HbAu1c). It is estimated that up to 60% of cases of T2DM have never been diagnosed and/or misdiagnosed
due to the sensitivity limitations of these assays at prediabetic and diabetic threshold levels [6].
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Additionally, these trivial assays are not involved in staging the progress of diabetes as T2eDM
is considered a non-static condition and it keeps evolving from acute prediabetic (hypoglycemia,
hyperosmolar hyperglycemic syndrome, ketoacidosis, and lactic acidosis) to chronic diabetic (diabetic
coronary artery disease (CAD), cerebral vascular disease, diabetic retinopathy (DR), diabetic peripheral
neuropathy, lower extremity vascular disease, diabetic nephropathy (DN) and diabetic foot disease)
states [7]. The misdiagnosis and mistreatment of prediabetes and prediabetic complications has not
only exposed people to non-essential medications with possible side effects but also to a source of
economic loss. Preventing the onset of T2DM and/or diagnosing the early stages of diabetes followed
by respective targeted treatment is the most economical way to treat T2DM before the occurrence of
systematic damage and chronic complications. Apparently, the failure of the diabetic diagnostic tools
currently available to diagnose prediabetes makes the search inevitable for new biomarkers/predictors
to complement the current diagnostic measures. Recently, the inclusion of low plasma adiponectin
concentration as a strong predictor for future T2DM development [8] further suggests the significant
scope of setting the complementary biomarkers of T2DM risk. Moreover, highly sensitive and specific
biomarkers are urgently needed in order to early diagnose T2DM. Metabolomics provides a great
opportunity to indicate these novel biomarkers.

Metabolomics has been increasingly used in epidemiological studies for unveiling the novel
association between metabolic pathways and disease. It is referred to a systematic study of identification
and quantification of low molecular-weight metabolites in a given biological sample. The pool of
these metabolites plays an important physiological role in the biological systems and is considered a
promising candidate for studying disease phenotype as disrupted levels of metabolites were found
in prediabetic individuals [9]. Two major platforms are used in metabolomics research, i.e., mass
spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy. MS, the most frequently
employed approach, is high-throughput and sensitive but destructive in nature. It is often used in
combination with separation techniques such as (high/ultra-pressure) liquid chromatography, gas
chromatography and capillary electrophoresis. NMR, on the other hand, is non-destructive, robust and
reproducible with minimal sample preparation, separation and ionization steps. As no single platform
exists to capture the global profile of the whole metabolome, a multiplatform approach is mostly applied
to get an all-inclusive understanding of metabolic variations and widen the “window” of significant
metabolic discrepancies [10]. The application of metabolomics in T2DM studies has been in progress
for the last two decades with the successful provision of novel insights into the pathophysiological
mechanism and metabolic profiling. These studies have come up with the identification of novel
biomarkers related to insulin resistance and T2DM biomarkers [3,4,10]. It is highly probable that a
growing number of these novel T2DM biomarkers can be translated into clinical applications that will
upgrade the current medical routine in regards to personalized medicine.

3. Biomarkers of Disturbed Protein Metabolism

Protein and glucose metabolism are tightly linked and accordingly regulated at metabolic
and molecular levels. Dietary and endogenous amino acids (AA) relate to glucose metabolism via
gluconeogenesis. The catabolic breakdown of AA provides the fuel for gluconeogenesis. The deamination
of AA forms ketoacids such as oxaloacetate and pyruvate which feed the gluconeogenesis [11,12]. On
the other hand, AA are also de novo biosynthesized from the Krebs cycle-derived carboxylic
acid-intermediates by transamination. These free AA modulate the AA-type-dependent glucagon
and insulin secretion and hence glucose metabolism [13]. In short, AA are not only an energy reservoir
for gluconeogenesis, but their de novo biosynthesiz influences the glucagon and insulin release. In
prediabetes, the glucagon not only over-activates the gluconeogenesis in the liver and kidneys but also
disrupts the de novo biosynthesis of AA, which makes the AA good candidate biomarkers. In the
meantime, many studies have claimed a positive association of branched-chained AA (BCAA), aromatic
AA and other AA with the risk of developing T2DM as follows.

AA: Elevated (serum/plasma) AA level is an important early biomarker of glucose intolerance,
insulin insensitivity and, subsequently, diabetes. Many epidemiological cohort studies have witnessed
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an increased level of AA in newly diagnosed diabetic patients in the follow up investigations hinting
towards an impaired glucose/hexoses metabolism [14]. An increased serum AA level reduced the
insulin sensitivity and uptake of hexoses by offering competition at the substrate level to glucose
oxidation and also by interfering with insulin signaling [11,13]. Higher serum AA levels were found
to diminish the peripheral uptake of hexoses along with the suppression of endogenous glucose
production (EGP) and body glucose disposal by 25% [15]. Similarly, the rate of glycogen synthesis was
recorded to reduce up to 64% with a rise in serum AA levels under insulin stimulated conditions which
accounted for AA modulated reduced glucose absorption in the body. This decline in glucose absorption
is accompanied by the down-regulation of glycogen synthase, glucose transporter, phosphorylations
and G6P [11,16]. Many studies have recorded this increased AA level as a future risk factor of
developing T2DM. Most of these AA not only belong to BCAA but also to aromatic and aliphatic AA.
In a closely matched case-control study, three aromatic (phenylalanine, tyrosine, and tryptophan) and
one aliphatic AA (lysine) were found to be associated with the future risk of T2DM. The predictive
power of lysine was also viable after the OGTT while comparing cases vs. controls. The additional
stratified analysis in follow-up duration recorded the retainability of the predictive power of these AA
up to 12 years from the baseline. For each increase in the SD of these AA, the odds of future T2DM
development increased by 57-102%, further signaling towards a 2- to 3.5-fold higher probability of
developing T2DM in top quartile individuals. The conditional regression analysis with isoleucine,
phenylalanine and tyrosine also reported a five- to seven-fold higher probability of developing T2DM
in top quartile individuals [17]. In the Insulin Resistance Atherosclerosis (IRAS) cohort, the individuals
of four ethnicities (European-American, Hispanic, and African-American) who converted to T2DM
in their follow-up of five years recorded similar results. A distinctive metabolome profile was noted
in T2DM-converted subjects compared to healthy controls with significantly higher concentrations
of phenylalanine, tyrosine, combined glutamine and glutamate, and valine associated with insulin
resistance (Table 1). An 11-15% increase in these AA was seen whereas a 22% lower level of glycine was
noted in highly insulin resistant individuals. A nominal difference was also noted between high/low
insulin-resistant persons to T2DM-convertees. Alanine and aspartate/asparagine levels increased in
the T2DM-converters only compared to high/low insulin resistant persons [18]. The SABRE (Southall
and Brent Revisited) cohort study comprised of non-diabetic South Asian migrants in Europe/UK
pinpointed nine AA in relation with the biomarker of obesity and insulin resistance in a follow up of
19 years. This study also described a significant positive correlation of phenylalanine, tyrosine and
alanine, a weak positive relationship of histidine, and a significant negative correlation of glutamine
and glycine with insulin resistance and glycemia [19]. In another Asian-Japanese cohort study, the
authors measured the level of plasma-free AA (BCAA and aromatic AA) in correlation with obesity
and diabetes and was able to predict the future diabetes risk in a minimal time of four years. This study
further cited the negative correlation of clusters of glycine, serine, glutamine, and asparagine with
obesity, body mass index (BMI), insulin resistance and 120 min insulin resistance assay. The increment
of 1 SD of the odds ratios of the plasma-free AA increased the future risk of T2DM, metabolic syndrome,
dyslipidemia or hypertension by 2.06%, 3.04%, 1.98%, and 1.42% respectively [20]. The longitudinal,
nested and cross-sectional studies from two Chinese cohorts, Shanghai Obesity Study (SHOS) and
Shanghai Diabetes Study (SHDS), also noted increased serum levels of aromatic AA at baseline in
those individuals who develop T2DM in a follow up of 10 years [21]. The Finnish cohort study of 9369
nondiabetic or newly diagnosed T2DM Finnish men, namely population-based Metabolic Syndrome
in Men (METSIM) also cited increased concentrations of tyrosine, glutamine and alanine in a 4.7-year
follow-up [22]. An aliphatic AA called 2-aminoadipic acid was also found to be an early biomarker for
T2DM risk. The degradation of lysine usually results in the 2-aminoadipic acid that may serve as a
substrate for tryptophan catabolism. A strong association of 2-aminoadipic acid with T2DM risk was for
the first time cited by Wang et al. [23]. The fasting plasma levels of prediabetic patients were found to be
high in this amino acid. Following adjustments for age, sex, BMI and fasting conditions, the conditional
logistics regression models noted 60% odds of future T2DM risk after each standard deviation (SD)
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increment of a logged biomarker. The twelve years-follow up-period showed 4-fold higher odds of
developing T2DM in the top quartiles of plasma 2-aminoadipic acid concentration. The adjustment
of data with respect to parental history, dietary habits, lifestyle, fat/protein/carbohydrate intake and
total caloric intake did not bring about any variations in this risk factor [24,25]. The independent
work on Malmo diets and cancer studies also served as a replication of these results, which also
indicated a 57% rise in the T2DM risk for each increment of SD of 2-aminoadipic acid concentration.
Aromatic and branched-chain amino acids are also biomarkers of incidence of T2DM, but recent
studies have not found any correlation between 2-aminoadipic acid and aromatic or branched-chain
amino acids. However, a modest association of 2-aminoadipic acid with lysine, kynurenic acid and
anthranilic acid was observed [16,23]. The Dongfeng—Tongji (DFTJ) and Jiangsu non-communicable
disease (JSNCD) independent nested case control cohort models were also used to predict the identified
metabolites using the traditional risk factors [26]. Qiu et al. [26] identified 52 metabolites, among
which 20 AA were found to have associated positively with DM risk in both models. The dietary
variables also did not change the four AA biomarkers out of 20 (i.e., alanine, phenylalanine, tyrosine
and palmitoylcarnitine) which had a false discovery rate correction (FDR) < 0.01. The exploratory
analysis of the pooling of other metabolites also identified an additional 12 metabolites, including
such AA as glutamate, betaine, ornithine, leucine/isoleucine, valine and proline which achieved
FDR < 0.01. The four metabolites i.e., phenylalanine, alanine, palmitoylcarnitine and tyrosine were
found consistently associated with the risk of T2DM. Another aliphatic AA called alanine is a hepatic
substrate and stimulator for gluconeogenesis and glucagon secretion and its circulating amount
was also found to be a predictive metabolite of T2DM risk in many cross-sectional and prospective
studies [4,27]. Elevated levels of alanine have already been found to have a positive association with
T2DM in Finland, UK, and South Asia populations, as stated above. Moreover, the evident relationship
of phenylalanine and tyrosine with the risk of T2DM was also significant due to an increase in insulin
resistance through blocking the transport/phosphorylation of glucose. In the case of tyrosine, it is a far
more powerful indicator of T2DM risk in South Asians [27]. The population-based KORA (Cooperative
Health Research in the Region of Augsburg) and European Prospective Investigation into Cancer and
Nutrition (EPIC)-Potsdam cohort study identified five baseline metabolites out of 131 (using pairwise
comparison, multivariate (logistic) regression analyses followed by non-parametric random forest
and the stepwise parametric regression) specifically associated with the pre-diabetic conditions to
examine their ability to forecast the pre-diabetic conditions earlier [4]. The non-parametric random
forest and the stepwise parametric regression recorded glycine, (lysophosphatidylcholines (LysoPC)
(18:2), LysoPC (17:0), LysoPC (18:1) and C2) as novel candidate biomarkers of T2DM. In pursuit of
establishing the predictive values of these metabolites, the baseline concentration of these metabolites
in the KORA cohort (118 incident and 471 healthy controls) were compared, which revealed significant
differences only for glycine and LysoPC (18:2). Each increment in the standard deviation of these two
metabolites associated with a 33% less risk of future diabetes. The individuals in the fourth quartile
were at three times less risk of diabetes than people whose serum glycine and LysoPC (18:2) levels
were at first quartile. Therefore, the baseline decreases in the serum levels of glycine and LysoPC
(18:2) were cited as powerful indicators of the future onset of diabetes [4]. Later on, the replicative
prospective study with EPIC-Potsdam cohort also reported similar results using targeted metabolomics
citing an increased phenylalanine concentration and reduced glycine concentration as biomarkers for
future T2DM occurrence [28]. Earlier, the work of Pontiroli et al. [29] also confirmed a low level of
glycine as a result of progressive insulin resistance which, in turn represses, the expression of ALAS-H
catalyzing the conversion of glycine and succinyl-CoA into 5-aminolevulinic acid. In short, most of the
early diabetes biomarker mining studies find AA as early predictors of T2DM. In summary, with the
exceptions of glycine, serine, asparagine and histidine, most of studies stated increased concentrations
of AA as a risk predictor of the future onset of T2DM. The predicting power of different AA may vary
depending on the early diabetic stage, ethnicities and genetic background.
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Table 1. A comprehensive list of altered metabolites of lipids and amino acid (AA) origins found in cohort studies mentioned in the respective sections.

Sr. no. (Parent)-Class of Compound Metabolites Nature of Variation Source Associated Pathway
1 N-Acetylaspartate 1 plasma/urine Alanine and aspartate metabolism
2 Phosphocreatine 1 plasma/urine Creatine biosynthesis and amino acid
3 Creatinine 1 plasma/urine Metabolism, glycine, serine and threonine
4 Glycine ! plasma/urine Metabolism
5 Guanidinoacetate 1 plasma/urine AA metabolism
6 Butyrylglycine l plasma/urine FA metabolism
7 Caproylglycine ! plasma/urine Fatty acid metabolism
8 N-Acetylglutamate 1 plasma/urine Glutamate pathway (link with urea cycle)
9 Choline 1 plasma/urine Glycine, serine and threonine metabolism
10 Threonine 1 plasma/urine AA metabolism
11 Valerylglycine l plasma/urine AA metabolism
12 Alanine T plasma/urine Glycolysis,;l;:ti)r;ﬁ;rrlld aspartate
13 Brzzf;;iﬂﬁ::gﬁzo 2-Oxoadipate I plasma/urine Lysine degradation
14 (BCAA/AA) Lysine I plasma/urine biosynthesis
15 Glutaric acid ! plasma/urine Lysine degradation, fatty acid metabolism
16 Methionine 1 plasma/urine Methionine metabolism
17 Taurine 1 plasma/urine Taurine and hypotaurine metabolism
18 Tyrosine 1 plasma/urine Tryptophan metabolism
19 Indoxyl sulfate l plasma/serum Tyrosine metabolism
20 Citrulline T plasma/serum
21 L-Argininosuccinic acid T plasma/serum Urea cydle
22 N-Acetyl citrulline 1 plasma/serum
23 Ornithine 1 plasma/serum
24 Isobutyrlglycine ! plasma/serum
25 Isovalerate l plasma/serum
26 Isovalerylglycine ! plasma/serum val, leu and ileu degradation
27 Methylmalonate ! plasma/serum
28 Valine 1 plasma/serum
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Sr. no. (Parent)-Class of Compound Metabolites Nature of Variation Source Associated Pathway
29 Glutamylvaline 1 plasma/serum dipeptide metabolism
30 Gamma-glutamylisoleucine 1 plasma/serum g-glutamyl metabolism
31 3-hydroxybutyrate (BHB) 1 plasma/serum ketone bodies degradation
32 Phenylacetylglutamine 1 plasma/serum Phenylalanine and tyrosine degradation
33 Phenylalanine 1 plasma/serum Phenylalanine and tyrosine degradation
34 Homocitrulline 1 plasma/serum Urea cycle
35 Phenylacetylglutamine 1 plasma/serum Dipeptide
36 Glutamylvaline 1 plasma/serum Saturated fatty acids
37 Gamma-glutamylisoleucine 1 plasma/serum g-glutamyl metabolism
38 N-acetylalanine 1 plasma/serum BCAA metabolism
39 Cysteine l plasma/serum Amino-sugars metabolism
40 Leucine 1 plasma/serum AA metabolism
41 2-ketoisocaproic acid and 2-hydroxybutanoic I plasma/serum Leucine and methionine metabolism
42 cystine 1 plasma/serum AA metabolism
43 Histidine I plasma/serum AA metabolism
44 Lysine/serine/aspergine 1 plasma/serum AA metabolism
45 5-L-Glutamyl-taurine 1 Urine AA metabolism
46 4-Oxoproline 1 Urine AA metabolism
47 L-Valine 1 Urine AA metabolism
48 N-formylproline I Urine AA metabolism
49 N-(3-hydroxybenzoyl)glycine 1 Urine AA metabolism
50 3-Hydroxyphenylacetic acid I Urine AA metabolism
51 Glucuronide compound T Urine AAmetabolism
52 d-Glutamicacid 1 Urine Amino acids metabolism
53 Glutamine l plasma/serum Amino acids metabolism
54 2-aminoadipic acid 1 plasma/serum Tryptophan metabolism
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Table 1. Cont.

Sr. no. (Parent)-Class of Compound Metabolites Nature of Variation Source Associated Pathway
55 Total carnitine T plasma/serum
56 Free Carnitine 1 plasma/serum
57 Acetylcarnitine (C2) ! plasma
58 Propionylcarnitine (C3), C14:2 and C18 acylcarnitines l plasma
59 Hexanoylcar.n?tine (Ce), Octz.lnoylcarni.ti.ne (C8),

Decanoylcarnitine (C10), Myristoylcarnitine (C14) 1 plasma
60 Malonylcarnitine, Oleoylcarnitine (C18:1)
61 Suberoylcarnitine (C8-dicarb) 1 plasma
62 Summed C10-C14 acylcarnitines 1 plasma
63 2-methylbutyroylcarnitine 1 plasma
64 3-dehydroxycarnitine T plasma
65 Butyrylcarnitine (C4) l plasma
66 (Acyl)carnitines Isobutyrylcarnitine 1 plasma Mitochondrial fatty acids metabolism
67 Valerylcarnitine 1 plasma
68 Isovalerylcarnitine 1 plasma
69 3-Hydroxy-isovalerylcarnitine T plasma
70 3-Methyl-crotonylcarnitine 1 plasma
71 Hexanoylcarnitine (C6) 1 plasma
72 Phenylacetylcarnitine 1 plasma
73 Phenylpropionylcarnitine 1 plasma
74 4-Phenyl-butyrylcarnitine l plasma
75 4-Methyl-hexanoylcarnitine 1 plasma
76 Octanoylcarnitine (C8) 1 plasma
77 cis-3,4-Methylene-heptanoylcarnitine 1 plasma
78 Decanoylcarnitine (C10) T plasma
79 cis-4-Decenoylcarnitine 1 plasma
80 cis-3,4-Methylene-nonanoylcarnitine T plasma
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Sr. no. (Parent)-Class of Compound Metabolites Nature of Variation Source Associated Pathway
81 Lauroylcarnitine (C12) 1 plasma
82 Myristoylcarnitine (C14) 1 plasma
83 Linoleoylcarnitine (C18:2) 1 plasma
84 Adipoylcarnitine (C6-dicarb) 1 plasma
85 Suberoylcarnitine (C8-dicarb) 1 plasma
86 C18:2-carnitine 1 plasma
87 C20-carnitine 1 plasma
88 C20:4-carnitine I plasma
89 C26-carnitine 1 plasma
920 Malonate 1 plasma Fatty acids metabolism
91 Lactate 1 plasma Glycolysis
92 Acetate 1 plasma Glycolysis, ala and asp metabolism
93 Valeric acid I plasma Glycolysis, fatty acid b-oxidation
94 Formate 1 plasma Glyoxylate and dicarboxylate
95 N1-Methylnicotinamide I plasma
96 N1-Methylnicotinic acid 1 plasma
97 Nicotinamide-n-oxide 1 plasma Nicotinate, nicotinamide metabolism
98 Organic acids N-Methyl-2-pyridone-5-carboxamide T plasma
99 N-Methyl-4-pyridone-3-carboxamide I plasma
100 3-Ureidopropanoate I plasma Purine metabolism
101 Orotate 1 plasma Pyrimidine metabolism
102 Isocaproyl l plasma Steroid and hormone production
103 (s)-Malate l plasma/serum
104 2-Oxoglutarate I plasma/serum
105 cis-Aconitate l plasma/serum TCA cycle metabolism
106 Citrate 1 plasma/serum
107 Fumarate 1 plasma/serum
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Sr. no. (Parent)-Class of Compound Metabolites Nature of Variation Source Associated Pathway
108 Succinate 1 plasma/serum
109 m-Hydroxyphenyl propionic acid 1 plasma/serum
110 m-Hydroxyphenyl propionic acid sulfate 1 plasma/serum
11 Phenyl sulfate ! plasma/serum Phenyl alanine metabolism (bacterial)
112 Hippurate 1 plasma/serum
113 5-Hydroxykynurenine I plasma Amino acids metabolism
114 3-deoxyarabinohexonic acid 1 serum Fatty acid metabolism
115 Uronic acid 1 plasma/serum Glucose metabolism
116 Erythronate 1 plasma Amino-sugars metabolism
117 Gluconic acid 1 plasma Carbohydrate metabolism
118 Benzoic acid l plasma/urine Phenolic metabolite
119 Acetic acid 1 plasma/urine Carbohydrate metabolism
120 Propionic acid l plasma/urine Carbohydrate metabolism
121 Butyric acid ! plasma/urine Carbohydrate metabolism
122 Isovaleric acid l plasma/urine Carbohydrate metabolism
123 Valeric acid 1 plasma/urine Carbohydrate metabolism
124 Succinic acid 1 plasma/urine Carbohydrate metabolism
125 Formic acid 1 plasma/urine Carbohydrate metabolism
126 Lactic acid 1 plasma/urine Carbohydrate metabolism
127 Capric acid I plasma/urine Carbohydrate metabolism
128 Caprylic acid 1 plasma/urine Carbohydrate metabolism
129 Citrate I plasma/urine Carbohydrate metabolism
130 Ethylmalonic acid 1 plasma/urine Carbohydrate metabolism
131 Fumarate 1 plasma/urine Carbohydrate metabolism
132 Glutaric acid I plasma/urine Carbohydrate metabolism
133 Glycolic acid 1 plasma/urine Carbohydrate metabolism
T BHydroxybutyrate I plasma/urine Carbohydrate metabolism
135 aHydroxybutyrate I plasma/urine Carbohydrate metabolism
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Sr. no. (Parent)-Class of Compound Metabolites Nature of Variation Source Associated Pathway
136 2-Hydroxyisocaproic acid 1 plasma/urine Carbohydrate metabolism
137 oKetoglutarate 1 plasma/urine Carbohydrate metabolism
138 Lactate 1 plasma/urine Carbohydrate metabolism
139 Methylmalonic acid 1 plasma/urine Carbohydrate metabolism
140 Orotic acid 1 plasma/urine Carbohydrate metabolism
141 Oxalic acid 1 plasma/urine Carbohydrate metabolism
142 Oxaloacetate 1 plasma/urine Carbohydrate metabolism
143 Pyroglutamic acid l plasma/urine Carbohydrate metabolism
144 Pyruvate 1 plasma/urine Carbohydrate metabolism
145 Sebacic acid 1 plasma/urine Carbohydrate metabolism
146 Suberic acid l plasma/urine Carbohydrate metabolism
147 Succinate 1 plasma/urine Carbohydrate metabolism
148 Lactate l plasma/urine Carbohydrate metabolism
149 Hippuric acid 1 plasma/urine Carbohydrate metabolism
150 Indole-3-carboxylic acid I plasma/urine Carbohydrate metabolism
151 Phenyllactic acid 1 urine Carbohydrate metabolism
152 Glyoxylate 1 urine Energy metabolism
153 2-Hydroxybutyrate I plasma/urine Energy metabolism
154 3-Hydroxybutyrate 1 plasma/urine Energy metabolism
155 3-Hydroxy-3-(3-hydroxyphenyl) propanoic acid I plasma/urine Energy metabolism
156 5-Hydroxymethyl-2-furancarboxylic acid 1 plasma/urine Energy metabolism
157 Benzoic acid 1 plasma/urine Energy metabolism
158 2-Hydroxy-N-valerate l plasma/serum Fatty acids metabolism
159 Docosanoic acid 1 plasma Free fatty acid synthesis
160 2-Hydroxyvaleric acid I plasma Free fatty acid synthesis
161 Free fatty acids Ci12:0 1 plasma
162 Ci4:0 I plasma
163 Ci5:0 1 plasma
164 C16:0 1 plasma

Lipid metabolism
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Sr. no. (Parent)-Class of Compound Metabolites Nature of Variation Source Associated Pathway
165 C16:1n-9 T plasma
166 C16:1n-7 1 plasma
167 Ci18:0 T plasma
168 C18:1n-9 1 plasma
169 C18:1n-7 1 plasma
170 C18:2n-6 1 plasma
171 C18:3n-3 1 plasma
172 C18:3n-6 1 plasma
173 C20:0 1 plasma
174 C20:1n-9 1 plasma
175 C20:2n-7 1 plasma
176 C20:3n-6 1 plasma
177 C20:4n-6 I plasma
178 C20:5n-3 ! plasma
179 C22:1n-9 1 plasma
180 C22:4n-6 1 plasma
181 C22:5n-6 1 plasma
182 C22:5n-3 1 plasma
183 C22:6n-3 1 plasma
184 LysoPC 16:0, 18:0 1 plasma Phospholipid metabolism
185 PE C34:2, PE C36:2, PE C38:4, I plasma
DG 16:0/22:5, DG 16:0/22:6, DG 16:1/18:0, DG 16:1/18:1,
186 DG 16:0/16:0, DG 18:0/18:1, DG 16:0/18:0, DG 16:0/20:4, 1 plasma Phospholipid metabolism
DG 14:0/18:1, DG 16:0/20:3, and DG 18:0/18:2
LysoPC C17:0, lysoPC C18:1, LysoPC (18:2), LysoPC
C20:4, Lyso C 22:6, LysoPC C18:3, LysoPC C20:5,
187 Lyso-PC Lyso-PC C20:C36:3, Lyso-PC C38:5, Lyso-PC l plasma Phospholipid metabolism
40:1, Lyso-PC C18:2, Lyso-PC C34:3, Lyso-PC C42:5,
Lyso-PC C40:6, Lyso-PC C44:5, Lyso-PC C44:4
188 phosphatidylinositol (PI) (PI 38:4, 36:2, 36:3, 34:2) l plasma Phospholipid metabolism
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Sr. no. (Parent)-Class of Compound Metabolites Nature of Variation Source Associated Pathway
189 phosphatidylethan(;l;tzi;lrel d(II”EE‘Z)Q(,EES&()’ PE 38:5, PE 1 plasma Phospholipid metabolism
190 Cholesteryl-B-d-glucoside T plasma Phospholipid metabolism
R Cholesteryl-B-d-glucoside fragment T plasma Cholesterol metabolism
192 1,2 Distearyole phosphatidyle serine T plasma Cholesterol metabolism
193 LysoPE18:2, Lysigfo(;g :(Zfzzsz;:I;})ISOPE (20:2/0:0), 1 plasma Phospholipid metabolism
194 TAG 52:1, TAG 50:0,5?(?:88::()1, TAG 46:1, TAG 44:1 N plasma Lipids metabolism
195 PC 34:2, PC 40:1, PC 36:3, and PC 38:5 1 plasma
196 SM 22:0 1 plasma Phospholipid metabolism
T TAG 58:10, TAG 56:9, TAG 60:12 1 plasma Phospholipid metabolism
T PC 38:6,18:2,C34:4 l plasma Phospholipid metabolism
199 TAG 50:0 + TAG 58:10 I plasma Lipids metabolism
200 P%z%‘_‘llgn;}ios’igsoo_sgd%?:g0’ 1 plasma Phospholipid metabolism
201 LysoPCdm16:0 I plasma Phospholipid metabolism
202 GlcCer (d18:0/18:0) PC (16:0/0-16:0) PC (0-14:0/18:0) ! plasma Phospholipid metabolism
203 diacyl-PC36:1, PC32:1, PC40:5, and PC38:3 I plasma Phospholipid metabolism
204 PC (18:2/dm16:0) PC (0-16:0/18:3) PC (0-16:0/18:3) 1 plasma Phospholipid metabolism
205 PC (P-16:0/18:2) 1 plasma Phospholipid metabolism
206 glycerophosphorylcholine [M] l plasma Glycerolipids metabolism
207 PC a C20:4 (alt) [B] 1 plasma Glycerolipids metabolism
208 PC aa (OH, COOH) C28:4 l plasma Glycerolipids metabolism
209 PC aa C34:4 1 plasma Glycerolipids metabolism
SM Ci4:0, C16:1, SM C22:2, SM C18:1,
210 dihydroceramides d18:0/C18:0, d18:0/C22:0, ceramide l plasma Glycerolipids metabolism
d18:1/C18:0
211 PE aa C34:2, PE aa C36:2, PE aa C38:4 1 plasma Glycerolipids metabolism
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Sr. no. (Parent)-Class of Compound Metabolites Nature of Variation Source Associated Pathway
19 Gangliosides C16:0 and C18:0 and glucosylceramides R Alacma Tinid/fatie amd metahalicm
(C16:0, C22:0, C24:0 and C24:1)
213 PCaa C34:4, PC34:4 1 plasma Glycerolipids metabolism
214 arachidonate l plasma Polyene metabolism
myristate (14:0), palmitate (16:0), oleic acid,

heptadecanoic acid, margarate (17:0), stearate (18:0),

10-heptadecenoate (17:1n7), oleate (18:1n9), linoleate
215 (18:2n6), linoleamide (18:2n6), linolenate (18:3n3 or 6), I plasma FA metabolism

eicosenoate (20:1n9 or 11), dihomo-alpha-linolenate

(20:3n3), adrenate (22:4n6), TG 14:1/16:1/18:0, TG
16:1/16:1/16:1
216 cholesterol esters (CE) (CE 24:1, and CE 22:0) 1 plasma FA metabolism
217 2-hydroxypalmitate 1 plasma Medium-chain FA metabolism
218 2-hydroxystearate 1 plasma
219 caproate (6:0), heptanoate (7:0), pelargonate (9:0) ! plasma SFA metabolism
220 10-undecenoate (11:1n1) l plasma
221 arachidonate (20:4n6) ! plasma
222 3-hydroxybutanoic acid (b-hydroxybutryrate) 1 plasma Lipid/fatty acid metabolism
223 20-Hydroxy-leukotriene E4, 5.-methoxytryptam1ne, 1 plasma Lipid/fatty acid metabolism
Endomorphin-1

224 2-ketoisocaproic acid T serum Lipid/fatty acid metabolism
225 a-hydroxyisobutyric acid 1 serum Lipid/fatty acid metabolism
226 B-hydroxybutyric acid 1 serum Lipid/fatty acid metabolism
227 1-monopalmitin T serum Lipid/fatty acid metabolism
228 1-monostearin 1 serum Lipid/fatty acid metabolism
229 Cholic acid 1 urine Lipid/fatty acid metabolism
230 Suberic acid l urine Lipid/fatty acid metabolism
231 Glycocholic acid 1 urine Bile acid metabolism
232 3,4,5-Trihydroxypentanoic acid 1 plasma/serum Lipid/fatty acid metabolism
233 Galactonic acid 1 plasma/serum Lipid/fatty acid metabolism
234 2-Hydroxyglutaric acid T plasma/serum Lipid/fatty acid metabolism
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BCAA: the first report of BCAA (i.e., valine, isoleucine, and leucine) correlation with insulin
resistance, impaired insulin signaling and diabetes appeared in 1970 [30]. Since then, an overwhelming
number of published data have advocated the predictive and pathogenic relationship of increasing
plasma BCAA concentration with obesity, insulin insensitivity and diabetes. The literature assertions
of higher plasma BCAA levels are mainly due to the concept of insulin resistance resulting from
the activation of the rapamycin molecular target (mTOR). It is currently poorly understood which
mechanisms are involved in increasing the BCAA level. However, most of the mechanistic work on this
topic cited the downregulation of mitochondrial branched-chain keto acid dehydrogenase (BCKDH)
and branched-chain aminotransferase (BCATm) expression followed by under-transamination and
thereafter under-decarboxylation and under-dehydration of BCAA [31]. Many in vitro and in vivo
studies stated that increasing BCAA (especially leucine) encouraged the insulin resistance by the
activation of mTORC1 and S6 kinase followed by the phosphorylation of insulin receptor substrates
S1 and S2. The deprivation of individual BCAA can promote the activity of mTORC1/S6K and
adenosine monophosphate-activated protein kinase (AMPK) signaling pathways resulting in improved
insulin sensitivity [32,33]. The prospective roles of reporting biomarker BCAA + aromatic AA in
the pathogenesis of T2DM were further investigated in a Finnish cohort study stating the BCCA
+ aromatic AA as an early predictor of insulin resistance in young Finnish adults after 6 years of
follow-up study [34]. A recent cohort study on 3000 volunteers found BCAA to be a valid indicator of
the future risk of DM [20]. Various prospective, case-controlled and nested studies on the subjects of
different ethnicities found elevated levels of BCAA in the pre-diabetic, insulin-resistant and T2DM
subjects [35,36]. The longitudinal nested control-case study conducted on UK Caucasians found three
BCAA as early predictors of T2DM risk [17]. A 12-year follow-up study found 2.5- to 3.5-fold higher
odds of T2DM risk in the top quartiles of individuals as compared to those individuals whose plasma
amino acids were in the lowest quartiles. The adjustments of predictive models for parental history,
dietary variations and serum triglycerides further elevated the odds ratios of metabolites, especially
amino acids. The replication analysis with Malmo and cancer diets also established a substantial
relationship of four amino acids (leucine, tyrosine, valine, and phenylalanine) with incidence of
diabetes. In Malmo diets, the three amino acid combination (isoleucine, tyrosine, phenylalanine)
quadrupled the incident of diabetes compared to lowest quartiles [17]. Tillin et al. [19] conducted a
multi-ethnic cohort study for a 19 year period of follow-up and witnessed that 14—35% of the population
who had shown higher BCAA level at baseline developed T2DM. The logistic regression results of this
study clearly bespoke about the obvious involvement of BCAA (odds ratio (OR) = 3.14 to 3.36) in the
development of diabetes. Chen and his colleagues also reported that after 10 years of follow-up, a
higher positive correlation was detected between the baseline five BCAA and incidence of DM in the
understudied Chinese population [37]. The seven years of follow up in the EPIC-Potsdam cohort study
found a positive correlation between future DM risk and valine, isoleucine and leucine [28]. A similar
study was also performed on the Chinese Han ethnic folks who are among the highest diabetes
vulnerable group [38]. This study verified the prediction-ability of a chosen model and proposed higher
levels of alanine, lactate, B-hydroxybutyric acid, phosphate, leucine, a-hydroxyisobutyric acid, serine,
isoleucine, palmitic acid, pyroglutamic acid, stearic acid, oleic acid, 1-monopalmitin, arachidonic acid
and 1-monostearin while substantial lower levels of 2-ketoisocaproic acid as early biomarkers of T2DM.
Similarly, Fiehn et al. [35] noted a 50% higher concentration of plasma leucine with a 27% higher
amount of its catabolic secondary metabolite called 2-ketoisocaproic acid (a-ketoisocaproate). The mean
concentration of plasma valine was 20% higher in pre-diabetic weight/age matched African-American
ethnical subjects. The enrichment of the plasma AA pool with valine and leucine is also strongly
correlated with the plasma acetyl-carnitine concentration. The AA score (sum of BCAA + aromatic AA)
was found to be in association with baseline insulin resistance/HOMA-IR even after the adjustment
for metabolic factors. The magnitude of this association was found to be more pronounced for men
than for women. The authors stated that both the BCAA + aromatic AA were strong predictors
of insulin insensitivity in men, whereas only valine, leucine and phenylalanine showed a positive
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correlation for HOMA-IR in women [22,35,39]. Stancakova et al. [22] observed that among all BCAA,
isoleucine was found to be strongest and most reliable predictor of insulin resistance. Some studies
concluded that fasting plasma BCAA levels are a reliable predictor of T2DM, whereas circulating
BCAA correlated positively with the indices of uncontrolled blood glucose and insulin resistance
in overweight individuals [40]. Some studies also documented the correlation of plasma BCAA is
only significant in prediabetic obese subjects who started losing significance upon losing weight and
improving insulin sensitivity [41]. Other work has also stated the BCAA is solely responsible for
insulin resistance, at least under the circumstances of high tissue FA availability and in high-fat feeding
conditions [33]. With respect to age, no obvious difference was noted in the correlation of BCAA with
insulin resistance between youth and adults’ subjects [42]. Although an ethnicity based studies came up
with some mixed conclusions. The cohort studies on the Asian population experienced and supported
BCAA as a validated biomarker for the prognosis and development of T2DM [19,43,44], whilst, at
the same time a predictive model study in American-Indians failed to developed a reporter BCAA
notion [45]. The difference in the predictability of BCCA for the future risk of DM in different ethnicities
(Caucasian Hispanic and Africans Americans) was further investigated by Lee et al. [46] and dictated
that diabetic risk was more prevalent among the Hispanic Caucasians compared to African Americans.
Chen et al. [21] recently conducted plasma metabolomics on the subjects recruited from the SHDS
cohort study in which they identified increased (2-folds) BCAA even at baseline between the future
diabetic patients and the healthy controls. The fitting of basic and advanced regression models to these
BCAA metabolites with 3—14 confounding factors verified the correlation of BCAA with the future
risk of diabetes without any dependence on physical activity factors. The discrimination between the
healthy and diabetic groups was also evident in the area-under-curve (AUC) interpretations of these
BCAA. As expected, the regrouping of diabetic and healthy controls also exhibited a strong relationship
of BCAA with diabetes in diabetic people with fold change (FC) >2 and odds ratio (OR) >1.5 [21].
Subsequently, the correlation of the worsening of metabolic control of glucose with the BCAA was
investigated, which was important to confirm further the BCAA status of a validated early biomarker
of diabetes. The authors used the UCD-T2DM rat models, which were homozygous for B-cell defects
with diabetes-prone obese ancestors [41,47]. Piccolo and his colleagues asserted that metabolites
of BCAA are more robust markers of insulin resistance than BCAA themselves. 2-ketoisocaproate
and 2-hydroxybutanoic, the metabolites of leucine and methionine/cysteine respectively, have been
implicated as the most reliable markers of diabetes risk as these metabolites were lower before the
onset of insulin resistance and their level increased just after 3 weeks of detected metabolic insulin
resistance. Besides BCAA, all other gluconeogenic and ketogenic amino acids (i.e., alanine, glycine,
methionine, serine, thrionine, trypsine and ornithine) were found to have been reduced by 16—36%
in the pre-diabetic UCD-T2DM rat model. The plasma BCAA correlation with total fasting plasma
glucose, adiposity and insulin become more significant with the worsening of the metabolic control
of glucose [41,47]. In addition to the work of Piccolo et al. [41,47], many metabolomics studies also
established the fact that catabolic products of BCAA also have equal predictive qualities to BCAA.
The BCAA-derived short-branched fatty acid and branched-chain keto acids are new to this list.
The odd carbon number acylcarnitines, another BCAA breakdown products, are also considered as the
latest reported biomarker of insulin resistance development [48,49]. However, the only disadvantage
with BCAA-derived metabolites is having a lower plasmal/tissue concentration and stability than
BCAA, resulting in higher analytical variations. The intake of BCAA with a high-fat diet for 9—16
weeks increased (2.3- to 3.1-fold) subcutaneous/visceral fat mass and respiratory quotient (RQ),
HOMA-IR in obese Wister rats followed by up-regulation of 14 energy metabolism-related hormones
(glucagon-like peptide-1 (GLP-1), amylin, pancreatic polypeptide, resistin and insulin-like growth
factor binding protein-3-IGFBP-3). The evaluation of BCAA related metabolites and HOMA showed a
linear correlation, which signified the BCAA responsible for obesity-related morbidities. Like HFD,
BCAA diets contributed equally towards the development of insulin resistance as HFD, HFD + BCAAA
and BCAA diets impaired the phosphorylation of AKT/protein kinase B in individual experiments.
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A BCAA rich diet equally raised insulin resistance and weight gain like HF diets, but the addition of
BCAA in HF diets reduced food intake [32,50]. Please note that diabetic and obesity-promoting effects
of BCAA are only possible when all three BCAA were used in combination and supplementation of
single BCAA usually does not increase the insulin resistance [51]. Many studies documented a reduced
level of other AA after the increase of BCAA and aromatic AA. In this context, the most favorable idea
is that higher BCAA plasma levels (in insulin-resistant cases) markedly reduce the catabolism in main
tissues which, in turn, limits the obligatory AA concentrations in tissues considered responsible for
normal metabolism. There are also many reports in the literature supporting this school of thought and
indicating the reduced expression and activities of two initial catabolic BCAA enzymes (branched-chain
amino acid aminotransferase-BCATm branched-chain a-ketoacid dehydrogenase-BCKD) in the liver
and adipose tissue. T2DM patients also showed a 20% less whole-body clearance of BCAA [52,53].
Literature has also shown the declining outcome of the impairment of BCAA oxidation or turnover in
T2DM or obese people [54]. In fact, additional work is needed to find the exact reasons for elevated
levels of BCAA (if any) and to track down the fate of proteins and BCAA metabolism in diabetic
and obese subjects. The plasma biotin status is also crucial for catabolic carboxylation enzymes
of cysteine, TCA cycle anaplerosis and BCAA. Low biotin levels were found in insulin resistant
patients with higher 2-hydroxybutyric acid (2-HB) metabolite. The higher 2-HB concentration induced
the dysfunctional bioactivity of biotin tissues which in turn affects the cysteine/BCAA/TCA cycle
anaplerosis metabolism [35]. In summary, the plasma concentration of BCAA has a positive relation
with the future risk of T2DM. The comparative predictive-power of BCAA may vary with leucine and
isoleucine cited as relatively the most powerful reporter BCAA biomarker of T2DM. The level of BCAA
enabling this group of metabolites to be considered as a reliable biomarkers needs to be defined with
respect to sex and ethnicities. The intake of BCAA could pose serious health problems in individuals
with unknown insulinemia, dyslipidemia and glycemia.

4. Biomarkers of Disturbed Lipid Metabolism

Homeostasis of lipid metabolism is a tightly regulated act at various molecular and cellular levels
in healthy subjects whereas obesity is the central risk factor for disturbances in homeostasis of lipid
metabolism (hence T2DM pathogenesis) leading to the accumulation of excess fat, dysregulated glucose
and lipid metabolism, impaired insulin and adipocyte signaling, and various other pathologies related
to cardiovascular disease, arthrosclerosis and inflammation. This alternation in the lipid metabolism at
the cellular level usually occurs years before the diagnosis of diabetes. Many studies in the literature
cited this varied window-period from altered lipid metabolism to a final diagnosis of T2DM in many
cohort studies related to biomarkers. These biomarkers belong to dynamic classes of lipids but we,
for the convenience of readers, will state only those signature early biomarkers of T2DM risk which
belong to the three main classes of lipids.

