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1. Wykaz stosowanych skrotow

3-HAA 3-hydroxyanthranilic acid kwas 3-hydroksyantranilowy
3-HK 3-hydroxykynurenine 3-hydroksykinurenina
3-NT 3-nitrotyrosine 3-nitrotyrozyna
4-HNE 4-hydroxy-2-nonenal 4-hydroksy-2-nonenal
5-HIAA 5-hydroxyindoleacetic acid kwas 5-
hydroksyindolooctowy
5-HT serotonin serotonina
8-OHdG 8-hydroxy-2-deoxiguanosine | 8-hydroksy-2-
deoksyguanozyna
8-0x0-Guo | 8-ox0-7,8-dihydroguanosine | 8-okso-7,8-dihydroguanozyna
ACE angiotensin-converting enzym konwertujacy
enzyme angiotensyne
ACTH adrenocorticotropic hormone | hormon
adrenokortykotropowy
AD Alzheimer’s disease choroba Alzheimera
ADH antidiuretic hormone hormon antydiuretyczny
AGE advanced glycation end- zaawansowane koncowe
products produkty glikacji
ALT alanine aminotransferase aminotransferaza alaninowa
AOPP advanced oxidation protein zaawansowane produkty
products utleniania biatek
APP acute phase proteins biatka ostrej fazy
AST aspartate aminotransferase aminotransferaza
asparaginianowa
ATP adenosine triphosphate adenozynotrifosforan
BDI Beck depression inventory skala depresji Becka
BDNF brain-derived neurotrophic czynnik neurotroficzny
factor pochodzenia mézgowego
BMI body mass index wskaznik masy ciata
BPD bipolar disorder zaburzenie afektywne
dwubiegunowe
Ca* calcium ions jony wapnia
cCAMP cyclic adenosine cykliczny monofosforan
monophosphate adenozyny
CAT catalase katalaza
CD4 cluster of differentiation 4 antygen réznicowania
komoérkowego 4
CD8 cluster of differentiation 8 antygen réznicowania

komoérkowego 8




CIRS compensatory immune- kompensacyjny system
regulatory reflex system immunoregulacji
COMT catechol-O-methyltransferase | katecholo-O-
metylotransferaza
CoQ coenzyme Q koenzym Q
CRE cyclic adenosine czynnik odpowiedzi
monophosphate response cyklicznego monofosforanu
elements adenozyny
CREB cyclic adenosine biatko wigzace czynnik
monophosphate response odpowiedzi cyklicznego
element binding protein monofosforanu adenozyny
CRF corticotropin-releasing factor | czynnik uwalniajacy
kortykotropine
CRH corticotropin-releasing hormon uwalniajacy
hormone kortykotroping
CRP C-reactive protein biatko C-reaktywne
CSF cerebrospinal fluid ptyn mézgowo-rdzeniowy
CVvD cardiovascular disease choroba uktadu krazenia
DA dopamine dopamina
DALYs disability-adjusted life years | lata zycia skorygowane 0
niepelnosprawnos¢
DHEA dehydroepiandrosterone dehydroepiandrosteron
DNA deoxyribonucleic acid kwas dezoksyrybonukleinowy
DSM-5 Diagnostic and Statistical Podrecznik Diagnostyczny i
Manual — 5th Edition Statystyczny — wydanie 5
DST dexamethasone suppression test hamowania
test deksametazonem
ECT electroconvulsive therapy terapia elektrowstrzasowa
EEG electroencephalography elektroencefalografia
EPA eicosapentaenoic acid kwas eikozapentaenowy
ESR erythrocyte sedimentation rate | odczyn Biernackiego
FGF-2 fibroblast growth factors 2 czynniki wzrostu fibroblastow
2
GABA gamma-aminobutyric acid kwas gamma-aminomastowy
GDNF glial cell line derived czynnik neurotroficzny
neurotrophic factor pochodzenia glejowego
GH growth hormone hormon wzrostu
GPx glutathione peroxidase peroksydaza glutationowa
GSH reduced glutathione zredukowany glutation
GSK-3 glycogen synthase kinase 3 kinaza syntazy glikogenu 3
HAM-A Hamilton anxiety rating scale | skala oceny lgku Hamiltona




HAM-D Hamilton depression rating skala oceny depresji
scale Hamiltona
HDRS Hamilton depression rating skala oceny depresji
scale Hamiltona
HDL high-density lipoprotein lipoproteina o wysokiej
gestosci
HPA hypothalamus—pituitary— podwzgorze-przysadka-
adrenal nadnercza
hsCRP high sensitivity C-reactive biatko C-reaktywne o
protein wysokiej czuto$ci
HVA homo-vanillic acid kwas homowaniliowy
ICD-11 International Classification of | Migdzynarodowa Klasyfikacja
Diseases, 11th edition Chorob, wydanie 11
IDO indoleamine 2,3-dioxygenase | 2,3-dioksygenaza indoloaminy
IFN-y interferone y interferon y
IGF-1 insulin-like growth factor-1 insulinopodobny czynnik
wzrostu 1
IGFBP1 insulin-like growth factor- biatko wiazace
binding protein 1 insulinopodobny czynnik
wzrostu 1
IGFBP2 insulin-like growth factor- biatko wigzace
binding protein 2 insulinopodobny czynnik
WZrostu 2
IgG immunoglobulin G immunoglobulina G
IgM immunoglobulin M immunoglobulina M
IL-1 interleukin 1 interleukina 1
IL-1P interleukin 15 interleukina 13
IL-1RA interleukin 1 receptor antagonista receptora
antagonist interleukiny 1
IL-2 interleukin 2 interleukina 2
IL-2R interleukin 2 receptor receptor interleukiny 2
IL-3 interleukin 3 interleukina 3
IL-4 interleukin 4 interleukina 4
IL-6 interleukin 6 interleukina 6
IL-6R interleukin 6 receptor receptor interleukiny 6
IL-8 interleukin 8 interleukina 8
IL-10 interleukin 10 interleukina 10
IL-12 interleukin 12 interleukina 12
IL-13 interleukin 13 interleukina 13
IL-18 interleukin 18 interleukina 18
INOS cytokine-inducible nitric oxide | syntaza tlenku azotu