Glycerolipids and phospholipids (PL): high-density-lipoprotein-cholesterol (HDL-C),
low-density-lipoprotein-cholesterol (LDL-C), triglycerides (TG), total cholesterol (TC) and BMI
are the typical dyslipidemic risk factors/biomarkers for T2DM. However, recently, several cohort
studies focused on the lipidomics of the subjects for finding novel biomarkers of T2DM.
All these lipidomics studies found varying quantities of diacyl phosphatidylcholines (PC),
glycerophospholipids (GPL), phosphatidylethanolamines (PE), alkylacyl phosphatidylcholines (PC),
lysophosphatidylcholines (LysoPC), alkylacyl phosphatidylethanolamines (PE), triacylglycerols (TG),
lysophosphatidylethanolamines (LysoPE), sphingomyelins (SM), cholesterol esters (ChoE) and
ceramides (Cer) in the (pre)diabetic compared to non-diabetic patients [3,4,55—59]. These lipid
metabolites are diabetic risk predictors in human beings. To investigate the mechanism by which
these lipids contribute to the prediction of diabetic risk, many studies compared the lipidome
of (pre)-diabetic persons with healthy controls in several cohort studies with a follow up of
25 years. A prospective case-control cohort study on European Caucasians identified 34 metabolites
significantly associated with the early risk of T2DM. The risk of T2DM was positively associated
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with phenylalanine, hexose, and diacyl-phosphatidylcholines (36:1, 32:1, 40:5 and 38:3), while an
inverse relation was detected with sphingomyelin (16:1), glycine, acyl-alkyl-phosphatidylcholines,
lysoPC (18:2) as well as PC (34:3, 42:5, 40:6, 44:5 and 44:4) (Table 1) [28]. The unsupervised PCA
divided the metabolites into two metabolic factors. Metabolite factor 1 (i.e., sphingomyelins,
acyl-alkyl-phosphatidylcholines and lysophosphatidylcholines) reduced the incidence of T2DM by 69%
and metabolite factor 2 (i.e., BCAA, diacyl-phosphatidylcholines, propionyl carnitine, aromatic amino
acids, and hexose) increased the risk of T2DM almost 4 times. [28]. Some metabolites of phospholipid
metabolism (lysophosphatidylcholine Ci18:2, acyl-alkyl-phosphatidylcholines, and glycine) were
found in hyper-insulin-sensitivity cases whereas some phospholipid metabolism metabolites (e.g.,
diacyl-phosphatidylcholines, acyl-alkyl-phosphatidylcholines, sphingomyelin C16:1) were associated
with insulin resistance and less insulin secretion. It is worthy to note that choline derived phospholipids
were significantly associated with the risk of T2DM [60,61]. These kinds of phospholipids also
acted as a potent antioxidant to prevent the oxidation of lipoproteins and also required for the
secretions of VLDL and VHDL from hepatic tissues [62]. These choline derived phospholipids are in
a positive relationship with the serum HDL and any dietary deficiency of choline can lead to blood
scarcity of phospholipids and hence HDL. Higher levels of acyl-alkyl-phosphatidyl choline (except
diacyl-alkyl-phosphatidyl cholines) also correlated with reduced TG blood level and with improved
insulin sensitivity. However, the shorter chain and saturated phosphatidylcholines are positively
associated with the risk of T2DM and longer chain unsaturated phosphatidylcholines are protective
against it (Table 1) [63]. Wang-Settler et al. [4] also identified low levels of LysoPC 18:2 and glycine
as an early indicators of the onset of T2DM in a prospective crested case-controlled study. Suhre
et al. [64,65] also identified numerous glycerophospholipids associated with the T2DM risk in the
KORA F3 case-controlled cohort study. The PCs (34:4, 36:3, 38:5, and 40:1) and LysoPC (20:4) are
negatively associated with diabetes. On the other hand, Pes (34:2, 36:2 and 38:4) of the same carbon
chain lengths increased in diabetic subjects. The METSIM (Metabolic Syndrome in Men), a prospective
population cohort study, adopted a global lipidomic profiling approach and found elevated levels of
one PL cluster (LC8), 4 TG clusters (LC9 to LC12) and a decreased concentration of ether alkylacyl
phospholipids (PL) cluster at baseline in undiagnosed prediabetic-progressors [58]. The dyslipidemia
biomarkers (LDL-C, HDL-C, ALT and total TG) have also shown a positive correlation with the
TG clusters (LC9 to LC12), whereas a negative correlation with PL cluster (L.C5) and arachidonic
acid containing PCs. The lipid profile of normal glucose tolerance (NGT)-non-progressors was
similar to the prediabetic non-progressors both at baseline and at the end of a five-year follow-up.
LysoPC, SM, highly-unsaturated LCTGs and ceramide-containing lipid clusters increased in prediabetic
non-progressors compared to healthy-non-progressors [58]. Rhee and his team correlated dyslipidemia
and risk assessment of diabetes incidence. A strong association of TG with a single double bond
and low carbon number with the risk of T2DM has been witnessed by Rhee and his colleagues [66].
The short-chained monounsaturated TG were linked with the high prevalence rate of diabetes, whereas
large carbon number monounsaturated TG were related to a reduced risk of diabetes. The multivariate
adjustments of a regression model with LysoPE, PC, SM and diacylglycerols (DAG) retained the
same results. A total of 9 analytes were screened after the regression analysis adjustments with
respect to age, sex, BMI, fasting insulin, cholesterol and parental history. With each increment in
the SD of the odds ratios of these nine metabolites, the prospects of diabetes incidence increased
by 1.35-1.94-fold. The acute studies with exercise and even with administration of glipizide, have
also shown that short chain unsaturated TG decreased with OGTT and long chain unsaturated TG
increased (Table 1) [59,67]. The plasma levels of these TG were further corroborated with the insulin
resistance. The TG levels were found to differ abruptly and differently over the course of studies
consisting of 12 years. The integration of negative and positive risk factors of TG with relatively
higher carbon numbers and unsaturation index improved the prediction ability of the used model [68].
However, it is still the subject of investigation whether these lipids served only as diabetes predictors
or also contributed towards the pathogenesis of DM. In addition to TG, the logistic regression-based
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predicting models were also proposed for identifying and predicting PL-based-biomarkers in the
discovery and validation of cohort sets. These models proposed LysoPC (18:2), LysoPC (32:1), LysoPC
(34:2¢), TG (17:1),TG (50:5) TG (50:1), TG (18:1), TG (54:5), TG (18:2), TG (56:4) and ether lipid PC

(42:6e), as validated biomarkers for early diagnosis/prediction of T2DM [58,59]. Similar kinds of
outcomes have been reported by the RISC and Botnia cohort studies which described a reciprocal
relationship of LysoPC (18:2) with the risk of T2DM. The fasting plasma level of LysoPC (18:2) measured
at baseline independently predicted the risk of T2DM with the same power as of 2 h plasma glucose
level [69]. The AusDiab cross-sectional cohort study of undiagnosed T2DM patients also showed an
increased AUC for 17 lipid risk factors belong to five classes of lipids i.e., diacylglycerols (DG) (DG
16:0/22:5, 16:0/22:6, 16:1/18:0, 16:1/18:1, 16:0/16:0, 18:0/18:1, 16:0/18:0, 16:0/20:4, 14:0/18:1, 16:0/20:3, and

18:0/18:2), TG (14:1/16:1/18:0, 16:1/16:1/16:1), cholesterol esters (CE) (CE 24:1 and CE 22:0), PE 40:6
and dihydroceramide (DHC) (dhCer 18:0). The inclusion of DAG, in addition to TG and HbiAc,
in the predicting models significantly improved the independent stratification of patients of impaired
glucose tolerance (IGT) from the whole population of NGT. The incorporation of DHC, PEe and
CE not only represented elevated levels of TG in potential IGT patients but also reflected separated
biological processes in prediabetic patients compared to healthy ones [70]. Stahlman et al. [71] also
unveiled the increased composition of DG (16:0/22:5, 16:0/16:0 and 16:0/22:6) and triacylglycerol
species in the VLDL-C and LDL-C diabetic dyslipidemic women. Another cross-sectional explorative
cohort study on age and health matched lean and obese (prone to T2DM) human subjects, disclosed
that abundance of six metabolites varied considerably between the lean and obese persons and
considered the predictors of body fat mass. The lipid metabolite (PC 42:0) was found to be abundant
in the obese subjects whereas PC (32:1), PC 32:0, and PC (40:5) were higher in the lean subjects [57].
The rest of the lipid-based body fat mass predictor metabolites belong to carnitines and have been
described in their respective section. The relationship of obesity with T2DM was further dissected
by the metabolomics done by the team of Tulipani et al. [72]. This study unveiled the relationship
of glycemic impairment with obesity based on the three lysoPC. These three lysoPC i.e., lysoPC
(17:0, 18:1, and 18:2), showed a strong inverse correlation with BMI, body weight, hip circumference
and waist. The levels of these lysoPC decreased in those obese subjects who were in the highest
quartile i.e., more prone to develop diabetes. The serum phospholipids also showed the same nature of
relationships with the dyslipidemic biomarkers however, this relationship was less significant than that
oflysoPC [72]. Tulipani and his colleagues also described the elevated levels of nonpolar sphingolipids
(dihydro)ceramides (d18:0/18:0 and d18:0/22:0), ceramide (d18:1/18:0) and sphingomyelin (18:0) in
those human subjects which later developed T2DM. Suhre et al. [64] conducted a fully comprehensive
metabolomics study on a subgroup of T2DM diabetic males (55 years old) of the KORA F3 cohort.
This study described phosphatidylcholines PC (34:4) and the lysoPC (20:4) in reciprocal relationship
with the risk of T2DM whereas PC with PUFA side chains i.e., PC (40:1, 36:3 and 38:5) were found
to be in a positive relationship with T2DM. At the same time, PE with the same side chain length
i.e., PE (34:2, 36:2 and 38:4) were found increased in the T2DM patients [64]. The individuals with
single nucleotide polymorphism (SNP), another greater risk factor for T2DM, also showed elevated
levels of non-esterified fatty acids (NEFAs), acylcarnitines (C2 and C3), several SM, lysoPC and PC in
rs7903146 risk allele carriers. The list of metabolites which were observed down-regulated includes
SM-OH (24:1), lysoPC (16:0, 16:1 and 17:0) [73]. The difference in PC level between different genotype
groups was not significant; however, the unsaturated PC were down-regulated significantly in the
SNP-transcription factor 7-like 2 (TCF7L2) group [73]. In an attempt to discriminate the human
subjects with NGT, pre-diabetes and T2DM, Zeng et al. [74] found five classifiers metabolites, i.e.
20-hydroxy-leukotriene E4, LysoPC 20:4, 5-methoxytryptamine, Endomorphin-1 and LysoPC 20:3
between NGT and pre-diabetic groups. Similarly five other metabolites i.e., iso-valeraldehyde, linoleic
acid, LysoPC (18:1), 2-pyrroloylglycine and dityrosine were found to be strong discriminators between
the pre-diabetic and diabetic subjects. The plasma level of PC (18:3/20:3) was found to be increased in
pre-diabetes in comparison to NGT subjects whereas PC (18:0/18:2 and 16:0/14:0) reduced in pre-diabetes
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in comparison to T2DM. Various lysoPC species i.e., lysoPC (20:4, 18:3, 20:5 and 20:3) were also found
to be decreased in T2DM patients in comparison to pre-diabetes [74]. Another, recently published work
found altered classes of glycerophopsholipids, nucleotide and (deoxy) sugars in the large prospective
nested case-controlled study in diabetic and non-diabetic patients. Out of >1300 detected metabolites
only 34 were found higher in diabetic patients throughout the study period. Among lipid-based
classes, only six metabolites (i.e., PC (22:4/dm18:0, O-20:0/0-20:0 and, 0-18:0/22:5) as well as LysoPC
(16:0)) showed strong association with T2DM risk. The individuals within the highest tertiles of these
metabolites were found to be 4-fold more prone to T2DM [75]. Zhao and his colleagues conducted
a cohort study on 3665 American Indians (sixty-five 3-generation and 29 two-generation families),
which lasted for 5.5 years [45]. Approximately 9.3% of people became diabetic, whereas 7.5% of the
population developed impaired fasting glucose during the study duration. The study found new
metabolic lipid-based biomarkers which significantly can predict the risk of T2DM. A total of seven
metabolites (PC (22:6/20:4), 3S-7-hydroxy-29, 39, 49, 59, 8-pentamethoxyisoflavan (HPMF), MEIR,
LDYR, X-490, 2-hydroxybiphenyl (2HBP) and X-1178) were found in significant association with
T2DM risk. The 2HBP and m/z ratio 1178.804 (X-1178, unknown) were found in significant positive
association with T2DM risk. Whereas the other 5 detected biomarkers (HPMF, PC 22:6/20:4, two
peptides Met-Glu-Ile-Arg and Leu-Asp-Tyr-Arg, and metabolite m/z ratio 490.816 X-490) were found
in persons with a decreased risk of T2DM [45]. The study conducted by Conor and his colleagues [76]
reported similar results as Zhao et al. [45]. This work disclosed 80—89% higher odds ratios with each
rise in the SD of 2HBP and X-1178 (unknown metabolite). On the other hand, 32—42% less risk of T2DM
incidence was noticed with each SD increase in HPMF, peptides and PC PC22:6/20:4. Garcia-Fontana
et al. [77] also segregated the T2DM with CVD, T2DM without CVD, and control healthy human
subjects based on four phospholipids metabolites. These four metabolites were PC (16:1(9Z)/2:0),
0-12:0/2:0), LysoPC (0-16:0/0:0), and LPE (18:2(9Z,12Z)). These four metabolites, belonging to three
different phospholipids classes, were found decreased in concentration in the T2DM patients. While
two metabolites, namely LysoPE (18:2(9Z,12Z)) and LysoPC (0-16:0) discriminated diabetic and
diabetic with CVD patients. The levels of these metabolites were further decreased in the diabetic with
CVD patients compared to only diabetic patients [77]. The consumption of HFD also induced the
specific validated biomarker of pre-diabetes which can be used to predict future risk of T2DM. Wigger
et al. [78] fed the six diabetic and obese mice models (DBA/2J, C57BL/6J, Balb/cJ, AJ, 129S2/SvPas,
and AKR/J) for a period of three months to check the response of varying genetic background to
lipid consumptions. In PL, 3 ceramides, 2 lactosylceramides, and 1 dihydroceramide showed a
constructive relation with HOMA-IR and fasting insulin levels whilst six-lipid species showed a
negative correlation with the insulin sensitivity suggesting these metabolites as early biomarkers of
(pre)-diabetes owing to HFD consumption. This targeted ceramide metabolomic intervention disclosed
the elevated levels of Cer (d18:1/18:0, d18:1/20:0 and d18:1/22:0) three years before the diagnosis of
T2DM. The plasma concentration of dihydroceramide Cer (d18:0) was found increased 9 years ahead
of T2DM occurrence. These findings were further validated by the targeted ceramide profiling in
plasma of another CoLaus cohort study which also confirmed the elevated plasma Cer (d18:0) levels
from baseline in the diabetic group compared to healthy ones [78]. Moreover, the oversupply of
saturated fats in sedentary subjects is known to induce the accumulation of ceramides as a result of
up-regulation of sphingolipids biosynthetic pathways (Figure 1) [79]. The accumulation of ceramides
promoted insulin resistance by down-regulating the activity of glucose uptake facilitator Akt/PKB [80].
Among many ceramides’ species, two recent and independent studies pinpointed the 16:0 ceramide
as main component inducing insulin resistance [81]. The plasma lipidomic of HFD-fed diabetic
Cs57BL/6J mice showed a significantly higher 16:0 ceramide level in the study group than in the control
group mice [82]. The 16:0 ceramide expression levels were up-regulated in the liver, white adipose
subcutaneous tissue, and brown adipose tissue of obese mice compared to lean mice, both on HFD.
At the same time, the knockout of 16:0 ceramide in HFD fed C57BL/6J mice significantly improved
insulin sensitivity, energy expenditure and glucose homeostasis [83]. The suggested mechanism of
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ceramide (over)-biosynthesis involves the dysfunctionality of adipose tissues resulting in excess
production of fatty acid precursors of ceramides and DAG which in turn activate the protein kinase
C (PKC) notorious for halting insulin signaling in muscles and liver. The inhibition of ceramide
biosynthesis also promoted the conversion of white adipose tissue to brown adipose tissue and
hence improved lipid and glucose metabolism [84]. Of note, ceramides serve as building blocks
of complex sphingolipids like glycosphingolipids and sphingomyelins and this involves a complex
set of biochemical reactions catalyzed by serine palmitoyltransferase (SPT). The AA serine can
be replaced with L-alanine to carry out this reaction which results in the formation of neurotoxic
1-deoxysphingolipids. The levels of 1-deoxysphingolipids were also found elevated in the plasma
of pre-diabetic and diabetic patients. On the basis of these findings, Othman et al. [85] found that
the 1-deoxysphingolipids (1-deoxysphingosine (1-deoxySO) and 1-deoxysphinganine (1-deoxySA))
can be used as early biomarkers/risk factors of T2DM. The plasma metabolomics of adult Rhesus
monkeys fed on high-fat/fructose-diet for a period of 8—66 months also exhibited the same elevated
levels of dihydroceramides and ceramides as obese pre-diabetic and diabetic mice [86]. The noted
ceramides species which increased enormously in the pre-diabetic/diabetic include 14:0, 16:0, 22:0 and
24:0 compared to controls. Ceramides are believed to be further metabolized into sphingosine (Sph),
sphingomyelin (SM), sphingosine-1-phosphate (S-1-P), sphinganine (Sa) and sphinganine-1-phosphate
(Sa-1-P) (Figure 1). The plasma level of Sa and Sph were severely elevated in the diabetic monkeys
whereas the levels of these metabolites remained unchanged in the prediabetic monkeys compared to
healthy control monkeys. S-1-P was also found to be increased in both diabetic/prediabetic groups
whereas Sa-1-P remained unchanged [86]. Gangliosides are a downstream products of ceramides
and also belong to sphingolipids. The plasma levels of two gangliosides (16:0 and 18:0) and four
glucosylceramides (16:0, 22:0, 24:0 and 24:1) were also found to be elevated in both the prediabetic
and diabetic groups compared to controls. The Spearman’s correlation analysis showed a negative
relationship between the HOMA-IR and total ceramides, deoxy-sphinganine and 14:0, 16:0, 22:0, 24:0
ceramides [86]. Similar results have been reported previously by the Huas et al. [87] who reported the
elevated levels of 18:0, 20:0, 24:1 and total ceramide in the type 2 diabetic human subjects. Elevated
levels of myristic, palmitic, stearic, linoleic, oleic and arachidonic acids were also pinpointed by the
Xu et al. [88], however, Xu and his colleagues mentioned a decreased level of glycerophspholipids
in persons in transition from NGT to IFG. This discrepancy in these results might arise due to the
inclusion or exclusion of certain covariates which ultimately affected the final results. The plasma
lipidome of (diabetic/non-diabetic) cynomolgus monkey also proposed different plasma polar lipids
biomarkers for the prediction of T2DM. This study found elevated levels of phosphatidylglycerol (PG)
and PC accompanying lowered plasma concentrations of phosphatidylinositol (PI) (PI 38:4, 36:2, 36:3,
34:2), and PE (38:6, 38:5,38:4 and 36:3) [89].

Gestational diabetes (GDM) is a condition of high-blood-sugar in healthy pregnant women.
GDM affects 3—9% of global pregnancies and women with GDM are considered at an increased risk
of developing T2DM. The TG, PL and TC are found to increase in the last trimester of pregnancy.
In pregnant GDM subjects, the relative levels of TG were higher than the normo-glycemic pregnant
women [90]. Lu and his colleagues [91] identified five positively correlated predictor lipid species
i.e., TG (48:1), TG (51:1), and PC (32:1) and two negatively correlated i.e., choline ether phospholipid
(PCae) (40:4) and PCae (40:3) with post-load glucose levels. After the adjustment of maternal BMI,
age and correction of multiple testing, only the PCae (40:4) were found to be significantly associated
with GDM [92]. The correlation of TG (48:1), TG (51:1), and PC (32:1) with T2DM has also been
reported previously in the Framingham cohort study which described the elevated levels of these
three lipid species in diabetic AusDiab subjects [92]. The presence of these three lipid species which
possess a single double bond also implies the existence of monounsaturated fatty acids (MUFA)
(i.e., palmitoleate and oleate) in the LCMS spectra. In another cohort study, the hepatic formation of
palmitoleate and oleate and circulating plasma palmitoleate and oleate levels have been linked to T2DM
risk [03]. Recently, Petry et al. [94] also explored the paternally transmitted genotype and maternal
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lipid metabolomics revealing considerable associations of TG (44:1) with maternally transmitted fetal
imprinted alleles affecting the maternal glucose metabolism during pregnancy starting from the end of
the first trimester. This lipid was found associated with insulin resistance in the Framingham Offspring
Study too [66,68]. The abundance of TG (44:1) around the 15th week of pregnancy was seen as a
risk factor for GDM. Furthermore, a strong correlation was found between the HOMA-IR and TG
(44:1) in the DISCOVERY cohort study too. Increased serum levels of total fatty acids, TG, linoleic,
arachidonic, esterified cholesterol, glycolytic and Krebs cycle metabolites, 1,5-anhydroglucitol, glucose,
palmitoleic, FA derivatives, lysophospholipids, taurine-bile acids and docohexaenoic acids were also
witnessed in GDM females compared to NGT females [95,96]. The data-driven approach also identifies
distinguishing phospholipids i.e., (LysoPC (16:2), PC (36:3), PG (40:5), PC (48:1), LysoPC (18:0), PC
(19:0), PC (32:3), LysoPC (16:0), PC (14:1/dm16:0), PE (15:0/dm18:1) PC (34:6), PC (36:1) and LysoPC
(17:0)), long-chain/short-chain fatty acids (LCFA/SCFA) among pregnant women with GDM history,
women with NGT (control) and women with NGT but in the upper quartile of glycemic distribution.
The metabolites of phospholipids and LCFA/SCFA were higher in the control group compared to the
group at the upper quartile. Comparing the GDM group with the upper quartile group, 72 unique
metabolic features were identified in which 2-oxoglutaramate metabolite was twice as abundant in
GDM than those in the upper quartile group [97]. A nested, pair-matched, case-control study on
the GDM women of the Study of Women, Infant Feeding and Type 2 Diabetes after GDM Pregnancy
(SWIFT) cohort participants successfully developed a prediction model of GDM-to-T2DM transition,
with 83% discrimination power (AUC), comprising of a four-structure metabolic signature (a) hexoses,
(b) PC (40:5), (c) BCAA, and (d) SM (14:1) (OH) [98]. The GDM pregnant women of the SWIFT cohort
also exhibited lowered levels of PC and sphingolipids than normal healthy controls [99]. Additionally,
smaller nested case-controlled study also proposed another validated prediction model consisting of
six general dyslipidemic risk factors and three polar lipid metabolites i.e., phosphatidylserine (PS)
38:4, PE (P-36:2) and cholesteryl ester (CE) 20:4 [100]. The univariate receiver operating characteristic
(ROC) analysis in a nested, case-controlled, pair-matched study of Asian and Hispanic origin women
discovered the elevated levels of fasting triacyglycerlas (TAG) at baseline in those subjects who
developed T2DM in a follow up of two years [101]. The multivariate-ROC analysis deliberately
exhibited 12 lipid metabolites belong to TAG, ceramide, NEFA, lactosylceramide (LCer), LPC, LPE,
PE and SM classes of lipids. The TAG (myristic acid (14:0), palmitic acid (16:0), stearic acid (18:0),
oleic acid (18:1), a-linolenic acid, linoleic acid, dihomo-y-linoleic acid (20:3), eicosapentaenoic acid
(20:5) and docosahexaenoic acid (22:5)) levels were increased in the newly diagnosed T2DM females
whom progressed from GDM while the rest of lipid metabolites decreased compared to controls. The
lactosylceramides (LCer), ceramides and SM which were found decreased in the newly diagnosed
T2DM females were LCer (16:0), LCer (24:1), Cer (16:0), Cer (20:0), Cer (22:0), Cer (24:1) and SM
(20:1) [101]. These findings of Khan et al. [102] are in contradiction to the previous cohort findings
(as described above) in respect to levels of ceramides and other sphingolipids. The reason for this
conflict may be due to the inclusion of obesity as a covariate in their statistical analysis while Khan
and his colleagues controlled the obesity covariates by pair-matching of BMI in the population. In
short, most of PL are considered validated and reliable future risk biomarkers of T2DM. The inclusion
and consideration of a positive relationship of short-chained-monounsaturated TG with T2DM also
improved the predicting-power of models and came up as unswerving biomarkers. LysoPC and
LysoPE were found in a reverse relationship with the occurrence of T2DM except in SNP-diabetes. TG,
LCFA, SM, ChokE, and Cer also increased in concentration and showed a direct correlation with the
onset of T2DM. In the case of PC, it is difficult to generalize the results for this highly diverse class of
PL. Most PC are also increased in the prediabetic state, however, depending on the nature and function
of individual PC metabolite, few PC compounds are also found in reciprocal relationship with the risk
of PC. The risk factor biomarkers of GDM are different than the prediabetes biomarkers.
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Figure 1. Schematic presentation of the de novo biosynthesis of ceramide and ceramide metabolism.
SMase, sphingomyelinase; CDase, ceramidase; SM synthase, sphingomyelin synthase. (Modified from:
Brozinick, Hawkins [87]).

Acylcarnitines: acylcarnitines were also found to be potent early reporters of impaired glucose
tolerance or otherwise T2DM risk. They are usually generated during the esterification of fatty
acids (FA) as per requirement of transporting the FA into mitochondria. The disturbed mitochondrial
bioenergetics or mitochondrial stress leads to mitochondrial dysfunctioning which is another phenotype
of pre-diabetes leading to a build up of these FA and FA-derived metabolites resulting in incomplete
FA oxidation [103,104]. Based on these findings, it was proposed that incomplete oxidation of FA prior
to the IR may provide an opportunity to explore novel biomarkers of diabetes. Additionally, carnitines
are considered solely responsible for the transportation of LCFA across the inner membranes of
mitochondria for B-oxidation and incomplete oxidation of these carnitines produces an intermediated
carnitines oxidation called acylcarnitines [103]. Malonyl-CoA, a precursor of malonylcarnitine, plays a
significant role in the completion of B-oxidation of fatty acids by inhibiting the expression of carnitine
palmitoyltransferase I. The expression level of Malonyl-CoA was found to decrease in the obese
and diabetic subjects leading to incomplete B-oxidation of FA and generating acylcarnitines [105].
Furthermore, cellular lipotoxicity also happened due to excessive accumulations of these partially
oxidized FA in livers, muscles, adipocytes andpancreatic B-cells paving the way to IR and loss of
pancreatic B-cells function. This recognized pre-diabetic state is followed by the less disintegration of
LCFA and blunted oxidation of carbohydrates at a cellular level. This event is further accompanied by
the imbalance of accumulating LCFA and cellular oxidative capacity leading towards the pile up of
lipid-derived moieties (especially carnitines, ceramides, diacylglycerol) which attenuate the insulin
signaling by activating the protein kinase C enzymes, and inhibiting Vakt/PKB murine thymoma
viral oncogene homolog/protein kinase B respectively. The perturbation of LCFA catabolism in
mitochondria leads to the build up of SCFA which aids in the pro-inflammatory cascades and insulin
resistance [35,106].

Elevated plasma/serum circulating levels of several SC acylcarnitines (C2, C3, C4, Cs5, C6, C8),
medium chained acylcarnitines (C10, C10:1, C12, C12:1, C14, C14:1) and LC acylcarnitines (C16, C18,
C18:1, C20) have already been reported in the pre-diabetic, glucose intolerant and established diabetic
cases [55,104]. Many studies focused on identifying these incomplete oxidized LCFA products to
set up the signature biomarkers for IR or T2DM [35,106]. The plasma metabolic fingerprinting of
weight/age-matched diabetes/non-diabetic African-American women with/without uncoupling protein
3 (UCP3) (missense polymorphism, g/g or g/a), that reduced the oxidation of LCFA, revealed two
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acylcarnitines namely glutamate and 2-oxoglutarate (a-ketoglutarate) were found to be substantially
increased in diabetic women with a g/g allele. The already perturbed BCAA and cysteine catabolism
also contributed to the stressful anaplerotic process related to IR as isoleucine, leucine, valine and
cysteine are the precursors of succinyl-CoA and succinate. Concurrent with this concept, enrichment
of plasma valine occurred with the reduction of propionylcarnitine accompanying worsening of
blood glucose control and plasma accumulation of acetylcarnitines [35]. Adams and his team [106]
discretely found 42 acylcarnitines and free carnitine in overweight, obese diabetic and non-diabetic
subjects with or without UCP3 g/g or g/a polymorphism. Two carnitines were found in different
amounts with respect to genotype in g/g and g/a polymorphic subjects. In diabetic polymorphic
subjects, C12 carnitines were higher in g/g subjects compared to g/g diabetic patients. Non-diabetic
polymorphic patients showed more variation in butyrylcarnitine with 57% reduced content in g/a
participants. The concentrations of lactate carnitines were lowered in both polymorphic non-diabetic
and diabetic subjects. Irrespective of genotype factors, total carnitines:carnitine ratios rose up to
150—-170% in diabetic patients. Acetylcarnitine was the most abundant carnitine moiety which also rose
to 157% in diabetic patients (Table 1). Among the medium-chain (MC) carnitines, the level of C6—C10
carnitines rose to 300% in T2DM patients accompanied by a 36% reduction in propionylcarnitine
concentration. The blood level of only one carnitine called propionylcarnitine was found in inverse
relation with the glucose level in blood [106]. A cross-sectional prospective cohort study with subjects
from Nutrition and Health of Aging Population in China (NHAPC) identified that individuals who
developed T2DM in the follow-up of 6 years showed higher baseline plasma concentrations of SC, MC
and LC acylcarnitines [107]. A strong correlation has also been found to exist between these (especially
LC) acylcarnitines and (baseline) fasting blood sugar, metabolic traits, HbA1c and insulin resistance.
Upon classification of acylcarnitines, only LC acylcarnitines have shown a strong association with the
future risk of T2DM. The per unit increase in SD of the odds ratios of these acylcarnitines showed a 2.48-
to 9.41-fold increase in risk ratio (RR) for the individuals in upper quartile. The results presented by
Sun et al. [107] only presented the correlation of baseline acylcarnitines and T2DM in Asian populations
so recently these findings were retested and confirmed by the another nested, case-controlled cohort
study of the PREDIMED (Mediterranean Diet in the Primary Pprevention of Cardiovascular Disease)
framework [108]. This study demonstrated that SC acylcarnitines (C2, C3, C40H, C5, and C6) and MC
acylcarnitines (C16, C12) more firmly predict the future risk of T2DM compared to LC acylcarnitines
(C18, C18:1, and C20). Additionally, the correction of p and the adjustment of baseline plasma glucose
resulted in the strongest positive association of C5 acylcarnitines with the future risk of diabetes.
The authors also measured the per annum changes in the acylcarnitines level which were in line with
the baseline results. The per unit increase in the SD of C3, C40H and C5 carnitines increased the risk
ratio of future T2DM up to 44% [108]. Another case control study was conducted on the American
population (sedentary lean, obese with glucose intolerance and obese with T2DM) targeting only 46
compounds of acylcarnitines. The authors noted an obvious increase of saturated and unsaturated
LC acylcarnitines, C14—OH- and C16—OH-CN, and plasma free acylcarnitines both in obese + T2DM
and obese + glucose intolerant subjects relative to sedentary lean non-diabetic people. In relation to
pre-diabetic and lean non-diabetic individuals, the T2DM people with obesity were found to have
increased plasma levels of SC and MC acylcarnitines [109]. The lean diabetic patients were found to
have significantly elevated plasma levels of C4— and C6—CN acylcarnitines whereas obese diabetic
subjects were found to have higher plasma levels of C4-dicarboxylcarnitine (C4 DC-CN). Regarding
gender, two notable exceptions were C3 and C5 acylcarnitines which were found to be higher only in
obese diabetic men compared to obese diabetic women [108]. Another two human clinical trials also
described the acylcarnitine pattern in obese and lean persons with/without diabetes suggesting short
chained acylcarnitines as a reliable biomarker of future risk of T2DM in both sexes [32,106]. But C3
acylcarnitines were increased in obese diabetic subjects compared to C3 acylcarnitines levels in obese
but yet non-diabetic subjects [32,106]. The untargeted metabolomics study on the plasma samples of
578 Swedish men recruited under the framework of the Uppsala Longitudinal Study of Adult Men
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(ULSAM) [60] detected four acylcarnitines raised in the pre-diabetic subjects and among these four
acylcarnitines, two MC acylcarnitines (C10, and C12 carnitines) have been found to be involved in
the early prediction and pathogenesis of insulin resistance [110]. The findings of another published
work found that MC acylcarnitines began to increase before the LC acylcarnitines, therefore, MC
acylcarnitines’ altered levels are more potent early signs of mitochondrial dysfunctions and disease
progression. Recently, Libert et al. [111] also explored the possible plasma acylcarnitines difference
in metabolic-well-but-lean, overall-metabolic-well-but-obese, metabolic-unwell-and-prediabetic
and diabetic-obese human subjects. The data of this study clearly mentioned the increased
plasma level of SC acylcarnitines and ratio of SC acylcarnitines: total acylcarnitines in
overall-metabolic-well-but-obese, metabolic-unwell-and-prediabetic and diabetic-obese human subjects
compared to metabolic-well-but-lean. Libert and his colleagues [111] found elevated levels of
3-OH-butyrylcarnitine and 3-hydroxybutyrate in metabolic-unwell-and-prediabetic and diabetic-obese
human subjects compared to metabolic-well-but-lean control subjects. A few previous studies also
mentioned the increased plasma level of malonylcarnitine or sum of 3-OHbutyrylcarnitine and
malonylcarnitine in prediabetic and diabetic subjects [55,107]. It is worth adding here that Zhang
and his colleagues also added contradictory results which showed that human subjects with NGT,
pre-diabetes and newly diagnosed T2DM could not be differentiated merely on the basis of short-chain
and medium-chain acylcarnitines [56]. The authors noted higher concentrations of LC carnitine esters
(i.e., carnitine C22, palmitoylcarnitine C16, carnitine C20, 3-OH-hexadecanoylcarnitine C16-OH and
carnitine C24) in the newly diagnosed pre-diabetes group and T2DM groups. The concentration
of free acylcarnitines was significantly higher in the pre-diabetic (25.33 mmol/L) and newly
diagnosed diabetic subjects (25.33 mmol/L) compared to subjects with normal glucose tolerance
(20.28 mmol/L) (Table 1). The correlation of serum acylcarnitines with prediabetic states such as
impaired glucose tolerance (IGT) and isolated impaired fasting glycaemia (IFG) were differentiated
depending on serum concentrations of acetylcarnitine. The serum concentrations of acetylcarnitine
(C2), tetradecenoylcarnitine (C14:1) and octadecenoylcarnitine (C18:1), were found to have a positive
correlation with the IGT whilst C2, hexanoylcarnitine (C6), octenoylcarnitine (C8:1), decenoylcarnitine
(C10:1), malonylcarnitine/hydroxybutyrylcarnitine (C3DC + C40H), hydroxyhexadecanoylcarnitine
(C160H) and tetradecenoylcarnitine (C14:1), were found in significantly higher levels in the T2DM
patients. The two groups IGT and IFG were distinguished by the serum levels of tetradecadienylcarnitine
(C14:2), tetradecenoylcarnitine (Ci4:1) and octadecenoylcarnitine (C18:1) [56]. The authors also
correlated body fat with the serum (free) carnitines levels and found that a significant positive
correlation exists between body fat and free carnitine and the acylcarnitines (C16:1, C8:1, C6, Cs,
C4, C3, C2) but negatively with Ci4:2 and C18 acylcarnitines [55]. Previously, a metabolomics
approach was also used to reveal the correlation of body mass fat with various metabolites (especially
acylcarnitines) abundance between the healthy lean and healthy obese subjects who also underwent
the dietary (hypocaloric diet), bariatric surgery and physical exercise interventions. The targeted serum
metabolomics showed glutamine and the C18:1, C18:2, C14:1-OH, and C2 carnitines as varyingly
abundant in the serum of the two groups. C3 carnitines (with 6 isoforms) were found to be the most
powerful body fat mass related markers which were found to be up-regulated in obese subjects and
remained uninfluenced by the exercise intervention. However, the low carbohydrate diet intake
following bariatric surgery reduced the expression of C3 carnitines which bespeaks higher expression
of C3 in body fat mass. The physical activity resulted in an increase of carnitines in both the lean and

obese groups, however, this increase was found to be diminished after 24 h [57].
Urinary metabolomics using MS also revealed that diabetic and obese subjects excrete more urinary

LC acylcarnitines in comparison to healthy controls [104]. Van der Kloet et al. [99] also employed a
urinary metabolomics approach to differentiate progressive and non-progressive forms of albuminuria.
The diabetic patients with progressive forms of albuminuria were found to have higher urinary
metabolites from acidic/carboxylic acidic (i.e., benzoic acid, 5-hydroxymethyl-2-furancarboxylic acid,
galactonic acid, and hippuric acid), acyl-glycines (i.e., 2-phenylacetoxy-propionyl, glycine, salicyluric
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acid, and 3-methylcrotonylglycine), acylcarnitines, and tryptophan metabolism metabolite compared
to non-progressive forms of albuminuria. Dellow et al. [112] also added that persons with lose glycemic
control excrete more urinary acylcarnitines which might be the result of reduced renal absorption
or carnitines acylation. Tamamog~ ullari et al. [102] reaffirmed that serum levels of total and free
carnitines were higher in T2DM patients having no complications rather than diabetic patients with
diabetic retinopathy.

The role of acylcarnitines in progression from gestational diabetes mellitus (GDM) to T2DM
has also been recently studied [103,113]. These studies noted significantly higher plasma levels
of SC acylcarnitines in newly diagnosed GDM women. These works also emphasizes on MC
acylcarnitines due to their unlearned role in the pathogenesis of GDM to T2DM. These MC
acylcarnitines (i.e., octanoylcarnitine (C8-acylC), hexanoylcarnitine (C6-acylC), laurylcarnitine
(C12-acylC), decanoylcarnitine (C10-acylC)) were also observed in the newly diagnosed GDM patients
compared to NGT subjects [103,113]. Gall et al. [114] registered the decrease in MC acylcarnitines
especially decanoylcarnitine in the case of insulin resistance. The population-based KORA cohort
study also reported a decreased level of three metabolites namely glycine, acetylcarnitine, LPC (18:2)
in GDM women [4]. The transition of GDM to T2DM was also studied in a SWIFT sub-cohort study
which further added the increased level of C6 and C8 acylcarnitines in those GDM patients which
transit from GDM to T2DM in a follow-up of two years [115]. Anderson et al. [97] used the data-driven
approach (free of any hypothesis) and reported a decrease in the LC acylcarnitines (i.e., dodecanoyl-,
octanoyl-, decanoyl-, and tetradecanoyl-) in both pregnant women groups with previous GDM
history and those found in the upper quartiles of the glycemic index compared to the control group.
In short, acylcarnitines are not only reliable early reporting biomarkers of DM, but can also be used
to differentiate different states of metabolic syndrome such as pre-diabetic, IR, obese, SNP-diabetic,
GDM and IPD. Some of acylcarnitines such as glutamate, propionylcarnitine malonylcarnitine,
sum of 3-OH-butyrylcarnitine and malonylcarnitine, 2-oxoglutarate, C3, C5, C4—OH, Ci2, Ci4,
Ci14:1, C16, C18:1, C20 carnitines, butyrylcarnitine, 3-OH-hexadecanoylcarnitine, dodecanoylcarnitine,
octanoylcarnitine, decanoylcarnitine and tetradecanoyl carnitine can be readily currently employed to
diagnose subjects with IFG, T2DM, IR, GDM, IPD, and IGT.

Free fatty acids (FFA): two common origins of circulating FFA are de novo lipogenesis from
excessive carbohydrates and cleavage of TG in chylomicrons. The FFA metabolism dysregulation is
a key event in the emergence of insulin resistance and Randle et al. [116] proposed the preferential
oxidation of FFA over glucose as a major episode leading to metabolic syndrome. The significant
correlation of plasma concentration of FFA with dyslipidemia and T2DM was seen for the first time
and confirmed in the studies of Jones et al. [117] and Taylor et al. [118]. These studies reported
significant alterations in the plasma levels of LCFA between the diabetic and control groups. Later
on, some studies also suggested the involvement of altered plasma FFA levels in influencing insulin
sensitivity and impaired glucose metabolism. The saturated FA (SFA) including palmitic and stearic
acid were found in positive relation with glucose intolerance, impaired insulin sensitivity, impaired
insulin secretion and HbA1c. The unsaturated oleic acid was a biomarker of inadequate diabetes
control [119]. The lipidomics studies of erythrocytes membranes showed a greater palmitate content
(31.1 £ 2.4% in T2DM, 25.4 + 3.1% in controls, p < 0.005) in isolated erythrocyte membranes with a
higher SFA/unsaturated FA ratio affecting the fluidity of cells [120]. Grapov and his colleagues [121]
investigated the relationship between NEFA and signaling lipids (oxylipins and endocannabinoids)
influencing the insulin signaling, inflammation and adipose function. The authors noted a 114%
increase in the circulating FFA at baseline which additionally positively correlated with the glucose
intolerance in diabetic patients. The net concentrations of SFA (14:0, 16:0, 18:0, 19:0, 20:0), MUFA
(16:1n7, 18:1n7, 18:1n9, 20:1n9), PUFA (18:2n6, 18:3n3, 22:4n6, and 22:5n3), and trans-FA (trans 16:1n7,
trans 18:2n6) were found to be elevated in T2DM patients. The linoleic acid and a-linolenic acid-derived
epoxides also increased by 47—-127% and showed a positive correlation with SFA and MUFA in diabetic
patients. The arachidonate-derived 14,15- and 11,12-dihydroxyeicosatrieneoates were also increased by
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86% in diabetic patients. The OPLS-DA based predictive model also described a shift in the metabolic
profile. Four FFA i.e., 18:1n9, 18:0, docosahexaenoyl-ethanolamide (DoHex-EA) and 22:5n6 were
the main discriminating FFA between healthy and diabetic individuals. The 18:0 and 18:1n9, and
20:4n6 and 22:5n6 were the early reporters of diabetes related changes in the activity of stearoyl-CoA
desaturase and LCPUFA biosynthesis [121]. The Uppsala cross-sectional cohort study found higher
serum concentrations of SFA namely palmitic acid (16:0), myristic acid (14:0), and palmitoleic acid
(16:1w-7) and reduced serum concentration of omega3/omega6 fatty acid in individuals who develop
diabetes over the course of 10 years. The logistic regression based predicting model used in this study
identified oleic acid, palmitoleic acid, dihomo-7-linolenic acid and stearic acid as contributors towards
hyperglycemia and dyslipidemia [122]. The relationship of individual FFA with T2DM was further
elaborated in literature by Wang et al. [123]; Lapolla et al. [124] and Yang et al. [125]. The work of Wang
et al. [123] clearly elaborated that the percentage of SFA and MUFA was higher at the baseline in those
people who developed T2DM over the course of 9 years in the Atherosclerosis Risk in Communities
(ARIC) Study. With respect to individual FA, the findings of Wang et al. [123] are in complete
agreement with the previous findings of Vessby et al. [122]. Among the cholestrolemic esterified FA,
(16:0), palmitoleic (16:1n-7), and dihomo-a-linolenic (20:3n-6) were found in positive association with
incidence of T2DM, whereas in PL, the C16:0 and C18:0 were in positive relationship with the T2DM
occurrence [123]. Yang et al. [125] used the PCA non-linear mapping (PCA—NLM) approach and also
found FFA i.e., 18:1n9, 12:0, 18:3n3, 18:1n7, 20:5n3, 20:2, 22:5, and 22:6 as early discriminators between
potential T2DM patients and healthy controls. Conflicting results have also been reported in the
literature stating only even-chained SFA (14:0 to 18:0) in a constructive association with development
of diabetes whereas LC SFAs (20:0 to 24:0) and odd chain SFA showed opposite trends [126]. The most
comprehensive work in this respect and to also quantitatively relate the FFA with T2DM was published
by Tan et al. [127] who used the competitive adaptive reweighted sampling (CARS) method with
PLS-DA to seek the most probable biomarkers of diabetes. This study found three FFA i.e., a-linolenic
acid (18:3n-3), oleic acid (18:1n-9), and eicosapentaenoic acid (20:5n-3) as the predictive biomarkers
of future T2DM risk. The elongation of FFA was also correlated with the insulin resistance and
LCFA-elongase (Elov16)-led conversion of palmitate to stearate was found to play a major role in the
emergence of pathogenesis of T2DM [128]. The prospective cohort study on healthy/diabetic Uyghur
and Kazak Chinese distinguished T2DM individuals from healthy controls were having high 22:6 and
20:4n6, and lower 22:0, 14:1, 18:3n6, and 20:3n6 fatty acids plasma concentrations from baseline [129].
The FFA are also believed to attach with peroxisome proliferator-activated receptors (PPAR) and
modulate the transcription factors contributing towards metabolic syndrome. Attaching with the PPAR
prompted the proinflammatory responses and impaired endothelial function in non-pregnant healthy
subjects [130]. Pankow et al. [131] stated that the correlation of high fasting FFA with the incident
of T2DM is independent of sex, waist/thigh ratio, percent body fat, fasting TG concentration, and
insulin-mediated glucose uptake. A more recent cohort study reported 3—4 times higher serum FFA
levels amongst the newly diagnosed and long time-monitored diabetic patients whereas a moderate
correlation was found in the pre-diabetic patients. The authors further recommend the measurement
of serum FFA concentration in combination with existing diabetic diagonostic tools to improve the
diagnostic accuracy. This study ranked the earlier diagnostic accuracy from the newly diagnosed
diabetic patients to those monitored for a long time [132]. Yi et al. [133] demonstrated both esterified
and non-esterified FA to screen the DM patients from healthy ones. The esterified FA were mostly
storage lipids (cholesterol, TG, PL esters) which are also considered the precursors of non-esterified
fatty acid. Taking into consideration other variables (body weight, age and sex), the authors identified
nine potential biomarkers (total NEFAs, 24:0, 20:3, 14:0, 18:1n7, 16:1n9, 16:0, 18:1n9, 18:0) to separate
the T2DM and healthy individuals. Among these FFA, the coefficients of 16:0, 18:1n9, and 18:0 were
quite high in T2DM patients compared to controls [133]. The MCFA, beta-hydroxyisovalerate and
arachidonates was lowered in T2DM while LCFA including essential FA linolenate and linolate was
elevated in comparison to controls. This study demonstrated decreased PC (hence HDL and total
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cholesterol) and increased PE (TG) contents in diabetic patients [65]. In line with these results, Gall
et al. [114] also found lower levels of multiples glycerophosphocholine species which are highly
associated with insulin resistance.

Furthermore, the existing evidence in literature on this topic is still inconclusive and not many
studies unequivocally consider the dietary intake of carbohydrates, fats and alcohol influencing de
novo lipogenesis of FA. Addressing these issues, some nutritional interventional cohort studies focused
on these shortcomings and started to correlate the dietary fat intake with the elevated level of FFA
and incidence of diabetes. In a large US prospective Health Professionals Follow-Up Study (HPFS),
plasma metabolomics of the participants with the validated self-reported HFD consumptions found
31-52% less risk of incidence of diabetes with the increased plasma concentrations of marker dairy
fat FA namely 15:0, 17:0, and trans-16:1n-7 [134]. The correlation of dairy fat consumption derived
trans-palmitoleate concentrations with dyslipidemic biomarker LDL-C was also investigated in a
multi-ethnic cohort study “Multi-Ethnic Study of Atherosclerosis”. The consumption of dairy fat was
found to be positively associated with an increased plasma concentration of trans-palmitoleate and this
trans-palmitoleate concentration in turn positively correlated with LDL-C and negatively with fasting
insulin levels and TG [135]. The increased FFA concentration interferes with the insulin signaling
causing peripheral insulin resistance or reduces the accessibility of insulin to skeletal muscles ultimately
reducing the glucose transport towards muscles. This lipotoxcity also harms the B-pancreatic cells
resulting in the impairment of insulin secretion.

Previously, many studies have also established the relationship of FFA level with the GDM
in pregnant women. The experimentally created acute elevation in the FFA caused an increase in
insulin resistance in both non-pregnant/pregnant women with/without GDM/T2DM. Elevated blood
levels of FFA also resulted in the up to 47% diminution of insulin-stimulated glucose uptake and
glycogen synthesis [136]. More recently, the relationship of maternal individual FFA level with GDM
and inflammatory response has also been studied [137]. This study indicated a positive relationship
of palmitic, stearic, dihomo-y-linolenic (DGLA), and arachidonic acids with the C-peptide level,
cytokines/adipokines, and GDM. In addition to GDM, the other most undiagnosed form of prediabetes
is isolated post-challenge diabetes (IPD). The interpretation of T2DM based only on fasting blood
sugar fails due to the fact that IPD is often overlooked and misdiagnosed due to its normal fasting
glucose levels during the screening process of T2DM, and many authors devised some metabolomics
strategies to cover up this gap [138,139]. These studies focused on the FFA profile of such patients
and cited concentrations of most of FFA were substantial enough to discriminate between the healthy
controls, T2DM and IPD. The concentrations of FFA were lower in healthy controls than T2DM and IPD.
Moreover, the three FFA (i.e., 18:1,18:2 and 18:3) can be used as validated biomarkers for diagnosing
the T2DM/IPD subjects from the healthy ones. However, to use 18:2 for screening purposes of T2DM,
it is necessary to determine the concentrations of 16:0 and 18:0 too, to differentiate the healthy patients
from T2DM. 16:0 can be used to distinguish T2DM and IPD individuals [138,139]. In another study, the
authors stated the 15 most significantly varying metabolites among healthy, T2DM, and IPD individuals.
The concentration of oleic acid, cholesteryl-B-d-glucoside, linoleic acid, 1,2-distearoyl phosphatidyl
serine increased in the T2DM and IPD groups whereas other metabolites, such as lysoPE, DHEA-S,
lysoPC, and 5-hydroxykynurenine were considerably lower in both of these groups as compared to
healthy individuals. The concentration of three metabolites namely DHEA-S, linoleic acid and oleic
acid were found to discriminate IPD and T2DM patients [28].

5. Biomarkers of Disturbed Microbiome and Microbiome-Related Metabolites

Organic acids (OA) are produced by intestinal microfloral action on sugars and proteins in addition
to glycolysis, lipolysis, gluconeogenesis and AA metabolism. Therefore, it is quite important to also
discuss the OA as early biomarkers of diabetes.

OA: human OA metabolites are the compounds with carbon chain length varying from C2 to C6
and majorly produced by the fermentation of carbohydrates and AA. Straight-chain OA are usually
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produced by the colon-inhibited-microfloral fermentation of starchy and fibrous dietary material
whereas branched-chain-OA (BCOA) are produced by bacterial metabolism of AA. The other ways
of OA production are the various metabolic pathways i.e., glycolysis, lipolysis, gluconeogenesis and
Krebs cycle. Any variations in intestinal microfloras’ compositions usually bring about the changes in
the concentrations of plasma/urine/serum/fecal OA which made these short-chain entities tremendous
biomarkers of various metabolic syndromes [140]. It is estimated that human beings fulfill their 10%
daily energy requirements from these OA [141] and crucial involvement of OA in metabolic procedures
(e.g., mitochondrial energy production, nutrient deficiencies, free radical overload, intestinal dysbiosis,
and so on) importantly relate them to various biological processes. These gut microflora-produced
OA are usually absorbed in the colon to maintain the necessary redox balance and in exchange of
bicarbonates. OA are also transported from the lumen to different organs where these compounds
act as a substrate and are involved in energy homeostasis signaling including lipids, glucose, and
cholesterol metabolism in tissues [142]. There is accumulated evidence in literature proposing the
(short-chained)-OA the biomarker for DM and other health conditions [143]. Being the central metabolic
regime of energy molecules, Krebs cycle is the first to be perturbed in the case of diabetes-induced
enzymatic variation which after all can cause an insufficient recycling of OA. Therefore, many studies
also declared OA as a marker of DM, central nervous system diseases, organic acidurias and other
metabolic disorders etc. [143—146].

Three OA namely acetic acid, propionic acid and butyrate are known for their health-promoting
activities. The plasma levels of these OA were found to decrease in persons prone to IR, IGT, IFG IPD,
obesity and T2DM [147]. Butyrate is a more important reporter of early obesity induced metabolic
syndrome in this regard as its decreased concentration was found in obese and pre-diabetic individuals.
On the other hand, the increased concentration of butyrate is a symbol of well-being as it suppresses
the insulin resistance and weight gain. The increased production of butyrate, by modulation of
intestinal micoflora diversity, led to less increased IR and weight gain in HFD-diabetic mice [148].
The inoculation of butyrate producing gut microflora in germ-free-lean mice with metabolic syndrome
also showed improved insulin sensitivity [149]. Recently, metagenomic data also supported the fact
of a substantial decrease in the butyrate producing gut microbiota in obese mice [150]. The butyrate
supplementation in HFD also reduced weight gain and improved insulin sensitivity in obese C57BL/6
mice [142]. Beside butyrate, propionic and acetic acids, patients prone to metabolic syndrome or
diabetes were found to have up to a 14-fold higher OA (adipic acid, suberic acid, 3-hydroxyisovaleric
acid, 2-hydroxybutyric acid, aceto-acidic acid, 5-hydroxyhexanoic acid, lactic acid, 3-hydroxybutyric
acid, fumaric acid, 5-hydroxic hexanoic acid, 2, 3-dideoxypentonic acid) content in their urine due
to the phenomenon of generous liberation of FFA from adipose tissue followed by B-oxidation of FA
[143,144,146]. Interestingly, an increased concentration of most of these OA suppressed the insulin
signaling by activating the free fatty acid receptor 2 (FFAR2) while simultaneously promoting the
glucose/lipids metabolism in tissues and preventing the lipid accumulation in adipocyte tissues (i.e.,
weight loss) [149]. Moreover, immune and adipose tissues have two G-protein-coupled receptors
(GPCR) (i.e., GPCR 41 and GPCR 43) for (short chained)-OA which are further linked to G-protein
for further downstream targeting. Among the major four classes of G-proteins (i.e., Gi/o, Gs, G12/13,
and Gq/11), each class is specified for certain GPCRs which proposed the involvement of SCOA
in modulating the response of adipose/immunity tissues [151]. The existence of OA receptors on
the surface of immune and adipose tissues suggested the modulatory roles of these metabolites in
biological processes. The GPCR41/GPCR43 knockout mice studies showed a huge inflammatory
response in various metabolic conditions due to GPCR41/GPCR43-/-immune/adipose cells [152] Whilst
the supplementation of butyrate or propionate decreased the mRNA expression levels of inflammatory
cytokines GPCR41/GPCR43 knockout mice. The acetate, propionate and butyrate reduced the TNF-q,
cytokine and chemokine release from the monocytes and neutrophils while promoting prostaglandin
E2 production. These studies concluded that SCOA has a modulatory role in the inflammatory status
of obese tissues and thus in IR [153,154].
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Han and his team [144] also stated a 0.1-66% increase in plasma contents of 10 OA
(acetate, propionate, isobutyrate, 2-methylbutyrate, 3-methylevalerate, isovalerate, valerate, caporate,
isocaporate), including three C5 and C6 isomers and two C4 isomers, in T2DM diagnosed patients. The
gas chromatography—mass spectrometry (GC-MS)-based metabolomics analysis of serum OA unveiled
a higher concentration of glucose intermediates i.e., 3-OH-butyric, lactic acid, adipic, succinic, citric,
palmitic, and phenyl acetic acids) in diabetic subjects. The higher excretions of these OA were also cited
as an indicator of underlying undiagnosed conditions belonging to metabolic syndrome. The higher
excretion of adipic acid, 3-OH-butyric acid and suberic acid were synonymous to the occurrence of
ketogenesis and the formation of C6—C8 fatty acids due to beta-oxidation in pre-diabetic patients [155].
The pre-diabetic patients were found to excrete higher levels of 2-OH-butyric, hydroxy-isobutyric
acid and 3-OH-butyric acid and low levels of sebacic acid, whereas, obese people only excrete
higher amount of suberic acid relative to non-obese and non-diabetic subjects. Higher excretion of
hydroxy-isobutyric acid in diabetic patients also indicated a higher fat metabolism resulting in higher
serum levels of C4 moieties [155]. Chou et al. [156] carried out the serum metabolomics using the
GC-MS platform to discriminate normal, diabetic and IPD patients. This study stated sixteen early
biomarkers of diabetes clearly distinguished the individuals at T2DM risk from healthy controls and
nine metabolites successfully differentiating the people at risk of diabetes or IPD. Two OA biomarkers
namely pyroglutamic acid and a-hydroxybutyrate (a-HB) clearly distinguished the IPD and non-IPD
(healthy and T2DM), and healthy vs. IPD individuals, respectively [146,157,158]. B-HB, ethylmalonic
acid, and a-HB proved to be signature biomarkers to distinguish between healthy controls and
T2DM patients. Moreover, lactate and ethylmalonic acid categorized individuals at IPD and T2DM
risk [156,159]. The levels of B-HB and a-HB increased in ascending order from healthy controls to IPD
and diabetic patients. The a-HB has also been proposed as a biomarker of the IR and IGT [88]. Most of
the detected OA metabolites were identified as TCA cycle intermediates which level was found to
fluctuate mostly in diabetes, CKD and CHD. Some studies also cited altered levels of these metabolites
in the cardiac and nerve tissues of diabetic persons [160]. Citrate and pyruvate were already declared
in perturbed amounts in the urine of diabetic patients. The TCA intermediate succinate was found to
be increased in the plasma of patients who developed T2DM [161]. The work of Yuan et al. [146] also
defined SCOA (e.g., 4-aminobenzoic acid and oxyl acetic acid) as a predicting biomarker for T2DM
risk. Chou et al. [156] also stated pyroglutamic acid as a promising biomarker for distinguishing IPD
and healthy non-IPD patients whereas pyroglutamic acid was found decreased in diabetic patients [88].
Sato et al. [162] also observed higher concentrations of isovaleric acids in T2DM patients in a blind,
randomized and case-control cohort study. Many studies have documented the higher excretion of
other OA (especially uric acid) in diabetic patients compared to healthy controls [140,163,164]. These
published results also claimed a higher urine OA being the main causative of uric acid stones and
nephrolithiasis in diabetic subjects. The uric acid and sodium retention was also observed in insulin
resistance and HOMA-IR model. It also proved a strong relation between high uric acid and the low
urine pH and insulin resistance [165]. A low urinary pH can also be a validated marker of future insulin
resistance as Abate et al. [166] selected his subjects merely on the basis of the presence of uric acid
kidney stones. But later these subjects unveiled less insulin sensitivity and lower urinary pH. Therefore,
the patients with low urinary pH are at a stage of increased risk of T2DM development. These studies
successfully proposed and defended the so-called obvious correlation between low urinary pH and
T2DM/obesity, however, these studies also came up with some major limitations such as ignoring the
major dietary, environmental and lifestyle factors in these cross-sectional cohort studies. These factors
were partially addressed by Maalouf et al. [167] who provided the fixed metabolic diet to the diabetic
patients for the whole study duration. The T2DM patients showed higher net acid excretion (NAE)
(NH,* + TA) value which symbolized the higher net acid production in diabetic patients. However,
this data not only lacks the focus of mechanisms responsible for higher acid production in diabetes
but also states urinary anionic measurements being non-significantly different between diabetic and
non-diabetic subjects which helped out to formulate the idea of GI alkali loss in diabetic individuals.
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The accumulation of pancreatic fats which affects the bicarbonates secretion and exocrine activities may
result in GI alkali loss in T2DM. Alternatively, some other studies proposed greater intestinal micoflora
fermentation due to a delayed transient time in the colon in diabetic patients [168]. A low NH,*/NAE
ratio was also noticed in diabetic patients in some studies [169] with higher TA values in diabetic
patients. The impaired NH,* secretion might be due to increased FA supply to renal tubules resulting
in compromised NH,* excretion [167]. The work of Sato et al. [162] also published amazing data
about the effects of the administration of different diets and the consequent effects on organic acids in
diabetic and non-diabetic patients. The diets rich in saturated fatty acid/total fat negatively interlinked
with the organic acid concentration in both groups. Carbohydrates exhibited a positive association
with all fecal/plasma organic acids of diabetic patients. A further negative linkage was found between
the duration of diabetes and two organic acids named acetic acid and propionic acid. Isovaleric acid
was the organic acid least influenced by the dietary habits of diabetic subjects [162]. Conclusively,
it is also possible to distinguish the normal, pre-diabetic, IPD, obese and T2DM individuals based on
the targeted serum/plasma/urine metabolomics focusing OA as early biomarkers of diabetes and or
various stages of diabetes.

Human gut microbiota signature biomarkers: the microbial lives of the whole gastro-intestinal
tract are collectively known as gut microflora or gut microbiota. The total number of gastro-intestinal
microbiota exceeds 100 trillion which is 3-fold more than the total number of human body cells, which
is why the gut environment is considered as a whole functional organ [170]. The five important and
predominant phyla of gut microbiome are Bacteroidetes, Actinobacteria, Proteobacteria, Firmicutes and
Verrucomicrobia. The composition of these phyla keeps changing throughout the gastro-intestinal
tract depending on various confounding factors such as individual lifestyle, dietary habits, health
and physiological factors determining which phenotype would be developed. Regardless of this
confounding drawback, gut microbial studies identified some gut microbial signatures as early
biomarkers for metabolic syndromes. Moreover, the gut microflora controls many metabolic reactions
by the production of many beneficial secondary metabolites (e.g., choline, phenols, bile acids, and
SCFAs etc.) involved in the various metabolic signaling pathways. Recent findings have shown
that gut microbiota is not only involved in maintaining optimal human health but it is also culpably
involved in the pathogenesis of metabolic diseases [150,171—173].

Recent studies have focused on unveiling the effect of changed dietary habits on the composition
and ecosystem of gut microflora. The consumption of fiber-deficient diets resulted in a lesser extent
of fermentation in gut and hence less production of systematic anti-inflammatory short-chain fatty
acids (SCFA). These SCFA are important for the synthesis and production of immunoglobulin A and
immune-supportive cytokines and failure to produce these health-supporting SCFA results in dysbiosis
which is in turn implicated in the increased incidence of diabetes and inflammatory diseases [174].
There have also been reports that the population of health-promoting SCFA-producing gut-bacteria
found to have decreased in individuals at risk of developing diabetes [175]. SCFA also promotes
the production of glucgone-like-peptide 1 (GLP1) and coheres with G-protein-coupled receptors.
The production of GLP1 impedes hepatic gluconeogenesis and glucagon secretion; promotes insulin
sensitivity and satiety and hence encourages weight loss. SCOA are another class of secondary
metabolites generally produced by the gut microflora. It has been noted that butyrate producing
gut-bacteria became less abundant followed by an increase in the population of Lactobacillus spp. and
Betaproteobacteria in obesity and T2DM compared to non-obese control healthy subjects [150,168,171].
The gut microflora population also becomes deficient in the Firmicutes and Clostridia in future T2DM
patients as noted by Laresn et al. [168]. The lowering of Clostridium in diabetic patients worsens the
glucose metabolism since this species is primarily involved in the conversion of primary bile acid into
secondary bile acid entities (i.e., cholic and chenodeoxycholic acids) in the large intestine [176,177].
The secondary bile acid entities actually activate the farnesoid X receptor (FXR) and G-protein-coupled
receptor 1. The activation of G-protein-coupled receptor 1 ensures the release of GLP-1 which is
important for proper pancreatic and hepatic functioning. FXR also controls the glucose metabolism
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and weight loss maintenance by down-regulating the expression of 6-biphosphatase-1, fructose-1,
glucose-6-phosphatase and gluconeogenic phosphoenolpyruvate carboxykinase [177,178]. So a lowered
population of gut Clostridium is another signal of obesity and perturbed glucose metabolism in glucose
intolerant persons. Firmicutes (Gram-positive) and Bacteroidetes (Gram-negative) bacteria comprised
almost 90% of gut microflora and some studies proclaimed the ratio of Firmicutes-to-Bacteroidetes as a
predictor of dietary habits and hence metabolic disorders linked to these dietary life styles. The obese
mice model studies registered a high Bacteroidetes-to-Firmicutes ratio with an increased proportion of
Bacteroidetes [179]. A positive correlation was also noted between the blood glucose level and the ratios
of Clostridium coccoides/Eubacterium rectale, Bacteroides/Prevotella, and Bacteroidetes/Firmicutes groups.
So the lowering of SCFA, SCOA and butyrate producing bacteria, Firmicutes, Clostridia population are
the early biomarkers of T2DM in glucose intolerant patients. Additionally, an increased population of
Gram-negative Bacteroidetes and Proteobacteria hinted their role in the pathogenesis onset of T2DM
via an endotoxin-led-inflammatory response as lipopolysaccharides and endotoxins were found in
higher concentration in their cell membranes [168]. Similarly, the transplantation of fecal microflora
from healthy and lean individuals containing the specific gut bacteria into diabetic persons ameliorated
the insulin sensitivity in the recipients. This transplantation improved the population of SCFA and
SCOA producing strains of bacteria in the insulin-resistant persons [180].

In recent years, human gut microbiome data has been used in conjunction with the metabolome
data to comprehensively assess the nutritional and metabolic health status of human beings. Qin et
al. [150] did a metagenomic study of gut microflora exploring the metagenome association with T2DM
in 345 diabetic + non-diabetic subjects. This metagenome-wide-study showed the enrichment of genes
with opportunistic pathogens such as Clostridium hathewayi, Bacteroides caccae, Clostridium symbiosum,
Clostridium ramosum, E. coli, Eggerthella lenta in T2DM individuals whilst SCFA, SCOA-producing
bacteria, including SS3/4, Clostridiales sp., Faecalibacterium prausnitzii, E. rectale, Roseburia inulinivorans,
and Roseburia intestinalis were found to be enriched in non-diabetic persons. Le Chatelier et al. [181]
documented that low bacterial richness/low bacterial gene count favors obesity, insulin resistance and
low-grade inflammation and fatty liver. The authors further added that based on the metagenomic
analysis of 46 genera of low bacterial gene count and high bacterial gene count, one can distinguish the
persons who are more prone to obesity/T2DM compared to those whom are less. Bacterial species such
as Ruminococcus and Bacteroides species which were more dominant in the low bacterial gene count
could be early predictors of metabolic disorders such obesity and T2DM whereas dominant species
(Bifidobacterium, Faecalibacterium prausnitzii, Alistipes, Akkermansia and Lactobacillus) of high bacterial gene
count are mostly associated with resistance to T2DM. This study supported the idea of a lack of SCFA
and SCOA producing bacteria, mucus degrading bacteria and sulfate reducing species (Desulfovibrio) in
the low bacterial gene count group [181]. Conflicting data were also registered by the European cohort
study describing the upregulated abundances of only 4. muciniphila in individuals with less severe
metabolic syndrome, however, this upregulation in the abundance of A. muciniphila was concurrent
with an increased microbial diversity exhibiting the population-dependent relationship of 4. muciniphila
and T2DM [171]. However, all three of the aforementioned cohort studies unanimously declared the
Lactobacillus species, Clostridiales and SCFA/SCOA-producing bacteria as main early discriminants
among healthy, glucose intolerant and diabetic human subjects [150,171,181]. The supplementation of
A. muciniphila in high-fat diet-induced obese mice also increased high-glucose-tolerance and lowered
inflammation by lessening the lipopolysaccharides and lipid oxidation [182]. The skewing of gut
microbial population, during the early, glucose intolerant and undiagnosed stages of diabetes, affects
the cell-to-cell integrity in the gut lining resulting in a leaky gut with increased permeability leading to
perturbed immune response and intestinal inflammation. All these variables attributed to influence the
T-cell mediated autoimmunity and related autoimmune disorders including diabetes [183,184]. Zhang
et al. [185] also performed the metagenomic study using the 16S RNA and short-gun sequencing method
to find the gut microflora signature markers among the healthy, pre-diabetic, and newly diagnosed
T2DM patients. The healthy controls were rich in Haemophilus parainfluenzae T3T1 and F. prausnitzii but
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less abundant in A. muciniphila and Clostridiales spp. SS3/4. The butyrate producing Roseburia intestinalis
and Faecalibacterium prausnitzii were found to be deficient in T2DM subjects with the abundance
of Streptococcus mutans, Lactobacillus gasseri and certain Clostridiales. A fall in the populations of
anti-inflammatory strains of Faecalibacterium prausnitzii and Roseburia (butyrate-producing Clostridialis)
were seen as an early sign of T2DM compared to healthy controls whereas enrichment of Akkermansia
muciniphila strains come along with signs of improved metabolic control in the obese mice [186].

The composition of gut microflora cannot always be synonymous to a function and that is why,
recently, some studies extended their investigation by correlating the gut microbiota composition
with their gut-microbe-derived metabolomics. These studies found increased BCAA levels in the
glucose intolerant patients prone to T2DM and this increased production of BCAA was correlated with
the increased prevalence of two bacterial strains i.e., P. copri and B. vulgatus [187]. Moreover, diet is
considered a key player in shaping the relationship of gut microbiota composition and metabolism
with the risk factors of T2DM, so many studies have devoted their objective on the effect of specific
diet consumption and their consequent effects on gut microbial communities and their metabolites.
The effect of macronutrient constituents of diet has been particularly discussed in the literature.
The prevalent intake of animal protein diets increased the T2DM related gut microbial signatures (i.e.,
Bacteroides and Clostridia) with the decrease of SCFA- and SCOA-producing bacteria e.g., Bifidobacterium
adolescentis. The comparison of plant-based-protein rich diets and animal-origin-protein rich diets was
also studied in detail which pointed to the dominance of Bacteroides, Alistipes and Bilophila (bile-tolerant
anaerobes) in the latter group of diet recipients [188]. The consumption of a high protein and low
carbohydrate diet also diminished the population of SCOA producing bacteria such as Roseburia
and Eubacterium rectale [189]. The consumption of a high-fat diet also caused an increased in the
population of Clostridia and Bacteroides whereas the intake of low-fat diet resulted in the abundance
of SCOA-producing bacteria. The consumption of saturated fat-rich-diet encouraged the setup of
Faecalibacterium prausnitzii and monounsaturated fat-rich-diet intake reduced the total gut bacterial
load [190]. Fish oil-fed mice harbored an elevated population of SCOA (especially butyrate and lactic
acid) producing bacteria i.e., Lactobacillus, Streptococcus, Verrucomicrobia, Bifidobacterium and Adlercreutzia
whilst lard-feeding showed an increased population of Bilophila and Bacteroides [191]. The consumption
of sugars (fructose, sucrose, glucose) increased the ratio of Bifidobacteria:Bacteroides. The addition
of lactose with other sugars replicated the same results but with lower population of Clostridia
species [192]. The consumption of artificial sweeteners produced inverted results with an elevated
community of Bacteroides [193]. The intake of non-digestible carbohydrate-rich diet (fiber/probiotic)
stimulated the community growth of beneficial anti-obesity fermentative commensal microbiota i.e.,
Bifidobacteria and Lactobacilli [194] whereas, on the other hand, prebiotics reduced the signature gut
microbial biomarkers of obesity and T2DM, i.e., Clostridium and Enterococcus [195]. The intake of
probiotics and prebiotics was found to decrease the risk factors and signature biomarkers of T2DM by
stimulating a decrease in blood glucose levels. The supplementation of probiotic strains (Escherichia coli
Nissle 1917, Lactobacillus plantarum 2142, Lactobacillus rhamnosus GG) or the supernatant of their spent
cultures or their metabolites increased the blood concentration of insulin, insulin sensitivity, improved
glucose tolerance and relieved the oxidative stress and oxidative stress-related proinflammatory
cytokines [196—198]. The administration of probiotics/prebiotics in addition with diet in different
mouse models (KK-Ay, NOD, and alloxan-induced-diabetic mice) witnessed the fading of signature
T2DM biomarkers i.e., lowered HbA1c, FFA, LDL-H, TG, FBG, and HOMA-IR with subsequent increase
in the Bifidobacterium and butyrate producing gut microbes [199]. The supplementation of diet with
polyphenols of varying origins increased the community size of Prevotella, Bifidobacterium, Bacteroides,
Bacteroides uniformis, Enterococcus, Blautia coccoides-E. rectale and Eggerthella lenta groups [200,201].
In summary, diminishing intestinal bacterial richness is the first biomarker of undiagnosed metabolic
syndrome. Considering the dietary, lifestyle and physical activity covariates, the persistent gut
prevalence of certain (pathogenic) microflora (i.e., Bacteriodetes, Clostridium coccoides, Proteobacteria,
Clostridiales, Lactobacillus Spp., Betaproteobacteria, Streptococcus mutans, P. copri, B. vulgatus, Lactobacillus
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gasseri, Ruminococcus spp. E. coli, Eggerthella lenta) are also early risk predictors for metabolic syndrome
and pre-diabetic conditions. Likewise, a decrease in the intestinal population of SCFA and beneficial
SCOA are also reporters of a future risk of metabolic syndrome and diabetes.

6. Conclusions

The metabolic syndrome and diabetes mellitus are becoming more prevalent in both developed
and developing countries. The onset of diabetes can be deferred or even prevented if intervention is
accurate at early stages. The existing diagnostic clinical tools are not considered sufficient for early
prediction of these conditions. However, several perturbed metabolic biomarkers have been proposed
for early prediction of metabolic syndrome. These predictive and risk-factoring metabolic biomarkers
have been discovered using high-throughput technologies used in many cohort and predictive
modeling (metabolomics) studies. Reported metabolic biomarkers mainly belong to AA, BCAA,
SCOA, acylcarnitines, phopsholipids and FFA. These metabolites are considered the intermediate
metabolites of carbohydrates, lipids and amino acid-altered metabolism which ultimately distorted the
gluconeogenesis, glycolysis, lipolysis, the tricarboxylic acid cycle and proteolysis pathways. These
disturbed biomarkers showed significant correlations with elevated blood/plasma/serum glucose level,
fasting plasma glucose, insulin resistance, glucose intolerance, HOMA-IR, OGTT and obesity. Moreover,
most of these early diabetic biomarkers have been validated and are being used in newly established
phenome centers for the purpose of population-based screening. Gut microbes have also been found to
be influenced by (the early stages of) T1IDM, T2DM and obesity. With some exceptions, the abundance
of Firmicutes, Actinobacteria, SCOA-producing-bacteria, Bifidobacteriaceae (Actinobacteria) and
Clostridium phyla was found to be lower in metabolic syndrome, obese and diabetic persons whereas
the population of Bacteroidetes, Lactobacillus spp., Rikenellaceae, Proteobacteria, 4. muciniphila and
Desulfovibrio spp. was found to be richer in metabolic syndrome, obese, and diabetic individuals
compared to healthy subjects.
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Abstract: Berries are considered “promising functional fruits” due to their distinct and ubiquitous
therapeutic contents of anthocyanins, proanthocyanidins, phenolic acids, flavonoids, flavanols,
alkaloids, polysaccharides, hydroxycinnamic, ellagic acid derivatives, and organic acids.
These polyphenols are part of berries and the human diet, and evidence suggests that their
intake is associated with a reduced risk or the reversal of metabolic pathophysiologies related
to diabetes, obesity, oxidative stress, inflammation, and hypertension. This work reviewed and
summarized both clinical and non-clinical findings that the consumption of berries, berry extracts,
purified compounds, juices, jams, jellies, and other berry byproducts aided in the prevention and or
otherwise management of type 2 diabetes mellitus (T2DM) and related complications. The integration
of berries and berries-derived byproducts into high-carbohydrate (HCD) and high-fat (HFD) diets,
also reversed/reduced the HCD/HFD-induced alterations in glucose metabolism-related pathways,
and markers of oxidative stress, inflammation, and lipid oxidation in healthy/obese/diabetic subjects.
The berry polyphenols also modulate the intestinal microflora ecology by opposing the diabetic and
obesity rendered symbolic reduction of Bacteroidetes/Firmicutes ratio, intestinal mucosal barrier
dysfunction-restoring bacteria, short-chain fatty acids, and organic acid producing microflora.
All studies proposed a number of potential mechanisms of action of respective berry bioactive
compounds, although further mechanistic and molecular studies are warranted. The metabolic
profiling of each berry is also included to provide up-to-date information regarding the potential
anti-oxidative/antidiabetic constituents of each berry.

Keywords: berries; metabolic syndrome; precision nutrition; hyperglycemia; hyperlipidemia;
diabetes; omics; metabolomics; genomics

1. Introduction

Diabetes mellitus (DM) is a multifactorial disease with high mortality worldwide. Chronic DM
is the eighth-leading cause of deaths globally, responsible for 1.5 million deaths each year [1].
According to the World Health Organization (WHO), in 2013, 381 million adults were diagnosed
with DM, which increased to 422 million in 2016 and is expected to double by 2030. Type 1
(T1DM) represents 15% of cases, and the remaining cases are type 2 (T2DM) [1]. T2DM is primarily
treated with pharmacotherapeutic drugs, evidence-based alternative approaches, and functional
food-based approaches [2]. Pharmacotherapeutic approaches generally consist of monotherapy
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or binary/poly-therapy, depending on severity. Most physicians use the binary approach and
prescribe insulin-secretogenic sulfonylurea drugs and the insulin sensitivity enhancer metformin.
Additional drugs address diabetes-induced vascular complications, with the average number of
prescribed daily drugs being as high as four [3]. Combined drug therapy is associated with long-term
side-effects and other costs, resulting in non-adherence [4]. Moreover, evidence-based alternative
approaches may have safety and toxicity issues due to which precision nutrition-based approaches
have recently been proposed as alternatives to defer or deter T2DM and its complications.

The provision of individualized dietary and nutritional recommendations is referred to as precision
nutrition. Polyphenol-rich fruits (including berries) are the primary components of precision nutrition,
and consumption of these fruits, like berries, represent a potential “frontline strategy” for combating
T2DM in obese or overweight patients. Substantial evidence suggests that T2DM onset can be prevented
or managed by berries and/or berries-derived-tailored dietary intake, exercise, and the maintenance
of healthy body weights (BWs) [5]. Therefore, targeted berries-nutrition is considered analogous
to an individualized medicinal approach, providing effective and safe nutritional interventions for
DM prevention and management. Furthermore, the American Diabetes Association and Dietary
Guidelines for Americans also strongly recommend diets rich in anthocyanin and polyphenols to
protect against and manage DM [6]. Increasing evidence shows that berry consumption also reduces
DM risk, including a recent study showing that Finnish men who regularly consumed berries reduced
their T2DM risks by up to 35% [7]. Due to the significance of berry consumption and the lack of
comprehensive studies examining berry consumption effects specifically on DM, this study aimed to
collect and summarize all studies examining the relationship between berry consumption and DM.

DM is a metabolic syndrome with concordance changes in insulin sensitivity and/or availability.
This insulin insensitivity and/or deficiency induces derangements in metabolic pathways related
to glucose, lipids, and protein metabolism. Berry, or its byproduct, intake not only opposes these
derangements by normalizing the metabolic homeostasis of glucose, lipids, and protein metabolism,
but also improves insulin sensitivity and secretary indexes. Therefore, all available in vitro and in vivo
studies involving whole berries or berry bioproduct consumption and citing the normalization of
insulin signaling, secretion, and sensitivity, restoring the altered glucose, lipid, and protein metabolism,
and reduction of oxidative stress and inflammatory cytokines were included. In order to determine the
hypoglycemic and hypolipidemic potential of berries, studies that added berries to high-fat (HFD) and
high-carbohydrate (HCD) diets, defined as diets with >45% fat and >60% carbohydrates, respectively,
were also included. In addition to HFD and/or HCD, disruption of intestinal endothelium and
homeostasis resulting in epithelial inflammation, increased permeability (i.e., dysbiosis), and alteration
in gut microbial taxonomic composition and diversity (increase in Firmicutes:Bacteroidetes ratio,
and reduction in intestinal mucosal barrier dysfunction (IMBD) restoring bacterial families, proteolytic
and glycolytic microflora, short-chain fatty acids (SCFA), and organic acids (SCOA) producing
microflora) are also considered risk factors to obesity and DM. IMBD associated bacterial families
protect the epithelial layer of the intestine whereas SCFA and SCOA played important role in the
synthesis and production of immunoglobulins and immune-supportive cytokines to protect against
dysbiosis and metabolic disorders. In this context, the impact of berry or berry product intake on the
attenuation of obesity-associated disorders and dysbiosis was also reviewed. Studies involving the
metabolic fingerprinting of berries were also described to represent the possible number of compounds
considered responsible for their antioxidative and antidiabetic actions.

Consequently, this review aimed to discuss scientific evidence regarding a positive role of berry
consumption on the prevention or delay of diabetes development and reduction or avoidance of
diabetes-related complications. Moreover, a detailed composition of different berries is also presented.
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2. Methods

Studies examining berry consumption and T2DM were searched for (last time accessed 15 June
2020) in the Medline/PubMed, ScienceDirect/Scopus, and Web of Sciences databases using the following
keywords and phrases: berry consumption and diabetes, berry polyphenolic compounds and diabetes,
berry intake and glucose metabolism, berries and high-fat diets, berries and high-glycemic diets,
metabolic fingerprinting of berries, lipid metabolism and berries, glycemic control, human clinical
trials with berries, in vitro/in vivo studies using berries, and individual berry names. The search
using these keywords and phrases resulted in more than 3000 articles in said scientific databases,
as illustrated in detail in Figure 1. All articles not in line with the objectives of this review article were
not considered. Additionally, the articles that were found more than once in these databases were
counted once, and after removal of these duplicate and irrelevant records, nearly 2645 publications
were thoroughly screened for inclusion eligibility. Finally, 336 publications were found relevant
and fit to be reviewed. Only studies examining berries or berry product consumption relative to
metabolic syndrome conditions or otherwise DM respective and berry fingerprinting were included.
The schematic flow diagram for the selection of studies in this work is presented in Figure 1.
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Figure 1. Schematic representation of Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) flow diagram collection and selection of studies included in this review.
Adapted from Moher, Liberati [8].

3. Blueberries

Blueberries (BIBs) top the list of five fruits recommended by the Food and Agriculture Organization
of the United Nations (FAO) against diabetes, cancer, liver disease, anemia, and cardiovascular disease
(CVD). Initially, the in vitro antidiabetic activity of BIBs were reported by Barberis et al. [9] and Martineau
et al. [10]. Barberis et al. described the reduced amount of glucose absorption in the Caco-2TC7 monolayer
human intestinal cell line in the supplementation of phosphate-buffered-saline (PBS) containing BIB juice
(BIBJ) prior to glucose stimulation. Martineau et al. [10] used insulin-dependent/independent 3T3-L1,
C2Ci12, and TC-tet cell lines. The overnight incubation of these cells with BIB extracts (BIBEs) enhanced
glucose uptake even in the absence of insulin compared to the vehicle-delivered control cell cultures [10].
The basal secretion of insulin from TC-tet cells increased 2.5 times to 7.5 times with increasing glucose
amounts from 6 mM to 10 mM. A significant increase in glucose-stimulated insulin secretion (GSIS)
was also seen after treating cells with BIBEs [10]. The BIBE adipogenic effects were also examined
by assessing lipid formation and accumulation in pre-adipocytes, and BIB treatment was almost as
effective as the positive control, rosiglitazone, for lipid accumulation. BIB consumption downregulated
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the HFD-induced upregulation of total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C),
leptin, and inflammatory genes (L-6, TNF-a, inducible nitric oxide synthase (iNOS)), monocyte
chemo-attractant protein-1 (MCP-1) (an inflammatory cytokine), peroxisome proliferator-activated
receptors y (PPAR-y), and fatty acid synthase (FAS) [11,12].

Hypoglycemic and hypolipidemic potential of BIBs or its polyphenol rich products has also
been checked in many in vivo studies; Grace et al. [13] fed streprozotocin (STZ)-induced diabetic
rats diets supplemented with phenolic- and anthocyanin-enriched BIBES. Anthocyanin-enriched
diets increased hypoglycemic activity (51%) compared with phenolic-enriched diets (33%) and
metformin-treated controls (32%), suggesting that anthocyanins modulated hyperglycemic and
hyperlipidemic activities [13]. The supplementation of BIBE increased the beneficial glucose metabolism
involved peroxisome proliferator response element (PPRE) (1.3—1.8%), glucose transporter 2 (GLUT-2)
(1.5%), and PPAR-y (1.4%) activities, and reduced the proinflammatory nuclear factor (NF)-«B
activity [14]. Furthermore, an increase in the intercellular levels of the mRNA of glucose transporter
(GLUT4), insulin receptor substrate-1/2 (IRS-1/IRS-2) (insulin response mediators regarding glucose
metabolism), and AMP-activated protein kinase (AMPK) (a key regulator of mitochondrial biogenesis
and cellular energy homeostasis) were observed in skeletal muscles, indicating increased glucose
uptake [15,16]. BIB metabolites, especially anthocyanins, also promoted glucagon-like peptide-1
(GLP-1) expression and PPAR activity; GLP-1 increases glucose-dependent insulin secretion and
pancreatic B-cell proliferation, whereas PPAR and nuclear fatty acid receptors improve IR [17].
Few studies have also shown improved insulin resistance (I) but with conflicting results in reduced
BW gains [16,18,19]. However, in human clinical trials, improved insulin sensitivity without BW
changes was observed [20]. Thus, insulin sensitivity may increase following BIB consumption,
but BIBE may be less effective for modulating weight loss. Besides the BIBE, a few studies have
also used the whole BIB fruit to determine its antidiabetic and anti-obesity potential in a group of
people at high risk of T2DM (Table 1). BIB smoothie supplementation significantly reduced insulin
resistance (IR) [21]. The ad libitum consumption of 100% pure BIBJ showed hypoglycemic activity,
suppressing fatty acid synthase (FAS)- and p-oxidation-related gene expression in HFD-fed C57BL/6
mice (Table 1) [12]. Alcohol-free fermented juice, containing 30% BIBJ and 70% blackberry juice,
reduced epididymal fat pad weights, percent fat mass, plasma triglyceride, and total cholesterol
(TC) levels as well as mean adipocyte diameters and improved fasting blood glucose and GTT
levels [22]. In another study, BIBJ consumption increased glucose uptake and inhibited adipogenesis
by reducing adiponectin levels in KKKy mice [23]. In addition to BIBJ, BIB powder consumption
in sugar-matched/sugar-non-matched smoothies extended the post-prandial glucose response and
reduced peak postprandial glucose levels [24]. Diabetes and obesity are inter-linked via chronic
inflammatory conditions, where macrophages infiltrate and accumulate in adipose tissue, triggering
pro-inflammatory cytokine secretion [25]. BIB supplementation reduced these (pro)-inflammatory
cytokine secretions (i.e., NF-kB, interleukin (IL)-10, tumor necrosis factor (TNF)-a, and IL-6 expression)
in obese and diabetic mice [25]. BIBE consumption also showed excellent anti-inflammatory effects
against soluble vascular cell adhesion molecule-1 (sVCAM-1) (inflammatory biomarker), MCP-1,
C-reactive protein (CRP) (acute inflammatory protein), and vascular endothelium [26].
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Oxidative stress increases reactive oxygen species (ROS), chemokines, nitric oxides (NOs), adhesion
molecules, nuclear factor (IxBa) production, and glycation prior or after diabetes. Human aortic
endothelial cells (HAECs) treated with purified BIB anthocyanins (hippuric acid, hydroxyhippuric acid,
isovanillic acid-3-sulfate, benzoic acid-4-sulfate, and vanillic acid-4-sulfate) demonstrated reduced
ROS, chemokine, NO, adhesion molecule, and IxBa production [27]. In a human clinical trial,
post-exercise blueberry BIB consumption decreased manganese superoxide dismutase (Mn-SOD)
levels [28]. Li et al. [29] reported anti-oxidative and anti-inflammatory cytokine marker suppression by
19 and 31%, respectively, in adipocytes and macrophages co-cultured with piceatannol, a BIB-derived
bioactive compound. Piceatannol also ameliorated malfunctioning insulin-stimulated glucose uptake
by upregulating Akt phosphorylation (crucial for IRS activation and hence increasing insulin sensitivity)
and forkhead box O1 (FOXO1) (a transcription factor). Pterostilbene, a PPAR-a agonist found in BIB,
promoted fatty acid catabolism by upregulating (up to 3%) of AMPK, carnitine palmitoyl transferase-1
(CPT-1) (an enzyme for long-chain fatty acid-LCFA oxidation), acyl-CoA oxidase (ACOX) (enzyme of
B-oxidation system), and uncoupling protein-2 (UCP-2) (a protein involved in glucose disposal, insulin
secretion, and cellular energy dissipation) expression. AMPK is associated with mitochondrial
energy production, and AMPK activation regulates liver cell gluconeogenesis by suppressing
glucose-6-phosphatase (G6Pase), phosphoenolpyruvate carboxykinase (PEPCK) (gene involved in
glyceroneogenesis and gluconeogenesis), FOX01, PPAR-y coactivator 1a (PGC-1a), and glucose
production. FOXO1 regulates PEPCK, PGC-10, and G6Pase expression, thus affecting glucose
release [30].

The integration of BIB polyphenols with a HFD also attenuated HFD rendered disorders and
dysbiosis. The BIB powder supplementation improved the systematic inflammation and insulin
sensitivity by modulating the gut microbial population in rat fed on a HFD [31]. In human,
BIB intervention offered the prebiotic-effect by increasing the relative abundance of beneficial
fermentative bacterium Bifdobacterium spp [32]. The BIB-derived anthocyanins also improved the IMBD
restoration by decreasing the population of E. coli [33]. More recently, Rodriguez-Daza and Daoust [34]
also witnessed that BIB-derived proanthocyanidins did not significantly improve the dysbiosis
symbolic Firmicutes:Bacteroidetes ratio, but its supplementation did improve the population of genera
(Akkermansia, Adlercreutzia, an unknown genus of order Clostridiales, Peptostreptococcaceae, and
Ruminococcaceae) considered responsible for the maintenance and restoration of the colon mucosal
barrier. The health promoting role of BIB and its byproducts can be explained further by a comprehensive
metabolite profile for BIB/BIBE [10,35—39] and is shown in Table 2. The metabolic fingerprinting
reveals BIB/BIBE as a rich source of antioxidative, antidiabetic, anti-inflammatory anthocyanins,
proanthocyanidins, epicatechins, aglycons, glycosides, catechins, phenolic acids, chlorogenic acids,
caffeic acid derivatives, and quercetin derivatives. Collectively, these studies demonstrated that BIB
supplementation protected against HFD/HCD-induced IR hyperglycemia, pro-inflammatory responses,
oxidative stress, adipocyte death, and improved insulin sensitivity, with mixed results for HFD-induced
BW gain. The identified anthocyanins associated with these activities include glucosides, galactosides,
and arabinosides of cyanidin, delphinidin, malvidin, peonidin, and petunidin.
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Table 1. A comprehensive list of berry interventions and their consequent effects on various levels.