synthase

indukowana cytokinami




IRS Immune-inflammatory uktad odpowiedzi
response system odpornosciowo-zapalnej
JAK-STAT | Janus kinases-signal przetwornik sygnatu i
transducer and activator of aktywator transkrypcji kinaz
transcription janusowych
KN kynurenine Kinurenina
KYN kynurenine Kinurenina
KYNA kynurenic acid kwas kinurenowy
LDL low-density lipoprotein lipoproteina o niskiej gestosci
IncRNA long non-coding RNA dhugi niekodujacy RNA
LPS lipopolysaccharide lipopolisacharyd
LTP long-term potentiation dhugotrwale wzmocnienie
synaptyczne
LTT lymphocyte transformation test transformacji limfocytow
test
MADRS Montgomery-Asberg skala oceny depresji
depression rating scale Montgomery-Asberg
MAO-B monoamine oxidase B oksydaza monoaminowa B
MAP microglial activation and aktywacja i proliferacja
proliferation mikrogleju
MAPK/ERK | mitogen-activated protein kinazy biatkowe aktywowane
kinase/extracellular signal- mitogenem/
regulated kinases zewnatrzkomorkowe Kinazy
regulowane sygnatem
MCP1/CCL2 | monocyte chemoattractant biatko chemotaktyczne
protein 1/chemokine ligand 2 | monocytow-1/ligand
chemokinowy 2
MDA malonylodialdehyde malonylodialdehyd
MDD major depressive disorder depresja
MHPG 3-methoxy-4- glikol 3-metoksy-4-
hydroxyphenylglycol hydroksyfenylowy
MIF macrophage migration czynnik hamujacy migracje
inhibitory factor makrofagow
MPO myeloperoxidase mieloperoksydaza
NA noradrenaline noradrenalina
NAA N-acetylaspartate N-acetyloasparaginian
N-ACC N-acetylo-cysteine N-acetylo-cysteina
NFKN N-formylkynurenine N-formylokinurenina
NGF nerve growth factor czynnik wzrostu nerwow
NK natural Killer naturalny zabojca
NKCA natural Killer cell activity aktywnos$¢ komorek NK
NMD non-melancholic depression depresja niemelancholiczna




NMDAR N-methyl-D-aspartate receptor N-metylo-D-
receptor asparaginianu
NNOS neuronal nitric oxide synthase | neuronalna syntaza tlenku
azotu
NOS nitric oxide synthase syntaza tlenku azotu
O&NS oxidative and nitrosative stres oksydacyjny i nitrozowy
stress
OPN osteopontin osteopontyna
CNS central nervous system osrodkowy uktad nerwowy
oxLDL oxidized low-density utlenione lipoproteiny o mate;j
lipoprotein gestosci
PET positron emission tomography | pozytonowa tomografia
emisyjna
PUFA polyunsaturated fatty acid wielonienasycony kwas
thuszczowy
QA quinolinic acid kwas chinolinowy
RA rheumatoid arthritis reumatoidalne zapalenie
stawow
RANK receptor activator of nuclear | aktywator receptora czynnika
factor x-B jadrowego k-B
RANKL receptor activator of nuclear | aktywator receptora liganda
factor x-B ligand czynnika jadrowego k-B
RDoC Research Domain Criteria Inicjatywa kryteriow domeny
Initiative badawczej
RNA ribonucleic acid kwas rybonukleinowy
RNS reactive nitrogen species reaktywne formy azotu
ROC AUC | area under the receiver obszar pod krzywa
operating characteristic curve | charakterystyki pracy
odbiornika
ROS reactive oxygen species Reaktywne formy tlenu
sIL-2R soluble interleukin 2 receptor | rozpuszczalny receptor
interleukiny 2
sIL-6R soluble interleukin 6 receptor | rozpuszczalny receptor
interleukiny 6
SNRI selective serotonin- selektywny inhibitor
norepinephrine reuptake wychwytu zwrotnego
inhibitor serotoniny i noradrenaliny
SOD superoxide dismutase dysmutaza ponadtlenkowa
SSRI selective serotonin reuptake selektywny inhibitor

inhibitor

wychwytu zwrotnego
serotoniny




STNF-R1 soluble tumor necrosis factor | rozpuszczalny receptor
receptor 1 czynnika martwicy
nowotworu 1
STNF-R2 soluble tumor necrosis factor | rozpuszczalny receptor
receptor 2 czynnika martwicy
nowotworu 2
TAC total antioxidant capacity catkowita zdolno$¢
antyoksydacyjna
TBARS thiobarbituric acid reactive substancje reagujace z
substances kwasem tiobarbiturowym
TC total cholesterol cholesterol calkowity
TCA tricyclic antidepressants trojpierscieniowe leki
przeciwdepresyjne
TGA triglycerides trojglicerydy
TGF-B transforming growth factor f | transformujacy czynnik
wzrostu 8
TNF-a tumour necrosis factor « czynnik martwicy nowotworu
o
TOS total oxidant status catkowity status oksydacyjny
TRD treatment-resistant depression | depresja oporna na leczenie
Tregs regulatory T cells limfocyty T regulatorowe
TRP tryptophan tryptofan
TRY tryptophan tryptofan
TRYCAT tryptophan catabolites katabolity tryptofanu
TSH thyroid-stimulating hormone | hormon stymulujacy tarczyce
VEGF vascular endothelial growth czynnik wzrostu $rédblonka
factor naczyn
WHO World Health Organization Swiatowa Organizacja

Zdrowia




2. Wykaz publikacji stanowigcych rozprawe doktorska

Praca przegladowa:
1. Aleksander Nobis, Daniel Zalewski, Napoleon Waszkiewicz: Peripheral
Markers of Depression. Journal of Clinical Medicine 2020. 9 (12) 3793.
Doi: 10.3390/jcm9123793

IF = 4,242, MNISW = 140
Praca oryginalna:
1. Aleksander Nobis, Daniel Zalewski, Eliza Samaryn, Mateusz Maciejczyk,
Anna Zalewska, Napoleon Waszkiewicz: Urine 3-Nitrotyrosine and Serum
HDL as Potential Biomarkers of Depression. Journal of Clinical Medicine