6 of 69

No. Study Design Study Subject Duration Berry Interventions Intervention Diet Significant Findings Ref.
(D) Blueberries (BIB) (Animal studies)
LFD (20% keal from lard fat) Lower the blood glucose level and
1 RCT Cs7bl/6J mice (n =NS) 12 wk BIB anthocyanins 300-500 mg/kg.BW.day and HFD (70%kcal from L. & [13]
dyslipidemia markers
lard fat)
Offer protection against HFD-induced
2 . _ 4% (wiw) F/D whole BIB powder with HFD o obesity, adipose tissue macrophages
RCT Male C57BL/6 mice (n = 24) 8wk provided ad libitum HFD (60% kcal from fat) inflammatory gene expression, [11]
and oxidative stress
Reduced HFD-induced cellular
3 RCT Cs7/Bl6 mi = 200 12wk 5% or 10% (w/w) of whole BIB with HFD o inflammatory cytokines, chemokines,
57/Bl6 mice (n ) W provided ad libitum HFD (45% keal from fat) interleukins, and proinflammatory (18]
interferon gamma -producing T-cells
4 RCT Male Zucker Fatty and Zucker 4% (wiw) F/D whole BIB powder with HFD o Hypolipidemic, Hyper-insulinemic,
Lean rats (n = 48) 8wk provided ad libitum HED (45% keal from fat) hypoglycemic and anti-inflammatory [40]
e . . Reduced expressions of inflammatory
0O, 0,
5 RCT C57BL/6 mice (n =48) 12 wk Adlibitum 100% Bl].3J. with HFD provided LFD (20% lzcal from fat) and and FA synthesis genes. Reduced IR and [12]
ad libitum HFD (45%kecal from fat) 2 .
plasma dyslipidemia markers
65.1 + 1.6 mg cyanidin-3-O-glucoside/L
6 RCT Cs57BL/6 mice (n = 72) 8wk (from 30% BIB + 70% blackberry juice HFD (60% kcal from fat) Anti-obesity, hypoglycemic, antidiabetic [22]
available ad libitum)
KK . B . Improved glucose tolerance, reduced
7 RCT Cs7BL/ t’)(zn:d 20) ymice 4wk BIRJ Mgﬁﬁl?i? W’ agtgf)r dayin Normal chow diet glycemic response suggesting increased [23]
& insulin sensitivity
Downregulated expression and plasma
8 RCT Obese Zucker rat (n = 20) 8wk 8% wild BIB diet (WB) provided ad libitum NA concentrations of NF-kB, TNFa, IL-6, [25]
CRP in liver and adipose tissues
Human studies
9 SB and RCT Obese men and women Reduction in plasma oxidized LDL and
an (n = 66) 8wk 50 8 F/DBIB per day NA other plasma lipid oxidation products [20]
Improvement in glycemic response,
10 overweight or obese 4 g of inulin/day from BIB (equivalent to insulin sensitivity, satiety, serum lipid
DB, PC, RCT e e .
’ individuals (» = 30) 4wk two cups of whole BIB) NA parameters, and fecal markers of [41]
gut microbiota
Reduced serum concentration of LDL-C,
TG, apolipoprotein, apolipoprotein C-III,
11 DB, PC, RCT Diabetic patients (n = 58) 24 wk 160 mg of BIB anthocyanins twice daily NA lipid and protein oxidation markers with [42]

strengthening the inherent
antioxidative system
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No. Study Design Study Subject Duration Berry Interventions Intervention Diet Significant Findings Ref.
_ 12-0z yogurt and skim Improvement in endothelial function in
12 DB, PC, RCT Healthy adults (» = 44) 6wk 45 g/day F/D BlBpowder milk-based smoothie subjects with metabolic syndrome [21]
Extend the postprandial glucose
13 DB, CO, RCT, Healthy human beings (n = 17) 4wk 310-724 mg/kg.BW.day BlBanthocyanin Sugar-matched smoothie response beyond the period observed for [24]
a sugar-matched control
(D) Bilberries (BB) (Animal studies)
Activation of AMP-activated protein
kinase (AMPK) resulting in increased
1 RCT Male KK-Ay mice (n = 16) 5wk 27 g of BB extract/kg diet daily NA insulin sensitivity, upregulation of [15]
glucose transporter GLUT4, suppression
of glucose production in liver
diabeti FWist " Increased serum insulin, reduced TC,
2 RCT labetic gr(()u;_)s 02) Istar rats 4wk BB extracts 2 g/day by gavage Normal chow diet VLDL-C, LDL-C, and TG levels, [17,43]
n=3 and prevented HDL-C decline
Brown Norway (BN) rats . . . .
3 RCT (= 96) 6wk BB extract 100 mg/kg. BW.day Normal chow diet Prevent diabetic retinopathy [44]
Reduced the live damage and oxidative
. _ BB extract (containing 42.04% . stress markers (ALT, MDA, NO) with
4 RCT Male KM mice (» = 60) 5d anthocyanins) 200 mg/kg BW-day) Normal chow diet improvements in enzymatic [45]
antioxidative system (GSH)
5 RCT Male Wistar rats (n = 15) 12 wk 40mg/ kg&??gk?fgeﬁi?s in5mL Normal chow diet Prevent capillary albumin filtration [46]
6 RCT Goto—Kaklzakl (GK) rat 4wk BB decoction with rodent chow powdered rodent chow Improved I.'nltOChO.IldI'Ial respiratory and [47]
(n = NS) biogenesis parameters
(Human studies)
Decrease in the incremental AUC for
7 DB. CO. RCT T2DM Male volunteer subjects h A single capsule of 0 x 47 g BB extract both glucose and insulin without
T n=238) 4 (36% wiw) NA alterations in GLP1, glucagon, amylin, [48]
and anti-inflammatory peptides
. Reduced activity of digestion enzymes
CO, DB, RCT Obese/Overweight/diabetic 3x0.47gof ertoselect capsules per day, without alteratioi,ls in a%lti—inﬂammy:tlory
8 7d . _ 3wk a standardized BB extract (36% wiw) NA [49]
esign men and women (n = 16) anthocyanins) markers, vascular health markers and
Yy reducing capacity
9 RCT Healthy men_and women 1d 10% BB in fermented drink up to 300 g/day White bread Lower the 1nst}hn response than [50]
(n=9) glycemic response
10 RCT Healthy men and women .. ..
4wk BB juice 330 mL/day NA Anti-inflammatory [51]

(n= 62)
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No. Study Design Study Subject Duration Berry Interventions Intervention Diet Significant Findings Ref.
Increased intestinal bioavailability of
11 Parallel RCT Healthy men (n = 40) 8wk Fresh BB 100 g/day of BB NA antioxidative and [52]
antidiabetic compounds
Reduction in the low-grade
12 Healthy men and women inflammation with different cytoplasmic
RCT . . . :
(n=27) 8wk Fresh BB 400 g/day NA ribosomal proteins, Toll-like receptor, [55]
and B-cell receptor signaling pathways
(I) Cranberries (CrB) (Animal studies)
Attenuated HFD-induced obesity, TC
. . o ot o . and TG accumulation, oxidative stress,
1 RCT 36 C57Bl/6J male mice 8wk CrB extracts 20({)mggl\j§ IzW on daily basis HFEH(EE(?;E;SE;LS g’rg,fg;)e 5 with improvements in glycemic response, [54]
Yy gavag ° Y insulin sensitivity, HOMAIR, alleviate
intestinal inflammation
Increased B-cell glucose responsiveness;
- _ 2% whole CrB powder standard NTH-31 age related decline in in basal plasma
2 RCT Male Fischer rats (n = 24) 16m standard rodent chow available ad libitum NA insulin concentrations was delayed [55]
by cranberry
Human studies
.. Improved postprandial glycemic control,
3 CO, RCT Obese(';;azrt;cg;ants 2—4h Cranberries (40 g) HF breakfast (70 g fat, 974 keal)  reduction in lipid oxidation products and [56]
inflammatory cytokines
4 PC, DB, RCT T2DM n(l:r;a;o(% women 12wk 3 Cagsssgsszlfeci}};ggfsgday NA Decrease in the TC:HDLC ratio [571
Dextrose sweetened normal calorie CrB 5 g Vanilla Crisp Power Bar
.. tained 230 Cal, 2.5 g total .
. Healthy men and women juice (NCCBJ; 27% CBJ, vlv; (con . ? Improved metabolic response
le CO RCT 4 04
5 Single n=12) otTes 130 Cal/240 mL) and low-calorie CrB juice fat;;’ z%lt%t::ycglfg’_ﬁ? (ﬁ :$eg:rs towards glucose (58]
. 0, . t
(LCCBJ; 27%, v/v CrBJ;19 Cal/240 mL) and 9 g protein
low-calorie 27% CrBJ (19 Cal/240 mL);
Non-diabetic men and women normal-calorie 27%CrBJ (140 Cal/240 mL) .
6 RCT (n = 187) OTCS at weight-adjusted serving size NA Improved glycemic response [59]
(480 mL/70 kg)
Raw CrB (55 g, 21 cal, 1 g fiber); Sweetened
dried CrB (40 g, 138 cal, 2.1 g fiber); . .
7 RCT T2DM men_and women OTCS Sweetened dried CrB containing less sugar White bread (57 g, 160 cal, fe}vora.ble gllycemlc and [60]
(n=13) 1 g fiber) insulinemic response

(SDC-LS, 40 g, 113 cal, 1.8 g fiber + 10 g
polydextrose)
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No. Study Design Study Subject Duration Berry Interventions Intervention Diet Significant Findings Ref.
CS Nutrition
Examination . . . Lowered the weight-gain, TC, and
8 Survey Healthy men and women 2 days Average 2-day CrBJ intake 158 to 404 mL Routine diet proinflammatory serum CRP levels [61]
(n =10 891)
375 gof CrB in addition to 37.5 g x 3 of
9 DB, CO, RCT Healthy r(nnez alr;t)i women OTCS other berries (bilberries, strawberries, NA Hypoglycemic and hypo-insulinemic [62]
blueberries) + 35 g added sugar
Diabeti d 200 x 2 mL RCCJ was enriched with . . .. . o ) .
10 Parallel RCT rabetic men alcwomen 8wk omega-3 fatty acid (180 mg EPA + 120 mg usual diet zfmd physical activity Anti-dyslipidemic and hypoglycemic [63]
(n= 48) . . during the study
DHA) on daily basis
. _ .. . Antiglycation, antidiabetic, reducing
11 Parallel DB RCT T2DM male patients (n = 58) 12 wk 1 cup (240 mL) CrB juice daily NA CVD risk factors in T2DM male patients [64]
Complete diets in addition to
Background diets consisted of
Parallel DB, PC Healthy men and women .. . typical American foods (HFD) Anti-dyslipidemic, hypoglycemic,
12 RCT (n = 56) 8 wk 480 mL (80 keal) whole CrB juice daily and 3—5 servings of fruits or improved HOAM-IR [65]
vegetables daily (328— 618 g/d
depending on energy intake)
Patients with metabolic 0-7 L/day (J (20 keal) of reduced-energy CrB Anincrease in adip9nectin and fqlic acid
13 RCT _ 60d juice containing 66 mg proanthocyanidins; NA anda dgcrease m homocystelne, . [66]
syndrome (n =55) . L decreased lipoperoxidation and protein
total phenolics of 104 and 0-12 mg folic acid R
oxidation levels
14 CO, DB Obese yet healthy men (n = 35) 4wk 500 mL CrB juice/day NA Improved augmentation in obese men [67]
Increasing doses of low-calories CrBJ
_ during three successive periods of 4 wk s
15 DB, CO Obese men (n = 30) 12 wk (wk 1—4: 125 mL/day, wk 5-8: 250 m1/day, NA Improved antioxidative defense system [68]
and wk 9—12: 500 m1/day)
Increasing doses of low-calories CrBJ Decrease in plasma OxLDL, intercellular
_ during three successive periods of 4 wk adhesion molecule-1 (ICAM-1), vascular
16 DB, CO Obese men (# = 30) 12wk (wk 1—4: 125 mL/day, wk 5—-8: 250 mL/day, NA cell adhesion molecule-1 (VCAM-1) and [69]
and wk 9—12: 500 m1,/day) E-selectin concentrations
Increasing doses of low-calories CrBJ
17 CO. DB Abdominally obese men during three successive periods of 4 wk Increased plasma HDL-cholesterol
’ (n=30) 12wk (wk 1—4: 125 mL/day, wk 5-8: 250 mL/day, NA concentrations [70]
and wk 9—12: 500 mL/day)
18 RCT Healthy men (1 = 21) 2wk CrBJ 7 mL/kg. BW.day NA Reduction in plasma OxLDLlevelsand -,

Improved antioxidative defense system
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(D) Raspberries (RB) (Animal studies)
Weanling male Syrian _ . semi-purified hyperlipidic diet : . ST .
1 RCT golden hamsters 12 wk RBJ 275 mL/day (1 mL = 0.6 g of berries) (0.5% cholesterol and 15% lard) Hypo-cholestrolemic and antioxidative [72]
Dose of ellagitannins enriched RB extracts Protection from the ethanol induced
. _ equivalent to daily consumption of 125 g -
2 RCT Male Wistar rats (» = 30) 10d of fresh fruit by a human healthy adult of NA in ;;If;t;:/; Sttr>ie§rsnzrr11(<iers 73]
70 kg (i.e., 20 mg/kg BW.day orally) v
Inhibition of inflammation, pannus
3 RCT male Lewis rats (n = 24) 30d RB extracts at 30—120 mg/kg. BW NA formation, cartilage damage, [74]
and bone resorption
4 RCT CD1 male mice (n = 36) 4wk RB infusion by gavage (100 mg/kg BW.day) NA Improved antioxidative defense system [75]
5.3% RB supplementation along
bese diabetic (db/db) mice agar-based diet finally containing . Hyper-cholestrolemic and
RCT © - . ) o
5 (n=30) 8wk polyphenolics (963 mg extractable GAE/kg agar-based diet diabetes-induced oxidative stress [76]
agar-based diet)
Upregulation of the expression of
Male Zucker Fatty rats 20 g of diet per day containing RB (2% red myocardial adiponectin receptor 1 and
6 RCT
(n = NS) 12wk raspberry F/D powder) NA apolipoprotein E, improving the plasma (771
cholesterol and triglyceride homeostasis
313 g whole RB with/without Lactobacillus Increased intestinal SCFA load and
. _ 5 .
- RCT Male Wistar rats (n = 42) 5d plantarum HEAL19 (HEAng at 109 cfu) Normal chow diet anti-inflammatory [78]
per day with diet
AIN-76A diet containing either 5% whole
_ BRB powder, 0.2% Anti-dysbiosis, anti-inflammatory,
8 RCT Male F-344 rats (n = NS) 6wk BRB anthocyanins, or 2.25% of the residue NA anti-obesity [79]
fraction provided ad libitum
9 RCT Male db/db mice with 8wk 150 mg/kg.BW.day per mice RB derived NA Hypoglycemic, anti-inflammatory, [80]
C57BL/6J Background (1 = 48) pelargonidin-3-O-glucoside anti-obesity
Specific-pathogen free C57BL/6 AIN-76A diet with 10% black raspberry Hypo-glycemic, anti-metabolic
10 RCT . . s ?
mice (n = 20) 7wk powder provided ad libitum NA syndromic [81]
RCT Male db/db mice (n = 30) 8wk 10% F/D RB in a isocaloric standard diet Isocaloric standard diet Hyplo-cholestr.olem}c, antlloquflatlve, [82]
11 improved insulin sensitivity
Energy-containing RB foods (juice and
puree concentrate and whole fruit powder) HFD (45% energy from fat) +
12 RCT Cs7BL/6J mice (n = NS) 10 wk containing 10% raspberry and HFD high-carbohydrate food (35% Anti-obesity and antidiabetic [83]

supplemented with 0.2% (w/w) RB extract
provided ad libitum

energy from starch)
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C57BL/6J, C57BL/Ks db/db, L3 [ HFD (58% of calories from Anti-obesity, anti-inflammatory.
RCT . % - . ) . . e
13 and db/+ male mice (n = NS) 8wk 0.2% Cyanidin 3-glucoside in HFD coconut hydrogenated fat) improvement in the insulin sensitivity [84]
Male Sprague Dawley rats Application of R.B deri\{ed EA Gastric protective action against gastric
14 RCT (1 = 40) 8wk (Oklfl?nIE/gl/gz)L) %%Eﬁeﬁlfns;iffh NA lesions induced by NH,OH, due to [85]
n= 4 5 0 8- anti-oxidative activity of EA
vivo chamber
15 RCT Male Wistar rats (z = 22) 4wk Oral administration of 10-20 mg/kg BW of NA Anti-inflammatory and anti-oxidative [86]
RB derived elagic acid
5% supplementation of RB extracts reduced ectopic lipid storage, alleviated
16 RCT Male Wistar ra_ts AMPK o1/~ 10 wk (contains polyphenols at ~11 g gallic acid HFD (60% from fat) 1nﬂammat10.n res.ponses', {n‘lproved [87]
(n=12) ivalent (GAE)/kg of DW) along HFD whole-body insulin sensitivity, and
equivalen 80 along promoted mitochondrial biogenesis
o - -
17 RCT Male mice (C57BL/6) (n = 40) 12 wk 5% F/DRB pgévﬁebgtlllllnll{FD provided HFD (60% energy from fat) Anti-dyslipidemic, hypoglycemic [88]
8 RCT Male KK-Ay mice (1 = NS) 5 weeks Cyanidin 3-glucoside 2 g/kg.BW.day in the NA . Antl—obe51ty, antl.—lnﬂgmmat(.)r.y,. [S0]
normal chow diet improvement in the insulin sensitivity
3% RB seed floor (equivalent to 0.03% HFD (41% energy from fat) b Arlltl-dys.hpldemlc, 4
19 RCT Male mice (C57BL/6) (n = 40) 12wk ellagic acid) in HFD and HFD + HFD + High-sucrose diet _ hypoglycemic, attenuate [90]
Hieh-sucrose diet (37% energy from sucrose) hepatic ER and oxidative stresses, as well
8 as adipocyte inflammation
Human studies
lth d ngh-c;‘arl'aoh}frdrate t()iar's ((11;0 _11(23 %) macronutrient-matched
20 PC. CO. RCT Healthy men and women 4wk containing freeze-dried black RB high-carbohydrate cereal bars [o1]
T (n = 20) (10% (LOW-Rasp) or 20% (HIGH-Rasp)), (45% total sugars)
One bar each day after overnight fasting. 457 s
High-carbohydrate food in the
o1 RCT Healthy merl and women NS 100 g RB along the designated diet form of pancakes (50 g available Alter pogtprandlal hyperglycemla to [92]
(n=12) carbohydrate from sustainable glycemic response
333 keal pancake)
150 g whole berries puree along each meal
study 1: white bread + strawberries,
bilberries, or lingonberries Reduced the postprandial insulin
. study 2: white bread + h raspberries, . . . .
c;);) fﬁiﬁglzgg’ Healthy women (» = 13-20) OTCS cloudberries, or chokeberries White bread or rye bread with response, improved the glycemic profile, [03]

study 3: white bread or rye bread + mix
berries consisting of equal amounts of
strawberries, bilberries, cranberries,
and blackcurrants

50 g available starch

improved postprandial
glucose metabolism.
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T2DM men and women 250 g frozen red raspberries puree with Anti-dyslipidemic, anti-inflammatory,
CO, RCT c, antr s
23 ’ (n=NS) 12wk each breakfast NA anti-obesity [94]
(I) Mulberries (MBs) (Animal studies)
Randomized . _ MB anthocyanins at 200 mg/kg HFD o Anti-dyslipidemia, anti-inflammatory,
1 block design Male C57BL/6 mice (n = 60) 8wk provided ad libitum HFD (45% keal from fat) anti-obesity [95]
Male db/db mice with .
2 RCT C57BL6/J genetic background 8wk MB fruit ext(liacts 5(1)1ar11)d 125 mg/kg BW NA Antioxidative and hypoglycemic [96]
(= 50) every day orally by gavage
3 RCT male adult Wistar rats (n = 70) 6wk MB fruit wine 400 mL/70 kg of body NA Antioxidative and hypoglycemic [97]
weight daily
male Sprague—Dawley rats MB fruit derived
4 RCT P (gn = 50) y 8wk cyanidin-3-O-B-D-glucopyranoside NA Antidiabetic cystopathy [98]
5 (10 mg/kg.BW. daily) orally by gavage
Improved oral glucose tolerance/insulin
C . resistance, bioactivities of superoxide
5 RCT Adult dlabet(lnc I:TS Wistar rats 6wk M 3 polysaccharides (200 mg/kg.BW daily) HFD dismutase (SOD), catalase (CAT) and [99]
glutathione peroxidase (GPx),
were increased
Male . o . o o
6 RCT Gold Syrian hamsters 19wk Water extracts of Mg fgm;[] z}t 1‘—2/) (w/w) in HFD (1% cholestglrol and 10% Hypolipidemic [100]
(n = NS) HFD provided ad libitum corn oil)
Inhibit body weight gain, reduce the
. _ Anthocyanin from MB of 40—200 mg/kg o resistance to insulin, lower the size of
7 RCT Male C57BL/6 mice (n = 48) 12 wk of HFD HFD (45% kcal from fat) adipocytes, attenuate lipid accumulation [101]
and decrease the leptin secretion.
Male Syrian golden hamsters Water extracts of MB fruit at 0.5—-2% (w/w) HFD (10% corn oil + 0.1% . .. .
] RCT -
(1 = 32) 12wk in HFD provided ad libitum cholesterol) Anti-obese and hypolipidemic effects [102]
5-10% (w/w) mulberry fruit HFD (10% lard, 1% cholesterol, Hyvpolipidemic and improved th
9 RCT Male Wistar rats (n = 32) 4wk polysaccharide fractions in HFD provided ~ 0.5% sodium cholate, and 88.5% ypoliprdemic and mproved the [103]
e . . enzymatic antioxidant system
ad libitum commercial diet)
0.5—2% (w/w) water extracts of MB fruit in high-fat (35% kcal from fat)
iy . . . . .
10 RCT Male C57BL/6 mice (1 = 48) 6wk high-fat (35% keal from fat) ethanol rich ethanol rich liquid diet Anti-obesity, hypoglycemic, [104]
liquid diet (36%kcal from ethanol) antioxidative, anti-inflammatory
) s (36%kcal from ethanol)
provided ad libitum
. Anti-dyslipidemic, antioxidative
— 0, 0O, tl tl
1 RCT Male Sprague-Dawley rats 10 wk MB fruit extracts 100 or 200 mg/kg.BW.day HFD (1% cholesterol, 18% lipid ameliorates nonalcoholic fatty liver [105]

(n = 40)

(lard), 40% sucrose)

disease (NAFLD)
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High-carbohydrate high-fat
Microencapsulated 50 to (HCHF) diet which contained ‘. T
. Anti-inflammatory, antioxidative,
12 RCT Female Wistar rats (n = 48) 20wk 250 Mg/kg BW.day mulberry fruit €XTacts  total energy around 4.62 keal/g improved metabolic syndrome [106]
(microencapsulated) with HCHF (fat 31.54%, protein 20.25%, and P o
carbohydrate 48.21%).
. _ 20% MB powder in HFD provided o . Anti-obesity, antidiabetic, increase of
13 RCT Male, C57BL/6J mice ( = 12) 13wk ad libitum HFD, 60% calories from fat Bacteroidetes|Firmicutes ratio [107]
. . . Improved antioxidant enzymatic defense
. MB fruit polysaccharide fractions
14 RCT db/m mice (n = 50) NS (2(5)0—}/800 mg/kg.BW) NA system, antihyperglycemic and [108]
8- antihyperlipidemic effects
Male C57BL6/J genetic . . .
15 RCT background (db/db) mice 8wk Mulberry fruit extract‘ 25-250 mg/kg NA Upregulation of gluconeogenesis [100]
_ BW daily pathway
(n = 60)
Adult diabetic male Wistar MB fruit polysaccharide fractions MFP50 Antihyperglycemic and
16 RCT
(n = 40) 7wk and MFP9o (400 mg/kg.BW) HFD antihyperlipidemic effects [110]
(D Lingonberries (LB) (Animal studies)
. . Attenuates hepatic steatosis
. _ LB extracts (125, 250, and 500 mg/kg) in HFD (35% fat, 20% protein, and . . .
1 RCT Male C57BL/6 mice (n =NS) 8wk HFD provided ad libitum 36.5% carbohydrate) hyperglycem.la, h).fper.hpldfemla. [111]
Improves insulin signaling
2 RCT SHR rats ( = NS) 8wk Cold-compressed LB juice provided NA Reduced hypertension and [112]
ad libitum pro-inflammatory markers
Significantly reduced body fat, lipid
. o . . accumulation, and plasma levels of the
3 RCT Male C57}(3nL/= 6‘12138?1'1‘“ mice 13wk 20% (wiw) F/a]?llfiltg)iltllllrﬁllFD provided HFD (45 kcal% fat) inflammatory marker PAI-1, as well as [113]
mediated positive effects on glucose
metabolism homeostasis.
4 R Male C57BL/6JBomTac mice 20% (w/w) F/D LB in HFD provided o Reduced plasma levels of markers of
cr (n=NS) 11wk ad libitum HFD (45kcal% fat) endotoxemia and inflammation [114]
. . Decreased triglyceridemia and
oy = 0, 0,
5 RCT Male Apoe-/- mice (n = 35) 8wk 44% lingonberry + HFD HFD (38 kcal% fat) reduced atherosclerosis [115]
6 Male C57BL/6JBomTac mice 20% (w/w) F/D LB in HFD provided Improvement in glycaemia, reduction in
RCT 0, i
(n=NS) 11 wk ad libitum HEFD (45 keal% fat) inflammation and hepatic steatosis [116]
20% (wlw) freeze-dried LB + blackcurrants, Downregulation of inflammatory
7 RCT Cs7BL/6JBomTac (n = NS) 13 wk bilberries or agai berry in HFD provided HFD (45 kcal% fat) pathways, NF-xB, STAT3 and mTOR as [117]
ad libitum possible targets for antidiabetic therapy
8 RCT Male ApoE~/~ mice (1 = 50) 8wk Two LB polysaccharide fractions HFD (38 keal% fat) Hypoglycemic, hypolipidemic, altered [118]

15-60 g kg BW with HFD daily

caecal microbiota composition
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Human studies
9 RCT Scandinavian type 2 diabetes 12wk Recommended daily intake of Okinawan-based Nordic diet of Improved metabolic and [110]
patients (n = 30) LB/berries/fruits about 1,900 kcal/day anthropometric parameters 9
Glycemic diet: 200 g yoghurt
(lactose-free and fat-free
10 Health: l-weight c 1. . non-flavored natqral yf)gh}lrt +  Nullified the glycemic effect of the sugars
CO, DB, RCT norf:molzi?lz?nn:n (‘Z e;gNS) 6d gyzgl?éc d??[t-r 64(? gllilrlllg(())lrlltl)):rry pgxg:;‘ 50 g glucose) Lipemic diet: present in the meals without affecting the [120]
P glng Ty p 200 g Yoghurt (lactose-free and postprandial lipemic response
fat-free non-flavored natural
yoghurt + 35 canola oil)
13 Healthyf over-weight, Single meal . Hyperhplfhc and Reduced glycemic response, rarified the
11 CO, DB, RCT non-smoking male and 100 g lingonberry hypercaloric meals - . [121]
£ challenge o increase of cholesterolemia
emale volunteers (38 kecal% fat)
12 Normal, healthy subjects LB polysaccharides + fibers Inreduced glucose and
RCT ’ -
(n=29) 12wk (2 g/Kg of oat bread) Oat bread C-peptide response [122]
Diet 1: 150 g whole LB puree containing Optimized postprandial metabolic
13 SB. CO. RCT Healthy women volunteers 2-h meal 35 g sucrose per day responses to sucrose with delayed .
T (n = 20) tests Diet 2: 300 mL LB nectar (equalto 150 g NA digestion and absorption of [123]
fresh berries) containing 35 g sucrose sucrose/glucose
Healthy non-smoking males 2-h meal 60 g of LB juice press residue Standard diet: white wheat Gut microﬂor‘al n.let.abolism of
14 RCT _ corresponding to 270 g of fresh LB with bread, cucumber, water, polyphenols rgsultlr}g 1n.1ncreased levels [124]
n=14) tests . of hippuric acid and
standard diet and a banana - S
4-hydroxyhippuric acid
(I) Blackberries (BBR) (Animal studies)
Anthocyanin-enriched fraction (AF) and
. _ Ellagitannin-enriched fraction (EF) Reinforce the antioxidative defense
1 RCT Male Wistar rats (n = 32) 5wk equivalent to (4 mg cyanidin eq/kg BW) NA system and lipid oxidation markers [125]
and 2.68 mg EA eq/kg BW respectively
BBR extracts at 200 mg/kg food BBR
. _ extracts: cyanidin-3-glucoside (51.24%), o Anti-inflammatory, anti-hypertensive,
2 RCT C57BL/6 mice (n = 60) 12 wk cyanidin-3-rutinoside (42.31%), and HED (45% keal from fat) anti-hypercholesterolemia, antioxidative [126]
peonidin-3glucoside (6.91%)
3 R Male DIO C57BL/6J mice 6.3%, (W/w) BBR extracts in HFD provided o Anti-obesity, Anti-inflammatory,
ct (n = 40) 12wk ad libitum HFD (45% keal from fat) anti-hypertensive, [127]
. _ 25 mg/kg.BW BBR extracts in HFD HFD (4% keal from f Anti-obesity, anti-inflammatory,
4 RCT Male Wistar rats (n = 24) 17 wk provided ad libitum (45% keal from fat) anti-dyslipidemic [128]
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Male diabetic Sprague-Dawley Reduced glycaemia (-10.4%), TG (-4.6%)
H J\\O3 § rats (}’l - 40) 4 a vucrouurdied 12.5—257 DD Julces ana 1v (21.070), 11p1d peroxiadauonl, L129]
attenuation of oxidative stress
. . _ Normal standard diet with 0.98% BBR . Anti-inflammatory and
6 RCT Male Wistar strain rats (z = 40) 4wk polyphenols and 6% BBR fiber Normal chow diet anti-dyslipidemic [130]
Female obese . . .
; RCT (BS(D)Leprdb/a72)andlean 10wk Ased orfresh BER supplemented at 0% Normal chow diet nereased in total beneficial bacterial )
(C57BL/6J) mice (n = 24) P pop
Alcohol-free blueberry—blackberry
fermented beverage (AFFB) a) AFFB
[70% blackberry and 30% blueberry, 8.4 mg
cyanidin-3-O-glucoside (C3G) HFD (60.3% fat, 21.3% Reduced percent fat mass, mean
8 RCT Male C57BL/6J mice (n = 72) 10 wk eq./kg.BW)/day]; (b) dose 0.1 x carbohydrate and 18.4% adipocyte diameters, epididymal fat pad [22]
ostamberlite extract (PAE), 1.1 mgC3G protein) weights, and plasma TG and TC.
eq./kg BW/day; (c) dose 1 x PAE, 9.0 mg
C3G eq./kg BW/day; (d) dose 2 x PAE,
18.9 mg C3G eq./kg BW/day
Human studies
Diabetic and obese men and Consumption of daily recommended
9 RCT > 1wk amount of low glycemic index fruit NA Anti-dyslipidemic [132]
women (n = 152) X
(0.7-1.4 servings/day)
open, 200 mL of BBR juice equivalent to 400 mg I anl duri tioxidant
10 single-center Healthy human subjects (n = 6) 4h of cyanidin equivalent/50 kg of NA mproved p asmas‘yasltlen'il rine antioxidan [133]
RCT body weight
300 mL of BBR juice (equivalent to
1 RCT Dyslipidemic patients (n =72) 8wk 316 mg/100 g polyphenols) of BBR with NA Incﬁgﬁ%%%% ‘{I{* ébg%dalfll(lj-) ﬁ;&ﬂa"r‘g [134]
pulp every day
(D) Strawberries (SB) (Animal studies)
Reduced expression level of genes
) RCT Diabetic male albino Wistar wk Aqueous, alcoholic and hydro-alcoholic SB NA involving glucose, lipid metabolism with [135]
rats (n = 36) 4 extract (2 g/kg b.w.day improvement in glucose metabolism and 35
liver function
. _ HFD supplemented with 0.2% o Reduction in the oxidative damage in
2 RCT Male Wistar rats (n = 20) 12 wk irradiated/non-irradiated SB extracts HFD (47.5% keal from fat) brain and peripheral tissues [136]
HFD containing approximately Reduction in the HFD led increase of
. _ HFD supplemented with 2.6% o s . . FBS, adhesion molecule-1, leptin,
3 RCT Male C57BL/6J mice (n = 36) 24wk freeze-dried SB 20% higher in energy density E-selectin, resistin, and plasminogen [137]

compared to the low-fat diets

activator protein-1
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Supplementation of the diet with a 6% w/w N . . .
4 RCT Male Wistar rats (n =48) 8wk (equivalent to a 5 g/kg 65 BW dose) of a High fatl{selgzg(;sci%i’;t()]) 12451, an?iﬁg ﬂ(;k;flfgf; mceafrflfits [138]
F/D SB-BIB (5:1) powder (FDSB) Ty
Improvement of oxidative stress
. _ AIN93-modified diet with lyophilized SB . . biomarkers, mitochondrial performance,
5 RCT Male Wistar rats (1 = 24) 16wk extract at 10 g/kg of diet AIN93-modified diet antioxidant enzyme activities, reduction [139]
of DNA damage and ROS concentration
o -
6 RCT Male Wistar rats (n = 20) 12wk Supplementation of 0.2% SB HFD (fizgl/?aia)llorles Antioxidative, anti-stress [140]
7 RCT German Landrace pigs (n = 48) 4wk 205-745 g of SB with normal feed per day Lins eed ol (l? ei(/iday) enriched Anti-stress and antioxidative [22]
db/db mice homozygous for 2.35% F/D SB powder in the diet pellets
8 RCT the dlabetes spontanepus 10 wk (wiw) (equivalent to two human servings of NA Increased Bacteriodetes to Firmicutes ratio [141]
mutation (Leprdb) with SBie. ~160 g SB)
C57BL/6J background (n = 24) € &
o - e
9 RCT Male CD-1 mice (n = 60) 8wk 5% (wiw) of gg;g@zzjr dried whole AIN93G diet Increased Bacteriodetes to Firmicutes ratio [142]
(Human studies)
Beverage containing 1:84 g of a mixture of
DB, RCT, Insulin resistant and obese dry SB and CrB providing 333 mg of . . . .
10 parallel study males and females (n = 41) 6wk polyphenols on daily basis (also equivalent NA Improved insulin sensitivity and release [143]
to 112 g consumption of fresh berry fruit)
SB beverage containing 10 g/serving of HFD consisting of typical
Hyperlipidemic men and freeze-dry SB powder providing 338 mgof ~ breakfast food items (i.e., bagel, Reduced postprandial lipemia and
11 CO, SB, PC,RCT wk . . . S [144]
women (n = 24) 12 polyphenols daily (also equivalentto 110 g cream cheese, whole milk, egg, oxidative stress markers
consumption of fresh berry fruit) margarine, cantaloupe)
Healthy males and females 20 g of five types SB jams each with sugar . . Non-significant reduction in the
12 €0, RCT (n=30) 5d of different glycemic index 60 g white bread slice postprandial glucose level [145]
CO DB RCT Healthy males and females k 60 gof th.ree types 5B Jar.ns. each with sugar Strawberry jam with high sugar level 6
13 (= 16) 3w of different glycemic index and duced less levels of FFA [146]
polyphenolic contents produced less levels o :
T2DM males and female Two cups of F/D SB beverage containing Reduction in LDL-C and LDL-C/TC and
14 DBRCT subjocts (. = 36) 6wk — NA LDL-C/HDL-C ratio [147]
SB beverage containing 10 g/serving of
SB, CO parallel, Obese and overweight men 6wk freeze-dry SB powder providing 96 mg of High-carbohydrate-fat diet Attenuation of diet-induced [148]

15 RCT

and women (n = 24)

polyphenols on daily (also equivalent to
100 g consumption of fresh berry fruit)

inflammatory markers
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Single-center, SB Milk based beverage containing high-carbohydrate, Reduced postprandial insulin and
’ M d =26 OTCS ? .
16 CO, SB, PC, enand women (n = 26) 10 g/305 mL of F/D SB powder moderate-fat meal (HCFM) inflammatory response [149]
. SB milkshake containing 10—40 g - I
17 Four-arm, SB, ) Mal.es an<.1 females \iflth NS freeze-dried SB powder where 10 g freeze Standard western type meal Reduced llp}d 0x¥dat10n and post-meal [150]
PC, CO, RCT insulin resistance (n = 23) X i . insulin demand
dried powder = 110 g fresh strawberries
ob t Health d Dietary fl ids intake (. 6 day) Flavonoid Compounds in Driving
18 sirvs ory calthy (m Sn an) women 20 years ietary af\iorlflfrsiltn an?i 1;‘ 71;15 0 mg/day - Patterns of Microbial [151]
study "= 247 om truits and berries Community Assembly
ob d SBb taining 25—=0 o d Increased the glutathione level, serum
19 RCT €5e men and women 12 wk everage containing 25-50 g freeze-dry HFD (50% calories from fat) catalase activity, and plasma [152]
(n = 66) SB powder daily L .
antioxidant capacity
Reduction in the markers of lipid
. _ 50 g of freeze-dried SB powder (equivalent peroxidation (MDA), inflammatory
20 DB RCT T2DM patients (n = 40) 6wk to 500 g fresh strawberries) each day NA markers (CRP). Reducing trend [153]
in HbA1c.
(D) Goji berries (GB) (Animal studies)
Mloxgn—lnducgd' ' Water decoction F0.25 g/kg BW day), crude Hypoglycemic and hypolipidemic effect
hyperglycemic/hyperlipidemic GB polysaccharides (10 mg/kg BW day), i
1 RCT . = 10d . R NA with increased plasma [154]
adult rabbits (» = 35) and male and purified GB polysaccharides antioxidant capacit
mice (n = 24) (10 mg/kg BW day) pacity
. _ Ethanolic and aqueous GB extracts at Significantly reduced liver damage and
2 RCT Male Wistar rats (n = 70 8wk
e Wistarrats (1 = 70) v 50 mg/kg b.w. or 100 mg/kg BW daily HFD oxidative changes [155]
Diabetic male mice of original GB polysaccharides . sea
RCT . . k
3 Kun-ming strain (n = NS) 4w (20—40 mg/kg BW day) orally NA Hypoglycemic and hypolipidemic [150]
randomized Obese male Sprague-Dawley Xk . B Reduced body-weight-gain with
4 block design rats (n = 60) 8w GB anthocyanins at 50-200 mg/kg BW.day HFD anti-inflammatory properties [157]
. . . Increased antioxidative scavenging and
5 RCT STZ-diabetic Male Wistar rats 8wk GB polysaccharides (10 mg/kg, BW.day) NA antioxidant enzymes. Increased activity [158]
(n=NS§) P
of protein kinase C (PKC)
STZ-induced diabetic
6 RCT Sprague-Dawley male rats 8wk Water decoction of GB (5 g/kg.BW.day) NA Protective effects in diabetic retinopathy [159]
(n = 60)
8 RCT Male Wistar rats (n = 16) 4wk GB polysacc}}arldes 10 mg/ kg BW.day High-fat-sucrose diet hypoglycem}c aqd mproving [160]
dissolved in physiological saline hyperinsulinemia
Hypoglycemic effects with increased
9 RCT Diabetic me(!ie figf)iL/ 6J mice > wk GB polysaccharides 100-500 mg/kg HFD insulin-sensitizing, glucose metabolism, [26]

BW.day by gastric perfusion

insulin secretion, and promoting
pancreatic cell proliferation.
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No. Study Design Study Subject Duration Berry Interventions Intervention Diet Significant Findings Ref.
Water-soluble polysaccharides Hypolipidemic, reduced lipid oxidation,
10 RCT Swiss Albino rat (n = 30) 3wk (galactomannan) 250—-500 mg/kg BW.day NA increased insulin-sensitizing and serum [161]
by oral gavage antioxidant level
HFD and HCD (12% protein, Reduced serum level of IL-2, IL-6,
. R _ Water-soluble GB polysaccharides 5% fat, 67% carbohydrate, TNF-a, IFN-a, MCP-1, and ICAM-1 with
n RCT Diabetic Wistar rats (n = 48) 8wk 250-500 mg/kg BW.day by oral gavage 5% cholesterol, increased activities of SOD and [162]
and 5% other additives) GSH-Px activities
Reduced Caspase-2 activity in
12 RCT Postnatal Royal College of 4wk Whole GB powder 1 mg/kg of per day NA experimental group at 25th [163]
Surgeons (RCS) rats (7 = 60)
post-neonatal day
13 RCT Male IL—10—<1eﬁc1ent mice 10wk Diet supplemented with 1% GB Normal diet Increased gut populatlor} of SCFA [164]
(n=14) producing bacteria
Human studies
Increased gut population of SCFA
Kunming mice of clean grade GBPS at a dose of 0.1 mL/10 g body weigh . producing bacteria, Firmicutes
1 RCT i - o . ’ ’
4 n=14) 2wk daily via intragastric administration Normal diet Akkermansia, Lactobacillus, [165]
and Prevotellaceae
Healthy males and females Intake of 120 mL of GB juice (equivalentto  Traditional Chinese diet rich Increased serum levels of glutathione
. . . peroxidase (GSH-Px) and superoxide
15 DB, PC, RCT (n=750) 30d 1632 mg/ daily serving (120 mL) of goji in carbohydrate dismutase (SOD) with reduced level [166]
berry polyphenols
of MDA
Reduction in transaminases, waist
16 RCT Metabolic syndrome patients d 14 8 of GB with meals Normal diet circumference with improvements in [167]
(n=NS) 45 48 lipid profile, glutathione and 7
catalase level.
Male and female C57BL/b6N GB polysaccharides Increased hepatic antioxidant enzymes,
17 RCT mice (n = 567) 8wk (1-10 mIg;/ky BW day) orall NA y inhibited cytochrome P450 2E1, nitric [168]
5 J Y Y oxide metabolism and lipid peroxidation
Ready-made meal with a fixed
healthy overweight men Sinele meal macronutrient composition No-single-dose-effect on substrate
18 DB, CO, RCT y (n =N S;g chillenge meal containing 25 g of dried GB fruit (30—40% fat, 40—50% oxidation and [169]

carbohydrates, and
13—16% proteins)

prospandial-energy-expenditure
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No. Study Design Study Subject Duration Berry Interventions Intervention Diet Significant Findings Ref.
(D) Acai berries (AB) (Animal studies)
Reduced expressions of lipogenic
Male mice of the proteins (SREBP-1c¢, pACC, ACC,
. AB seed extracts 300 mg/kg.BW.day by 5 . HMG-CoA reductase) with increased
1 RCT C57(§[;/(;\Is§§aln 12wk intragastric gavage HED (60% calorie from fat) expression of pAMPK, pACC/ACC, and L170]
cholesterol transporters
(ABCG5 and ABCGS)
high cholesterol (HC) diet
2 _ HC diet supplemented with10% w/w of (47.5% crude protein, 6.5% Reduced oxidative markers with lipid
R Zebrafish (n = k
T ebrafish (n = 70) 5w AB puree powder crude fat, 4% cholesterol, 2.0% lowering effects [171]
crude fiber, 10.5% crude ash)
(()1)1(;da(t11fely tdar’:latgefl AB supplemented sugar-yeast (SY) Incri:aseg tranls;crlipt lerxiel of
3 RCT socil/sodl mutant strains 5-6d medium to a final concentration of 0.25%, SY medium §lUCONCOGENESIS gene [172]
Drosophila melanogaster 0.5%, 1% or 2% (w/¥) of the food phosphoenolpyruvate carboxykinase
(n = 120) 576, 17 ° (Pepck) with reduction in oxidative stress
AIN-93M diet formulated to contain 2% Hepatic superoxide dismutase activity,
4 RCT ApoE-deficient (ApoE 2/2) F/D acai’ pulp + exercise in progressive : . mRNA expression of monocyte g
male mice (n = 23) 12wk treadmill for 30 min daily at a speed of 12 AIN-93M diet chemotactic protein-1, percentages of [173]
m/min, 0% incline hepatic lipid droplets
STZ—lnduqed diabetic Male AB seed extracts 200 mg/kg. BW.day in Reduced 0).(1dat1ve damage by reducing
5 RCT Wistar rats 45d drinking water NA the expression of caspase-3, IL-6, TNF-a [174]
(n = NS) s and MCP-1
Hypercholesterolemic diet (25% soy oil L3 o Reduced expression of cholesterol
6 RCT Female Fischer rats (n =32) 6wk and 1% cholesterol) supplemented with 2% Hyperc}ﬁ()l(:’lsée;(;lelﬁnf dltetr(?? % biosynthesis genes HMG CoA-R, EBP-2, [175]
AB (dry wt/wt) soy ot and 1-6 cholestero ApoB100, LDL-R, ABCGS8, and CYP7A1
Hypoglycemic and hypolipidemic with
7 RCT STZ-induced diabetic Male AB seed extracts 200 mg/kg.BW.day by o . reduced expression of TNF-a and
Wistar rats (n = 40) 9wk intragastric gavage HFD (55% calorie from fat) activating the insulin-signaling pathway [176]
in muscle and adipose tissue
. . . g . . Modulate ROS production by
8 RCT Diabetic female Fisher rats 30d Standard AIN-93 diet supplemented with AIN-93 neutrophils and improve the liver (771

(n = NS)

2% (w/w) AB pulp

oxidant/antioxidant balance
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(Human studies)
50 g banana and matched for fat
with 1.5 g hexadecanoic acid
Single da [palm;tlllfl;i:ig%ﬁ) )[]3;2/(1 858 Lower incremental area under the curve
9 CO. DB. RCT Overweight healthy males & Al Y Frozen AB pulp (150 g) was prepared in a 7)-Octad . 5 lei (1AUC) for total peroxide oxidative status
T (n=23) me smoothie with 50 g banana (9Z)-Octadec-g-enoic acid (oleie after acai and increased the iAUC [178]
challenge g acid [18:1]), 60% for insuli
(9Z,127)-9,12-Octadecadienoic Oor msuim
acid (linoleic acid [18:2]), and
10% palmitic acid (16:0)],
10 RCT Male Swiss mice 19wk A single daily dose freeze-dried AB pulp HFD (32% lard and 1% Attenuated hepatic steatosis and reduced [170]
(n=32) (3 g/kg) via gavage cholesterol) lipid accumulation 79
Increased plasma antioxidant capacity
11 four-way CO Healthy men and women Singledose  100% clarified AB juice/pulp 7 mL/kg BW NA without affecting generation of reactive [180]
(n=11) study of each study oxygen species, and uric acid
concentrations in plasma
open label pilot Postprandial increase in the AUC of
12 P stud P Overweight adults (n =10) sod Intake of 100 g AB pulp twice daily NA plasma glucose with reduced TC, LDL-C, [181]
Y and LDL-C/HDL-C
(I) Chokeberries (CB) (Animal studies)
Cs7BL/6JmsSlc and KK-Ay .
. RCT male mice (N = 10, EACH 4wk CB provided ad libitum Normal chow diet - Duction of glluc"se?gependenlt | Dse]
GROUP) insulinotropicpolypeptide (GIP) leve
STZ-induced-diabetic-male CB extract (10-100 mg/kg. BW) daily Hypoglycemic, hypolipidemic
RCT . L. L ? :
2 ICR mice (n = 32) 4wk administered orally NA antioxidative [183]
Reduced the body and liver weight, lipid
CB powder dissolved in water accumulation, PPARy2, FAS, hepatic TG
3 RCT C57BL/6N mice (n = 20) 12 wk (20 molleo dail) HFD (60 kcal% Lard) and leptin. Serum transaminases, [184]
indicators for liver antioxidant capacity
were significantly increased.
© 3 extracts (100 mg/kg BW) dissolved in N Attenuated weight-gain, increase in
4 RCT Male C57BL/6J (n = 60) 8wk 2% rarhavomeathol eellnlnce HFD (containing 60% kcal fat)  serum TG, TC, LDL-C and better glucose [185]
tolerance
5 RCT Male Wistar rats (n = NS) 6wk Aronia mg(l)?:s)cla;giér:g 3:11 ic/ek(gAMFJ) at NA Hypoglycemic, hypolipidemic [186]
6 RCT Polish Merino lambs (n = 24) 12 wk 1 0-300 g of chokeberry pomace per each Complete feed mixture Hypoglycemic, hypolipidemic [187]

kg of the complete feed mixture
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Middle-aged non-medicated Beneficial changes in lipid profile,
7 RCT subjects with MS (» = 38) an 8wk CB extracts 100 mg(kg.BW three NA coagulation parameters, inhibition of [188]
> times daily .
healthy volunteers (n = 14) platelet aggregation
Standard casein diet enriched
with 0.5% of cholesterol. Exp
Diet was supplemented by the extract from  group: the diets were modified Maltase and sucrase. e improvement of
8 RCT Male Wistar rats (n = 24) 4wk CB fruits (0.2% W/W) added at the expense by 8% of lard and 65% of .. § P . [189]
antioxidant status, cholesterol-lowering,
of corn starch fructose added at the expense
of soybean oil and
maize starch,
. _ . Hypoglycemic, hypolipidemic,
9 RCT Male Wistar rats (n = NS) 4wk CB juice 10 mL/kg.BW.day NA antionidative [190]
ohcarbohvd highof Reduced Inflammatory cell infiltration,
10 RCT Male Wistar rats (n = 72) 8wk CB juice 50 mL/kg.BW.day High-carbo y rate, high-fat + visceral adiposity index, total body fat [191]
purple maize flour (HPM) .
mass, improved glucose tolerance
Fructose rich diet containing Elevated plasma adiponectin levels and
. _ (g/kg diet): casein, 207; inhibited plasma TNF-a and IL6.
1 RCT Male Wistar rats (n = 36) 6wk CBE at 100 or 200 mg/kg BW.day DL-methionine, 3-0; fructose, Increased in the expression level of [192]
600; lard, 50; cellulose, 79-8; glucose and lipid metabolizing genes
i i . Reduced serum level of TC, TG, LDL-C,
12 RCT Male Wistar albino rats (z = 60) 4wk Standardized Aronia extract (SAE) HFD (25% fat, 15% protein, 51% with increased serum levels of SFA [103]
o o
0.45 ml/kg.BW day) for 4 weeks starch, and 5% fiber)
and PUFA.
(Human studies)
Significantly improved the renal
CO open-label . _ Oral CB juice supplementation /hematological and lipid parameters (TG,
3 trial T2DM patients (» = 35) 12 wk (150 mL/day, three times a day for 50 mL) NA TC, LDL-C, LDL-C/HDL-C) in [194]
diabetic patients
" RCT Healthy femile volunteers 12wk 100 mL of polyphenol-rich organic CB juice NA Reduced.TBARS, Pro—ox1dantant10x1<.1alnt [105]
(n=29) per day balance, increase in paroxonase-1 activity
Increased SOD and GPX activities,
Apparently healthy women Consume 100 mL of polyphenol-rich C22:6n-3, PUFASs, total PUFAs and
k . L . RN .
15 RCT (n = 25) 12w organic CB juice daily NA unsaturation index and decrease in [106]
n-6:n-3 ratio
Healthy volunteers and ] .
16 RCT 25 patients with metabolic 8wk CB extract (3 x 100 mg/day) NA Improvement in serum lipids, and [197]

syndrome (n = 22)

oxidative status (GSH-Px, SOD, TBARS)




Nutrients 2020, 12, 2538 22 of
Table 1. Cont.
No. Study Design Study Subject Duration Berry Interventions Intervention Diet Significant Findings Ref.
Consume 200 mL of polyphenol-rich
. _ organic CB juice daily (containing Positive effects on BP and lipid status in
7 RCT Healthy subjects (n = 33) 4wk 386 * 9.7 mg of total phenolics expressed NA hypertensive subjects (o8]
as gallic acid equivalents per 100 g)
Diabetic Wistar white male rats dose of polyphenols extracts 0.040 g/kg BW
18 RCT (n = 48) 16 wk every 2 day NA Reduced TNF-o and IFN-y levels [199]
Healthy, non-smokin, CrB juice between meals (250 mL per day) Increased serum antioxidant capacity
19 RCT Y _ 8 3wk J 5 P y NA with no significant change in the blood [200]
volunteers (n = 11) (560 mg GAE/100 mL) . .
lipid profile
Improved lipid profile with reduced
20 RCT Men with the diagnosed mild 6wk CB juice between meals (250 mL per day) NA lipid peroxides (LPO), C-reactive high [201]
hypercholesterolemia (n = 58) (560 mg GAE/100 mL) sensitivity protein (hsCRP),
homocysteine,
CB extract” capsules (containing 116 mg
total (poly)phenols). CB whole fruit” o . .
21 :;rzlilrn(el’ RD(];’I’, Healthy ?;aie gg%unteers 12wk capsules (containing the equivalent to 10 g NA ;ﬁﬁ?;jg;?jg z;srtlzgeg lf;tf; ?d(;zfncte;:;:l; [202]
P of the whole CB fruit, and 12 mg of total ’ 8
(poly)phenols)
(D) Black Currants (BCT) (Animal studies)
1 RCT 0ld male Sprague-Dawley Siﬁghe meal BCE 5 mg kg.BW (1 mg D3R kg.BW) q Nf)r_rnal Qiet v?ﬂll P Improved hyperglycemic and [203]
(SD) rats (n = NS) chafenge / / administration of glucose hypoinsulinemic condition
test solution (2 g/kg)
Improved glucose tolerance with
BC extracts (2 g/Kg.diet) (equivalent to increased GLP-1 concentration, and
5 RCT Male KK-Ay (n = 16) 7 wk delphinidine-3-glucoside (D3R) NA upregulation of AMPK-o and [204]
2 g/Kg.diet) prohormone convertase
1/3(GLP-1 precursor)
. . Protective effect of BC anthocyanins
0,
RCT Male C57BL/6J mice (n = 48) 8wk Diet supplemente(%)wnh 1% BC Powdered HFD (60 kcal% fat diet) against obesity and associated [205]
3 extract (32% anthocyanins) . . .
insulin resistance.
AIN-93M high fat/high
3 0,
HF/HC diet supplemented with 0.1% of cholesteorol (HE/HC) diet (.16/0. Reduced BW and adipocyte size of the
RCT Male C57BL/6J mice (n = 24) 12 wk BCE (containing 25% anthocyanins and fat, 0.25% cholesterol by weight; epididymal fat, energy expenditure and [206]
4 55.7%, 125.5% and 31.8% energy ’

40% polyphenols) by weight

from carbohydrate, protein and
fat, respectively; 4529 kcal/Kg

mitochondrial biogenesis genes
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Reduced concentration of putrefactive
0, 0,
Male New Zealand white Diet supplemented with 1.5% BC HFD .(104) (l)ard) was 17% fro(r)n metabolites, p-glucuronidase activity,
RCT . - 4wk R protein, 32% from fat and 51% . .. . [207]
5 rabbits (n = 20) polyphenolic extract ameliorated hyperlipidemia, and
from carbohydrates L .
antioxidative capacity
2 mL of BC extract (containing 30 mg BC Reduced p-glucuronidase activity and
_ /kg BW) or 2 mL of CAM30 extract . L.
6 RCT Sprague Daleey male rats 4wk (containing 13.4 mg CAM30/kg body NA undesirable baFt?rla in 'the caeca. [208]
(n = 40) - : . Increased lactobacilli and bifidobacterial
weight), respectively, three times weekly .
b i gut species
y oral gavage
. . Improvements in hypertension
- _ _ 0, >
7 RCT Male Sprague: Pawley (SD) 8wk BCextract 100-300 mg/kg.BW.day High-fructose (HF) diet (60% dyslipidemia, insulin resistance, [200]
rats (n = 40) administered orally fructose diet) .
and obesity
Diets with dietary fiber and BC extracts . . .
8 RCT Male Spragu_e-Dawley rats 6wk (Currantex 30) (containing total NA Increased 1ntes't1‘na1 popul'atlon of SQFA [210]
(n=128) . o and total beneficial bacterial population
anthocyanin 32% (w/w))
(Human studies)
BC extracts (1500 mg/day;
_ 375 mg X 4 capsules) Increased intestinal population of SCFA :
9 RCT Healthy volunteers (» = 30) 2wk BC powder CAM30 (672 mg/day; NA and total beneficial bacterial population [211]
168 mg x 4 capsules)
Single meal Apple and BC p{)lyp}llen}(l)l—rl(lzh irénks Standardized Reduced Postprandial insulin, C-peptide
10 DB, CO, RCT Healthy subjects (7 = 26) challenge (1200 mg apple polyphenols (AE), high-carbohydrate meal 100 g and GIP, GLUT and SGLT1-mediated [212]
test T T e mmymm T L T e of white bread glucose transport
anthocyanins (AE+BE))
Single meal Low-sugar-BC drink containing i Standardized Reduced postprandial insulinemia
11 DB, CO, RCT Healthy subjects (n = 22) challenge 300-600 mg anthocyanins high-carbohydrate meal 100 g glycemia, and incretin secretion [213]
test of white bread
12 RCT Healthy participants (n = 17) 6d BC powder 6 g/day with water NA Improved pOStfrfinlg;?llliﬁUc of glucose [214]
13 DB, CO, RCT Endurancez;ltrzallnéd females 7d BC extract 600 mg/day NA Increased fat oxidation [215]
Single meal standardized meal bar to
Healthy sedentary male and - . consume for breakfast at least . .
14 RCT female participants (1 = 40) chatlEl!:Elge BC juice 200 mL/participant 1h prior to starting Supported positive affective responses [216]
the trial.
parallel, A single Two opaque gelatin capsules containing Dose-dependent increase in plasma
15 f011.r—arm, study Healthy individuals (n = 24) meal BC anthocyanin (3.2 mg/kg total NA anthocyanins and recovery from [217]
design + DB, CO (n=32) challenge X L, A
K anthocyanins) exercise-induced oxidative stress
parallel trial study
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(I) Maqui berries (MgB) (Animal studies)
A single dose of Delphinol Capsules
1 open exploratory Pre-diabetic volunteers (1 = 43) Single dose  bearing either 60, 120, 0r 180 mg Delphinol NA Dosg degendgntly lowered l?asal [218]
study study on each day with one-week insulinemia and glycemia
washout period
2 RCT Male balb/c mice (n = NS) 7d MgB extracts (25, 50 and 100 mg/kg.BW) NA Ameliorate the oxidative stress condition [219]
s RCT Male C57BL pJ mice 12wk MgB anthocyanins (ANC), Labrasol/water:  HFD (60% calories from fat) d(?vfgfsssi ilsgz?e Furg;irlll;t)w;;ic [220]
66/34 + ANC (LAB + ANC) & & 8
enzyme
3 capsules of 150 mg standardized maqui
Fifty overweight volunteer berry extract containing 54 mg of Reduced levels of Ox-LDL in the
4 DB, CO, RCT smokers (n = 42) 4wk anthocyanin daily (equivalent to 162 mg NA anthocyanin group [221]
anthocyanins/day)
. . R High-fat diet and Reduced TG accumulation with no effect
5 RCT Male C57(]’31L=/ 653})15(1 mice 4wk Mq(]i diﬁgﬁ? 1;63\1;)}1 énli;hne high-carbohydrate drinking on metabolic alterations related glucose [222]
5 & aly water (45% kcal from fat) metabolism
Prospective . .. . .
- Middle-aged participants Two tablets per day of an MCN (Eonlipid) Improvement of most atherogenesis and
observational _ 8wk - . . NA e . [223]
6 study (n= 21) (containing maqui, 300 mg in each tablet) oxidative stress biomarkers
[ntake of 250 mL of the MqB drink Mleals COHIIZlililng fO(r)l(’(i_zing;iaI? e Reduced glycemic indexed for
CO, RCT Healthy male subjects (7 = 11) ONCS containing an number of total polyphenols grucose a ce, containng . 8y X [224]
7 . e 50 g of carbohydrates by each high-carbohydrate diets.
~1000 pmol equivalents of gallic acid meal
Reduced body-weight-gain, improved
glucose tolerance and insulin resistance.
8 RCT C57BL/6J littermates’ male 16wk HFD supplemented with 4—5 mg of MqB HFD (45% calories from fat) Differential expression of genes involved [295]

mice (n = 23)

polyphenols/ 10—15 keal per day

in fatty acid oxidation, de novo
lipogenesis, thermogenesis, and
multilocular lipid droplet formation

Note: Acai berry, AB; AB juice, ABJ; ATP-binding cassette sub-family G member 8, ABCG8; AMP-activated-proteins kinase-a, AMPK-a; AB extracts, ABE; ATP-binding cassette sub-family G
member 5, ABCGs5; vascular cell adhesion molecule-1 VCAM-1; Apolipoprotein B, ApoB; Area under curve, AUC; Bilberry, BB; BB juice, BBJ; BB extracts, BBE; Black currant, BCT; BCT juice,
BCTJ, BCT extracts, BCTE; Blueberry, BIB; BIB juice BIBJ; BIB extracts, BIBE; body weight, BW; C-reactive high sensitivity protein hsCRP; catalase CAT; Cytochrome P450 Family 7 Subfamily
A Member 1, CYP7A1; Chokeberry, CB; cranberry, CrB; Cross-over, CO; cross-sectional, CS; cyanidin-3-O-glucoside, C3G; day, d; Double-blind, DB; Freeze-dried, F/D; High-fat-diet, HFD;
low-fat-diet, LFD; glucose transporter 1, GLT; glucagon-like-peptide 1, GLP1; Glutathione peroxidase GPx; glutathione reductase GSH-x; 3-hydroxy-3-methylglutaryl-CoA, HMG-CoA;
interferon alpha /FN-a; Intercellular Adhesion Molecule 1, ICAM-1; interleukin, IL; Lingonberry, LB; Low-fat-diet, LFD; Low-Density Lipoprotein (LDL) Receptor (LDL-R); Monocyte
Chemoattractant Protein 1 (MCP-1); Mulberry, MB; Maqui berry, MqB; Ox-LDL, nonalcoholic fatty liver disease (NAFLD); oxidized low-density-lipoproteins; oxLDL-C; polyunsaturated
fatty acids, PUFA; thiobarbituric acid reactive substances (TBARS); total glyceraldehyde, TG; total cholesterol, TC; Tumor necrosis factor, TNF-q; single-blinded, SB; Superoxide dismutase,
SOD; one-time-challenge-study, OTCS; placebo-controlled, PC; Peroxisome proliferator-activated receptor-o, PPAR«; phosphoenolpyruvate carboxykinase (Pepck); Raspberry, RB;
Randomized controlled trial, RCT; respiratory quotient (RQ), short-chain fatty acids, SCFA; sodium glucose transporter protein, SGLT; Sterol regulatory element-binding protein, SREBP-1c;
weeks, wk.
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Table 2. A comprehensive list of potential health promoting individual anthocyanins and phenolic compounds with their quantities found in berries or berry products.

Black Black

Bilberry  Blueberry Cranberry Raspberry Mulberry . Strawberry Goji Berry Acai Berry Magqui Berry
Compounds (mg/100  (mg/100 (mg/100 (mg/100 (mg/100 L(‘r"‘lg"/'é"ﬁrEr)y ?ﬁ;‘bgg (mg/100 (mg/100 (mg/100 (iz;’;‘/el';e‘;ry (ﬁ‘;ﬁzg‘ (mg/100 g
g fw) g fw) g fw) g dw) g fw) g g g fw) g dw) g dw) - g ! g ™)
References [38,51]  [10,35-39]  [226-229] [230-232] [233-235] [236,237] [131,238,239]  [240,241]  [62,123,242,243]  [244-246] [247] [248,249]  [219,250,251]
Cyanidin 18-290 - - - - - - 27-175 27.5 - - - 22.8-26.0
Delphinidin 29—280 - - - - - - - - - - - 105.0—120.3
Quercetin 1.5-8 0.07 * 104 - 0.3-10.04 - - 0.09-0.54 - 39.02 37-400 - -
Myricetin nd-3 - 69 - - - - 0.05-0.77 - - - - -
p-Coumaric acid 1-9 - 0.25 67.03-2792.6 0.3-4.2 0.13 - 2.64 0.07-0.22 - - - -
m-Coumaric acid 7—-30 - - - 0.3-14.2 - 0.93 - - - - - -
Sinapic acid - - 0.211 - - - - 0.61 - - - - -
Gallic acid - - - 3-72.2 3.8-8.6 - - 26.5-47.54 - 701.6 - - 75
Ascorbic acid - - 0.011 2.4-5.34 - - - - - - - - -
Ferulic acid - - 0.087 - 5.3-294 - - 0.95 753.6 2.46 - - -
Chlorogenic acid - 3.08 % - 177.4 4.3-22.3 - - 0.35-1.10 - 37.65 - - -
Protocatechuic acid - - - - 3 - - - - - - - -
5-0-Caffeovlquinic - - - - 283-1735 - 5.57-8.88 - 8.4-37.9 - 346-413 - -
1,3—d1—0—%aclzf(1eoquu1n1c - - - - 0.2-0.3 - 0.15-0.22 - 0.6—4.27 - 13-508 - -
Caffeic acid - - 0.15 2.41-5.31 1.3-9.2 0.26 - 0.52 0.76-1.52 8.12 - - -
Protocatechuic acid 4-8 - - - - - - - - - - - -
Ellagic acid - - 120 1151.7 23.9 - 2.012 272 - - - - -
Benzoic acid - - 4.7 - - 3.79 - - - - - - -
p—Hydro;;ycgl)(lllenylacetlc _ R 0.007 R 4.3-12.9 _ R _ R _ R R R
2’3'Dlhy§£(i)§y benzoic - - 0.003 - 12.9 - - - - 28.18 - - -
2,4-Dihydroxy benzoic B
acid - 0.04 - - - - - 0.13-0.51 3.37 - - -
Vanillic acid - - 0.05 3—4.41 - - - 2.91-3.1 4-6.37 57.7 - - -
Trans-cinnamic acid - - 0.02 - - - - - - - - - -
O-Hydroxycinnamic R R R ~ R ~ R ~ R R R
acid - 0.089
p-Hydroxybenzoic acid - - 0.021 - - - - - - 172 - - -
Resveratrol 1-12 - - - - 0.13 - - - - - - -
Epigallocatechin - - 15 - 25.6 - - - - - - - -
(+/-)-Catechins 6—7 - 4.5 129.3 - - - 19.56-135.19 106.6 49.1 593 - -
(+/-)Epicatechin 6—7 - 4.5 791.7 0.2-24 - - 1.07 - 44.6 6767 - -
Gallocatechin gallate - - 0.4 - 10.2-63.7 - - - - - - - -
Epigallocatechin ; ) _ R ) ) R ) ; ;
gallate - 19 45784 565
Delphinidin
3-galactoside 167.1 234 - - - - - 8 _ B 50 %% B
Delphinidin 160.1 154 - - - 26.8-29.40 - - - - 839 *** 389.9

3-glucoside




Nutrients 2020, 12, 2538

Table 2. Cont.

26 of 69

Bilberry
(mg/100
g fw)

Blueberry
(mg/100
g fw)

Cranberry
(mg/100
g fw)

Raspberry
(mg/100
gdw)

Strawberry
(mg/100
g fw)

Goji Berry
(mg/100
g dw)

Acai Berry
(mg/100
g dw)

Mulberry
(mg/100
gfw)

Lingonberry
(mg /g DE)

Blackberry

Compounds
pou (mg/g DE)

Black
Chokeberry
(mg/100 g
dw)

Black
Currant

(mg/100 g
fw)

Magqui Berry
(mg/100 g
fw)

Cyanidin 3-galactoside 2 - - - - . -

Delphinidin
3-arabinoside

Cyanidin 3-glucoside
Petunidin

122.6 4.2

152.3 - - - - - - - -
130.4 2.6 0.1 15.02-53.94 4.72 - - -

3-galactoside 50 1.7 - - - ; } i )
Cyanidin 3-arabinoside 110.6 3.5 1.4 - - - - R R
Petunidin 3-glucoside 101.9 12.4 - - - 10.02-15.25 - - 21
Peonidin 3-galactoside 13.3 1.8 2.8 - - - - - -

s-arabinosde 239 93 : - - - . - -
Peonidin 3-glucoside 56.7 2.1 0.3 - - 2.04-3.62 - - 193
Malvidin 3-galactoside 27.5 34.9 - - - - - R -
Peonidin 3-arabinoside 4.5 1 1.1 - - - - - -
Malvidin 3-glucoside 67.7 312 - - - 9.49-10.57 - - -
Malvidin 3-arabinoside 12.8 34.7 - - - - - - -

Quercetin-3- : ) ) ) ) )
galactoside 70-4

Quercetin-3-o-
arabinopyranoside ) - 344 - - - - - -
Quercetin-3-rhamnoside - - 41.6 - - - - R -
Kaempferol-3-glucoside - - 5.6 - - - 5.12—17.67 - -
Myricetin 3-a-
arab%,;ggrar?ogide
Quercetin
3-0-glucuronide 717.57 - - 9.4-39 - -
Quercetin pentoside - - - 252 - - - _ _
Uohoresiae
Cyanidin-3-O-
rutinoside
Pelargonidin-3-
glucoside
Quercetin
3-O-rutinoside
Quercetin
3-O-galactoside
Quercetin
30-glucoside
Kaempferol
3-O-glucoside
Pelargonidin
3-O-rutinoside

- - 37.5 - - . B . )

43.27-800.3 - - - - -
- - - 5.49-104.58 2.73 - - -
- - - - 0.14 - - - -
- - - - 192—398 - - 0.9-23.2 -
- - - - 0.2-345 - - - -
0.23-0.88 9.8-25.1 44-3756

- - - - 72.4-345.7 16.9-90.9

- - - - 35.5-478 - 5.96-14.39 0.5-1.94 -

- - - - 17.8-290 - - - -

105—2407

5-113

215-1148

1693 FHF

1.8-2.37

1.5-2.0
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Table 2. Cont.

Bilberry  Blueberry Cranberry Raspberry Mulberry Lingonberr Blackberr Strawberry Goji Berry Acai Berry Black Black Maqui Berry
Compounds (mg/100 (mg/100 (mg/100 (mg/100 (mg/100 (mgg /e DE)y (mg/e DE;I (mg/100 (mg/100 (mg/100 Chol;%l:)erry Culrggnt (mg/100 g
g fw) g fw) g fw) gdw) g fw) g fw) g dw) g dw) (mg/ L5 g (mg/fw) g fw)
Delphinidin-O- _
(pentosyl)hexoside ° N - N - 0.82-1.88 - - - - - -
Delphinidin-O- R ) i i ) i o1 ) ) ) ) ] )
rhamnoside 4
Malvidin-O-pentoside - - - - - - 1.08-2.13 - - - - - _
Malvidin-O- _ ) ) i ) ) )
rhamnoside . . - - - - 0.13-0.63
Caffeoylisocitrate - R - - - - 035 R B R B ) )
Caffeic : ) ) ) ) _ ) ) i ] ) ]
acid-O-hexoside i} 0.4-0.56
Myricetin-O-hexoside - - - - - - 0.19-0.29 _ B R B 29 )
Pelargonidin-3- R : ) ) ) ) ) ~ ) i ] ] ]
glucoside 17.82-20.85
Pelargonidin-3- _
malonylglucoside . ) - - - - 5.51-8.16 - - - - R
Pelargonidin-3-
gh%coside 3 ) - - - - - - 114-348 - 17.58 - - -
Pelargonidin-3-
rutinoside B - - - - - - 18-62 - - - R

Note: Atmospheric-pressure chemical ionization, APCI; Diode array detector, DAD; dry extracts, DE; dry weight, dw; Electron spray ionization, ESI; fresh weight, fw; Hexahydroxydiphenoyl,
HHDP; High pressure liquid chromatography, HPLC; Liquid chromatography, LC; Lycium barbarum glycoprotein, LbGp; Lycium barbarum polysaccharides, LBP/LBPC/LBPA/LBPF; Mass
spectrometry, MS; Nuclear magnetic resonance, NMR; reverse phase, RP; photodiode array detector, PDA; Quadrupole Time-of-Flight Mass Spectrometry, QTOF-MS; Ultra High pressure
liquid chromatography, UPLC. * mg compound/mg extract. ** mg/100 g of sample dw. *** nmol/g.
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4. Bilberries

Bilberries (BBs, Vaccinium myrtillus) are rich in quercetin, anthocyanins, tannins, catechins,
vitamins, and pectins [252]. However, the most important classes of compounds considered responsible
for the therapeutic role of BB/BB extracts (BBEE) are phenolic acids and anthocyanins. The majority of
compounds belonging to these two classes are presented in Table 2. The phenolics of blueberries varied
widely and comprised of 0.3% of fresh fruits, which usually ranged from 48 to 304 mg/100 g of fresh
fruit. Among the phenolic acids, the most abundant phenolic acids were ascorbic acid, chlorogenic
acids, and 3-caffeoylquinic acid followed by caffeic, ferulic, ellagic, and gallic acids. Among the
free phenolic acids, chlorogenic acids and ascorbic acids are of prime importance with reference to
their health promoting activities [39]. Additionally, at least 15 different BB anthocyanins have been
identified including the antidiabetic anthocyanin aglycones, which constituted >70% of the total
anthocyanin of BB (Table 2) [17,38,39]. BB anthocyanins showed excellent in vitro a-amylase and
a-glucosidase inhibitory activities, reducing or preventing intestinal glucose absorption, and redirecting
lipoprotein metabolism regulator enzymatic activities [43]. BB anthocyanins also inhibited advanced
glycation end-product (AGE) formation, a severe diabetic complication. The main bioactive compounds
considered responsible for inhibiting AGE activity were chlorogenic acid, quercetin-3-galactoside,
quercetin-3-arabinoside, quercetin-3-glucoside, quercetin glycoside, quercetin-3-rhamnoside, myricetin
glycoside 4, myricetin, and procyanidin b2 biomarkers [253]. BB polyphenols regulate hexose transport
via GLUT2 and Na-glucose co-transporter 1 (SGLT-1), which assists glucose uptake. In other studies,
GLUT2-mediated hexose transport was impeded by BB-derived flavones [48,254]. Cermak et al. [255]
also reported that quercetin-3-O-glucoside and quercetin-4-O-glucoside decreased intestinal hexose
absorption by inhibiting SGLUT1 in pig jejunum brush-border-membrane vesicles.

In one of the in vivo studies, supplementation with bilberry extract (BBE) reduced fasting blood
sugars (FBS), total glyceraldehyde (TG), TC, and LDL-C levels. BB ingestion increased islet of
Langerhans size and minimized retinopathy prognosis. BBE ingestion improved insulin sensitivity
and hypoglycemia by upregulating AMPK, which upregulated GLUT4, PPAR-a, ACOX, and carnitine
palmitoyltransferase-1 and ACPT-1A, which is synonymous to the suppression of glucose production
and increased insulin sensitivity [15]. In another crossover study, the lyophilized BBE showed an
18% decrease in (incremental rise of) plasma glucose levels in overweight/obese diabetic humans,
accompanied by decreased plasma insulin levels [48]. Recently, Alnajjar et al. [49] also reported that BBE
anthocyanins reduced plasma glucose, oral glucose tolerance test (OGTT), TC, high-density lipoprotein
cholesterol (HDL-C), LDL-C, TG, and inflammatory adipokine [leptin, TNF-a, and high-sensitivity
CRP (hs-CRP)] levels, without affecting the plasma Trolox equivalent antioxidant capacity (TEAC).
The anti-inflammatory role of BB was also witnessed when BB juice (BBJ) consumption in healthy adults
also reduced NF-xB-regulated inflammatory mediator expression (CRP, IL-6, IL-15, and monokine
induced by gamma-interferon) and increased plasma levels of quercetin (by 32—-51%) and p-coumaric
acid [51]. Later on, Kolehmainen et al. [53] examined the anti-inflammatory mechanism associated
with BB consumption and reported the regulation of cytoplasmic ribosomal protein expression
and the toll-like receptor (TLR) signaling and B-cell receptor signaling pathways, with decreased
proinflammatory macrophage and monocyte functional gene expression including C-C chemokine
receptor 2 and monocyte-to-macrophage differentiation. Kim et al. [127] also reported that daily BBE
consumption reduced vascular permeability by reducing vascular endothelial growth factor levels in
diabetic rats, in addition to restoring tight junction protein expression including claudin-5, zonula
occludens-1, and occludin [127].

An accumulated number of evidence has also suggested that BB(E) intake is also helpful in
relieving the oxidative stress and oxidative stress-related complications in obese and (pre)-diabetic
subjects (Table 1). BBE administration alleviated stress-induced liver damage by decreasing
plasma alanine aminotransferase (ALT), malondialdehyde (MDA), and nitric oxide (NO) levels
and increasing glutathione (GSH) and vitamin C levels [45]. Capillary albumin filtration (CAF) is
an early diabetic complication, associated with neuropathy and hypertension. BB anthocyanins
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prevented experimentally-induced-CAF, improving vision and retinopathy, and remarkable CAF
reductions were observed among diabetic patients [46,48,256]. The suggested mechanism for inhibiting
CAF involves BB anthocyanosides, which reduced aldose reductase activity and acted as strong
antioxidants or pro-reductants, inhibiting AMP and guanosine monophosphate phosphodiesterase by
scavenging superoxide anions [256]. Albumin retention (AR) was assessed by the isotopic CAF test
in STZ-induced diabetic rats after anthocyanoside-rich BBE administration [46], and BBE treatment
was found to reduce and maintain reduced AR (14% to 1.3%) and low-frequency/high-frequency
(LF/HF) ratio values in diabetic rats, without toxic effects [47]. BB-derived phenols increased the
population of beneficial SCOA-producing gut bacteria (Lactobacillus spp. and Bifidobacterium spp.)
and reduced bacterial metabolic syndrome biomarker genera including Enterobacteria. The dysbiosis
symbolic Firmicutes/Bacteroidetes ratio, IR, and obesity-led-dysbiosis also decreased following BB
consumption [49]. BB added to a fermented oatmeal drink caused a high glucose response, with a
significantly reduced insulin index (Table 1) [50].

5. Cranberries

Cranberries (CrBs, Vaccinium macrocarpon) have also been intensively investigated for their
proclaimed favorable cardiometabolic and dysmetabolic syndrome effects, likely due to phytochemicals
such as oligosaccharides, procyanidins, and anthocyanins. A comprehensive list of potential
well-known antioxidative, antidiabetic, and anti-inflammatory compounds found in CrB (products)
or CrB extracts (CrBE) used in clinical or non-clinical interventional studies are listed in
Table 2 [226—228]. The purified fractions of procyanidins were more antidiabetic potent than
the anthocyanin and oligosaccharide fractions [257]. With respect to individual compounds,
quercetin-3-galactoside, 5-caffeoylquinic acid, and quercetin-3-rhamnoside were the major compounds
comprising 75—77% of total flavonols of cranberry whilst 4-caffeoylquinic acid, 3-caffeoylquinic
acid, quercetin-3-arabinopyranoside, myricetin3-galactoside, quercetin, quercetin-3-arabinofuranoside,
and quercetin-3-benzoylgalactoside were found in the least amounts. Many authors have initially
described the in vitro antidiabetic/antiglycation activities of cranberry extracts or its products [226,257].
Barrett et al. [227] isolated ellagitannins and proanthocyanidins and demonstrated their dose-dependent
inhibition of a-amylase and glucoamylase activities. CrB powder from stress-adapted portions of
cranberry juice (CrB-JSB) showed increased a-amylase and glucoamylase activities compared with
CrB powder, and CrB-JSB (200 mg/mL) also showed anti-hypertensive properties by inhibiting the
angiotensin I-converting enzyme (ACE-1) activity [228]. Podsedek et al. [258] found that CrB extracts
inhibited pancreatic lipase activities more potently than other berries, but digestive enzyme inhibitory
activities were less potent. Purified CrB proanthocyanidins and oligosaccharides also reduced the
levels of HbAC1 levels from 7.05% to 5.75, 5.55, and 5.45% in the hemoglobin-glucose assay, whereas
the recommended HbAC1 value should be below 7%, according to the American Diabetes Association.
Reduced glucose-induced AGE formation during middle glycation stages was also observed during the
human serum albumin (HSA)-methylglyoxal and HSA-glucose assays [257]. CrB-derived phenolic-rich
extracts decreased fluorescent AGE generation by almost 60%, which was more effective than the
other berry anti-AGE activities of raspberries, apples, grapes, and strawberries. The CrB anthocyanin
and procyanidin fractions also decreased fluorescent AGE generation in an arginine-methylglyoxal
model by 53.3 to 56.8% [226]. The CrB oligosaccharide-rich fraction showed concentration-dependent
anti-glycation activity, which reduced AGE formations by 53.3 to 56.8%, respectively, almost as strongly
as the reference compound [259].

The hypoglycemic, hypo-insulinemic, and hypolipidemic properties of CrB or its byproducts
have also been reported in many clinical interventions (Table 1) [5,56—60,260]. Low-calorie dried
cranberry (LCDC, 40 g) consumption after HFD reduced hyperglycemic and hyperlipidemic conditions,
halted increases in IR/HOMA-IR and inflammatory biomarkers (TNF-a IL-6, IL-2, IL-10, IL-18,
malondialdehyde-MDA) in adipose tissue, and lowered plasma lipid oxidation and oxidative stress
biomarker levels in the treated group [56]. After testing LCDC, sweetened, dried CrBs (SWDC)
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consumed by non-insulinemic diabetic patients also reduced plasma glucose levels when compared
with white bread (WB) and unsweetened dried CrBs (USCB) [260]. The plasma insulin peak following
SWDC consumption appeared earlier than the insulin peaks for WB or USCB consumption and
was significantly lower than those for WB and USCB. Bread consumption induced higher insulin
and postprandial glucose responses, which could be diminished by incorporating CrBs [58-60,260].
CrB extracts (CrBEs) also halted visceral adiposity and weight gain in HFD-fed C57BL/6J mice, and
improved HFD-induced hypercholesterolemia, hypertriglyceridemia, antioxidant defense mechanisms,
and hepatic oxidative stress and normalized the NF-xB/IxB ratio [54]. Long-term CrBE consumption
effects were also investigated [55,63], and the addition of CrBE to normal chow delayed age-related
basal plasma insulin concentration declines [63]. CrBE supplementation also improved glucose
responsiveness and increased insulin concentrations (7.6%) in rats, without significant HOMA-IR
changes. CrBEs also induced duodenal homeobox 1 and insulin expression within islets, which
enhanced insulin release, suggesting insulinotropic effect of cranberry intervention [55]. CrBEs showed
the anti-obesity effect by inducing the LDL receptor expression, resulting in increased hepatic cholesterol
uptake and promoted cholesterol binding to bile acids, causing increased fecal cholesterol excretion [57]

CrBJ consumption was also examined in randomized clinical studies (Table 1). Healthy adults
who consumed CrB juice (CrBJ) also showed reduced proinflammatory CRP levels [61]. Daily CrBJ
supplementation for 60 days increased paraoxonase-1 (PON-1) and apolipoprotein (Apo)A-I expression
(dysfunctioning of PON-1 and apoA-I results in glycation in T2DM patients) accompanied by
decreased blood glucose and ApoB levels in T2DM patients. CrBJ inhibited GLUT-4-mediated
gastric glucose uptake and aldose reductase, a-amylase, and o-glucosidase activities and protected
LDL-C against oxidation [60,64,228]. Moreover, both routine-calorie CrBJ (RCCJ) and high-calorie
CrBJ (HCCJ) are enriched in hexoses and sugars, which could limit their use by diabetic individuals.
Therefore, low-calorie CrBJ (LCCJ) was examined in glycemic and insulinemic T2DM patients by
Wilson et al. [58,59] and Novotny et al. [65]. LCCJ consumption did not affect LDL-C, HDL-C, or TC
levels; however, ApoA-I, ApoA-II, ApoB, and TG levels were reduced in the treated group. Individuals
with higher baseline TG or HOMA-IR values experienced more pronounced drops in TG and HOMA-IR
than others [65]. Serum HbA1c levels were reduced by 11.4% and 6.02% following RCCJ and RCCJ
enriched with omega-3 fatty acid consumption. Omega-3 fatty acid-enriched RCCJ also increased
HDL-C levels by 21.1% compared with the baseline [63]. Additionally, folic acid consumption combined
with LCCJ decreased plasma homocysteine levels and increased adiponectin and folic acid levels
without any change in inflammatory biomarker levels (IL-6, IL-10, IL-18, and TNF-o) [66].

In summary, CrB consumption exerted antimetabolic syndromic effects by downregulating
GLUT2 and GLUT4 expression and increasing hepatic cholesterol uptake. Diet-induced weight
gain and low-grade inflammation were counteracted by the prevention of TG accumulation and
strengthened antioxidative defense mechanisms. The other proposed possible mechanisms of
action of CrB, or its products, consumption include reduction and inhibition of ACE-I activity
and oxidative stress, accompanied by improvements in endothelium-dependent vasodilation.
Furthermore, CrB-derived bioactive compounds including quercetin, inhibited microsomal TG
transfer protein (MTP), preventing ApoB-containing lipoprotein assembly. Quercetin also lowered
proinflammatory CRP expression in a transgenic mouse model and decreased cytokine-induced CRP
expression in Hep3p cells and Chang liver cells [68,69,261], which was analogous to weight loss-
and polyunsaturated fatty acid (PUFA)-rich Mediterranean diet-induced CRP suppression [65,261].
Additionally, CrB consumption has beneficial effects on the gut microbiome. HFD reduced Bacteroidetes
and increased Firmicutes populations in C57Bl/6J mice, which was reversed by CrBEs intake. CrBEs also
increased the Akkermansia gut population, which may prevent HFD-induced increases in circulating
pro-inflammatory lipopolysaccharides (LPS) [54].
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6. Raspberries

Raspberries (RBs), especially red RBs (Rubus idaeus L.), are rich in fiber and potent therapeutic
phytochemicals that have rendered raspberries as a functional food for metabolic syndrome [199].
The phytochemicals of raspberries provide the healthy and protective affects to its consumers by
influencing the cell signaling pathways that affect transporters, receptors, cellular events, and gene
expression. These health promoting RB phytochemicals belong to ellagitannins and anthocyanins
(Table 2) [262]. Among these two classes, RB anthocyanins are major contributors to health promoting
bioactivities. The anthocyanins of RB are cyanidin-based, but with dissimilar glycosidic units.
The pelargonidin-based anthocyanins are only found in RB and strawberries with a sophoroside unit
attachment unique to raspberries. Ellagitannins are hydrolyzable tannins that represent another major
RB phytochemical group, which are hexahydroxydiphenoyl esters with quinic acid or glucose cores.
Glucose cores can attach to galloyl groups, and further arrangements within hexahydroxydiphenoyl
molecules yield the ellagic acids. Numerous in vitro studies have described that RB extracts
(RBE) reduced lipid oxidation, LDL-oxidation, ROS generation, and DNA damage, associated with
upregulated CAT and SOD enzymatic antioxidant activities [73]. Hypoglycemic studies revealed
that RBEs inhibited a-amylase, with mixed effects on a-glucosidase, and aglycones and anthocyanin
promoted GSIS from pancreatic cells [263,264]

Fresh RB extracts (RBEs) and freeze-dried RB powder have also been employed for in vivo
evaluation (Table 1), in which oxidative stress was found to be relieved as decreased protein and
lipid oxidation and damage was seen [74,75]. RB freeze-dried powder fed to obese and diabetic
mice reduced ROS levels in erythrocytes by 0.87% when compared to the controls, indicating the
ROS-neutralizing role of RB powder bioactive constituents during homeostasis. The RB intervention
reduced ROS levels by increasing the glutathione peroxidase (GPx)/SOD ratio (2%) and GPx activity
(2.13%) when compared to the placebo controls. Upregulated GPx activity also inhibited lipid
peroxidation and protected against diabetes by delaying perturbed metabolism development [76].
RB juice (RBJ) given to hypercholesterolemic golden Syrian hamsters reduced plasma LDL-C levels
and increased hepatic GSHPx and SOD activities by 30% and 25%, respectively [72]. Polyphenol-rich
black RBs have also been combined with HCD foods for sustainable postprandial glycemic control,
reducing plasma free fatty acid (FFA) and oxidative stress marker levels. RBs, combined with HCD,
blunted postprandial insulinemia and ex vivo LDL-oxidation during the postprandial state, hindering
glucose uptake (Table 1) [91]. Purified hydrolyzable RB tannin supplementation in rat gastritis models
also demonstrated increased endogenous antioxidant defense system components and decreased
inflammatory biomarkers and conditions. RB ellagic acid suppressed the specific immunoglobulin
antibody response in cytotoxic cells without affecting other immunoglobulin parameters. Reduced lipid
peroxidation, neutrophil infiltration, and iNOS overexpression were observed in ex vivo gastritis and
Crohn’s disease models [85,86]. A recent study showed that RBE consumption mitigated carcinogenic
acrylamide-induced liver toxicity in male Wistar rats. RB treatment increased plasma antioxidants
enzyme levels and reduced acrylamide-induced hepatic ALT, aspartate aminotransferase (AST),
alkaline phosphatase (ALP), lactate dehydrogenase (LDH), and gamma-glutamyltransferase (y-GT)
activities [265].

Limited human clinical trials have been performed with RBs, but the antidiabetic effects of RBEs and
purified compounds have been examined in diabetic rat models (Table 1) [87,88]. Numerous anthocyanin
and polyphenolic components have been hypothesized to affect starch digestion, altering postprandial
glucose levels [263]. RB anthocyanin also enhanced insulin sensitivity, upregulated adiponectin
expression, downregulated inflammatory cytokines, and altered AMPK phosphorylation, which is
a T2DM therapeutic target [264]. A clinical trial examined RB intake with a HCD and reported no
postprandial insulin and glucose response alterations [92,93]. In another study following HC-bar
consumption, RB intake increased postprandial glucose levels, without changing peak glucose
concentrations, and diminished postprandial insulinemia [91]. RB effects on IR and the underlying
mechanisms in skeletal muscles were studied by Zhao et al. [87]. AMPK inactivation led to skin lipid
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accumulation and insulin sensitivity loss. This study found that AMPK-a1 is important for AMPK
activation, and dietary RB powder inclusion increased insulin sensitivity by upregulating cytochrome C
protein in AMPK-a1*/* rats [87]. The supplementation of 5% RB with HFD improved insulin sensitivity
by increasing IRS-1 phosphorylation at Tyr 612 and increasing the p-Akt/Akt ratio. RB intake also
attenuated nod-like receptor pyrin containing 3 (NLRP3) inflammasome activation, which is a major
contributor to metabolic syndrome. NLPR3 activation, combined with caspase 1, forms caspase 1p20
and caspase 1p10. Caspase 1p20 activation releases IL-1f and IL-18. RB consumption downregulated
NLPR3, caspase 1p20, IL-1f, and IL-18 expression in HFD-fed mice [88]. Recently, Zou et al. [266] also
reported that 5% RB powder supplementation with HFD suppressed TNF-a, L-6, IL-1B, and NF-xB
p65 expression and increased GLUT4 expression and IRS-1 and Akt phosphorylation. RB powder also
increased mitochondrial biogenesis genes (PGC-1a and Nrf1) and mitochondrial abundance markers
(cytochrome c, citrate synthase, and cytochrome c oxidase subunit IV) [266].

The health-promoting effect of raspberry supplementation on the glycerophospholipids
metabolism is also evident (Table 1). The addition of 10% freeze-dried RB to an isocaloric diet
increased plasma HDL-C (1.5%) and insulin sensitivity and decreased abdominal fat (38%), blood TG,
cholesterol, ROS (19%), and LDL-C (0.3%). Similarly, RB-derived cyanidin-3-glucoside upregulated
GLUT4 expression, without affecting insulin sensitizer adiponectin [89]. Ellagic acid, which is
unique to RB, increased insulin secretion and decreased FBS, HbA1c, and glycated urinary albumin
levels. RB inclusion in HFD/HCD diminished impaired insulin tolerance and inflammatory cytokines.
RB seed flour, combined with a HCD, downregulated the lipogenic gene expression of lipoprotein
lipase (LPL), stearoyl CoA desaturase-1 (SCD-1), and diacylglycerol acyltransferases 2 (DGAT2) and
gluconeogenesis promoting genes including PEPCK, G6Pase, sterol regulatory element-binding protein
1c (SREBP-1c), and carbohydrate response element-binding protein (ChREBP) (Table 1) [90]. RB ketones
also prevented HFD/HCD-induced BW gains, reduced visceral and adipose tissue, reduced hepatic
TG contents, and increased norepinephrine-induced lipolysis in white adipocytes, suppressing lipid
accumulation by enhancing lipolysis and fatty acid oxidation [267]. RB supplementation in diabetic
patients substantially lowered postprandial glucose levels, without affecting plasma insulin levels after
a fatty meal challenge [94]. RB consumption also reduced TG levels [71]. Conflicting results regarding
RB interventions and effects on metabolic syndrome biomarkers have been reported. Noratto et al. [76]
found an insignificant difference in the weight gain between diabetic mice fed with and without RBs.
Similarly, Kirakosyan et al. [77] and Norrato et al. [76] reported no RB intervention effects on LDL-C,
fasting blood insulin, IkBa, and PPAR-y levels. Contrasting results may be due to higher baseline
weights of the subjects. However, Kirakosyan et al. showed that RB intake reduced glucose metabolisms
and insulin signaling mRNA levels including MAP2K1, glycogen synthase (GYS1), hexokinase, IxBp,
phosphatidylinositol-4,5-bisphosphate 3-kinase, mechanistic target of rapamycin (mTOR), Chuk
(involved in innate immunity), C-X-C chemokine receptor type 4 (involved in inflammation), LPL,
GYS1, MAP2K1(involved in apoptosis), nicotinamide phosphoribosyltransferase, ApoE, PPAR-y,
and PPAR-a (involved in glucose and lipid dynamics) (Table 1) [77].