2023. 12 (1) 377. Doi: 10.3390/jcm12010377

IF =3,9, MNISW = 140

3. Zestawienie publikacji doktoranta

Rodzaj publikacji Liczba Impact factor Punktacja
MNiSW
Prace wiaczone do 2 8,142 280

rozprawy doktorskiej

Prace, ktore nie zostaty | 2 2,658 30
wlaczone do rozprawy
doktorskiej

Razem 4 10,8 310




4. Wstep

Depresja (zaburzenie depresyjne, ang. Major Depressive Disorder, MDD) jest
jednym z najczesciej wystepujacych zaburzen psychicznych na $wiecie. Szacuje
sie, ze dotyka ona 350 milionow osob, czyli okolo 5% S$wiatowej populacjil.
Charakteryzuje si¢ wysokim odsetkiem samobodjstw oraz duza liczbg lat zycia
skorygowanych niesprawnoscia (DALY)?2. Depresja znacznie obniza jakoé¢ zycia
pacjenta, stanowigc istotne wyzwanie dla systemow ochrony zdrowia na calym
$wiecie. Rozpoznanie epizodu depresji, wg. Migdzynarodowej Klasyfikacji
Chorob, wydania 11 (ICD-11), ustala si¢ na podstawie wspotistnienia szeregu
objawoOw, ktore utrzymuja si¢ w sposob staty lub przez wickszos¢ dni, przez okres
co najmniej dwoch tygodni. Do rozpoznania konieczne jest stwierdzenie U
pacjenta obnizonego nastroju (lub utraty zainteresowan i odczuwania
przyjemnosci) oraz co najmniej pigciu sposroéd objawow dodatkowych (trudnosci
z koncentracja, poczucie bezwartoSciowosci lub nieadekwatne poczucie winy,
uczucie beznadziei, nawracajgce mysli o $mierci lub samobojstwie, zmiany W
zakresie apetytu lub snu, agitacja lub spowolnienie psychoruchowe oraz obnizony
poziom energii lub wzmozona me¢czliwos¢). W przypadku wystgpienia w ciggu
zycia kolejnego epizodu depresji, rozpoznanie zmieniane jest na zaburzenia

depresyjne nawracajace®.

Roznorodno$¢ manifestacji klinicznych MDD stanowi wyzwanie w diagnostyce
réznicowej choroby, a etiopatogeneza zaburzenia jest wieloczynnikowa i ztoZona.
W dalszym ciggu pozostaje ona nie w peini wyjasniona. Wskazuje si¢ na wptyw
czynnikow psychologicznych, spotecznych i biologicznych na powstawanie
depresji. Posrod czynnikéw biologicznych majgcych wplyw na ujawnienie si¢
depresji, nalezy wymieni¢ predyspozycje genetyczne, zaburzenia przekaznictwa
monoaminergicznego, rozregulowanie osi stresu (podwzgorze — przysadka —

nadnercza) oraz stan nierbwnowagi pomiedzy procesami zapalnymi i



przeciwzapalnymi. Stres oksydacyjny i nitrozowy (O&NS), Scisle powigzany z
procesami zapalnymi, jest rowniez wymieniany jako jeden z kluczowych
czynnikow biologicznych zaangazowanych w powstawanie depresji®. Stres
oksydacyjny to utrzymujacy si¢ stan zaburzenia rownowagi pomig¢dzy systemami
obrony antyoksydacyjnej a uszkodzeniami powodowanymi przez reaktywne
formy tlenu (ROS), na korzys¢ tych drugich. Reaktywne formy tlenu stanowia
produkt uboczny mitochondrialnego tancucha oksydacyjnego. Do gtéwnych ROS
nalezg nadtlenek wodoru, rodnik hydroksylowy i anion ponadtlenkowy®. Nalezy
podkresli¢, ze mozg jest organem szczegodlnie narazonym na uszkodzenia
zwigzane ze stresem oOksydacyjnym ze wzgledu na duze zuzycie tlenu w
przeliczeniu na jednostke masy ciata, wysoka zawarto$¢ nienasyconych kwasow
thuszczowych oraz ograniczone dziatanie systemu obrony antyoksydacyjnej. Stres
nitrozowy natomiast jest miarg szkodliwego wptywu wywieranego na komorki
organizmu przez reaktywne formy azotu (RNS). Przyktadami RNS sg tlenek azotu
I peroksyazotyn. W tkance mozgowej pobranej post mortem od pacjentow z
depresja stwierdzono wysoka zawarto$¢ reaktywnych form tlenu i azotu®. W
warunkach fizjologii ROS i RNS sa neutralizowane przez organizm na kilka
sposobdw. Jednym z nich jest tzw. wymiatanie wolnych rodnikow, np. poprzez
zredukowany glutation. Innym - dezaktywacja enzymatyczna, np. poprzez
dysmutaze ponadtlenkowa (SOD), peroksydaze glutationowg (GPx) i katalaze
(CAT). Stres oksydacyjny i nitrozowy, do pewnego stopnia, podlega autoregulacji
w petli ujemnego sprzezenia zwrotnego. Wzajemne oddziatlywanie na siebie
systemOw pro- i antyoksydacyjnych w depresji zostalo szczegdtowo opisane
przez Maesa i Carvalho’. W sytuacji niedostatecznego rOwnowazenia procesOw
oksydacyjnych przez uklady antyoksydacyjne, ROS i RNS uszkadzaja
makroczasteczki  komorkowe, takie jak  biatka, lipidy 1 kwas
deoksyrybonukleinowy (DNA). Prowadzi to do powstawania tzw. neoepitopow,
ktore powodujg wzmozong odpowiedZ autoimmunologiczng ustroju, czym