RB intake also increased gut Lactobacillus, which is a healthy gut marker, and increased beneficial
gut intestinal SCFAs, which are colonic epithelial cell substrates and improve gut health [78].
RB consumption increased SCFA-producing bacterial populations including Bacteroides, Butyricimonas,
Ruminococcus, Akkermansia, Clostridium butyricum, Mucispirillum, Oscillibacter, Ruminococcaceae,
and Lachnospiraceae, which improved metabolic syndromic conditions during metformin T2DM
treatment [268]. Furthermore, RB consumption time- and dose-dependently increased the gut
microbial population of Anaerostipes, Ruminococcus, Akkermansia, Coprobacillus, Allobaculum, Anaerovorax,
Dorea, Asaccharobacter, Anaerotruncus, Coprobacillus, Desulfovibrio, Victivallis, and Mucispirilum,
and decreased the microbial population of Acetivibrio, Anaerotruncus, Bifidobacterium, Lactococcus,
Prabacteroides, Streptococcus, Turicibacter, and Acetivibrio. Increased beneficial microbial communities
as above-mentioned can reduce inflammation, obesity, metabolic syndrome, and dysbiosis [79].
Su et al. [80] reported that RB-derived pelargonidin-3-O-glucoside increased the gut population of
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Prevotella and improved the Bacteroidetes/Firmicutes ratio. Another more recent report concluded
that there was a favorable higher population of Akkermansia muciniphila and Bacteroidetes/Firmicutes
ratios in pathogenic free mice fed on black RB powder [81]. Conclusively, RB consumption showed
antidiabetic effects, inhibiting glucosidase and amylase activities, strengthening the endogenous
antioxidant defense system, reducing inflammatory biomarkers, activating AMPK, GLUT2/GLUT4,
IRS-1 phosphorylation, downregulating lipogenesis and gluconeogenesis genes, and increasing
epithelial mucus barrier protecting and SCOA-producing bacterial populations (Table 1) [83,84].

7. Mulberries

Mulberries (MBs, Morus alba/ Morus rubra) are rich in cyanidin-3-glucoside, cyanidin-3-rutinoside,
and pelargonidin-3-glucoside, and other anthocyanins comprising 78% of the MB polyphenolic
compounds (Table 2) [269]. These purified anthocyanins from MB showed excellent glucose-lowering
properties in HepG2 cells, increasing PPAR-a and AMPK phosphorylation (activation) and the
p-mTOR/mTOR ratio (synonymous with the activation of insulin receptors and insulin-like growth
factor 1 receptors). During metabolic syndrome, IRS-1 inactivation increases the p-p38/p38 ratio
(subfamily of MAPK, which requires inflammatory cytokines for activation) and reduces PGC-1a
expression (a regulator of energy homeostasis and mitochondrial biogenesis), which were abolished
or reversed with MB anthocyanins treatment [269]. In addition to anthocyanins, polyphenol-rich
MB methanolic extracts also showed excellent a-glucosidase inhibitory activities due to quercetin
3-O-rutinoside, chlorogenic acid, and cyanidin 3-O-glucoside [235]. Cyanidin glycosides in MBs
also reportedly possess potent anti- a-glucosidase activity, which inhibit the enzyme by affecting
a-glucosidase o-helix contents via cyanidin-3-glucoside (C3G) and cyanidin-3-rutinoside (C3R) domain
matching [270]. HepG2 cells treated with the five most abundant MB polyphenols including C3G,
1-deoxynojirimycin, resveratrol, C3R, and oxyresveratrol showed improved glucose consumption and
postprandial glucose disposal through increased glucokinase activity [271]. Another study found that
1,5-dicaffeoylquinic and dihydroquercetin acid protected cells against glucotoxicity [29]. MB extracts
(MBEs) upregulated PGC-1a (38%) and FOXO1 (40%) (regulator of PEPCK and G6Pase enzymes) and
downregulated PEPCK (79%) and G6Pase (37%) expression in IR model cells. MBEs also upregulated
AKT?2 (crucial for IRS activation and hence increasing insulin sensitivity) and glycogen synthase kinase
(GSK)3p levels, with significantly increased p-AKT/AKT ratios (hence reduced IR) and increased
GSK3p phosphorylation and glycogen synthase 2 (GSY2) activation [272].

In in vivo studies, MB polyphenols and polysaccharides reduced ROS levels and enhanced
reductant enzymatic activities including GPx, SOD, and CAT while reducing IL-8, TNF-a, COX-2,
and IL-6 release in STZ-induced diabetic mice (Table 1) [273]. MB anthocyanins also attenuated
HFD-induced decreased hepatic SOD and GPx activities [95]. Yan et al. [269] reported that
MB anthocyanins alleviated hypoglycemia by inhibiting ROS generation, promoting AMPK
phosphorylation, activating tuberous sclerosis 2, (reducing the mTOR and ACC signaling), reducing
p38-MAPK and PGC-1a expression, and increasing mitochondria and matrix metalloprotease (MMP)
abundance in diabetic mice (Table 1) [97]. MB wine consumption by diabetic mice also reversed
glycemic status, with reduced oxidative stress markers, proteinuria, non-esterified fatty acid contents,
and lipid peroxidation and improved antioxidant defense systems [97]. MB-derived and purified
cyanidin-3-0-B-D-glucopyranoside intervention also circumvented diabetic cytopathy by reducing
oxidative stress markers of DNA modification including 8-hydroxy-2-deoxyguanosine and increasing
the axonal transport of nerve growth factor [98].

The oral MBE supplementation also improved insulin signaling by decreased GSK3p,
and increased GSY2, AKT, increasing p-AKT/AKT ratios in skeletal, hepatic, and adipocytes tissues
of diabetic mice [272]. Oral MB fruit intake in diabetic mice also improved insulin sensitivity
by upregulating (up to 3%) the IRS-1, p-IRS01/IRS-1, p-AMPK/AMPK, CCAAT-enhancer-binding
proteins (C/EBP), sterol regulatory element-binding protein 1 (SREBP-1c), and PGC-1a [269,274].
Ren et al. [99] further reported that MB consumption normalized glucose metabolism by
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abolishing protein-tyrosine phosphatase 1B expression and activating the phosphoinositide-3-kinase
(PI3K)/AKT pathway. MB anthocyanin-induced p38-AMPK-PGC-10 pathway upregulation increased
thermogenesis gene activity. Anthocyanin components also downregulated lipogenesis genes
including hydroxymethylglutaryl coenzyme A reductase (HMG-CA-R), SREBP-1c, and FAS [100]
and activated scavenger receptor class B type 1 and ATP-binding cassette transporter (ABCA1),
which transfer cholesterol.
MBEs combined with HFD demonstrated excellent anti-obesity and hypolipidemic properties.
MBE supplementation reduced BW gains by 41.3% in HFD-fed diabetic male C57BL/6 mice. Serum TG,
TC, HDL-C, and LDL-C levels in HFD + MBE-fed mice were lower than those in HFD-fed diabetic
mice, but higher than the MBE-fed controls. Liver injury parameters (ALT and AST) were reduced
in HFD + MBE-fed mice, with reduced adipose and hepatic liver lipid droplet sizes [101]. MB fruit
consumption lowered TG, TC, LDL-C, and FFA levels in other studies (Table 1) [102,103]. MB-derived
anthocyanin consumption decreased serum levels of inflammatory markers (IL-6, IL-10, iNOS,
TNF-a, IFN-y, and NF-«xB), thiobarbituric-acid-reactive substances (TBARS) (a lipid oxidation marker),
hyperlipidemic markers (TC, glucose, TG, and leptin), insulin, and hepatic AST, ALP, and ALT
levels, downregulated FAS, and increased heme oxygenase-1 (HO-1) (a cytoprotective enzyme) and
antioxidant enzyme levels in HFD-fed male C57BL/6 mice (Table 1) [95,104]. Aqueous MBEs employed
the hypolipidemic and hypoglycemic effects by activating the AMPK, increasing the p-AMPK/AMPK
ratio (hence improving mitochondrial biogenesis), and downregulated FAS, acetyl coenzyme A
carboxylase (ACC), glycerol-3-phosphate acyltransferase (GPAT), and SREBP-1[104]. MBEs in HFD-fed
male Sprague-Dawley rats prevented non-alcoholic fatty liver disease (NAFLD) by downregulating
lipid/cholesterol homeostasis-related genes (FAS, ACC, GPAT, and SREBP-1) and suppressing the
lipid oxidation biomarkers MDA and 4-hydroxynonenal [105,106]. Hu et al. [275] demonstrated
that MBE increased nuclear factor erythroid-2-related factor 2 (Nrf2) phosphorylation and nuclear
translocation, activating the Nrf2/antioxidant response element signaling pathway, which increased
quinone oxidoreductase 1, HO-1, and NAD(P)H expression and promoted antioxidant enzymatic
activities, thus protecting hepatocytes against palmitic acid-induced lipo-toxicity and oxidative stress.
Gut microbiota regulates dietary energy harvesting, glucose homeostasis, and lipid metabolism,
especially in brown adipose tissues (BAdT). Mitochondria-rich BAdT activation can increase energy
expenditure following MB-induced UCP1 upregulation and oxidative phosphorylation downregulation,
releasing energy as heat. MB powder consumption reversed HFD-induced gut microbiome changes,
increasing the Bacteroidetes/Firmicutes ratio and Bacteroidetes populations (Porphyromonadaceae,
Parabacteroide, §24-7, Prevotellaceae, Alloprevotella, Rikenellaceae, Alistipes, Rikenella) and decreasing
the Proteobacteria (Alphaproteobacteria, Brevundimonas, Devosia, Rhodobacteraceae, Polymorphobacter,
Deltaproteobacteria, Desulfovibrio, Arenimonas), and Firmicutes (Clostridia, Lachnospiraceae, Eubacterium,
Coprococcus, Ruminococcaceae, Oscillibacter, Ruminiclostridium) populations [107,108]. At the genus-level,
MB fruit supplementation promoted SCOA/SCFA-producing and IMBD-restoration-supportive
genera Lactobacillus, Bacteroidales, Bacteroides, Allobaculum, and Akkermansia growth, and suppressed
Corynebacterium, Staphylococcus, Aerococcus, Jeotgalicoccus, Facklamia, and Enterococcus growth.
Allobaculum and Lactobacillus protect against metabolic syndrome, and both genera increased in diabetic
rats after MB intake [108]. Approximately 60 metabolites were identified in MB including flavonols,
phenolic acids, flavonoids, lignans, and organic acids (Table 2) [234]. In short, MB fruit consumption
upregulated/activated glucose-consumption-related pathways and insulin-sensitivity-related pathways
(p-AKT/AKT ratio, glucokinase, PGC-1a, FOXO1, IRS-1, p-IRS-1/IRS-1, p-AMPK/AMPK, C/EBP, and
Bacteroidetes/Firmicutes ratio) and downregulated lipogenesis-related pathways (FAS, ACC, GPAT,
and SREBP-1) in skeletal, hepatic, and adipocyte tissues.

8. Lingonberries

Lingonberry (LB, Vaccinium vitis-idaea) alleviates metabolic syndrome including frequent urination
and fatigue. In invitro studies, LB extracts (LBEs) increased glucose uptake in C2C12 skeletal
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muscle cells by modulating AMPK activity [276]. LB polysaccharides inhibited o-glucosidase
activity (by 118-136%) more strongly than the referenced acarbose [277]. In in vitro digestibility
assays, LB polyphenols (7% w/v) were added to white rice, which significantly reduced glucose
release [278]. Ethanolic LBEs demonstrated antiglycation activity, with AGE inhibition majorly
mediated by LB cyanidin-3-galactoside, quercetin-3-galactoside, and (+)-catechin [279]. In J774
macrophages, LBEs significantly inhibited LPS-modulated NO production, without substantial effects
on COX-2 or iNOS expression. Proinflammatory cytokine (IL-6, IL-1f, and TNF-a) expression was
reduced by TNF-o downregulation, IxB receptor degradation inhibition, and reduced extracellular
signal-related kinase 1/2 phosphorylation [280]. However, in RAW 264.7 macrophages and activated
3T3-L1 adipocytes, LBEs mitigated oxidative stress by suppressing COX-2, iNOS, TNF-aa, IL-6, MCP-1,
and IL-1B expression [281].

In in vivo studies, LB consumption also improved hyperinsulinemic, hyperglycemic, and
dyslipidemic conditions (Table 1) [111]. LBE consumption reduced blood glucose levels (17—25%),
obesity-induced hepatic steatosis (50—60%), and plasma TG, TC, and LDL-C levels (12—18%) associated
with increased GLUT4 expression and AMPK and Akt phosphorylation, increasing glucose metabolism
and hepatic fatty acid oxidation [111]. LB juice (LBJ) improved low-grade inflammation and endothelial
function by increasing NO availability, which is necessary for the inhibition of adhesion molecules,
MCP-1, ACE-1, COX-2, and other pro-inflammatory markers [112]. The LB-rich Okinawan-based
Nordic diet improved anthropometric (BW, body mass index (BMI), and waist circumference) and
metabolic (HOMA-IR, IR, FBS, TG, CRP, TC, and HDL-C) parameters [119]. Linderborg et al. [120]
demonstrated that LB powder consumption compensated for additional glucose and lipid consumption.
LBJ intake prevented HFD-induced BW gains in C57BL/6JBomTac mice. LB supplementation reduced
FBS, fasting insulin, and HOMA-IR levels (Table 1) [113,114]. Hepatic lipid accumulation and
liver function parameters (ALT, TG, and cholesterol) decreased after LB supplementation, more
strongly than other berries [113,114]. In a recent hyperlipidic and hypercaloric meals challenge
study, the LB supplementation halted increased cholesterolemia and decreased the glycemic response,
CRP, and postprandial endotoxemia [121]. In an atherosclerosis ApoE™~ mouse model, whole LB
consumption upregulated bile acid synthesis gene Cyp7ai, increased the cecal propionic-acid-producing
bacteria proportions, and decreased triglyceridemia and atherosclerosis [115]. The insulinemic and
glycemic response following oat bread consumption was also checked. The LB polysaccharide and fiber
consumption, following bread consumption, reduced glucose and CRP responses [122]. Whole LB and
LB nectar intake reduced postprandial glucose and insulin levels after 35 g sucrose intake, and insulin
levels increased more rapidly following LB than after glucose intake. Postprandial glucose levels were
also reduced following LBJ consumption. Insulin and FFA changes after LBJ consumption were similar
to those observed after whole fruit consumption (Table 1) [113,114,123].

Urinary metabolomics revealed that a LBJ-containing diet increased 4-hydroxyhippuric acid
and hippuric acid excretion, whereas 4-deoxythreonic acid, 3-hydroxybutanoic acid, dimethylamine,
creatinine, and citric acid excretion reduced, likely due to high polyphenolic compound and benzoic
acid contents in LBJ (Table 2) [124,282]. Plasma lipidomics data showed that LB consumption increased
health-promoting lyso-phosphatidylethanolamines, (LPE) (16:0), lysophosphatidylcholine (LPC) (20:5),
(16:1), and (22:5), and phosphatidylcholines (PC) (33:2), (32:2), (35:6), (34:4), (36:6), and (36:5), whereas
obesity and diabetes symbolic sphingomyelins (SM) (34:1), (33:1), (40:3), and (38:2) were reduced.
Quinate levels also increased, and plasma alanine and glucose levels decreased significantly [116].
LBE and powder supplementation of HFD downregulated the expression levels of macrophage
marker endothelial growth factor-like module containing mucin-like, hormone receptor-like 1 (EMR1),
and LPS-sensing TLR4 (member of the toll-like receptor family activation of which results in signaling
the NF-«xB pathway and inflammatory cytokine production) and upregulated tight junction-associated
occluding (an integral membrane protein whose modulation is associated with cellular proliferation,
differentiation, signal transduction, and migration) and proglucagon (a precursor of glucagon from
a-pancreatic cells). The HFD-fed control microbiome showed the upregulation of the ATP-binding
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cassette (ABC) transporter, cell motility, membrane transporter, bacterial chemotaxis, bacterial motility,
the two-component system, flagellar assembly, transcription, and signal transduction genes, compared
with the LB-treated group [283]. LB consumption enriched genes associated with lipid metabolism,
nutrient transport, energy, nucleotides, and amino acids (Table 1) [113,114,117]. At the phyla level,
LB supplementation affected the diversity and population of Firmicutes, Bacteroidetes, Proteobacteria,
and Verrucomicrobia. The relative abundance of Bacteroidetes increased, and the relative abundance of
Firmicutes decreased significantly, reducing the obesity and diabetes symbolic Firmicutes/Bacteroidetes
ratio [113,114,117]. At the genus level, HFD increased Firmicutes genera populations including
Lachnospiraceae, Oscillospira, and Ruminococcus. The abundance of Bacteroidetes increased following
LB supplementation, due to unknown members of the S24-7 family. LB supplementation increased
Parabacteriodes, Odoribacter, and Akkermansia populations. The principal component analysis confirmed
LB extract-induced gut microbial profile variations. HFD increased the population density of the
genera Oscillospira and Ruminococcus and the Lachnospiraceae family, microbes associated with diabetes
pathogenesis progression [284], which was prevented by LB fruit/powder/extract consumption [285].
Akkermansia population increases were associated with the abundance of Akkermansia muciniphila species,
which are known beneficial gut microbacteria that counteract HFD-induced adipose tissue inflammation,
endotoxemia, BW gain, and IR in C57BL/6 mice [286]. Liquid chromatography (LC)-tandem mass
spectrometry (MS/MS)-based LB fingerprinting identified several bioactive compounds responsible for
antioxidative, antidiabetic, and anti-inflammatory properties. These bioactive compounds primarily
belong to anthocyanidins, flavonols, glycosides, catechins, and different conjugates of ferulic and
caffeoyl acid (Table 2). Depending on aglycon weight, cyaniding-containing compounds were the
major bioactive compounds followed by proanthocyanidins, which represent phenolic compounds in
LB [236,237].

9. Blackberries

Blackberries (Rubus grandifolius L and Rubus fruticosus L.) are consumed fresh or as
juices, jams, and liquors. Blackberries are enriched in health-promoting compounds (Table 2)
belonging to flavanals, flavanones, flavonols (kaempferol and quercetin glycosides), anthocyanins,
hydroxycinnamic acids, and caffeic acid conjugates. The high-performance liquid chromatography
(HPLC)-electrospray ionization (ESI)-mass spectrometry (MS)-based Rubus grandifolius L. metabolic
profiling revealed 50 phytochemicals including anthocyanins, hydroxycinnamic acids, flavonols,
flavanones, and ellagitannins (Table 2) [131,238,239]. These blackberry-derived compounds offered
an antidiabetic and anti-obesity role by inhibiting digestive enzymes (o- and B-glucosidase,
aldose reductase, lipase, and o-amylase) and exhibiting anti-glycation abilities. The blackberry
a-glucosidase and a-amylase inhibitory activity was superior to the reference compounds, Acarbose and
1-Deoxynojirimycin (1-DNJ) [287]. Anthocyanins are considered to be the primary mediator of
blackberry extract anti-digestive activities, and glycosides are the primary inhibitors of a-glucosidase
activity. The interaction between glycosides and enzymes is considered to be competitive, suggesting
that glycosides bind to enzymatic active sites [288]. Cytidine glycosides from leaf and fruit
R. grandifolius extracts reduced aldose reductase activity, which is responsible for AGE accumulation
in diabetic patients via dicarbonyl activity [289]. The recorded anti-glycation activity of BB
fruit extracts was IC;, = 1.87 mg/mL, and ellagitannins and flavonols were the most prominent
anti-glycation agents [131,238,239]. HepG2 cells incubated with gut microbial-fermented blackberry
metabolites (GMBB) and gastrointestinal-digested BB slurry (GIDBB) showed improved glucose uptake.
Increased HepG2 uptake also increased glycogen synthesis. GIDBB and GMBB also maintained the
desired cellular redox status by neutralizing ROS and restoring the mitochondrial membrane potential.
GIDBB and GMBB supplementation restored glutathione levels, strengthening the oxidative defense
system [290].

In in vivo studies, blackberry-derived purified anthocyanin-enriched and ellagitannin-enriched
fractions decreased lipid peroxidation markers (TBARS and MDA) and increased hepatic and
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brain antioxidant enzyme activities (CAT, GSH, SOD, and GPx) [125]. Similarly, blackberry extract
consumption attenuated the HFD-induced effects in an obesity-prone mouse model and prevented
the increase in metabolic and lipidemic parameters, while reinforcing endogenous and exogenous
antioxidant enzyme systems (Table 1) [126]. LPL activity, plasma glucose, insulin, and acyl-carnitines
were also upregulated after blackberry consumption. Antioxidative enzyme system reinforcement
correlated with the anti-inflammatory and anti-dyslipidemia potential of blackberry extracts [127].
The glycemic and lipidemic-controlling mechanisms of blackberry extracts were mediated through
the downregulation of lipogenesis factors (FAS, SCD-1, microsomal triglyceride transfer protein,
diglycerides acyltransferase, and adipose triglyceride lipase), energy coupling/uncoupling proteins
(UCP-1, UCP-2, and UCP-3), pro-inflammatory cytokines (PPAR-a, Nrf2, IL-6, and TNF-a), and fatty
acid p-oxidation genes (CPT-1a and ACOX-1) (Table 1) [127], which were maintained by long-term and
chronic blackberry extract consumption. Additionally, the increases in total monounsaturated fatty acid
contents of adipocytes, plasma brain-derived neurotrophic factor levels, and pro-inflammatory leptin
levels in HFD-fed controls were counteracted by blackberry extract consumption [128]. Human clinical
trials were also run, in which healthy human subjects were given BB fruits in addition to HFD, resulting
in reduced fat accumulation and increased fat oxidation. Blackberry consumption lowered postprandial
glucose and lipid levels by activating AMPK and BAdTs. [291]. Pulpy blackberry juice consumption by
dyslipidemic patients decreased ApoB and hs-CRP, increased ApoA-1 and HDL-C, and left other lipid
parameters unaffected [134]. In healthy subjects, blackberry juice increased exogenous and endogenous
antioxidant enzymes. Cyanidin, ascorbate, total ellagic acid, urate, and R-tocopherol contributed
to increased plasma and urine antioxidant capacities [125,133]. Daily blackberry consumption
reduced dyslipidemia and insulinemic parameters in diabetic and obese adults [132]. Blackberry
polyphenolic compounds inhibit digestive enzyme activities, physically interacting with hexose
absorption transporters and modulating transporter expression at the genomic level [292]. Blackberry
compounds may also modulate peripheral glucose use, damaged pancreatic cell regeneration, and
enhance blood glucose withdrawal by increasing insulin sensitivity (Table 1) [109,129].

Blackberry juice was also examined in STZ-induced-diabetic male Sprague-Dawley and hamster
rats (Table 1) [129]. Blackberry juice significantly reduced food and water intake, reducing the BWs
of both control and diabetic rats [129]. Blackberry nectar supplementation of a cholesterolemic diet
reduced hyperlipidemic parameters and hepatic lipid peroxidation [181]. Blackberry juice consumption
effectively reduced triacylglycerols (-43.5%), glucose (—48.6%), and cholesterol (-28.6%) levels without
side effects. Blackberry juice consumption limited lipid peroxidation in the plasma (-7.5%) and kidneys
(-19.5%). Similarly, alcohol-free fermented blackberry juice (AFBBJ) was used to supplement HFD in
obese C57BL/6J mice [270], which significantly reduced fat-mass gain and FBS and decreased plasma
TG, TC, LDL-C, and HOMA-IR levels, while increasing p-cell function (HOMA-B) [22]. Liver function
tests revealed no change in ALT, but AST increased in AFBBJ-treated mice. Genomic sequencing
approaches revealed pancreatic gene upregulation, responsible for amino acid and glucose metabolism
and insulin secretion regulation [22].

The intestinal bioavailability of blackberry polyphenols and resulting impact on gut microflora have
also been recently investigated. The low-absorption and cecal accumulation of BB polyphenols were
the main reasons for positive health effects. The cecal microbial fermentation of blackberry polyphenols
generates antidiabetic and antioxidative blackberry metabolites including C3G, 2,4,6-trihydroxybenzoic
acid, coumarin, and caffeic acid. The increased cecal glycoside concentration and secondary metabolites
improved glucose consumption (Table 1) [290]. The increased cecal SCFA concentration suggested an
increase in SCFA-producing bacteria; however, the relative abundance of different bacterial groups
was not reported [130]. Blackberry treatment altered the gut microfloral composition by increasing
cecal Bacteriodetes over Firmicutes. Lactobacillus johnsonii was abundant in both blackberry-treated
and control groups, whereas Lachnospiraceae dominated the blackberry group, promoting glycoside
metabolism. However, Clostridiales, Enterococcus faecalis, and Bifidobacterium pseudolongum were more
dominant in the control groups [131].
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10. Strawberries

Strawberry (Fragaria X ananassa) consumption has been associated with decreased risk and
occurrence of metabolic syndrome, cancer, diabetes, chronic inflammation, and hypertension.
The credit of these health-promoting activities goes to its rich phytochemical contents (Table 2).
Many studies analytically analyzed the crude and fractionated phytochemical contents of
strawberry and found strawberry rich in antioxidative, anti-obesity, antiglycation, anti-inflammatory,
and antidiabetic compounds from flavanols, flavonols, anthocyanins, hydroxycinnamic acid derivatives,
hydroxybenzoic acid derivatives, ellagic acid and ellagic acid glycosides, and ellagitannins (Table 2).
The most surplus glucose-lowering acid moieties were malonic and p-coumaric acid and the
most identified flavonols of strawberry were derivatives of kaempferol and quercetin glycosides.
The red-coloration-granting and anti-oxidative anthocyanins of strawberries were mostly the derivatives
of pelargonidin and cyanidin [240]. The hydrolysis of ellagitannins gave rise to the most important
antidiabetic phytochemical called ellagic acid, which comprised more than 50% of the total polyphemolic
components of strawberry. The level of ellagic acid is about 3—10 times higher in the strawberry
than other berries, fruits, and nuts. It is one of the constituents due to which strawberry can
regarded as a functional food [293]. In in vitro studies, strawberry ethanolic extracts inhibited
pancreatic lipase activity more strongly than reference orlistat. Aqueous and ethanolic strawberry
extracts inhibited adipocyte cell division and inhibited inflammatory mediator (p-hexosaminidase
and histamine) release by 61.8 to 80% [294]. Strawberry polyphenolic compounds interact with
glucose transporters such as SGLTI and GLUT2 and attenuate glucose uptake due to polyphenol
compound competition for transporter active sites [295]. HPLC-diode array detector (DAD)-MS
analysis and statistical correlations showed the contribution of pelargonidin-3-O-glucoside to glucose
uptake inhibition. Strawberry extracts effectively inhibited uptake and transport of glucose up to 5%
in HepG2 cultures [295]. Da Silva Pinto et al. [296] showed that the strawberry extract a-glucosidase
inhibitory activity was superior to the a-amylase inhibitory activity. Strawberry-derived ellagitannin
consumption (>50 mg/mL) sufficiently inhibited ACE activity [296]. Methanolic strawberry extracts
activated p-AMPK/AMPK expression in HepG2 cells, resulting in fatty acid and cholesterol regulatory
gene inactivation and phosphorylation including HMG-CoA-R and ACC. Activated p-AMPK/AMPK
expression increased LDL receptor expression including PGC-1a and sirtuin 1 (a NAD*-dependent
deacetylase that inhibit hepatic lipogenesis, stimulating FA p-oxidation, and maintaining cholesterol
and bile acid levels) in HepGz2 cells [297].

Numerous in vivo studies have also cited the health promoting activities of strawberry or
its byproducts in animal models and human clinical trials. The intake of aqueous, alcoholic,
and hydro-alcoholic strawberry extracts improved the serum glucose level, liver function (decreased
serum glutamic pyruvic transaminase, serum glutamic oxaloacetic transaminase, alkaline phosphatase),
lipid profile (decreased LDL-C, LDL-C/HDL-C, and LDL-C/TC ratio), and lipid oxidation markers
(decreased MDA and CAT) [136,137]. Genes associated with glucose, cholesterol, and lipid
metabolism [FAS, ACC, CPT-1A, malonyl-CoA, acyltransferase, ACC-o. (ACACA), and acyl-CoA
synthetase long-chain family member 1] were also downregulated by strawberry treatment [135].
Paquette et al. [143] used the hyperinsulinemic-euglycemic clamp methodology to examine improved
insulin sensitivity and secretion after strawberry extract consumption, but did not detect improvements
in fasting insulin and glucose concentrations. In animal studies, HFD supplementation with strawberry
prevented weight gain without influencing food and water intake. Strawberry beverage consumption
protected against postprandial lipemia by reducing TG (14%), TC (5%), and LDL-C levels (5%)
in hyperlipidemic patients following HFD [144]. Sugar-rich strawberry jam consumption also
attenuated glycemic index and postprandial glucose level increases in diabetic human subjects [145,298].
Strawberry jam consumption showed favorable lipid and sugar metabolism results, even compared
with low-sugar strawberry jam [146]. Strawberry consumption with HCD also controlled postprandial
glucose levels, affected glucose and insulin responses, and GLP-1 expression. Regular strawberry
beverage and juice consumption decreased blood pressure, TC, and the TC/HDL-C ratio in
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diabetic patients. T2DM and CVD risk factors were also ameliorated (Table 1) [66,114,123,147].
Strawberry extracts reduced IL-6 and plasminogen activator inhibitor 1 (PAI-1) (a risk factor for
atherosclerosis) levels in obese individuals after HFD/HCD, without influencing TNF-a, CRP, platelet
aggregation, or fasting insulin and glucose levels [148]. In another similar study, the postprandial
insulin level and inflammatory response (hs-CRP and IL-6) were reduced with increased plasma
pelargonidin sulfate and pelargonidin-3-0-glucosidein levels after strawberry powder consumption
with high-carbohydrate, moderate-fat meals [149]. In another recent study, strawberry-blueberry
powder, consumed with a HFD/HCD, reduced BW gains (12.7%), visceral fat mass (18%), retroperitoneal
and subcutaneous white adipose tissues (up to 10.45-16.5%), postprandial insulin and glucose levels, IR,
and inflammatory markers (MCP-1, TNF-a, IL6, CRP, and PPAR-a), in male Wistar rats and C57BBL/6J
mice (Table 1) [19,138]. Strawberry-blueberry powder exerted anti-adipogenic effects by regulating
lipid metabolizing genes including PPAR-o and C/EBPa. Inflammatory and lipogenesis-related gene
expression were reduced including TNF-a, IL6, and C/EBPa, adipogenesis-driver transcription factors
(PPAR-y), adiponectin, adipocyte fatty acid-binding protein, SREBF1, leptin, SCD-1, and FAS [138].
In another dose-response checking study, the intake of strawberry against the Western-type-meal
reduced the oxidized low-density lipoproteins and post-meal insulin demand in insulin resistant
patients [150].

Oxidative stress is a leading cause of metabolic syndrome and diabetes. Strawberry powder
supplementation in an isoenergetic diet containing the oxidative-inducing antibiotic drug doxorubicin
reversed doxorubicin-induced decreases in the antioxidants retinol and a-tocopherol and upregulated
liver antioxidant enzymes including GPx, CAT, GSH, SOD, and GST (Table 1). Plasma hepatic
stress biomarker levels including protein carbonyls and hydroperoxide were reduced by strawberry
intake [139,152]. Strawberry-based foods containing carbohydrate, fat, and lipids increased total
antioxidant levels (1.26 to 1.45 mmol/1) of the subjects while decreasing HbA1C (from 7.00 to 6.72%)
levels. The plasma hs-CRP and MDA levels also decreased from 3.36 to 2.76 nmol/mL and 3.36 to
2.76 nmol/mL, respectively [153]. Strawberry powder intake prevented HFD- and stress-induced
decreases in y-aminobutyric acid levels and reduced oxidative stress and lipid oxidation markers,
in male Wistar rats [140]. Fresh strawberry consumption reduced linseed oil-induced DNA damage
and plasma oxidative marker levels and increased the plasma antioxidant status of pigs [299].

Strawberry intake effects on gut microbial ecology in diabetic subjects increased phylogenetic
species richness (o-diversity) and global microbial composition (B-diversity) variations at the genus
and operational taxonomic unit levels. Proteobacteria, Actinobacteria, and Verrucomicrobia were
significantly altered after the strawberry intervention. Strawberry intake significantly increased
the abundance of beneficial Bacteroides and Actinobacteria and decreased Akkermansia, Verrucomicrobia,
Dehalobacterium, and Dorea (Firmicutes). At the genus level, the abundance of SCOA-producing
Lactobacillus and “prebiotic-effect-giving” Bifidobacterium increased, whereas Dehalobacterium, Dorea,
SMB53, and Turicibacter remained unaltered [141]. Additionally, a specific relationship between
ingested flavonoids and microbial community patterns was identified [151]. Dietary flavanol
and flavanone intake were positively associated with Eggerthela lenta. Flavonols and flavanol
monomer intake was positively associated with Adlercreutzia equolifaciens (involved in phytochemical
degradation) and inversely associated with Flavonifractor plauti (Gram-negative poorly understood)
populations [151]. Whole strawberry powder intake increased the o-diversity of colonic
inflammatory CD-1 mice, increasing Bifidobacterium and Lactobacillus and reducing pro-inflammatory
Akkermansia, Dorea, and Bilophila [142]. The polyphenolic compounds that affected gut microbiota
compositions in strawberry fruit extracts were flavanols, flavonols anthocyanins, hydroxycinnamic acid
derivatives, hydroxybenzoic acid derivatives, ellagic acid, ellagic acid glycosides, and ellagitannins
(Table 2) [240,241].
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11. Goji Berries

Goji berry (GB, Lycium Barbarum) is a functional food and alternative therapeutic tool for T2DM
treatment [155]. The major GB therapeutic phytochemicals include polysaccharides (5—8%), carotenoids
(0.03-0.5%), and phenolic compounds (traces). The compounds belonging to these classes have been
listed in Table 2 [123,242]. The GB is considered the best source of dipalmitin zeaxanthin carotenoids.
These carotenoids showed effective protection against diabetic-induced-retinopathy [300]. The in vitro
hypoglycemic tests showed the inhibitory capability of GB carotenoids was 9.6 to 82.6% and 5.7 to 15.3%
for a-glucosidase and a-amylase enzymes, respectively [242]. In GB polyphenolic compounds, phenolic
acids (24.7%) and flavonoids (75.3%) are major phytochemical classes. The major therapeutic flavonoids
in GB are squercetin-3-O-rutinoside (from 7.1 to 232.7 mg/kg) and quercetin-3-O-hexoside (from 169.1
to 1107.7 mg/kg) whereas phenolic compounds include caffeoylquinic acid (0.34 ng/g), caffeic acid
(3.73 ug/g), p-coumaric acid (6.06 pg/g), chlorogenic acid (12.4 pg/g), kaempferol-3-O-rutinoside
(11.3 pg/g), quercetin-diglucoside (66.0 ug/g), and rutin (42.0 ug/g) [242]. As GB polysaccharides
(GBPS) are major contributors of health-endowing activities and have been vastly investigated,
this section will primarily focus on GBPS. GBPS are considered to be therapeutic in alternative medicine
with immunomodulation, antioxidant, neuroprotection, anti-tumor, antidiabetic, radioprotection,
anti-osteoporosis, hepatoprotection, and anti-fatigue activities. The GBPS biological activities depend
on their molecular weight, chemical structure, and chain conformation [154,301]. The GBPS are among a
few plant-based bioactive compounds that have shown simultaneous hypoglycemic and hypolipidemic
properties. Due to hypoglycemic and anti-hyperlipidemic properties, GBPS may be a potent T2DM
inhibitor, delaying disease prognosis, even after disease development. Antidiabetic assays showed
impressive lipid and glucose reducing effects [155,302]. Acidic GBPS treatment in rat insulinoma cells
decreased oxidative stress biomarkers and increased antioxidant enzyme systems. GBPS treatment
of IR alloxan-treated-HepG2 cells protected against oxidative stress and improved cell survival and
proliferation [302]. Similarly, the GBPS was further checked for possibly hampering glucose uptake in
the gut and intestine. The GBPS intensively reduced glucose absorption in a dose-dependent manner
by competing for intestinal absorption [303]. Rat insulinoma cells incubated with GBPS rescued
damaged pancreatic cells, improved the survival rate, and encouraged insulin secretion. The IR cell
model was supplemented with purified GBPS, which upregulated glucose consumption. GBPS was
easily translocated and transported across the Caco-2 intestinal cell membrane through the SGLT-1
transporter, producing a hypoglycemic effect. Therefore, GBPS is a plant-based bioactive compound
that shows simultaneous hypoglycemic and hypolipidemic properties [303]. Purified GBPS fractions
showed dose-dependent hypoglycemic activities, resulting in increased glucose uptake [156,303].
Besides GBPS, GB carotenoids have also shown antidiabetic and a-glucosidase and a-amylase enzyme
inhibitory activities [242].

The hypolipidemic effects of GB intake have been studied by in vivo approaches (Table 1),
but human clinical trials for GB have been limited, with most studies performed using small sample
sizes in China. GB consumption effectively reduced serum lipid peroxide species in diabetic patients.
Reductions in waist circumference, TG, transaminase, and TC levels were reported in metabolic
syndrome patients following routine GB intake. Lipid profile improvements were accompanied
by increased GSH and CAT enzymatic activities [167]. GB anthocyanins reduced BW gain (17.4 to
38.7%) by increasing fecal fatty acid contents and downregulating IL-6, TNF-0, IFN-y, NF-«B, and
iNOS gene expression [157]. GBPS decoction treatment of alloxan-induced, diabetic, obese rabbits
effectively reduced blood glucose levels. GBPS substantially decreased serum TG (—4.27%), TC (-3.5%),
LDL-C levels, and increased HDL-C serum levels (0.78) [154]. The hypoglycemic and hypolipidemic
effects of GBPS were later confirmed by the works of Zhao et al. [158]. Supplementation of HFD
with GBPS decreased HOMA-IR, fasting and postprandial insulin and glucose levels, serum TG, TC,
and LDL-C levels, and weight gain [158].

The oxidative stress relieving effect of GBPS was also checked (Table 1). The effect of GBPS
treatment on the kidneys of STZ-induced diabetic rats increased kidney antioxidant enzymes including
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CAT, SOD, GBPx, GST, and GSH [170]. The supplementation of GB in the form of GB milkshakes
increased plasma zeaxanthin and antioxidant levels by 57 and 26%, respectively. GB juice (GBJ)
also increased GSH peroxidase (GSH-Px) and SOD by 9.87% and 8.7%, respectively and decreased
MDA levels by 5.95% [166]. GBPS intake also protected against glaucoma, which was confirmed in
retinal ganglion cells, and disrupted intraocular pressure [159]. GBPS administration to C57BL/6 mice
reversed oxidative stress, dyslipidemia, and diabetic changes. GBPS administration downregulated
nitrotyrosine and MDA expression and increased antioxidant enzymes such as CAT, GPx, and
Cu/Zn SOD. GBPS intake also diminished pro-inflammatory biomarkers including TNF-a, IL-1,
iNOS, and COX-2. Following pro-inflammatory marker reduction, liver injury biomarkers, called
chemokines, were also reduced. The liver regeneration process was also observed following GB intake,
enhancing liver regeneration biomarkers [168,304].

With respect to hypoglycemic effect specifically (Table 1), Zhao et al. [160] confirmed the
antidiabetic characteristics of GBPS, which increased GLUT-4 expression in the skeletal muscle
plasma membrane. Purified GBPS in pancreatic cells increased glucose uptake and metabolism,
insulin secretion, and proliferation. The enhanced glucose metabolism mechanism was associated with
increased hepatic hexokinase and pyruvate kinase expression/activity (Table 1) [26,161]. GBPS may
block the ATP-sensitive K* channel, activate glycogen synthetase and insulin-like growth factor, enhance
peripheral glucose utilization, or inhibit glucagon releasing factors in pancreatic a-cells [197]. In a recent
single meal challenge study, increased glucose and lipid consumption were observed in GB-treated
patients, associated with increased respiratory quotients, oxygen usage, and carbon dioxide release.
However, no single-dose effects on substrate oxidation and postprandial-energy-expenditure were
reported [169]. Du et al. [162] compared GBPS with metformin and reported similar normalization
effects on blood glucose and insulin levels. This study also reported reduced IL-2, IL-6, TNF-q,
intercellular adhesion molecule-1 (ICAM-1), MCP-1, and blood urea/nitrogen levels, inhibited
albuminuria, and reversed histopathological alterations. GBPS treatment in HFD/HCD-fed rats
also demonstrated hypoglycemic and hypolipidemic effects [115]. Ni et al. [163] examined the potential
neuroprotective effects of aqueous GB extracts. Retinal apoptosis causes photoreceptor degradation and
diabetic retinopathy (DN), and GB carotenoid supplementation in rats hampered caspase-2-induced
apoptosis, protecting photoreceptors [163]. Prolonged or chronic hyperglycemia downregulates
luteolin and zeaxanthin-metabolizing gene expression, causing retinopathy. GB carotenoids protected
against diabetes-induced retinopathy. GB supplementation upregulated carotenoid metabolism genes
and retina biogenesis in STZ-induced diabetic rats [300]. GB also contains taurine, a non-essential
amino acid, and GB-derived taurine enhanced PPAR-y activity and elevated cAMP levels, hampering
the prognosis of DN with reversal of epithelial barrier impairments [300].

GBPS, polyphenol, and carotenoid effects on the gut microbiome were also studied (Table 1).
Fermentation and simulated digestion experiments revealed that GBPS was digested and degraded
only in the distal gut, releasing monosaccharides and promoting beneficial SCOA-producing bacterial
growth. Monosaccharides with side chains are more susceptible to degradation than monosaccharides
with linked backbones. GBPS greatly increased SCFA-producing gut microbiota and increased
Bacteroidetes (including Prevotella and Bacteroides) and Actinobacteria (containing Collinsella and
Bifidobacterium) populations, whereas Megamonas and Megasphaera (Firmicutes) populations were
decreased. Furthermore, SCOA/SCFA-producing, prebiotic-effect-giving, proteolytic microflora
such as Bacteroides, Phascolarctobacterium, Bifidobacterium, Prevotella, Clostridium XIVb, Oscillibacter
Collinsella, and Lactococcus were prominent following GBPS treatment [305]. In another study, dietary
GB supplementation also increased health-promoting secondary metabolite and SCOA-producing
Actinobacteria, Lachnospiraceae, Clostridium XIVb, Sporobacter, Pseudoflavonifractor, Butyriccicoccus,
Anaerotruncus, Anaerosporobacter, and Ruminococcaceae populations without affecting Akkemansia,
Mucispirillum, Bacteriodes, and Desulfovirio. Butyryl-Coenzyme A CoA transferase is an important
butyrate gene, and GBPS supplementation increased its expression in butyrate-producing bacteria
such as the Clostridium cluster XIVa group including Lachnospiraceae, Faecailbacterium prausnitzii, and
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Ruminococcaceae [164]. The GBPS prebiotic effects increased the populations of Firmicutes, Akkermansia,
Proteobacteria, Lactobacillus, and Prevotellaceae [165].

12. Acai Berries

Acai berry (AB, Euterpe oleracea) is native to South America and has high phytochemical
contents. The dominant antidiabetic phenolic acid constituents in AB include ferulic acid,
anthocyanin-3-glycosides, p-hydroxybenzoic acid, epicatechin, protocatechuic acid, gallic acid, ellagic
acid, catechin, p-coumaric acid, vanillic acid, and gallotannins (Table 2) [246]. Anthocyanin and
flavonoids are prominent therapeutic polyphenols including C3G and C3R [244,245]. AB juice (ABJ)
is richer in polyphenols and flavonoids than other berry juices, resulting in increased antioxidant
capacities [200]. In in vitro studies, the isotonic ABJ pancreatic lipase inhibitory activity was significantly
positively correlated with anthocyanin contents. Isotonic ABJ also reduced adipogenesis and lipid
accumulation in 3T3-L1 adipocytes and inhibited a-glucosidase activity [306]. Isotonic ABJ also
inhibited Cu-mediated LDL oxidation and oxidized or acetylated LDL uptake. AB puree also
showed antiglycation activities at a concentration 0.1 mg/mL, which was 89% stronger than the
control [171]. Polyphenols in ABJ affect adipogenesis, preventing obesity, weight gain, inflammation,
and diabetes [307].