przyczyniaja si¢ do nasilenia stanu zapalnego. Obecnos¢ takich uszkodzen zostata



potwierdzona u pacjentdw cierpiacych na depresje®. Istnieja dowody na to, ze
MDD moze byé rowniez postrzegana jako choroba neurodegeneracyjna’®.
Aktywowane szlaki O&NS sprzyjaja nasileniu procesu neurodegeneracji w
obrebie osrodkowego uktadu nerwowego (CNS). Swoj udzial majg tu rdzne
mechanizmy, m.in. bezposredni szkodliwy wpltyw ROS i RNS na tkanke
mobzgowsa, zaostrzenie procesow zapalnych w obrebie CNS, jak rowniez
neurotoksyczne dziatanie metabolitéw powstajacych w wyniku aktywowanego
przez ROS szlaku kinureninowego. Stres oksydacyjny i neurodegeneracja sg ze
sobg $cisle powigzane. Stres oksydacyjny odgrywa istotna role w etiologii chorob
neurodegeneracyjnych, takich jak choroba Alzheimera (AD), charakteryzujaca
si¢ obecnoscig ptytek amyloidu- w tkance mozgowej. Co ciekawe, dowiedziono,
ze depresja, szczegdlnie pojawiajgca si¢ po raz pierwszy w starszym wieku, jest
prodromem i czynnikiem ryzyka wystapienia AD. Ponadto, czgs¢ objawdéw MDD
przypomina objawy wystepujace w AD. Z tego wzgledu przeprowadzano
oznaczenia B-amyloidu u osob cierpigcych na depresje, zwlaszcza u starszych
pacjentdéw, uzyskujac jednakze sprzeczne wyniki badan!''?, W wickszo$ci badan
z wykorzystaniem pozytonowej tomografii emisyjnej (PET), w korze mozgowej
pacjentow w podesztym wieku chorujacych na depresje stwierdzono wyzsze
poziomy zlogdéw B-amyloidu*®°, choé¢ odnotowano roéwniez przeciwstawne

wyniki badan!®!’,

Wyzwaniem w procesie diagnostycznym i terapeutycznym w psychiatrii jest
niejednokrotnie brak obiektywnych, biologicznych wyktadnikéw choroby
psychicznej. Z tego powodu proces diagnostyczny w psychiatrii opiera si¢ w
glownej mierze na informacjach uzyskanych od pacjenta i jego rodziny oraz
obserwacji zachowania chorego. Sprawia to, ze ostateczna diagnoza, inaczej niz
w wielu innych dziedzinach medycyny, jest oparta na, w pewnym stopniu
subiektywnej, ocenie lekarza. Wspotczesne badania naukowe w dziedzinie

psychiatrii, koncentrujg si¢ m.in. na poszukiwaniu biomarkeréw zaburzen



psychicznych. Obecnos¢ dobrze zdefiniowanych, zwalidowanych biomarkerow
moze pozwoli¢ na obiektywizacj¢ diagnozy oraz zaproponowanie pacjentom
bardziej spersonalizowanego leczenia. Rosnaca liczba dowoddéw naukowych
wskazuje na istnienie szeregu biochemicznych markerow MDD, na podstawie
ktérych mozna odrozni¢ pacjentow chorujagcych na depresje od zdrowej
populacji'®®. Niektére z nich moga znalezé zastosowanie w Mmonitorowaniu
odpowiedzi na leczenie lub przewidywaniu zwigckszonego ryzyka wystgpienia
depresji, zanim jeszcze si¢ ona ujawni?’. Markery nasilenia stresu oksydacyjnego
1 nitrozowego moga by¢ interesujagce w kontekscie diagnozowania i leczenia
depresji oraz glgbszego rozumienia mechanizméw  patogenetycznych
odpowiedzialnych za ujawnienie si¢ zaburzenia. Potencjalnymi zroédiami
biomarkeréw moga by¢ rézne ptyny ustrojowe, jak krew, mocz czy S$lina.
Wigkszo$§¢ badan dotyczacych biomarkerow MDD koncentruje si¢ na
czasteczkach obecnych we krwi pacjentoéw. Na przyktad metaanaliza Carvalho i
in. 2! wskazuje na kilka obiecujgcych biomarkeréw depresji — interleuking 6 (IL-
6), bialko C-reaktywne (CRP), czynnik martwicy nowotworow o (TNF-a),
malonodialdehyd (MDA), F2-izoprostany, glutaminian, cholesterol calkowity
(TC), czynnik neurotroficzny pochodzenia mozgowego (BDNF), czynnik
wzrostu fibroblastow-2 (FGF-2) i insulinopodobny czynnik wzrostu 1 (IGF-1).
Biomarkery oznaczane w moczu stanowig interesujgcg alternatywe dla
biomarkerow z Krwi, ze wzgledu na prosty i nieinwazyjny sposob pobierania
materiatu biologicznego oraz fakt, ze stg¢zenie biomarkeréw w moczu moze

przynajmniej czesciowo odzwierciedlac ich stezenie we krwi.

5. Cel rozprawy doktorskiej

Celem pracy bylo poszukiwanie potencjalnych obwodowych biomarkerow
depresji.



6. Omoéwienie prac sktadajacych si¢ na prace doktorska

6.1 Praca przegladowa pt. ,,Peripheral markers of depression”

Celem pracy byl szeroki przeglad dostepnej literatury naukowej dotyczacej
biomarkeréw depresji, z zamiarem uwzglednienia jak najszerszego spektrum

réznych biomarkerow opisywanych w tym zaburzeniu.

W pracy zostaty opisane markery stanu zapalnego, takie jak CRP, IL-6, TNF-a i
rozpuszczalny receptor dla interleukiny 2 (sIL2R) oraz markery stresu
oksydacyjnego i nitrozowego, w tym markery peroksydacji lipidow.
Uwzgledniono tez markery $wiadczace o rozregulowaniu osi stresu, m.in.
zwickszony poziom kortyzolu, a takze markery nalezace do metabolitow szlaku
Kinureninowego. Zwrécono uwage na zaburzenia stgzen czynnikow wzrostu,
m.in. obnizone st¢zenie BDNF i podwyzszone st¢zenia FGF-2 i IGF-1, a takze na
zwigkszone stezenie glutaminianu i obnizone stezenie TC. Ponadto, w pracy
zawarto szeroki przeglad innych potencjalnych biomarkeréw, wraz z opisem

niektorych kluczowych mechanizmow patofizjologicznych.

Na dzien 17.08.2023 praca uzyskata 116 cytowan wedtug bazy PubMed.

Szczegotowe informacje dotyczace celu pracy, metod oraz wnioskéw zostaly

zaprezentowane w pracy przegladowej wchodzacej w sktad rozprawy doktorskie;:

Aleksander Nobis, Daniel Zalewski, Napoleon Waszkiewicz: Peripheral
Markers of Depression. Journal of Clinical Medicine 2020. 9 (12) 3793. Doi:
10.3390/jcm9123793



6.2 Praca oryginalna pt. ,,Urine 3-Nitrotyrosine and Serum HDL as Potential
Biomarkers of Depression”

Szczegbdtowe informacje dotyczace celu pracy, materiatow 1 metod, wynikow oraz
wnioskow zostaly zaprezentowane w pracy oryginalnej wchodzacej w skiad

rozprawy doktorskiej:

Aleksander Nobis, Daniel Zalewski, Eliza Samaryn, Mateusz Maciejczyk, Anna
Zalewska, Napoleon Waszkiewicz: Urine 3-Nitrotyrosine and Serum HDL as
Potential Biomarkers of Depression. Journal of Clinical Medicine 2023. 12 (1)
377. Doi: 10.3390/jcm12010377

6.2.1 Cel pracy

Celem pracy byta ocena markeré6w nasilenia stresu oksydacyjnego 1 nitrozowego
oraz B-amyloidu w moczu oraz wybranych parametrow biochemicznych w
surowicy chorych na depresjc w porownaniu do osoéb zdrowych w grupie

kontrolnej.

6.2.2 Material i metody

6.2.2.1 Grupa badana i kontrolna

Uczestnikow badania rekrutowano sposrdd pacjentow hospitalizowanych z
rozpoznaniem MDD w okresie od grudnia 2021 r. do lipca 2022 r. w
Samodzielnym Publicznym Psychiatrycznym Zaktadzie Opieki Zdrowotnej im.
Dr. Stanistawa Deresza w Choroszczy. Do badania wilaczono tacznie 29
pacjentéw (11 mezczyzn, 18 kobiet) w wieku od 18 do 65 lat. Srednia wieku
wynosita 43,3 lat. Wszyscy pacjenci byli Polakami, nalezeli do rasy kaukaskie;.

W badanej grupie bylto 4 (13,8%) pacjentdw z pierwszym epizodem depresji i 25



(86,2%) z rozpoznaniem zaburzen depresyjnych nawracajacych . Z udzialu w
badaniu wykluczono kobiety w cigzy i karmigce piersig oraz osoby z otyloscia,
cukrzyca, chorobami zapalnymi, autoimmunologicznymi i endokrynologicznymi.
Wszyscy pacjenci przed rekrutacjg do badania otrzymywali juz leki z grupy
selektywnych inhibitorow wychwytu zwrotnego serotoniny (SSRI) lub
selektywnych inhibitoréw wychwytu zwrotnego serotoniny i noradrenaliny
(SNRI) lub wortioksetyne. Grupe kontrolng rekrutowano sposrdéd zdrowych
ochotnikéw dobranych pod wzgledem pici i wieku tak, aby odpowiadaty osobom
w grupie badanej. Grup¢ kontrolng stanowito 30 os6b (10 mezczyzn, 20 kobiet)
w Srednim wieku 41,8 lat. Badanie zostalo przeprowadzone zgodnie z
Wytycznymi Dobrej Praktyki Klinicznej oraz Deklaracjg Helsinska. Wszyscy

uczestnicy badania podpisali formularze §wiadomej zgody.

6.2.2.2 Protokot badania

Rozpoznanie depresji (tj. epizodu depresyjnego lub zaburzenia depresyjnego
nawracajgcego) bylo stawiane w oparciu o kryteria ICD-11 i potwierdzone przez
doswiadczonego psychiatre. W celu wykluczenia innych potencjalnych jednostek
psychiatrycznych, stosowano ustrukturyzowany kwestionariusz wywiadu
(MINI)?, Tak zakwalifikowani pacjenci byli nastepnie oceniani za pomocg skali
depresji Becka 1 (BDI)Z, skali depresji Hamiltona (HAM-D)?* oraz skali leku
Hamiltona (HAM-A)®. Czas trwania choroby mierzono jako liczbe lat od

poczatku pierwszego epizodu depresyjnego.

6.2.2.3 Analizy biochemiczne

U kazdego uczestnika badania wykonano podstawowe oznaczenia z krwi —
morfologia, stezenia potasu, sodu, Kkreatyniny, aminotransferaza alaninowa

(ALT), aminotransferaza asparaginianowa (AST), CRP, hormon stymulujacy



tarczyce (TSH), TC, lipoproteiny o niskiej gestosci (LDL), lipoproteiny o
wysokiej gestosci (HDL), trojglicerydy (TGA).

Probki moczu pobrano ze srodkowego strumienia pierwszego porannego moczu |
odwirowano przy 1300 x g przez 10 minut w temperaturze 4°C (MPW 351, MPW
Med. Instruments, Warszawa, Polska). Supernatant zebrano, zamrozono i
przechowywano w temperaturze -80°C w proboéwkach Eppendorfa do czasu

przeprowadzenia analizy biochemiczne;.

Wszystkie probki byly nastepnie jednocze$nie badane. Oceniono nastepujace
parametry: catkowita pojemno$¢ antyoksydacyjna (TAC), CAT, GPx, SOD,
zredukowany glutation (GSH), catkowity status oksydacyjny (TOS), 3-
nitrotyrozyna (3-NT), koncowe produkty zaawansowanej glikacji (AGE),
produkty zaawansowanego utleniania biatek (AOPP), N-formylokinurenina
(NFKN), kinurenina (KN), tryptofan (TRY) i B-amyloid.

Wszystkie odczynniki do testow biochemicznych otrzymano z firmy Sigma-
Aldrich. Fluorescencj¢/absorbancje mierzono przy uzyciu multimodalnego
czytnika mikroptytek Infinite M200 PRO, Tecan (Tecan Group Ltd., Madnnedorf,

Szwajcaria). Wszystkie oznaczenia standaryzowano do 1 mg biatka catkowitego.