In in vivo studies, AB fruit proved to be a very useful therapeutic agent for circumventing oxidative
stress, and controlling dyslipidemic and metabolic syndrome conditions (Table 1). The supplementation
of AB fruit effectively prevented protein oxidation as increased protein sulfhydryl groups were
observed, with decreased protein oxidation biomarker carbonyl proteins. A single AB pulp dose
enhanced plasma antioxidant capacity 7-fold 3 h after its consumption. Plasma anthocyanins reached
maximum levels 2.2 h after AB pulp consumption [179,180]. In another in vivo study, AB pulp
supplementation in oxidatively damaged mutant Drosophila melanogaster, in combination with HFD,
reversed HFD-induced oxidative stress damage and prolonged the lifespan expectancy by 22% [172,308].
AB supplementation with exercise improved hepatic oxidation status by reducing inflammatory
MCP-1 expression, SOD activity, redox-sensitive signaling pathway activation, ROS generation,
and ROS stress [173]. To elucidate the antidiabetic and antioxidative molecular mechanism of AB,
AB-mediated transcript-level changes were examined in 12 genes associated with JNK, nutrient
sensing, and insulin-like signaling pathways [309]. PEPCK genes, involved in glyceroneogenesis and
gluconeogenesis, were reduced in the AB pulp group. Cholesterolemic diet consumption decreased
lethal/essential or life gene (lefl2) expression, which was reversed by AB fruit consumption. Two JNK
targets, metallothionein A, and glutathione S transferase D1, which have antioxidant activities,
were upregulated after AB consumption without affecting the remaining JNK downstream target genes
(Ferritin 1 heavy chain homolog, Ice, Heat shock protein 68, and Puckered). Moreover, AB ingestion
promoted longevity by intensifying stress response pathway activity and suppressing PEPCK
genes [172,309]. Treatment with AB seed extracts also reduced blood pressure, the hypertension
biomarker renin, and DN biomarker levels (creatinine, urea, creatin, and albumin). Diabetes onset leads
to oxidative stress and hypertension, decreasing the number of glomeruli per area per kidney, a major
DN marker. AB seed extracts reduced kidney volume expansion and prevented a decrease in the number
of glomeruli per area per kidney [174]. AB seed extracts substantially reduced renal injury (resulting
in reduced urea and creatine excretion), hampering renal fibrosis progression. The diabetes-induced
glomerular filtration barrier injury markers, podocin and nephrin, decreased in diabetic male Wistar
rats, whereas AB seed extract treatment restored these levels. AB seed extract treatment also reduced
renal proinflammatory cytokines and oxidative stress biomarkers, reinforcing the anti-oxidative
defense system [174]. The effects of exercise and AB seed-rendered extract consumption in STZ and
HFD-induced diabetic rats reduced HbA1C, glycemia, serum insulin, HOMA-IR, serum TG, TC,
LDL-C, and HDL-C levels [176]. Insulin signaling components (insulin receptors, pAKT, and AKT)
in skeletal muscles were upregulated following AB seed extract consumption and exercise [176].
Reduced adiponectin levels are observed in T2DM, associated with deregulated sugar and lipid
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metabolism, and AB seed extracts reversed this effect. AB seeds induced increased GLUT-4 expression
and glucose uptake due to AMPK activation [176] and increased GLP-1 and incretin levels with
reduced leptin and inflammatory cytokine expression, which were not observed in HFD-fed rats
treated with exercise alone. Increased GLP-1 and incretin expression promotes insulin secretion,
suppressing gastric emptying, and glucagon synthase [176,310]. The same research group then used
the AB seed extracts to check the anti-obesity features in the C57BL/6 mice strain fed on HFD. HFD
supplemented with the AB seed extract prevented weight gain in mice [311]. Adiponectin levels,
which are responsible for lipid metabolism, decreased in HFD-fed mice and were restored by AB seed
extract supplementation. AB seed extracts increased glucose and lipid metabolizing protein expression
including pAMPK/AMPK, pACC/ACC, HMG-CoA, and various transporters including ATP-binding
cassette sub-family G member 5-ABCG5 and ATP-binding cassette sub-family G member 8-ABCGS,
while reducing SREBP-1c expression. Similarly, protein and lipid oxidation products including carbonyl
proteins and MDA were reduced by strengthening the anti-oxidative enzyme system [311].
Regarding glucose-lowering effect, recently, the human AB fruit consumption with normal
meals decreased FBS and mean plasma insulin levels after one month. Plasma TG, TC, and LDL-C
levels, and the LDL-C/HDL-C ratio also decreased, with increased plasma HDL-C levels [181].
The AB consumption with HFD enhanced fecal cholesterol contents, with no influence on
low-grade-inflammation biomarkers [113]. Freeze-dried AB fruit pulp reversed the HFD-induced
alterations in PEPCK expression [312]. Aqueous ethanolic AB extracts restored mitochondrial
complex I function by modulating NADH:ubiquinone oxidoreductase core unit 7 and 8 expression.
NLRP3 (a component of inflammasome) and caspase 1/caspase 3/caspase 8 (Interleukin-1 converting
enzyme family, which initiates inflammatory response) were downregulated in oxidative-agent-treated
macrophages [313]. AB supplementation also interfered with hepatic cholesterolemic metabolism.
AB attenuated the high-cholesterol diet effects by reducing weight gain, TC and LDL-C levels, and key
regulatory gene expression associated with the cholesterol biosynthesis pathway including HMG
CoA-R, EBP-2, ApoB100, LDL-R, ABCG8, and CYP7A1 [175]. Intensive feeding with freeze-dried AB
pulp attenuated HFD-induced hepatic steatosis by improving IR, adiponectin expression, adiponectin
receptor 2, SREBP-1c, PPAR-q, and its target gene, CPT. Fat accumulating gene expression including
UCP-2 and fatty acid translocase were reduced by AB treatment [179]. Both lipid accumulation
and oxidation were reduced in zebrafish fed with a high-cholesterol diet, and reduced serum TC,
LDL-C, and MDA levels were observed in AB-treated zebrafish [171]. Aside from lipid oxidation
inhibition, the AB intake also prevented amino acid oxidation after HCD, reducing protein carbonyls
and sulfhydryl groups, which are important protein damage biomarkers. Reduced arylesterase
and PON activities and reduced hepatic ALT, AST, and ALP levels demonstrated improved hepatic
operation [175]. AB powder also improved anti-inflammatory mechanisms after HFD by improving
glucose intolerance and reducing IL-6 and TNF-a concentrations in epididymal adipose tissue [312].
A comprehensive study examining AB intake on the gut microflora is currently lacking.
Simulated digestion studies examining AB polyphenols inhibited the growth of symbiotic and
saccharolytic Bacteroides, Prevotella, and Clostridium histolyticum. AB polyphenols showed favorable
effects on the intestinal SCFA bacteria population including LAB [178]. Guergoletto et al. [177]
noted increased intestinal populations of obesity-protecting bacteria (i.e., Bifidobacterium spp.,
Eubacterium rectale—Clostridium coccoides group, Bacteroides spp—Prevotella group, and FOS-Raftilose P95).
However, AB polyphenols showed no considerable effects on Enterococcus spp and C. histolyticum [177].
Conclusively, AB exerted antidiabetic, anti-obesity, antioxidative, and anti-inflammatory actions
by reducing the expression of PPAR-y and its modulators (C/EBP-8, C/EBP-3, and other C/EBP family
members, Kruppel-like factor, and SREBP1C) Moreover, decreased expression level of transcriptomic
factors such as C/EBPB (-0.41%), C/EBPa (-0.66%), Kruppel like factor (-0.83%), and SREBP1C
(-0.24%) were also seen [125,133]. AB also reduced the expression levels of lipogenic genes FAS
(-0.5%), aP2 (-0.7%), LPL (-0.7%), and FATP1 (-0.55%). Low-grade-inflammation biomarkers
including leptin and total PAI decreased with increasing anti-inflammatory and anti-adipogenic
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adiponectin levels [170,172,309,314]. The expression levels of the pro-inflammatory factors NF-«B,
TNF-a, MCP-1 (-0.81%), IL-6 (-0.48%), IL-8 (-0.05%), IL-1B8 (-0.03%), and INF-B(-0.49%) were
also reduced. TNF-a activates NF-kB and interleukins (IL-2 and IL-6), which was prevented by ABJ
polyphenols [170,313,314].

13. Chokeberries

Chokeberries (black chokeberry (BCB), Aronia melanocarpa, red chokeberry (RCB), Aronia arbutifolia)
can be consumed as whole fruit, jam, wine, juice, syrup, tea, soft spreads, chili starters, salsa, beer,
extracts, gummies, ice cream, and tinctures. CB consumption was used to treat colds in America and to
treat hyperglycemia, metabolic syndrome, and hypertension in Europe and Russia. In in vitro bioassays,
CB extract (CBE) showed significant a-glucosidase inhibitory activity compared with the referenced
antidiabetic drug acarbose. Purified anthocyanins (cyanidin 3-galactoside, cyanidin 3-arabinoside,
cyanidin 3-glucoside, and cyanidin 3-xyloside) were the strongest antidiabetic compounds compared
with isolated dimeric and trimeric procyanidins. BCB juice (BCBJ) also inhibited a-glucosidase,
dipeptidyl peptidase (DPP) IV, and ACE activities by 75, 35, and 95% in a dose-dependent manner,
respectively [182]. BCB fermentation and digestion increase polyphenol bioaccessibility. Fermented
and digested Aronia kefir showed stronger a-glucosidase (ICso = 152.53 * 15.24 mg kefir/mL) and
pancreatic o-amylase inhibitory (ICs, = 146.52 * 5.37 mg kefir/mL) activities than non-fermented Aronia
(IC50 = 365.16 £ 370 48.84 mg and 196.21 * 5.50 mg, respectively) [315]. BCBJ relieved oxidative stress
in BTC3 cells by restoring the anti-oxidative enzyme pool and insulin secretion, as comprehensively
explained in Figure 2 [316]. The oxidative-stress-induced reduction in insulin secretion was restored
by the BCB extract (BCBE) treatment under basal glucose conditions [316]. BCBE treatment of
pancreatic cells nullified cytokine (IL-1f and IFN-y)-induced effects and decreased oxidative stress
production [183]. BCBE pretreatment (0.001, 0.01, 0.1, or 1 mg/mL) of diabetic hepatic cells line RINm5F)
reduced cytokine-induced-oxidative stress from 19.3—0.39 uM to 14.9—0.35 pM [183]. Similarly, BCBE
pretreatment of HAECs nullified the TNF-a-induced ICAM-1 and VCAM-1 expression by 35 and
45%, respectively, in a dose-dependent manner. BCBEs also prevented NF-«xB p65 phosphorylation,
which activates the pro-inflammatory transcription factor NF-xB [317,318].

Addressing the anti-inflammatory potential of CB, in in vivo clinical studies, Kardum et al. [195,196]
administered CBJ to patients with pharmacologically incurable grade I hypertension and high blood
pressure, resulting in decreased systolic/diastolic blood pressure, with a stronger effect associated with
long-term consumption. CBEs also reduced systolic/diastolic blood pressure [197], particularly in
congenital heart disease patients [198]. Following hypertension, inflammation is another diabetes
complication and numerous studies have cited the anti-inflammatory potential of BCB or its juice
consumption. Increased PPAR-y2 expression was attenuated by BCBEs, reducing downstream lipid
metabolizing PPAR-y2 target expression such as PGE receptor and LPL, decreasing intracellular lipid
droplet accumulation [184]. Regular BCBJ consumption improved chronic inflammatory conditions,
lowering IFN-y and TNF-a levels [195,196,198]. The immunomodulatory effects of BCB intake have
also been discussed in the literature in STZ-induced male Wistar rats. DM causes immune imbalances
because damaged pancreatic cells trigger macrophage and T lymphocyte infiltration, which lesion
B-cells. BCB consumption by STZ-induced male Wistar rats reduced fibrinogen, TNF-qa, and IFN-y
levels, which returned to their normal values 72 h post-administration of BCB [199].
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Figure 2. Schematic presentation of chokeberry anthocyanin-induced insulin secretion and antioxidant
enzyme pathways in pancreatic p-cells under high-glucose-induced stress conditions. Glucose is
transported across the cell membrane via glucose transporter (i.e., GLUT-2), followed by glycolysis
and pyruvate production. Afterward, pyruvate is used for the generation of ATP in mitochondria.
Here, in connection with the electron transport chain, radicals, like superoxide anion (0:"), are
also produced and simultaneously neutralized by the enzymatic antioxidant SOD. SOD converts
the O,™ into harmless O, and another radical H,O,. In addition to H,O, diffusion through the
cell membrane, H-0- is also scavenged by CAT and GPx resulting in water and oxygen production.
Chokeberry-derived anthocyanins strengthen this inherent enzymatic antioxidant system (i.e., SOD,
CAT, and GPx), which can more actively neutralize the radicals generated during glucose metabolism.
H.0.-stimulated reduction of GSH is also ameliorated by chokeberry anthocyanins. Chokeberry
anthocyanins also replenish the pool of insulin by increasing the insulin gene expression. Proinsulin,
a precursor of insulin, folded in the endoplasmic reticulum, is transported to the Golgi apparatus.
Chokeberry anthocyanins can also influence the opening of the voltage-gated Ca2* channels, leading to
an increased fusion of insulin granules with the cell membrane (Source: Rugina et al. [316]).

Regarding hypoglycemic response, BCBJ consumption also modulated circulating lipid levels
including TG, TC, and LDL-C in mild hypertensive patients (Table 1) [185,198]. BCBJ consumption also
reduced serum TG, TC, and LDL-C levels in hypercholesterolemic healthy subjects [128]. Long-term BCB
consumption was recommended for desirable hypoglycemic and hypolipidemic effects [128,185,198].
Valcheva-Kuzmanova et al. [186] demonstrated up to 39% reduced postprandial serum TG levels in
STZ-induced diabetic rats after BCBJ consumption and reported encouraging results for both diabetic
and healthy rats. However, Lipinska and J6z" wik [187] showed pronounced hypolipidemic effects only
in diabetic Polish Merino lambs including significantly decreased serum LDL-C and increased HDL-C
levels, without significant effects on serum TC levels. In addition to preventing increased plasma
glucose, homocysteine, and fibrinogen levels, reduced serum lipid levels (TG, TC, and LDL-C) were
observed in STZ-induced diabetic rats [201]. Hepatic steatosis and NAFLD were prevented by BCB
treatment in HFD-fed diabetic C57BL/6N mice. Daily BCBE administration prevented increased body,
liver, and epididymis weights [188]. Several possible mechanisms have been proposed in the literature
referring to the lipid-lowering property of BCB consumption. The BCB hypoglycemic effect may be
associated with increased cynidine-induced lipid metabolism, reduced catechin-induced cholesterol
absorption, and the flavonoid-influenced downregulation of cholesterol synthesis enzymes including
HMG-CA-R, cholesterol acyltransferase, and acyl-CoA [185,188].

The anti-oxidative, anti-obesity, and anti-diabetic potential of BCB was checked in the
various diabetic model mice (Table 1), where BCB increased serum insulin secretion with reduced
pro-inflammatory cytokine expression (MAPKs, NF-kB, COX-2, and iNOS) in a dose-dependent
manner [183]. Jurgonski et al. [189] fed BCBE to high-fructose-diet-fed STZ-induced diabetic rats and
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showed increased maltase and sucrase activity, and decreased lactase production in the small intestinal
mucosal membrane. Daily BCBJ consumption lowered postprandial glucose levels after OGTT,
regardless of gender, and reduced ACE, a-glucosidase, and DPP IV activities in a dose-dependent
manner [182]. Valcheva-Kuzmanova et al. [186] showed lower postprandial glucose levels (up to 44%)
in STZ-induced diabetic rats after BCB consumption, and Lipinska and J6zwik [187] demonstrated
a pronounced FBS decrease in BCB-treated Polish merino lambs. Postprandial OGTT results for
BCB-treated mice decreased, with improved intraperitoneal ITT results [185]. Similarly, consumption by
STZ-induced diabetic mice reduced serum TBARS levels and mitigated lipid peroxidation (by 29—50%)
and kidney hypertrophy [190]. Following CCl, administration, the decreased concentration of
CAT, GPx, and GR were increased by 117%, 56% and 44%, respectively, after the intake of BCBJ.
Protein carbonyls, protein oxidation biomarkers, decreased by 22% after BCBJ consumption in male
Wistar rats [190]. BCBJ consumption by the KK-Ay and C57BL/6JmsSlc mice reduced BW, white adipose
tissue weight, o-glucosidase and DPP IV activity, and blood TG levels. Mesenteric, epididymal,
subcutaneous, and retroperitoneal white adipose tissue weights were reduced by 26%, 27%, 48%,
and 38% compared with those in control animals [39]. Bhaswant et al. [191] administered BCBJ to
male Wister HFD- and HCD-fed rats and observed reduced BW gain and feed conversion efficiency.
Total body fat mass, BMI, abdominal fat (epididymal, omental fat pads, and retroperitoneal), and visceral
adiposity index reductions were more pronounced in Wistar rats fed with BCBJ than in those fed
with biofunctional purple maize flour. BCBJ consumption also reduced liver injury biomarkers (ALP,
AST, and ALT), although these levels remained within the normal range [191]. In another study, male
Wistar rats were fed high-fructose diets containing BCBE, resulting in increased plasma HDL-C and
adiponectin levels [192]. IRS-1/2 and PI3K regulatory subunit protein expression increased by 2.3-,
1.8-, and 1.5-times, respectively, along with inhibiting the phosphatase and tensin homolog (Pten)
(-0.61%) expression. The expression level of glucose uptake, transportation (GLUT1 and GLUTY4)
and gluconeogenesis (GYS) was uplifted by 1.5 times compared to high-fructose fed control rats.
BCB consumption inhibited lipogenesis and lipid accumulation by reducing fatty acid-binding protein,
FAS, and LPL (lipogenesis protein) by 0.6—0.7%. Improved glucose and lipid metabolism and increased
glucose and lipid regulatory metabolizing protein expression (adiponectin and PPAR-y) were also
observed [192]. Cynidine 3, 5-diglucoide was identified as a DPP IV inhibitor. DPP IV cleaves
incertins including GLP-I and glucose-dependent-insulinotropic polypeptide at their N-terminal
regions, resulting in decreased insulin secretion [182,186]. Cyanidin glycosides including 3-galactoside,
3-glucoside, cyanidin 3-O-B-glucoside3-arabinoside, and 3-xyloside enhance glucose uptake and
GLUT4 translocation. Diabetes-associated hyperlipidemic complications were improved by regulating
the FOXO1-mediated adipose TG lipase transcription [185].

BCB contains high levels of anthocyanins (1958.18 mg/100 g FW), proanthocyanidins
(522—1002 mg/100 g FW), and hydroxycinnamic acids (187.9 mg/100 g FW) including chlorogenic
acid and neochlorogenic acid [212,247]. Cynidine-3-O-glucoside, cynidine-3-O-galactoside,
cynidine-3-0-xyloside, and cynidine-3-O-arabinoside are the primary antidiabetic and anti-oxidative
anthocyanin compounds in BCBJ (Table 2). No studies have examined the CB consumption effects
on gut microflora in diabetic/obese individuals, although CB consumption has been examined in
healthy individuals [202]. Chronic BC capsule treatment influenced the intestinal diversity of health
promoting and SCOA-producing Anaerostipes, Bifidobacterium, Faecalibacterium, and Clostridium genera.
CBE capsules increased the relative abundance of Anaerostipes, whereas whole CB capsules increased
Bacteroides and Clostridium XiV populations. Correlation analysis between gut microbial genera
and plasma polyphenolic contents revealed that Prevotella, Dialister, Desulfovibrio, and Bifidobacteria
were responsible for the increased levels of nine, eight, seven, and six health promoting plasma
CB metabolites, respectively, including derivatives of benzoic acid, hippuric acid, phenylacetic acid,
cinnamic acid, caffeic acid, flavonols, (iso)ferulic acid, benzaldehydes, and pyrogallol [202].
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14. Black Currants

Black currant (BCT, Ribes nigrum L.) is cultivated primarily in Europe, New Zealand, and Australia.
BCT is a rich source of anthocyanins that represent 95% of polyphenolic compounds, with the
remaining 5% including other minor polyphenol classes. Delphinidin-3-rutinoside (D3R) is the major
BCT antidiabetic anthocyanin compound that improves glucose tolerance. In BCT nectar, cynidine and
delphinidin rutinosides are the dominating anthocyanins, followed by glucoside compounds [93,319].
A full list of other therapeutic BCT compounds are presented in Table 2. GLP-1 and AMPK are the
primary BCT polyphenolic compound targets. BCT extract (BCTE) consumption increased GLP-1
secretion. GLP-1, an incretin, promotes pancreatic p-cell division and glucose-dependent insulin
release [212,213,289]. BCTEs contain approximately 70% anthocyanins (especially rutinosides and
glucosides of delphinidin and cyanidin) and are considered to be effective a-glucosidase inhibitors [289].
Apple and BCT juice (BCTJ) treatment in human Caco-2 cells reduced sodium-independent and total
glucose uptake by 46 and 51%, respectively. In oocytes, apple and BCTJ-derived phloretin and phlorizin
effectively reduced glucose uptake by 58 and 85%, respectively [213]. The BCT polysaccharide BCP-I
also showed remarkable antiglycation activities due to its inhibitory effects on Amadori products [320].
BCT powder incorporation into high-glycemic-indexed food decreased glucose release and increased
antioxidant capacities [321].

In addition to invitro studies, glucose and lipid lowering effect of BC extracts or its
screened anthocyanins have also been investigated enormously in various in vivo studies (Table 1).
The intake of major BCT anthocyanin consumption, in combination with intraperitoneal glucose
administration, prevented increased serum glucose concentrations with the simultaneous increase
in serum insulin levels [203]. Improved hyperglycemia and hypoinsulinemia are caused by the
GLP-activation-induced increase in insulin secretion. BCT powder, administered for six days before
OGTT, improved postprandial plasma insulin and glucose levels in healthy human subjects [214].
BCTE consumed with a normal diet by KK-Ay mice induced hypoglycemia and modulated basal
GLP-1 concentrations without affecting plasma insulin levels, food intake, or BW [204]. Proglucagon
cleaving agent proprotein convertase subtilisin/Kexin type 1, which processes proglucagon into GLP-1,
increased. BCTE treatments also increased AMPK phosphorylation in skeletal muscles, upregulating
insulin-independent glucose uptake pathways by increasing downstream target expression including
GLUT-4 and the translocating plasma membrane [204]. Previously, Esposito et al. [205] also conducted
an anti-diabetic study using 1% BCT powder, which decreased rat BWs, irrespective of dietary fat
contents. Microbiological fecal analyses showed increased fecal anthocyanin contents, especially in lean
animals. These results suggested that gut microflora more actively transform polyphenolic metabolites
in lean animals rather than in obese animals. BCT supplementation reversed the postprandial glucose
levels associated with HFD; however, the postprandial glucose level continued to rise due to gut
microbiota disruption. Similarly, BCT improved HFD-induced insulin, but the gut microflora disruption
increased IR. These results signified the importance of gut microflora during the BCT polyphenol
metabolization and biotransformation [205]. The supplementation of 0.1% BCTE in HFD reduced
retroperitoneal and epididymal adipose fat. BCTE hypolipidemic characteristics were verified by
upregulated lipogenic/lipid metabolizing genes in adipocytes including UCP-2, UCP-3, mitochondrial
transcription factor A (TFAM), PPAR-0, SREBP-1¢c, FAS, and SCD-1, and fatty acid oxidation genes
including CPT-1a and 1B [206]. Repressed inflammatory marker expression in macrophages has
also been reported. Reduced IKKe (an enzyme complex that is involved in propagating the cellular
response to inflammation) and TANK-binding kinase 1 (a member of IKK subfamily, which activates
in response to lipopolysaccharides) expression was observed in the BCT-treated group, compared
with upregulation in the HFD group [206,212]. BCTJ/nectar waste extract (pomace) was much richer
in anthocyanins than in BCT pulp. Phytochemically, BCT pomace extracts are rich in D3G, D3R,
cyanidin-3-rutinoside, glycosides, and flavonol aglycones. HFD supplemented with BCT pomace
extracts did not affect food intake or BW. Fat in the diet increases small intestinal digesta viscosity,
whereas BCT pomace polyphenolic extracts made this digesta more acidic [207]. The polyphenolic-rich



Nutrients 2020, 12, 2538 48 of 69

BCTE also reduced cecal tissue mass and increased ammonia contents. HFD reduced bacterial glycolytic
enzyme activities such as a- and B-galactosidases and a- and B-glucosidases, which were restored by
BCT pomace extract. BCT supplementation reduced p-glucuronidase activity, which is associated with
reduced pressure on the intestinal detoxification mechanism [208]. BCT supplementation reduced
the cecal putrefactive SFCA concentration, regardless of diet [207,208]. BCTE consumption increased
mean fat oxidation during prolonged cycling exercise by endurance-trained females with reduced
mean carbohydrate oxidation [215]. However, the opposite outcome was observed when BCTJ was
consumed before exercise, without significant effects on blood lactate, glucose, and MDA levels [216].
In addition to HFD, the high-fructose-diet or HCD were also involved in the hyperglycemic,
hyperlipidemic, and metabolic syndrome conditions. BCTE administration with high-fructose-diet
prevented increases in liver weight, BW, and epididymal fat pad weight. OGTT results improved,
with decreased p-AMPK and IRS-1 levels in the BCTE-treated group. BCTE supplementation also
decreased high-fructose-diet-induced hyperglycemic marker expression and reduced atherosclerosis
risk by diminishing ICAM-1, VCAM-1, E-selectin, endothelin, and eNOS expression levels
in aortic tissues [209]. Consumption of an anthocyanin-rich sugar-free BCT drink with a
normal-carbohydrate diet delayed the glycemic and insulinemic response with reduced incretin and
GLP-1 expression [212,213]. The consumption of BB, BCT, CrB, and strawberries restricted post-meal
blood insulin and glucose fluctuations induced by HFD/HCD. LB combined with BCT (whole or nectar)
ameliorated postprandial insulinemic and glycemic control and response [62,123,267]. The irreversible
hydrolysis of sucrose into fructose and glucose under high temperature and low pH conditions
produces invertase sugars. BCT nectar, sweetened with invertase sugars, reduced postprandial blood
glucose levels and the maximal blood glucose level by 33 and 87%, respectively. The nectar x time
interaction also revealed lower insulin secretion at 15 and 30 min of post-nectar-consumption and
expulsion of insulin from the baseline was cut by 13% compared to the reference [62,123,267].
Regarding oxidative stress and diabetes-related complications, ample amounts of evidence
have suggested that anthocyanins from BC exert anti-hypertensive, anti-inflammatory, anti-fibrotic,
and anti-hepatic steatosis effects by limiting lipogenesis and gluconeogenesis (Table 2) [217].
BCT-derived purified extracts administered to hepatic steatosis model C57BL/6J mice did not prevent
BW loss, but serum ALT and AST levels increased. BCT anthocyanin supplementation decreased
hepatic TG and TC accumulation [304]. Histological analysis showed that microvascular steatosis,
inflammatory cell infiltration, and hepatocyte ballooning were reduced by (up to 50%) BCT anthocyanins.
Hepatic stellate cells produce collagen during fibrogenesis. Reduced a-smooth muscle actin and
upregulated carbamoyl phosphate synthase 1 suggest hepatic stellate cell inhibition, inhibiting fibrosis
and non-alcoholic hepatic steatosis. BCTE treatment increased mitochondrial biogenesis and decreased
the AMPK/pAMPK ratio and pivotal mitochondrial biogenesis regulators including PGC-1a and B,
Nrf-1 and -2, and TFAM. Mitochondrial fatty acid B-oxidation occurs due to mitochondrial oxidative
phosphorylation, which was reversed through effects on PPAR-a, CPT-1, and medium-chain acyl CoA
dehydrogenase expression [62,93,123,217,304,319].

15. Maqui Berries

Magqui berries (MB) (Aristotelia chilensis) have recently gained attention due to their high content
of polyphenolic compounds. The stated phytochemical composition of MB was 138 + 0.4 mg/100 g
fresh weight with 35% relative abundance of delphinidin [218]. Di Lorenzo et al. [219] analyzed
the MgB composition (Table 2). MgB is rich in anthocyanins including 84% diglycosylated and 16%
monoglycosylated anthocyanins [251,322,323]. The in vitro sugar hydrolyzing enzymes inhibitory
activities of MB extracts were reported by Rubiliar and his colleagues. Rubiliar et al. [324] reported
a-amylase and a-glucosidase inhibitory activities, resulting in decreased postprandial glucose levels and
improved glucose tolerance [324]. Crude and purified MqB extracts (MqBEs) reduced MDA production
and minimized oxidative damage [250]. An isotonic soft drink containing lyophilized MgB, acai, and
blackthorn berry powders [152] demonstrated pancreatic lipase and o-glucosidase inhibitory activities,
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which were superior to the control, acai-, and blackthorn-based beverages. Likewise, the in vitro
anti-diabetic assay showed the inhibition of a-glucosidase activity by 90% compared to the lemon juice
control (80%), whilst the recorded inhibitory a-glucosidase activity of tested commercial isotonic drinks
was around 50% [306]. The MBE anti-diabetic and anti-lipidemic potentials were further examined in
RAW264.7 mouse monocytes and 3T3-L1 mouse pre-adipocytes [220,325]. MBEs reduced adipocyte
formation by promoting MMP-2 and MMP-9 (endopeptidases). GST treatment decreased GSH,
SOD, and CAT expression, which was reversed by MqBE treatment in macrophages. LPS treatment
increased IL-6, MCP-1, TNF-a, and galectin-3 with decreased adiponectin expression, which was
countered and reversed by MgBEs in macrophages [220]. Furthermore, a dose of 100 and 180 pM
M(B delphinidin inhibited sodium palmitate-induced-TG-accumulation by 50 and 59%, respectively,
in Hep2G cells [222].

With respect to in vivo antidiabetic and anti-obesity potential of MqB (Table 1), Rojo et al. [220]
fed C57BL/BJ mice anthocyanin-rich MqBEs, which significantly decreased plasma glucose levels
following glucose ingestion. Anthocyanin-rich MgBEs also reduced G6Pase and increased insulin
sensitivity. Glucose uptake was upregulated in L6 skeletal muscle cells, without toxic effects [220].
Delphinidin 3-sambubioside-5-glucoside, a signature MgB biomarker, showed an equivalent capacity
to metformin for normalizing blood glucose levels [326]. Lipid accumulation was inhibited by 4-
11% by MBE treatment in 3T3-L1 mice; however, lipogenesis was inhibited by 6—-38% during
adipocyte differentiation. The lipogenesis inhibitor protein, preadipocyte factor 1, was upregulated
in MqB-treated 3T3-L1 mice. MgB supplementation also exerted an anti-inflammatory response by
reducing ROS expression by 9.8 to 61.8%. The expression of COX-2 and production of PGE2 was also
evaluated in the RAW 264.7 macrophages to understand the anti-inflammatory mechanism of MqB.
MqB inhibited PGE2 expression and reduced COX-2 expression (by 16.2—62%), inhibiting LPS-induced
iNOS/NO production and COX-2/PGE2 pathway activation in macrophages [218,326]. MqB delphinidin
anthocyanins inhibited glucose uptake and transport from the rat duodenum by inhibiting SGLT-1.
The inclusion of MqB-derived 35% anthocyanins and 25% delphinidin glycosides in a rice-chicken diet
effectively reduced postprandial glucose levels. Purified delphinidin anthocyanin supplementation
with a normal diet reduced fasting glucose and insulin levels [218,326]. MqB anthocyanins, in
capsular form (3 x 150 mg per day), decreased oxidized LDL-C and 8-iso-prostaglandin F2a, a urinary
excretion oxidative stress marker [221,326]. Furthermore, MqgB-derived-delphinidin treatment
effectively increased AMPK phosphorylation. Gene expression analysis showed that sodium
palmitate exposure upregulated lipid accumulating genes such as SREBF1, CPT1-A, patatin-like
phospholipase domain containing 2, and FASN, which were reduced by delphinidin treatment.
Delphinidin supplementation limited weight gain in HFD-fed C57BL/6Nhsd mice, but not increased
liver weight. Glucose homeostasis variations induced by HFD/HCD were also minimized by
delphinidin treatment [222]. Hidalgo et al. [327] showed that delphinidin supplementation in rat
jejunum tissues/cells reduced the short circuit current generated by glucose addition to an Ussing
chamber. Delphinidin halted 3-O-methyl-glucose incorporation in the mouse intestine, with effects
similar to the inhibition of electrogenic glucose transportation by SGLT-1 [328]. In response to
delphinidin treatment and FFA1 activation, the Gaq/11 subunit was coupled with inositol trisphosphate,
propionyl l-carnitine, and diacylglycerol upregulation, which modulates intracellular Ca2* from the
endoplasmic reticulum. In previous studies, delphinidin treatment also caused intracellular Ca2*
release and prevented 3-O-methyl-glucose uptake by FFA1 activation. Therefore, delphinidin may
represent a new ligand class that can reduce intestinal glucose uptake through FFA1 activation and
increased cAMP expression [327].

MgB juice (MgBJ) consumption limited oxidation in human subjects (Table 2). The copper-triggered
LDL-C oxidation time lag increased with MqBJ consumption because anthocyanins chelate copper.
LDL-C oxidation time is proportional to the MgBJ anti-oxidative capacity. H.O, treatment-induced
increased oxidative stress was reduced by MqBJ treatment in human umbilical vein endothelial
cells [329]. A pilot study showed that the daily MqBE consumption with folic acid and berberine
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effectively reduced TC, LDL-C, oxidized cholesterol glycemia, free radical levels, and increased
serum antioxidant capacity. Furthermore, the insulinemia, microalbuminuria, HDL, CRP, and
TG values increased. MgB treatment counteracted hyperlipidemia, hyperglycemia, and ROS
production in metabolic syndrome patients. An MgB polyphenol-based-nutraceutical reversed
low-grade-inflammation, oxidative stress, and atherosclerogenesis in pre-diabetic patients [223].
M¢BE and purified anthocyanin consumption showed positive outcomes for post-stroke stress and
depression in diabetic mice. MqBEs and anthocyanins can mitigate anhedonia in humans. Anhedonic
mice consumed less sucrose with increased water intake, which was mitigated by MqBE or purified
anthocyanins in a dose-dependent-manner. Stroke and stress biomarkers such as TBARS, SOD, CAT,
and GSH levels decreased following MgBE/anthocyanin treatment in stroke model mice [219].

16. Conclusions

This review aimed to collect and discuss scientific evidence regarding the positive role of
berry consumption on the prevention of diabetes and its complications. Available human, animal,
and in vitro studies were collected and comprehensively presented. This review demonstrated that
berry product consumption represents a reliable and effective method for preventing and managing
metabolic hyperglycemic and hyperlipidemic conditions. Variations in postprandial glucose and insulin
levels could be reversed and normalized in diabetic subjects following post-meal berry consumption
as supplements for HFD/HCD. Berry anthocyanins promoted glucose uptake and metabolism by
activating pAMPK/AMPK, GLUT-4, and SGLUT-1, and inhibited weight gain and pro-inflammatory
responses, downregulating lipogenesis genes (adipogenic transcription factors and PPAR-y2) and
pro-inflammatory cytokine production. Berry consumption also showed glucose-lowering and insulin
sensitivity improvements, which are closely associated with hypoinsulinemia, insulin signaling
activation (in adipose and skeletal muscles), the adiponectin-AMPK pathway, and GLP-1 upregulation.
Regarding the relation of gut microbial ecosystem and DM, berry intake not only counteracted the
deleterious HFD/HCD effects, but also favored the population of health promoting fermentative,
SCOA/SCFA-producing, obesity-preventing, glycolytic, proteolytic, and secondary metabolites
metabolizing microflora. The primary potential health-promoting classes of bioactive compounds
found in berries include glycosides, glucosides, catechins, epicatechins, proanthocyanidins, cynidines,
delphinidins, quercetin, myricetin, malvidins, petunidin, flavanols, flavonols, caffeic acids, chlorogenic
acids, phenolic acids, ferulic acids, p-coumaric acids, vanillic acids, ellagic acids, hydroxycinnamic
acid derivatives, and polysaccharides. Based on the reviewed papers, to obtain these health-endowing
effects, the daily recommended dose of whole berry varies from 200 to 400 g of berry intake for a 70 kg
BW middle aged person.
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1-Deoxynojirimycin (1-DNJ); Acai berry (AB); acetyl coenzyme A carboxylase (ACC); acyl-CoA oxidase
(ACOX); adhesion molecules nuclear factor (IxBa); advanced glycation end-product (AGE); albumin retention
(AR); alcohol-free fermented blackberry juice (AFBBJ); alkaline phosphatase (ALP); aminotransferase (ALT);
AMP-activated protein kinase (AMPK); angiotensin I-converting enzyme (ACE-1); apolipoprotein A (Apo)A-I;



Nutrients 2020, 12, 2538 51 of 69

aspartate aminotransferase (AST); ATP-binding cassette (ABC); ATP-binding cassette transporter (ABCA1)
Bilberry juice (BBJ); BB/BB extracts, (BBEE); Bilberries, (BBs); Black currant (BCT); BIB extracts (BIBEs);
BIB juice (BIBJ); Blueberries (BIBs); body weights (BW); brown adipose tissues (BAdT); capillary albumin
filtration (CAF); carbohydrate response element-binding protein (ChREBP); cardiovascular disease (CVD);
carnitine palmitoyl transferase-1 (CPT-1); Cranberries (CrBs); cranberries juice (CrB-JSB); CrB extracts (CrBE);
CrB extracts (CrBEs); CrB juice (CrBJ); C-reactive protein (CRP); Diabetes mellitus (DM); diabetic retinopathy (DN);
diacylglycerol acyltransferases 2 (DGAT2); fasting blood sugars (FBS); fatty acid synthase (FAS); Food and
Agriculture Organization of the United Nations (FAO); forkhead box O1 (FOXO1); free fatty acid (FFA);
gamma-glutamyltransferase (y-GT); gastrointestinal-digested BB slurry (GIDBB); GB polysaccharides (GBPS);
glucagon-like peptide-1 (GLP-1); glucose tolerance test (GTT); glucose transporter (GLUT4); glucose transporter
2 (GLUT-2); glucose-6-phosphatase, (G6Pase); glucose-stimulated insulin secretion (GSIS); glutathione (GSH);
glycerol-3-phosphate acyltransferase (GPAT); glycogen synthase (GYS1); glycogen synthase 2 (GSY2); Goji berry
(GB); high-carbohydrate diets, (HCD); high-fat diets, (HFD); high-sensitivity CRP (hs-CRP); Human aortic
endothelial cells, (HAECs); human serum albumin (HSA); inducible nitric oxide synthase (iNOS); insulin
receptor substrate-1/2 (IRS-1/IRS-2); insulin resistance, (IR); intercellular adhesion molecule-1 (ICAM-1); intestinal
mucosal barrier dysfunction, (IMBD); lactate dehydrogenase (LDH); Lingonberry (LB); lipopolysaccharides (LPS);
Low-calorie dried cranberry, (LCDC); low-density lipoprotein cholesterol (LDL-C); lysophosphatidylcholine (LPC);
lyso-phosphatidylethanolamines, (LPE); malondialdehyde (MDA); manganese superoxide dismutase, (Mn-SOD);
Maqui berries (MB); microbial-fermented blackberry metabolites (GMBB); microsomal TG transfer protein
(MTP); mitochondrial transcription factor A (TFAM); monocyte chemo-attractant protein-1 (MCP-1); Mulberries
(MBs); Na-glucose co-transporter 1 (SGLT-1); nitric oxide (NO); nitric oxides (NOs); nod-like receptor pyrin
containing 3 (NLRP3); non-alcoholic fatty liver disease (NAFLD); paraoxonase-1 (PON-1); peroxisome proliferator
response element (PPRE); peroxisome proliferator-activated receptors y (PPAR-y); phosphatidylcholines (PC);
polyunsaturated fatty acid (PUFA); PPAR-y coactivator 10 (PGC-10); proinflammatory nuclear factor (NF)-«B;
Raspberries (RBs); RB extracts (RBE); reactive oxygen species (ROS); short-chain fatty acids, (SCFA); short-chain
organic acids, (SCOA); soluble vascular cell adhesion molecule-1 (sVCAM-1); sphingomyelins (SM); sterol
regulatory element-binding protein 1c (SREBP-1c); streptozotocin (STZ); Toll-like receptors, (TLR); total cholesterol
(TC); total glyceraldehyde (TG); Trolox equivalent antioxidant capacity (TEAC); Type 1 diabetes mellitus,
(T1DM); type 2 diabetes mellitus, (T2DM); unsweetened dried CrBs (USCB); white bread (WB); World Health
Organization, (WHO).
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Abstract: The relationship of high-carbohydrate (HC) meal intake to metabolic syndrome is still not fully
explained. Metabolomics has the potential to indicate metabolic pathways altered by HC meals, which may
improve our knowledge regarding the mechanisms by which HC meals may contribute to metabolic
syndrome development. The fasting and postprandial metabolic response to HC or normo-carbohydrate (NC)
meals with/without cinnamon + capsicum intake was evaluated using untargeted metabolomics and
compared between normal-weight (NW) and overweight/obese (OW/OB) healthy men. Healthy male
participants (age-matched) were divided into two groups (12 subjects per group). One was composed of men
with normal weight (NW) and the other of men with overweight/obesity (OW/OB). On separate visits (with
2-3 week intervals), the participants received standardized HC or NC meals (89% or 45% carbohydrates,
respectively). Fasting (0 min) and postprandial (30, 60, 120, 180 min) blood were collected for untargeted
plasma metabolomics. Based on each metabolic feature‘s intensity change in time, the area under the curve
(AUC) was calculated. Obtained AUCs were analyzed using multivariate statistics. Several metabolic
pathways were found dysregulated after an HC meal in people from the OW/OB group but not the NW
group. The consumption of HC meals by people with overweight/obesity led to a substantial increase in
AUC, mainly for metabolites belonging to phospholipids and fatty acid amides. The opposite was observed
for selected sphingolipids. The intake of cinnamon and capsicum normalized the concentration of selected
altered metabolites induced by the intake of HC meals. A HC meal may induce an unfavourable postprandial

metabolic response in individuals with overweight/obesity, and such persons should avoid HC meals.

Keywords: high-carbohydrate meal; cinnamon; capsicum; plasma metabolomics; overweight; obesity

1. Introduction

The world‘s obesity statistical data factsheet clearly shows that the global popula-tion with
obesity has increased three-fold since 1975. There are 1.9 billion adults with overweight, and among
them, 650 million with obesity [1]. Obesity is a multifactorial epidemic; however, the perceived energy
imbalance between calories consumed and calo-ries expended is considered a major reason for weight
gain. The presence of obesity is
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a serious risk factor for type 2 diabetes mellitus (T2DM) development. Both conditions heavily
impact the quality of human life [2]. Dietary intervention is considered the frontline approach for
circumventing weight gain.
Since the beginning of the last decade, the dietary recommendations of macronutrient intake have
been changing enormously for patients with overweight/obesity and/or T2DM. Initially, a low-calorie
diet (LCD) comprising mainly fats with a limited carbohydrate restriction was considered ideal. This
changed later to promotion of a high-carbohydrate diet (HCD) and low fat consumption following the
recognition of the role of diabetes in developing cardiovascular disease [3]. Reducing plasma
cholesterol level with a negligible increase in the fasting plasma glucose (FPG) was the rationale for
advocating HCD with low-fat content [4]. However, the following of such diets failed to limit the
incidences of metabolic syndrome, i.e., obesity, insulin resistance, and T2DM, which ultimately
compelled the reconsideration of LCDs. Therefore, a high-fat diet (HFD) with low carbohydrate
content is again gaining ground for the general reduction of/control over blood glucose level and body
weight [3]. Numerous studies have been reported in the literature unveiling the effect of consuming
HCD/LCD for humans [5,6]. All these intervention studies report comparable results of reduction in
mean body weight, glycated haemoglobin (HbA1c¢), low-density lipoprotein cholesterol (LDL), insulin,
high-density lipoprotein cholesterol (HDL), and fasting plasma glucose after HCD or LCD intake [5,6].

Excepting the different composition of macronutrients in food, there is an increased interest in the
use of plant-based foods and dietary components for both healthy and vulner-able population groups
[7]. Among them, cinnamon and capsicum are two of the most-used traditional plant-based spices that
not only improve the physical cues of food but also grant favourable healthy effects to their consumers.
Cinnamon has been extensively studied in the literature due to its therapeutic applications.
Accumulated numbers of studies have demonstrated that cinnamon intake improves glycemic control,
hyperlipidemia and insulin resistance by altering the expression of key regulatory genes in glucose-
lipid metabolism pathways and reducing the production of proinflammatory prostaglandins,
interleukins, and nitric oxides [8]. Similarly, capsicum, or chili pepper, is consumed routinely as a hot
spice and mainly composed of capsaicin, capsiate, and other analogous bioactive agents such as
capsinoids, dihydrocapsiate, and nordihydrocapsiate. With some exceptions, these compounds possess
anti-obesity/anti-diabetic properties and could be new target com-pounds for the therapy and
prevention of those diseases [9]. A recent metanalysis reported that capsicum intake significantly
promoted satiety, energy expenditure, negative-energy balance, and fat oxidation, and improved
glucose metabolism by increasing insulin sensi-tivity and adiponectin levels in prediabetic, diabetic,
and gestational diabetic patients [10]. Moreover, capsicum or its phytocompounds attenuated the
weight-gain and increase in LDL-cholesterol following the intake of high-fat/high-carbohydrate diets
(HFD/HCD) and improved the plasma markers of glucose/lipid metabolism, obesity related systematic
inflammation, and gut epithelial barrier function [11].