6.2.2.4 Analiza statystyczna

Analiza statystyczna zostata przeprowadzona z uzyciem jezyka R Statistical
(wersja 4.1.1). Poziom istotno$ci testow statystycznych w analizie ustalono na
a=0,05. Testowanie zmiennych na skali ciggtej przeprowadzono za pomocg testu
Shapiro-Wilka. Zastosowano dwa rodzaje testow: parametryczny (dla zmiennych
o rozkladzie normalnym) i nieparametryczny (dla zmiennych o rozktadzie innym

niz normalny). Wieloczynnikowa analize wplywu wybranych parametrow



klinicznych na czynnik depresji przeprowadzono za pomocg modelu regres;ji
logistycznej, opartego na uogoélnionym modelu lintowym. Szczegdélowy opis

metod wykorzystanych w analizie statystycznej znajduje si¢ W pracy oryginalne;j.

6.2.3 Wyniki

6.2.3.1 Charakterystyka grupy badanej

Analiza danych socjodemograficznych nie wykazata istotnych statystycznie
r6éznic w wieku, ptci i wskazniku masy ciata (BMI) miedzy grupa badang a grupa
kontrolng. Test post hoc wykazat istotnie wigkszy odsetek pacjentow palacych
wiecej niz 1 paczke papierosow dziennie oraz nizszy odsetek osob niepalacych w

grupie badanej w poréwnaniu z grupg kontrolng.

6.2.3.2 Analiza roznic w wynikach skal psychometrycznych oraz parametrow biochemicznych
pomiedzy grupami.

Grupa chorych na depresje charakteryzowata si¢ wyzszymi $rednimi stezeniami
TGA w surowicy oraz SOD, 3-NT, CAT, GSH i TRY w moczu, oraz nizszymi
stezeniami HDL w surowicy. Wszystkie istotne rdznice charakteryzowaly sie

duzymi wielko$ciami efektu.

6.2.3.3 Analiza zaleznosci pomiedzy wynikami skal psychometrycznych, poziomem badanych
parametréw biochemicznych i czasem trwania choroby.

Wyniki skal psychometrycznych HAM-A, HAM-D i BDI oraz czynnik czasu
trwania choroby wykazaly istotne powigzania ze st¢zeniami HDL 1 TGA w
surowicy krwi oraz stezeniami SOD, 3-NT, CAT i TRY w moczu. St¢zenie GSH
w moczu korelowato z wynikiem HAM-A. Wszystkie istotne korelacje
charakteryzowaly si¢ duzymi wielkosciami efektu. Zaobserwowano ujemna

korelacje z HDL — wyzszy wynik w skalach HAM-A, HAM-D i BDI, podobnie



jak dtuzszy czas trwania choroby, korelowatl ze spadkiem poziomu HDL. Wzrost
wynikoéw skal psychometrycznych 1 dluzszy czas trwania choroby korelowat ze
wzrostem poziomu TGA, SOD, 3-NT, CAT, TRY i GSH. Fakt, ze prawie
wszystkie wyniki kwestionariusza korelowaly z tymi samymi parametrami,
tlhumaczy si¢ tym, ze wyniki kwestionariusza byty mi¢dzy sobg silnie skorelowane

(r > 0,80).

6.2.3.4 Analiza wielowymiarowa efektu parametréw biochemicznych na czynnik depresji

Do stworzenia modelu wykorzystano pig¢ predyktorow (HDL, TGA, SOD, 3-NT,
GSH). Parametry TGA, SOD i GSH nie mialy istotnego wptywu na czynnik
depresji. Wzrost stezenia HDL o 1,00 mg/dl obnizat logarytm ilorazu szans
wystgpienia depresji o 0,07 — przy zalozeniu, ze kontrolowano inne predyktory.
Zwigkszenie stezenia 3-NT o 1,00 nmol/mg biatka zwigkszyto logarytm ilorazu
szans wystapienia depresji o 15,52. Z analizowanych danych wynika ze pacjenci
u ktorych stwierdzono stezenie HDL < 40 mg/dl i stezenie 3-NT > 0,3 nmol/mg
biatka byli bardziej narazeni na wystapienie depresji, podczas gdy pacjenci U
ktorych stwierdzono stezenie HDL > 80 mg/dl i stezenie 3-NT < 0,15 nmol/mg

biatka byli mniej podatni na wystgpienie depres;ji.

6.2.4 Whnioski

1. Populacja os6b chorujacych na depresje charakteryzuje sie
wickszym nasileniem stresu oksydacyjnego 1 nitrozowego w
porownaniu do populacji zdrowe;.

2. Marker stresu nitrozowego — 3-nitrotyrozyna (3-NT) — oznaczany w
moczu, w potaczeniu z lipoproteing wysokiej gestosci (HDL)

oznaczang w surowicy moze stanowi¢ potencjalny marker depres;ji.
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Abstract: Major Depressive Disorder (MDD) is a leading cause of disability worldwide, creating a
high medical and socioeconomic burden. There is a growing interest in the biological underpinnings
of depression, which are reflected by altered levels of biological markers. Among others, enhanced
inflammation has been reported in MDD, as reflected by increased concentrations of inflammatory
markers—C-reactive protein, interleukin-6, tumor necrosis factor-oc and soluble interleukin-2 receptor.
Oxidative and nitrosative stress also plays a role in the pathophysiology of MDD. Notably, increased
levels of lipid peroxidation markers are characteristic of MDD. Dysregulation of the stress axis,
along with increased cortisol levels, have also been reported in MDD. Alterations in growth
factors, with a significant decrease in brain-derived neurotrophic factor and an increase in fibroblast
growth factor-2 and insulin-like growth factor-1 concentrations have also been found in MDD.
Finally, kynurenine metabolites, increased glutamate and decreased total cholesterol also hold
promise as reliable biomarkers for MDD. Research in the field of MDD biomarkers is hindered
by insufficient understanding of MDD etiopathogenesis, substantial heterogeneity of the disorder,
common co-morbidities and low specificity of biomarkers. The construction of biomarker panels
and their evaluation with use of new technologies may have the potential to overcome the above
mentioned obstacles.

Keywords: depression; biomarkers; inflammatory; interleukins; oxidative stress; brain-derived
neurotrophic factor (BDNF); panels; melancholic; atypical

1. Introduction

Depression, or Major Depressive Disorder (MDD) is the most prevalent psychiatric disorder
worldwide and a leading cause of disease burden [1]. It is mainly characterized by depressed mood,
anhedonia, sleep and appetite disturbances, loss of interest or pleasure in activities once enjoyed and
feelings of guilt or worthlessness. A high suicide rate among individuals suffering from the disorder is
the darkest side of depression. Currently affecting around 300 million people worldwide and with
5%-17% of the population suffering from the disorder at least once in their lifetime, depression is
a major clinical, emotional and socioeconomic burden for society. The World Health Organization
(WHO, Geneva, Switzerland) estimates that, by 2030, depression will have become the leading
cause of disability worldwide [2]. An important issue in depression is that of low remission rates.
Only approximately half of the patients achieve complete remission [3] and with each subsequent
treatment remission rates decrease [4]. The efficacy of classical antidepressant drugs, which target
the monoamine systems, is only marginally higher than that of a placebo [5]. An urgent need exists
to find biomarkers in order to better understand the pathogenesis of depression, monitor treatment
outcomes and identify new drug targets [6]. The aim of the study was to provide a comprehensive
review of potential depression markers. For some, currently available evidence is insufficient to allow
for regarding of them as biomarkers sensu stricto. However, alterations in their concentrations may

J. Clin. Med. 2020, 9, 3793; doi:10.3390/jcm9123793 www.mdpi.com/journal/jcm
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provide relevant information concerning the pathophysiology of depression and be a starting point for
future, larger biomarker studies.

1.1. Concepts of Depression

The etiopathogenesis of depression is highly complex and therefore still not fully understood.
Although the monoaminergic theory of depression is now universally accepted, other pathologies
have also been found to be associated with the development of the condition. Research to date
has focused mainly on stress axis dysregulation (hypothalamus—pituitary-adrenal, HPA), oxidative
stress-induced damage [7-10], hippocampal and frontal lobes dysfunction (neurodegeneration) [11,12],
and neurotoxic, inflammatory and immunological processes [7,13-17]. In recent years, knowledge
of genetic and epigenetic factors which could contribute to depression has expanded. Furthermore,
many psychological hypotheses seek to explain the causes of depression (e.g., learned helplessness
hypothesis) [18]. Finally, the neurodevelopmental theory of depression attempts to combine previous
approaches with particular emphasis on the impact of the earliest stages of a person’s life on MDD
occurrence [19].

1.2. Heterogeneity of Depression

Depression isa heterogeneous disorder. To date, no universally accepted classification of depression
subtypes has been developed. Most authors acknowledge the existence of melancholic and atypical
subtypes [20], but others also mention the following subtypes: dopamine-related subset with anhedonia,
inflammatory subset [21], the existence of which is questioned by others [22], suicidal depression [23],
anxious depression, depression with functional and somatic traits (closely related to chronic fatigue
syndrome) [24], reactive depression, psychotic depression, dysthymia [11], depression with panic
attacks, depression in people with obsessive traits, depression accompanying a known physical
illness, and pseudo-demented depression [25]. According to some authors, MDD should not be
regarded as a single disease but rather a group of diseases with distinct causes, patho-physiologies and
symptomatologies [11,26].

1.3. Diagnosis of Depression

The diagnosis of depression is currently symptom-based. There are several psychometric
scales which help clinicians to assess different dimensions of depressive functioning, of which the
most commonly used are the Hamilton Depression Rating Scale (HDRS) [27], Montgomery-Asberg
Depression Rating Scale (MADRS) [28] and Beck Depression Inventory [29]. The International
Classification of Diseases (ICD) (from the 6th to the 11th edition) and the Diagnostic and Statistical
Manual (DSM) (from I to V edition) provide a set of criteria for diagnosing depression. However,
they are based on the patient’s self-reports and the clinician’s observations of patient behaviour [30].
Neither DSM nor ICD makes reference to any objective, measurable biological features that could assist in
diagnosing depression. This makes the entire diagnostic process subjective, to a certain degree, and leads
to a considerable risk of misdiagnosis and suboptimal treatment, which may last for many years. By way
of illustration, bipolar disorder (BPD) in its depressive phase is frequently misdiagnosed as MDD [31].
Furthermore, depressive symptomatology cannot be clearly understood and properly codified in
psychiatric classifications without a thorough knowledge of the neurobiological, pharmacological and
etiological mechanisms underlying the development of depression [9]. Another important issue is
the contradictory character of several symptoms of depression in DSM (e.g., increased or decreased
body mass or appetite, hyper- or hyposomnia, decreased or increased activity). A few distinct or even
opposite clinical pictures can be built based on these criteria. Hence, the use of ‘depression” as an
umbrella term could lack biological validity [32,33]. Additionally, the discovery of objective, biological
markers of depression would not only be an invaluable help for clinicians but could also serve as a
springboard for improving our understanding of the biology of depression with its various subtypes.
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1.4. Biomarker Subtypes

A biomarker is defined as a characteristic that can be objectively measured and evaluated as an
indicator of physiological processes, pathogenic processes or responses to a therapeutic intervention [34].
Markers should not be confounded with characteristics of a particular disease [35]. There are several
classifications of biomarkers described in the literature. For the purposes of this review, we adopted
(with modifications) a classification proposed by Lopresti et al. [23] presented in Figure 1. Biomarkers
can be divided into diagnostic biomarkers, which are used to confirm the presence or absence of
disease; treatment biomarkers, which could be helpful in selecting optimal treatment for a particular
patient from a range of available therapeutic options; treatment-response biomarkers (also called
mediators) to measure treatment progress; prognostic biomarkers to predict disease course; and, finally,
predictive biomarkers, whose role is to predict the future onset of disease [23]. Biomarkers can also be
classified as trait, state and endophenotype biomarkers [36]. Trait biomarkers are those which can be
observed continuously—not only in the acute phase of the disease, but also in remission or even before
disease onset. The last characteristic makes them similar, to a certain degree, to predictive biomarkers.
Trait biomarkers may help identify vulnerable individuals. State biomarkers reflect the current clinical
status of the patient. They are present during the acute phase of the disease or shortly before disease
onset, but they disappear in remission. Endophenotype biomarkers are useful in subtyping depression.
They are based on the relationship between depressive phenotypes and specific genetic factors [36].