Evaluation of postprandial changes in plasma metabolites can show which metabolic pathways
are modulated in the response to provided food. Such a short-term change can be useful to understand
the long-term consequences of a diet rich in particular nutrients. Therefore, in the present study we
used untargeted metabolomics to evaluate the short-term changes in plasma metabolites evoked by a
single meal. In the first part of this study, we evaluated the short-term metabolic response of people
with normal weight (NW) or with overweight/obesity (OW/OB) to high-carbohydrate (HC) and normo-
carbohydrate (NC) meals. We observed postprandial differences in metabolite levels between subjects
with OW/OB and NW after HC but not NC meals. Therefore, to evaluate the potential benefits of
cinnamon/capsicum, in the second part of the study individuals with OW/OB received a HC meal with
a cinnamon and capsicum capsule or a placebo capsule.
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2. Materials and Methods
2.1. Ethics

This trial was registered at www.clinicaltrials.gov (accessed on 21 February 2021) as
NCT03792685. The study protocols were approved by the local Ethics Committee (Medical
University of Bialystok, Bialystok, Poland, R-1-002/35/2009 and R-I-002/314/2018), and before
any study procedures, all of the participants signed informed consent. The study procedures were
conducted following the ethical standards of human experimentation and the Declaration of
Helsinki.

2.2. Participants and Study Design

The volunteers for these studies were of Polish-Caucasian origin. Only males were enrolled
on the meal-challenge tests because of the possible sexual dimorphism of inves-tigated factors
[12]. None of the participants suffered from T2DM or prediabetes. No other disorders or any
treatments that might affect the results were reported. Subjects who followed any special diet or
dietary pattern (vegetarian, high-fat, etc.) were excluded from the study. Participants were
instructed to maintain their regular lifestyle throughout the study and to avoid alcohol, coffee, and
excessive physical activity for at least one day before each test. During the meal test, men stayed
in bed, in a quiet room with thermoneutral conditions (22-25 C).

Participants of the first study (n = 24), depending on BMI criteria, were classified as the OW/OB
group (BMI > 25, n = 12) or the NW group (BMI < 25, n = 12). They took part in two meal-challenge
test visits in a crossover design with 2—3 week intervals. Some of the participants refused to take part in
both meal-challenge tests; therefore, all participants underwent a meal-challenge test with a HC meal
and 18 with a NC meal. After fasting blood collection, subjects received a standardized HC meal (300
mL, Nutridrink Juice Style, Fat Free, Nutricia, Poland), providing 450 kcal (89% of energy from
carbohydrate, 11% from protein, and 0% from fat), or NC meal (360 mL, Cubitan, Nutricia, Poland),
providing 450 kcal (45% of energy from carbohydrate, 30% from protein, and 25% from fat).

In the second study, 20 individuals with OW/OB were enrolled into a double-blind, placebo-
controlled trial consisting of two visits during which they received a HC meal with the capsule
containing 2 g of cinnamon (Cinnamomum verum, Dary Natury Pvt., Ltd., Koryciny, Poland) and 200
mg of capsicum (Capsicum annum, Organic Cayenne Pepper ground, Lebensbaum, Diepholz,
Germany) or with the placebo capsule (composed of maltodextrin only). Between the visits there was a
wash-over period of around 1-3 weeks. The meal was composed of wheat roll (100 g), fruit jam (50 g),
and juice (200 mL).

Graphical presentation of the study design is presented in Figure 1. The clinical and
anthropometric characteristics of participants are shown in Table 1.

2.3. Study Procedures

At the screening visit, the demographic data and anthropometric measurements, body weight,
body composition analysis, and blood collections for biochemical analyses were performed as
described previously [13]. The meal-challenge test visits were conducted as described previously [14].
The metabolomic analyses were performed on plasma samples from the blood collected at fasting and
30, 60, 120, and 180 min after a meal.

2.4. Metabolomis Analysis

The metabolomic analyses were performed as described previously [15]. Briefly, metabolic
fingerprinting was performed on an HPLC system (1290 Infinity, Agilent Tech-nologies, Santa
Clara, CA, USA) coupled to an iFunnel Q-TOF (6550, Agilent Technologies, Santa Clara, CA,
USA) mass spectrometer. Plasma samples were prepared and analyzed following previously
described protocols [16]. The details of metabolomic data treatment as well as other calculations,
statistical analyses, metabolite identification and pathway analysis are presented in the
supplementary information file.
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Figure 1. A graphical presentation of the study design.OW/OB: overweight/obese, BMI: body mass
index, NW: normal weight, HC: high-carbohydrate, NC: normo-carbohydrate.

Table 1. Baseline characteristics of studied individuals.

HC/NC Meal Study p-Value * for

Anthropometric Parameters Cinnamon/Capsicum Comparison with
OW/OB NW p-Value * Study OW/OB Group

Age [years] 37.8+£6.3 353+8.6 0.4 46 +8.4 0.02

BMI [kg/m?] 30.8+54 23.8+1.6 0.0009 32.0+43 0.2
Body Fat contents [%] 28.0+6.3 17.0+53 0.0001 314+4.1 0.2

Fat free mass [%] 69.8+12.2 66.3 +£6.6 04 679+75 0.6
WHR 0.998 + 0.06 0.91 +£0.06 0.003 1.03 +£0.05 0.1
Fasting glucose concentration [mg/dL] 87.9+58 84.2 £8.1 0.2 101.05 + 8.98 0.0002
Fasting Insulin concentration [IU/mL] 12.7+9.3 6.5+1.7 0.06 13.8+4.5 0.2
HOMA-IR 2.8+2.1 1.3£03 0.05 34612 0.05
HOMA-f 186.3+121.1 157.5+150.4 0.6 136.32 +56.3 0.4
HbAlc 53+03 52403 0.3 54+03 0.9

* For quantitative variables with normal distribution, the parametric f-test was used; for the other
variables, the non-parametric Mann—Whitney test was applied. The data are represented as the
mean = STD, and p-values < 0.05 were considered significant. HC: high-carbohydrate, NC: normo-
carbohydrate, OW/OB: individuals with overweight/obesity, NW: individuals with normal weight
BMI: body mass index, WHR: waist-hip ratio, HOMA-IR: Homeostatic Model Assessment of
Insulin Resistance, HOMA—f: Homeostatic Model Assessment of f—cell function, HbAlc: glycated

haemoglobin.
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3. Results
3.1. Baseline Characteristics of Subjects

Table 1 shows the baseline characteristics of the studied groups. The OW/OB group showed
a greater mean BMI, body fat content, fat-free mass, and waist-hip ratio (WHR) than the NW
group. The fasting glucose level was also higher for the OW/OB group. Moreover, the fasting
insulin concentration and HOMA-IR values were almost double for the OW/OB group than the
NW group. Participants with overweight/obesity taking part in the cinnamon/capsicum study were
significantly older, had higher fasting plasma glucose and were more insulin resistant than those
taking part in the NC/HC meal- challenge study. These results showed that people with
overweight/obesity can be insulin resistant and are more prone to T2DM development.

3.2. Metabolomic Analyses

PLS-DA models were obtained to classify the patients. As can be seen (Figure 2), an evident
separation of OW/OB and NW groups was observed in the fasting state. Data from both ion
modes (Figure 3, panels A—negative and B—positive) indicate a clear separation of OW/OB and
NW groups in postprandial changes in metabolite level evoked by a HC meal. However, in the
case of the NC meal we were able to obtain an adequate quality PLS-DA model only for the data
from the positive ion mode (Figure 3, panel C). Moreover, considering the parameters of the
models, better group separation was achieved based on the HC meal (R2 = 0.998, Q2 = 0.837 for
negative- and R2 = 0.994, Q2 = 0.706 for positive-ion mode) than for the NC meal data (R2 =
0.995, Q2 = 0.484 for positive-ion mode). Additionally, PLS-DA models were built to evaluate
postprandial differences in metabolic profiles of people with OW/OB after intake of a HC meal
accompanied with a cinnamon and capsicum or placebo capsule. As can be seen (Figure 4), based
on the AUCs calculated for postprandial changes in the level of plasma metabolites, a clear
discrimination between the placebo and cinnamon/capsicum intake is observed for data from
negative (panel A) and positive (panel B) ion mode. Obtained PLS-DA models were used to select
metabolites contributing the most to observed separation. Identification of significant metabolites
was confirmed by MS/MS fragmentation (Table S1 available in the supplementary information
file). Table 2 shows metabolites discriminating OW/OB and NW groups in the fasting state. Table
3 shows metabolites significantly discriminating studied groups after a HC or NC meal, and
additionally the influence of cinnamon/capsicum on postprandial changes of these metabolites
after a HC meal is also shown in this table. As can be seen, differences between the OW/OB and
NW groups are mainly observed after a HC meal and some of these changes can be partially lifted
by the cinnamon and capsicum intake. Table 4 shows metabolites significant in placebo vs.
cinnamon/capsicum comparison. Table S2 (available in the supplementary information file) shows
metabolites discriminating the OW/OB group from the NW group independently of the meal type.

Table 2. Significant serum metabolites discriminating individuals with overweight/obesity from lean
individuals at baseline.

OW/OB vs. NW
. Monoisotopic Neutral Mass RT
Metabolites [Dal [min] Change * VIP Absolute
[7s] plcorr)

Bilirubin 584.2621 8.0 —30 1.82 0.52

584.2634 8.0 —34 212 0.41
Leucine (S) 131.0947 0.3 33 1.45 0.65
Valine 117.0788 0.2 —28 1.88 0.51
Piperidine 85.0892 0.3 41 1.80 0.73
Linoleamide (5) 279.2558 5.5 66 1.65 0.53
Dodecanamide (5) 199.1938 53 32 1.51 0.57
Palmitoleamide (S) 253.2406 6.3 79 2,17 0.68
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Table 2. Cont.
OW/OB vs. NW
; Monoisotopic Neutral Mass RT
Metabolites [Dal] [min] Change * Absolute
; VIP
[%o] plcorr)
HETE 320.2348 58 43 1.78 0.49
LPC18:1 507.3684 6.0 21 1.29 0.43
LPA 16:0 410.2430 57 20 1.39 0.51
LPI 16:0 572.2964 5.8 2 1.48 0.53
LP118:0 600.3278 6.8 31 1.15 0.43
LP118:1 598.3119 6.1 37 1.82 0.61
PC 36:5 779.5468 94 —45 1.98 0.64
PC 38:6 805.5624 9.8 —26 1.60 0.47
PC O-36:5 or P-36:4 765.5682 10.4 -30 1.83 0.52
PC 38:5 807.5777 10.1 —44 2.67 0.67

* Positive/negative value of percent of change means higher/lower intensity of metabolite in people
with overweight/obesity in comparison to lean individuals. The p(corr) and VIP values were
calculated based on respective PLS-DA models. Variables with VIP > 1.0 and absolute p(corr) > 0.4
were considered significant. RT: retention time, VIP: variable importance into the projection, p(corr):
predictive loading value, S: the identity of these metabolites was confirmed by analysis of the
standard, = HETE: hydroxyeicosatetraenoic ~ acid, = LPC: lysophosphatidylcholine, = LPA:
lysophosphatidic acid, LPI: lysophosphatidylinositol, PC: phosphatidylcholine.
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Figure 2. PLS-DA models based on plasma metabolite levels obtained before meal intake. Each panel
shows results obtained for different data sets: panel A: ESI(-), R2 =0.935, Q2 = 0.507; panel B: ESI(+), R2
=0.987, Q2 =0.647. R2: explained variance, Q2: predictive capability of the model. The OW/OB group is

represented by solid circles, and the NW group by open.

3.3. Pathway Analysis

The results of pathway analysis performed for metabolites where AUCs were found
significantly different between OW/OB and NW participants after a HC meal are presented in
Figure 4 (panel A) and in Table S3 (panel A). Seven matching pathways were identified, among
which four were statistically significant (arachidonic acid metabolism, glycerophos-pholipid
metabolism, as well as linoleic and alpha-linoleic acid metabolism). In the cin-namon/capsicum
study, five matching pathways were identified (Figure 5 and Table S3, panels B), all statistically
significant. Interestingly, four of them were found significantly altered after HC meal intake by
people from the OW/OB group. This shows that cinna-mon/capsicum taken by people with
OW/OB regulates the metabolic pathways altered by a HC meal. An additional metabolic pathway
altered by cinnamon/capsicum was the sphingolipid metabolism.
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Figure 3. PLS-DA models based on postprandial AUCs for plasma metabolites obtained after HC
meal intake (A,B) and NC meal intake (C). The OW/OB group is represented by blue circles and
the NW group by green triangles. Each panel shows results obtained for different data sets: panel
A: ESI(-), panels B and C: ESI(+).
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Figure 4. PLS-DA models based on postprandial AUCs for plasma metabolites obtained after HC
meal taken with cinnamon/capsicum or placebo capsule. The data obtained from the samples
collected during cinnamon/capsicum intervention are represented by red circles while during
placebo intervention by green circles. Each panel shows results obtained for different data sets:
panel A: ESI(-), R2 =0.988, Q2 = 0.936; panel B: ESI(+), R2 =0.997, Q2 = 0.973. R2: explained
variance, Q2: predictive capability of the model.
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Table 3. A list of meal-dependent metabolites that changed postprandially, discriminating people with overweight/obesity from lean individuals.

NC Meal HC Meal
Monoisotopic RT OW/OB vs. NW OW/OB vs. NW Direction of AUC Change after
Metabolite Mass [Da] [min] Change VIP Absolute Change [%]  VIP Absolute ;,nlilal:;mon/(,apswum
[%%] p(corr) p(corr)

Androsterone sulfate (S) 370.1814 39 8 NA NA 114 1.49 0.51 !

Indoxyl sulfate 213.0097 0.7 25 NA NA 155 2.71 0.67 !

Lactic acid 90.0319 0.3 10 NA NA 73 2.05 0.56 Not changing
Uric acid 168.0282 0.2 16 NA NA 145 1.55 0.63 }

Hydroxy stearic acid 300.2659 7.4 17 NA NA 54 1.74 0.51 T
Hexanoylcarnitine 259.1779 22 16 0.42 0.12 84 1.88 0.42 ND

HETE 320.2348 5.8 11 NA NA 129 1.93 0.64 ND
Sphinganine C17:0 287.282 42 11 0.54 0.10 49 1.89 0.50 i
Sphinganine C16:0 273.2662 4.1 8 0.15 0.07 60 1.79 0.56 i
Sphingosine C16:0 271.2509 4.5 12 0.88 0.27 40 1.51 0.53 Not changing
Sphingosine C18:3 295.2506 5.7 550 2.63 0.55 57 0.42 0.27 !
Lauroyldiethanolamide 287.2456 5 4 0.26 0.08 71 2.87 0.78 i
Linoleamide 279.2558 5.5 682 3.75 0.77 38 0.74 0.40 Not changing
Palmitoyl N-Isopropylamide 297.3025 7.8 69 1.75 0.50 36 0.67 0.39 T

LPC 14:0 467.3007 5.1 2 0.22 0.14 185 2.22 0.65 !

LPC O-15:0 467.3369 59 19 NA NA 125 1.02 0.65 T

LPC 16:0 4953317 5.6 23 0.22 0.14 161 1.79 0.56 }

LPC 17:0 sn-1 509.348 6.3 15 NA NA 91 1.96 0.51 Not changing
LPC 17:0 sn-2 509.3481 6.2 14 NA NA 94 2.08 0.54 Not changing
LPC 19:0 551.3587 6.0 22 NA NA 92 1.64 0.69 !

LPC 20:1 549.3789 6.3 36 0.28 0.02 274 2.17 0.55 }

LPE 16:0 453.2856 5.6 23 NA NA 255 1.91 0.65 Not changing
LPE O-16:0 439.3049 5.8 2 NA NA 211 1.96 0.66 1

LPE P-16:0 or LPE O-16:1 437.2904 5.8 30 NA NA 195 1.91 0.70 !

LPE P-19:1 477.3213 5.7 23 0.18 0.02 133 1.67 0.67 !

LPE P-18:0 or LPE O-18:1 465.3216 59 25 NA NA 113 1.17 0.63 i

LPE P-20:0 or LPE 0O-20:1 493.3553 7.0 10 NA NA 64 1.39 0.53 }

LPE 20:3 503.3008 5.7 15 0.45 0.12 71 2.49 0.53 i

LPA 22:4 486.2715 6.3 30 1.19 0.29 101 1.53 0.52 Not changing
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Table 3. Cont.

NC Meal HC Meal
Monoisotopic RT OW/OB vs. NW OW/OB vs. NW Direction of AUC Change after
e ‘ )
Metabont Mass [Da] [min] , Change VIP Absolute Change [%] VIP Absolute ILl::laI:;mon/Lapswum
[Yo] p(corr) p(corr)
LPI16:0 572.2965 5.8 41 NA NA 224 1.40 0.68 ND
LPI18:0 600.3276 6.5 22 NA NA 98 1.59 0.58 ND
LPI18:1 598.3119 6.1 26 NA NA 76 1.44 0.67 )
LP120:4 620.2964 5.6 22 NA NA 41 1.50 0.42 !
PC 32:1 731.547 10.1 73 1.52 0.34 116 1.48 0.49 1
PC 38:5 807.5777 10.1 8 0.54 0.23 78 1.06 0.49 !
SM 32:1 674.5368 8.3 19 0.97 0.26 48 1.09 0.46 !

Positive/negative value of percent of change means higher/lower AUC of postprandial change of metabolite level in people with overweight/obesity in comparison to lean individuals. The p(corr) and
VIP values were calculated based on respective PLS-DA models. Variables with VIP > 1.0 and absolute p(corr) > 0.4 were considered significant and are bolded. NA: values not available as it was not
possible to build PLS-DA model based on this data set. ND: not enough quality data for this metabolite were recorded in the cinnamon/capsicum study. Not changing means that a difference between
the AUC for placebo and cinnamon/capsicum was below 5%. HC: high-carbohydrate, NC: normo-carbohydrate, OW/OB: individuals with overweight/obesity, NW: individuals with normal weight,
AUC: area under the curve, RT: retention time, p(corr): predictive loading value, VIP: variable importance into the projection, HETE: hydroxyeicosatetraenoic acid, LPA: lysophosphatidic acid, LPC:

lysophosphatidylcholine, LPE: lysophosphoethanolamine, LPI: lysophosphatidylinositol, PC: phosphatidylcholine, SM: sphingomyelin.
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Table 4. A list of metabolites significantly changing in the cinnamon/capsicum intervention study.

Metabolite Monoisotopic Mass RT Change [%] VIP Absolute
[Da] [min] p(corr)
Sphingosine-1-phosphate 379.2489 5.0 17 1.26 0.49
0
Sphinganine C17:0 287.282 4.2 1,758,409 2.1 0.88
Arachidonic Acid methyl ester 318.2559 8.0 688,141 1.32 0.58
Docosenamide 337.3343 7.4 15 2.43 0.99
9
LPC 14:0 467.3007 51 =27 1.13 0.48
LPC 16:0 495.3328 5.5 -100 1.52 0.64
LPC 18:2 519.3327 54 -8 1.79 0.79
LPC 20:1 549.3789 6.3 -34 1.50 0.67
LPE P-16:0 437.2904 5.8 -17 1.22 0.54
LPE P-19:1 477.3213 5.7 -29 2.01 0.87
LPE 20:3 503.3013 5.6 1,134,744 1.36 0.56
LPE 20:4 501.2858 53 -5 1.35 0.38
2
PC 32:4 757.5624 9.8 -5 1.05 0.44
9
PC36:2 807.5756 10.9 -9 1.38 0.54
9
PC 38:4 831.5747 10.2 -9 1.32 0.53
9
PC 40:6 855.5756 10.2 -9 1.62 0.66
0
PC 40:7 899.5623 10.5 2884 1.20 0.46
PC 16:0/20:4 963.5415 9.6 -8 1.50 0.42
8
PC 0-36:2 or PC P-36:1 771.6079 8.5 17,503 212 0.86
PC 0-40:5 or PC P-40:5 841.5964 10.2 -100 1.72 0.69
SM d34:2 846.4822 8.2 -2 2.43 0.86
7
SM d32:1 820.4666 8.0 -3 2.35 0.78
0
Positive/negative value of percent of change means higher/lower AUC of postprandial change of
metabolite level after cinnamon/capsicum capsule intake in comparison to placebo capsule intake.
Metabolites significant after HC meal in OW/OB vs. NW comparisons are bolded. The p(corr) and
VIP values were calculated based on the PLS-DA models. Variables with VIP > 1.0 and absolute
p(corr) > 0.4 were considered significant. RT: retention time, p(corr): predictive loading value, VIP:
variable  importance into  the  projection, LPC: Ilysophosphatidylcholine, = LPE:
lysophosphoethanolamine, PC:  phosphatidylcholine, PE: phosphoethanolamine, SM:
sphingomyelin. * Measured monoisotopic neutral mass (list of ions is provided in the
supplementary material).
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Figure 5. The metabolic pathways significantly matched with the discriminatory metabolites: (A)
for meal-dependent metabolites that changed postprandially, discriminating people with
overweight/obesity from lean individuals after a HC meal; (B) for metabolites significantly
changing in the cinnamon/capsicum intervention study. The pathway impact value (x-axis) was
obtained from pathway topological analysis, while the log(10) of the p-value (y-axis) was
obtained from pathway enrichment analysis. The most significant pathways are characterized by a
high -log10(p) value and the pathway impact value.

4. Discussion

Comprehensive untargeted metabolomic analysis of fasting and postprandial plasma samples was
carried out to investigate and compare the effects of HC/NC meal intake on the plasma metabolome of
people with overweight/obesity (OW/OB group) and people with normal weight (NW group).
Metabolites discriminating individuals from OW/OB and NW groups in a fasting state (Table 2) clearly
depicted the inherently different metabolic profiles of the two populations with different BMIs.
Discriminating metabolites mainly belong to lipids from the following classes: phosphatidylcholine
(PC), lysophosphatidylcholine (LPC), lysophosphatidylinositol (LPI), lysophosphatidic acid (LPA),
fatty acid amides (FAA), as well as hydroxyeicosatetraenoic acid. Additionally, changes in BCAA,
bilirubin, and piperidine were noted. Metabolic profile discriminating at baseline people with
overweight/obesity from people with normal weight mainly indicates dysregulated cellular lipid and
amino acid metabolism. It is known that people with obesity have two-fold higher lipolytic fluxes. The
increased lipolysis and lipolytic fluxes are mainly driven by increased activation/phosphorylation of
hormone-sensitive lipase (HSL) and decreased protein levels of the adipose triglyceride lipase (ATGL)
inhibitor GOS2. The increased expression levels of HSL and ATGL cause the enormous lipolysis per
kilogram of body weight in people with overweight/obesity resulting in the alteration of the fasting
metabolic profile [17]. In this study, several PCs were found decreased in individuals from the OW/OB
group in comparison to those from the NW group. Similar findings were also reported by Bagheri et al.
[18], observed reduced levels of long-chain PCs in the fasting plasma of individuals with
overweight/obesity. The increased plasma level of LPC 18:1 in subjects from the OW/OB group is also
in agreement with the work of Boulet et al. [19], observed a positive association between various LPC
and different anthropometric variables, i.e., BMI, body-fat mass, as well as subcutaneous and visceral
adipose tissue areas. Three LPIs (16:0, 18:0, and 18:1) were also found increased in participants from
the OW/OB group in comparison to subjects from the NW group. LPI plays a role as an endogenous
ligand of the cannabinoid receptor GPRS5 and is involved in many physiological actions of adipose
tissue biology. An increased plasma concentration of LPI is probably due to increased
phosphatidylinositol hydrolysis via the actions of the calcium-dependent phospholipase A2 and
calcium-independent phospholipase Al. The correlation of LPI and GPR55 showed that increased
concentration of LPI augmented the GPRS5 level in people with obesity, which is in turn in a positive
relationship with weight, BMI, and percent of fat mass [20]. Other lipid entities where plasma level at
baseline was found increased in participants with overweight/obesity compared to those from the NW
group include FAA (i.e., dodecanamide, linoleamide, and palmitoleamide). Together with
endocannabinoids and their metabolic enzymes, FAA constitute the endocannabinoid system. Many
studies have signalled the significance of the correct functionality of this system to maintain and
recover key physiological functions, including energy homeostasis [21].

Regarding amino acids, the fasting plasma level of two BCAA (leucine and valine) were also
found to discriminate OW/OB and NW groups. The results obtained for leucine are in line with the
previous studies reporting an increased concentration of BCAA in subjects with obesity in comparison
to patients with normal weight [22]. However, a decreased valine level was observed, which can be
explained by differences in ethnicity, sex, gene expression, and dietary patterns that influence the
BCAA level [23]. The impaired catabolism of BCAA prompts obesity through reduced expression of
branched-chain keto acid dehydrogenase and branched-chain aminotransferase. In short, this disrupted
fasting plasma metabolic profile of individuals with overweight/obesity can be an early predictor of
insulin resistance, impaired glucose tolerance, prediabetes, and even T2DM [24].

While comparing the metabolic response of both groups to specific meal types, the subjects from
the OW/OB group showed substantially perturbed postprandial metabolic response mainly after HC
meal consumption (Table 3). Most of these metabolites were phos-pholipids, sphingolipids, and FAA.
Among others, the AUC of several phospholipids (LPEs, LPCs, and LPIs), indoxylsulfuric acid, lactic
acid, or uric acid was significantly increased in individuals with OW/OB in comparison to lean subjects
after the consumption of the HC, but not the NC meal.
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For some metabolites (sphingosine 18:3, lauroyldiethanolamide, and palmitoyl N- isopropylamide), the
AUC was found significantly increased after the NC, but not the HC meal, while for others (Table S2)
significant differences in AUC between the studied groups were observed after both meals. For most
metabolites, an increased postprandial AUC in the OW/OB group in comparison to the NW group was
noted.

Many authors have reported similar results while investigating the effect of HC diet/meal intake
on the metabolome of vulnerable populations compared to healthy ones. Gonzalez-Granda et al. [25]
studied the effect of consuming high-fructose meals in obese-to-lean subjects and cited the marked
increase in phospholipid (PCs: 30:0, 32:1, 34:1, 34:3, 36:3, 38:3, 40:4, 40:5) and diacyl-LPC (14:1,
16:1) levels in obese individuals after the intake of high-fructose diets. Most of the meal-type
discriminatory metabolites (Table 2) were lipid entities, and postprandial AUC for these entities
accelerated in OW/OB subjects in response to the HC meal. These results suggest that a population
with higher BMI is more susceptible to dysregulation of lipid metabolism due to HC meal intake than
lean and/or NW individuals. These findings are consistent with the results of another published study
illustrating the lipidome of people with obesity and prediabetes, which reported perturbations in the
levels of several PL, LPC, LPE, LPI, SM, and ceramides in people with obesity [26]. In another study,
a diabetes-predicting model was published, indicating three phospholipids, i.e., LPC 18:2, PC 32:1, and
PC 34:2, as carly predictors of diabetes in the susceptible population [27]. These studies confirmed the
positive association of HC meals and plasma/serum levels of phospholipids, fatty liver index, and
weight gain. However, this relationship can be circumvented by adding healthy FA into a HC meal.
The long-term consumption of hypocaloric diets with healthy fats, i.e., omega-3 olive oil, significantly
improved the anthropometric measurements and fatty liver index, and decreased the PL in the obese
subjects with metabolic features [28].

Tulipani et al. [29] reported an inverse relationship of LPCs 17:0, 18:1, and 18:2 with the BMI,
body weight, hip circumference, and waist. This contradiction in findings might have arisen since
OW/OB individuals were found largely normoglycemic in this study. Additionally, carbohydrate type,
glycemic index, and quantity of intake were also consid-ered important for determining the overall
blood glucose, lipid metabolism, and metabolic response [30].

HC meal consumption significantly exacerbated the postprandial AUC of hydroxy stearic acid
and hydroxyeicosatetraecnoic acid (HETE) in people from the OW/OB group in comparison to those
from the NW group. The lipoxygenase and cyclooxygenase metabolize arachidonic acid to produce
HETES, leukotrienes, and prostaglandins [31]. HETE with its various isoforms (12(S)-HETE, 12(R)-
HETE, and 12(S)-HpETE) have been found to acti-vate the inflammatory markers (tumour necrosis
factor alpha-TNF or platelet-activating factor) and reduce the secretion of insulin by orchestrating the
local immune response and apoptosis in insulin-producing pancreatic -cells [32]. A higher postprandial
AUC of hydroxy stearic acid was also noticed in the OW/OB group. It is important to mention that low
levels of hydroxy stearic acid have been found to employ cytostatic effects on highly proliferating cells,
whereas its higher concentrations act as a strong inducer of apop-totic cell death by interfering with cell
cycle kinetics via interacting with cdc2 kinase [33]. Sphingolipids (with the exception for sphingosine
C18:3) are the group of metabolites for which postprandial AUCs were found decreased in OW/OB
subjects in comparison to NW subjects in response to a HC meal. Information about postprandial
changes in sphin-golipids is scarce. The level of sphingolipids was found to increase after a HFD in a
study by Fujisawa, Takami [34]. Contrarily, sphingosine 18:3 was increased in the OW/OB group
following a HC meal. Sphingosine is the key precursor of de novo biosynthesis pathways of ceramides.
Increased plasma concentrations of sphingosine and ceramides were noted in obese and insulin-
resistant Zucker rats, [35] and diabetic patients, [36]. Another metabolite for which postprandial change
was meal-dependent is androsterone sulphate. The AUC for this metabolite was found to be
significantly higher after the HC meal in OW/OB group participants. The relationship between steroid
hormones and obesity and T2DM has been discussed in the literature [37]. A higher serum level of
dehydroepiandrosterone, a precursor of androsterone, was found independently associated with a
decreased risk of T2DM development in healthy men and postmenopausal women [38]. The
postprandial AUC of indoxyl sulfate, a protein- bound uremic toxin known to induce oxidative stress
and pro-inflammatory effects [39], was found to increase in individuals from the OW/OB group in
comparison to those from the NW group after a HC meal. Indoxyl sulfate is also involved in forming
advanced glycation end products, which in turn promote the pathogenesis of metabolic syndrome,
cardiovascular diseases and chronic kidney disease [39]. These results confirmed that a HC meal
can make people with OW/OB more vulnerable to metabolic syndrome, cardiovascular diseases, and
chronic kidney disease. Moreover, we also noted higher postprandial AUC for lactic acid in response
to HC meal intake in individuals from the OW/OB group, consistent with the fact that lactic acidosis is
a common phenomenon in hyperglycemic human subjects [40].
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As can be seen (Table 3), the different response of people with OW/OB in comparison to NW
participants was mostly observed after the HC meal and discriminating metabolites were mostly lipids.
It has been shown that ingested capsaicinoids can prevent low-fat, high-carbohydrate diet-induced
obesity in rats [41]. Moreover, it has been shown that cinnamon extract regulates plasma levels of
adipose-derived factors and expression of multiple genes related to carbohydrate metabolism and
lipogenesis in fructose-fed rats [42]. The beneficial effects of both capsicum annum and cinnamon
supplementation on the components of metabolic syndrome [10] and management of diabetes [43],
respectively, have been re-viewed recently. As the literature data have indicated the different anti-
diabetic/obesity mechanisms of cinnamon and capsicum action [10,43], we decided to combine them
into one capsule and test their ability to diminish changes in plasma metabolome evoked by a HC meal
in people with OW/OB. As can be seen in Figure 3, AUCs for postprandial changes in metabolite levels
were different when the cinnamon/capsicum capsule was taken with a HC meal in comparison to
placebo capsule intake. Metabolites significantly affected by cinnamon/capsicum intake are presented
in Table 4. Additionally, in the last column of Table 3, we show how cinnamon/capsicum intake
affected metabolites signif-icantly in the meal-type study. As can be seen, for the most significant
metabolites after the HC meal, the opposite direction of change was observed in the
cinnamon/capsicum intervention, which indicates that these spices may diminish the effect evoked by a
HC meal. Although, considering exactly the same metabolites, only six that were significant after HC
meal intake were observed to be significant after cinnamon/capsicum interven-tion (bolded in Table 4);
performed pathway analyses (Figure 5 and Table S3) indicated that the metabolic pathways most
affected by the HC meal were also affected by cinna-mon/capsicum intake with the HC meal. Although
participants of both clinical studies were males with overweight or obesity, those from the
cinnamon/capsicum study were older and more insulin resistant. It may explain why the lists of
significant metabolites do not overlap more. However, high similarities of affected pathways, together
with the opposite direction of change in metabolites affected by a HC meal in comparison to a HC meal
taken with cinnamon/capsicum, indicate that these spices may regulate metabolic pathways perturbed
by such a meal in individuals with OW/OB. Last but not least, these findings confirm the nutritional-
therapeutic role of both cinnamon and capsicum, especially in vulnerable groups, which can be applied
via including them in regular food recipes regardless of food cultures, gastronomy, and culinary types.

5. Conclusions

This study illustrated a comparison of changes in the postprandial metabolic response to HC
meals in men with overweight/obesity. Several metabolites and metabolic path-ways were dysregulated
after a HC meal in people from the OW/OB group, but not in those from the normal weight group.
After the consumption of a HC meal by people with overweight/obesity, a substantial increase in AUC
was mainly noted for different classes of lipids. To evaluate the possibility of diminishing an
unfavourable postprandial metabolic response in individuals with overweight/obesity to a HC meal,
another human intervention was performed. Ingestion of cinnamon/capsicum was shown to diminish
metabolic changes evoked by a HC meal in men with OW/OB. The results were obtained from
relatively small study groups composed of male subjects; therefore, a future work aiming to validate
altered metabolites in a larger group of female and male participants or to evaluate the changes of
regulatory genes and key enzymes involved in these pathways, should be performed. In addition to
human studies, both in vitro and animal experiments could be performed to validate obtained results.
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9. Summary
Summary in English

Type 2 diabetes mellitus (T2DM) is a non-communicable and long-lasting hyperglycemic
condition that has turned into a global epidemic. It is mostly managed by glycemic control via
pharmacotherapeutic and evidence-based alternative approaches which come with a price and are
causatives of financial strains on global healthcare systems. Therefore, precision nutrition-based
approaches have recently been proposed as alternatives to prevent and/or treat T2DM and its
complications. Precision nutrition is a way of personalization of dietary and nutritional
recommendations. Although it is at the infancy stage, numerous dietary recommendations have
already been suggested. Considering macronutrients consumption, several human studies have been
reported unveiling comparable results of reduction in mean body weight, glycated haemoglobin,
low-and high- density lipoprotein cholesterol, insulin, and fasting plasma glucose after high-
carbohydrate (HC) and low-carbohydrate (LC) diet. Except macronutrients, inclusion of specific
food additives/spices in a diet may exert a positive effect in the prevention of weight gain and
T2DM development. An accumulated number of studies have demonstrated that cinnamon and
capsicum have prebiotic, hypoglycemic, hypolipidemic, antioxidative, and anti-inflammatory effects
and improve glycemic control, hyperlipidemia, and insulin resistance. However, the effects of
different meal types and/or cinnamon and capsicum intake on plasma metabolome are unknown,
which is also a prerequisite to unveil the mechanism behind weight management. Therefore,
primarily, placebo-controlled randomized clinical trial was conducted to check the effect of HC and
LC meals on plasma metabolome of lean and overweight/obese (OW/OB) participants. Secondly,
another clinical trial was conducted in which the effects of cinnamon/capsicum intake on plasma
metabolome affected by a HC meal consumption by OW/OB individuals was evaluated. The first
study was performed on 24 male subjects divided into two subgroups (12 subjects per group):
normal weight (3549 years old) or OW/OB (38+6 years old). The participants with chronic diseases,
a history of smoking and taking any medications were not allowed. The volunteers participated in
two meal-challenge tests visits in a cross-over design with 2-3 weeks intervals. On the visit-day
from each participant fasting blood sample was collected and after that subjects received
a standardized HC or NC meal (both from Nutricia, Poland). In the second study a total of 20
OW/OB male subjects (BMI>25.0 kg/m?, 46+8 years old) took part in the HC-meal challenge study
with cinnamon and capsicum. The exclusion criteria, the protocols applied and meal-challenge test
conditions were as in the first study. The participants received a meal and one of two investigated
products (cinnamon+capsicum, or placebo, in a randomized order). An HC meal was composed of
wheat roll (100g), fruit jam (50g) and juice (200ml). In both studies, additionally to the fasting
blood sample, blood was collected 30, 60, 120, and 180 minutes after a meal. Collected blood was
used to prepare plasma samples. Obtained plasma was fingerprinted using LC-QTOF-MS. Based on
each metabolic feature‘s intensity change in time, the area under the curve (AUC) was calculated.
Obtained AUCs were analyzed using multivariate statistics. The identity of significant metabolites
was confirmed by analysis of metabolite's standards (if available) or based on the MS/MS spectra
match. Several metabolic pathways were found dysregulated after an HC meal in people from the
OW/OB group but not the NW group. The consumption of HC meals by people with
overweight/obesity led to a substantial increase in AUC, mainly for metabolites belonging to
phospholipids and fatty acid amides. The opposite was observed for selected sphingolipids. The
intake of cinnamon and capsicum normalized the concentration of selected altered metabolites
induced by the intake of HC meals. A HC meal may induce an unfavourable postprandial metabolic
response in individuals with overweight/obesity, and such persons should avoid HC meals.
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Summary in Polish (Streszczenie)

Cukrzyca typu 2 (T2DM) to niezakazna choroba przewlekla -charakteryzujaca si¢
hiperglikemia. Ze wzgledu na jej duza czestos¢ wystgpowania mowi si¢ teraz o globalnej epidemii
cukrzycy. Leczenie pacjentow z T2DM opiera si¢ na farmakoterapii, co jest obcigzeniem budzetu
pacjentow i/lub systemu opieki zdrowotnej. Dlatego obecnie coraz szerzej bada si¢ mozliwosé
opracowania spersonalizowanych zalecen dietetycznych jako alternatywe w zapobieganiu i/lub
leczeniu T2DM 1 jej powiktan. Chociaz opracowanie strategii terapeutycznych na bazie
spersonalizowanej dietoterapii wymaga jeszcze wiele pracy, to dostgpny jest juz szereg badan na
ludziach w ktorych oceniano konsekwencje spozycia poszczegolnych makrosktadnikéw. Ich wyniki sg
podobne, zaobserwowano zmniejszenie $redniej masy ciata, hemoglobiny glikowanej, cholesterolu,
insuliny oraz st¢zenia glukozy na czczo zarowno u 0so6b na diecie wysokoweglowodanowej (WW) jak
1 niskoweglowodanowej (NW). Oprécz makrosktadnikow odzywczych wlaczenie do diety okre§lonych
dodatkow do zywnoSci/przypraw moze mie¢ pozytywny wplyw na zapobieganie przyrostowi masy
ciata i rozwojowi T2DM. Co raz wigcej badan wskazuje, ze cynamon i ostra papryka wykazuja
dzialanie prebiotyczne, hipoglikemiczne, hipolipidemiczne, przeciwutleniajace 1 przeciwzapalne oraz
poprawiaja kontrole glikemii, profil lipidowy i wrazliwo$¢ na insuling. Jednak wptyw réznych
rodzajow positkow i/lub spozycia cynamonu i papryki na metabolom osocza jest nieznany, a badania
tego typu moga przyczyni¢ si¢ do poznania mechanizméw biochemicznych regulujacych mase ciata
i rozwoj cukrzycy. W zwigzku z powyzszym przeprowadziliSmy dwa badania randomizowane
kontrolowane placebo. W pierwszym zbadali§my wplyw positkow WW 1 NW na metabolom osocza
0s6b szczuptych i z nadwaga/otytoscia (OW/OB). W drugim za§ wplyw spozycia cynamonu i papryki
na metabolom osocza os6b z OW/OB, ktore spozyty positek WW. Pierwsze badanie przeprowadzono
na 24 me¢zczyznach, ktorych podzielono na dwie podgrupy po 12 osoéb: i) prawidlowa masa ciata
(3549 lat), i1) OW/OB (38+6 lat). Do kryteriow wykluczajacych nalezaty: wystgpowanie choroby
przewlektej, palenie papierosOw 1 przyjmowanie jakichkolwiek lekéw. Ochotnicy uczestniczyli
w dwoch wizytach w odstgpach 2-3 tygodni. W dniu wizyty od kazdego uczestnika pobierano probke
krwi na czczo. W pierwszym badaniu po pobraniu krwi uczestnik otrzymywal wystandaryzowany
positek HC lub NC (Nutricia, Polska). W drugim badaniu wzig¢lo udzial tacznie 20 mezczyzn
z OW/OB (BMI>25,0 kg/m2, 4648 lat), ktorzy otrzymali positek WW poprzedzony przyjeciem
kapsulki zawierajacej cynamon 1 ostra papryke lub placebo. Kryteria wykluczenia, procedury
1 warunki przeprowadzenia testu z positkiem byly takie same jak w pierwszym badaniu. W badaniu
drugim positek WW sktadat si¢ z butki pszennej (100 g), dzemu owocowego (50 g) i soku (200 ml).
W obu badaniach oprocz probki krwi na czczo pobierano krew 30, 60, 120 1 180 minut po spozyciu
positku. Pobrang krew wykorzystano do przygotowania probek osocza. Otrzymane osocze poddano
niecelowanej analizie metabolomiczne; przy uzyciu LC-QTOF-MS. Na podstawie zmiany
intensywnosci kazdej cechy metabolicznej w czasie obliczono pole pod krzywa (AUC). Uzyskane
AUC analizowano przy uzyciu statystyk wielowymiarowych. Identyfikacja istotnych statystycznie
metabolitow zostatla potwierdzona analiza standardow (jesli byly dostepne) lub na podstawie
dopasowania widm MS/MS znajdujacych si¢ w ineternetowych bazach danych. Zaobserwowano
zaburzenia kilku szlakéw metabolicznych po spozyciu positku WW u os6b z grupy OW/OB, ale nie
u o0sob szczuptych. Spozywanie positkéw WW przez osoby z nadwaga/otyloscig prowadzito do
znacznego wzrostu AUC gléwnie takich metabolitow jak fosfolipidy i amidy kwasow tluszczowych.
W przypadku wybranych sfingolipidow zaobserwowano efekt odwrotny. Przyjecie cynamonu 1 ostrej
papryki przed spozyciem positku WW normalizowato poziom metabolitow, ktore ulegaty zmianom
wskutek spozycia positku WW. Spozywanie positkow WW moze wywota¢ niekorzystng popositkowa
odpowiedz metaboliczng u oséb z nadwaga/otytoscig i osoby takie powinny unika¢ tego rodzaju
positkow.
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12. Consent from the Bioethics Committee

UNIWERSYTET MEDYCZN,
w Biatymsioku
KOMISJA BIOETYCZNA
15-089 Biatystok, ul. Jana Kilinskic o 1

Uchwata nr: R-1-002/35/2009 29-01-2009r.

Komisja Bioetyczna Uniwersytetu Medycznego w Bialymstoku, po
zapoznaniu si¢ z projektem badania zgodnie z zasadami GCP
/ Guidelines for Good Clinical Practice -wyraza zgode¢/na
prowadzenie  tematu  badawczego: ,Analiza genetycznych
uwarunkowan odpowiedzi metabolicznej na dietg o réznej zawartosci
weglowodanéw, biatek i tluszczy. Poszukiwanie genetycznych
markeréw do indywidualizacji zywienia pacjentéw z otyloscia i
cukrzyca typu 2” przez prof. dr hab. Mari¢ Gorska wraz z zespolem

badawczym.
p/\
a’ Hassmann-Poznanska
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BIOETYCZN

K, ul. Jana Kilifekisgo 1

Uchwata nr: R-1-002/314/2018

Komisja Bioetyczna Uniwersytetu Medycznego w Biatymstoku, po
zapoznaniu sie z projektem badania zgodnie z zasadami GCP/ Guidelines for
Good Clinical Practice /- wyraza zgode na prowadzenie tematu
badawczego: ,,Opracowanie preparatu o wiasciwosciach wptywajacych na
poprawe parametréw metabolicznych u o0soéb z otyloscig i zaburzeniami
gospodarki weglowodanowej” przez dr n. med. Edyte Adamska-Patruno wraz
z zespotem badawczym z UMB.

s
/
/

Przewodniczaca Ko;msji"Bioetycznej UMB

prof. dr hab. Otylia Kowal-Bielecka
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bB1alyStoK, 31-U1-201Y
INIWERSYTET MEDYCZNY y !
w Bialymstoku
KOMISJA BIOETYCZNA

5089 Biaysiok UDIRKINSIEE \ ber: R-1-002/95/2019

The Bioethics Committee of Medical University of Bialystok, after getting
acquainted with the research project in accordance with the principles of
GCP/Guidelines for Good Clinical Practice/ approves the research project
entitled :,Intervention of newly designed nutraceutical from cinnamon and
capsicum on serum metabolome of obese and type 2 diabetic patients” to be
conducted by Ahsan Hameed and study team from MUB.

Chair of the Bioe Committee
Prof. Otylia Kéwal-Bielecka
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