Treatment markers Treatment-response Prognostic markers -to
- to choose optimal treatment markers ‘medial(’rs] . predict disease course

to monitor treatment progress

Diagnostic markers
—to confirm the presence of

Predictive markers
- to predict the future onset of
disease

disease

Biomarker subtypes

Trait markers —observed

continuously (in remission as

Endophenotype
State markers - reflect markers - used to subtype

well), identify vulnerable
current clinical status depression

individuals

Figure 1. Biomarkers can be divided into several subtypes according to their function (top half of the
figure, solid lines) or based on when they can be observed (bottom half of the figure, dashed lines).

Biomarkers should be highly sensitive and disease-specific (>80%) to be clinically useful [37].
Receiver operating characteristic area under the curve (ROC AUC) is a measure of biomarker accuracy,
with ROC AUC < 0.5 suggesting poor accuracy, and ROC AUC close to 1 suggesting high accuracy [38].

1.5. Biological Systems Affected in Depression

In depression, as evidence to date suggests, five biological systems are mainly affected. Therefore,
they constitute natural sources of potential biomarkers. These are the inflammatory, neurotransmitter,
neuroendocrine, neurotrophic and metabolic systems (Figure 2) Each system can be assessed at
different biological levels (this is called the ‘omics’ approach)—from genomic and epigenomic,
through transcriptomic and proteomic to metabolomic (Figure 3). It is worth emphasizing that not
every technique is equally efficient in the evaluation of a particular system. Apart from the ‘omics’
mentioned above, there is a growing understanding of the human microbiome and its impact on
mental health. Therefore, its assessment might help establish a more accurate diagnosis and provide
more appropriate treatment for depression [39].
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Figure 2. The summary of the most important depression markers. In bold—those confirmed by a
recent umbrella meta-analysis [40]. Abbreviations: 3-HK—3-hydroxykynurenine; 5-HT—serotonin;
8-OHdG—8-hydroxy-2-deoxiguanosine; BDNF—brain-derived neurotrophic factor; CAT—catalase;
CRP—C-reactive protein; DA—dopamine; DST—dexamethasone suppression test; FGF-2—fibroblast
growth factor-2; GABA—gamma-aminobutyric acid; GDNF—glial cell line derived neurotrophic
factor; GH—growth hormone; HDL—high-density lipoprotein; IGF-1—insulin-like growth factor-1;
IL-1—interleukin-1; IL-2—interleukin-2; IL-4—interleukin-4; IL-6—interleukin-6; IL-8—interleukin-8;
IL-10—interleukin-10; IL-1RA—interleukin-1 receptor antagonist; INF-y—interferon-y; KYNA—kynurenic
acid; LDL—low-density lipoprotein;, MDA—malonylo-dialdehyde; ~MPO—myeloperoxidase;
NA—noradrenaline; NGF—nerve growth factor (NGF); O&NS—oxidative and nitrosative stress;
PUFAs—polyunsaturated fatty acids; QA—quinolinic acid; ROS/RNS—reactive oxygen/nitrogen species;
sIL-2R—soluble interleukin-2 receptor; SOD—superoxide dismutase; TAC—total antioxidant capacity;
TNF-a—tumor necrosis factor-«; VEGF—vascular endothelial growth factor; VGF—VGF nerve
growth factor.

genomics :
metabolomics

proteomics

epigenomics

A

microbiome

transcriptomics

Figure 3. Biological systems involved in depression can be assessed on different measurement ‘levels’,
called ‘omics’. Note that every system can theoretically be assessed on each ‘omic’ level.
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2. Methods

A literature search was conducted in PubMed, Scopus and Web of Science databases
using keywords: ‘depression’, ‘biomarker’, ‘marker’, ‘proteomic’, ‘metabolomic’, ‘inflammatory’,
‘growth factors’, ‘cytokines’, ‘kynurenine’, ‘oxidative stress’, ‘genetic’, ‘subtypes’, ‘melancholic’,
‘biosignature’ as well as combinations of these terms. Relevant articles were then included with the
intention to cover the widest possible spectrum of different markers for depression.

3. Inflammatory Findings in Depression

The link between inflammation and depression has been conclusively proven and widely
reviewed [13,41,42]. In approximately 30% of patients with MDD, the inflammatory response is
disturbed [43] and patients with inflammatory disorders have higher depression rates. The distribution
of inflammatory markers elevation in a depressive population is continuous and does not allow for
distinguishing a distinct inflammatory subtype of depression [22].

Chronic, low grade inflammation is the way through which behavioral and social variables impact
health [44]. Depression is associated with chronic low-grade inflammation and is compared to a
chronic cold [15]. Patients suffering from autoimmune and atopic disorders, metabolic syndrome,
obesity, tobacco dependence, dental caries, atherosclerosis—all of which are associated with increased
inflammation—are at a higher risk of depression (Berk et al., 2013). Inflammation is described as a
major mediator in the development of MDD and the metabolic syndrome [45]. However, mild chronic
inflammation is only a general concept which does not adequately explain the pathophysiology of
depression [46].

While it is unlikely that depression is simply an inflammatory disorder, enhanced activation of
the immune system in individuals with depression is not merely coincidental. There is substantial
evidence confirming the involvement of inflammatory factors in the pathogenesis of depression [47-52].
Inflammation is present not only during depressive episodes—elevated levels of inflammatory factors
significantly contribute to the occurrence of the first depressive episode [53-55]. Physiological and
psychological stress, the most important risk factor for depression, has been proven to cause an immune
challenge for the body and provoke an inflammatory response [56,57]. Smoking and obesity are
common in depression [58,59] and can influence the concentration of inflammatory markers [60,61].
Continuous elevation of cytokines leads directly to increased levels of cortisol by stimulating the HPA
axis and increasing corticotropin-releasing hormone (CRH) production [48] and, indirectly, by inducing
glucocorticoid resistance, to neurotransmitter concentration changes which are interpreted by the
brain as stressors [62,63]. Additionally, elevated cytokine levels cause an increase in the expression
of serotonin transporter and induce indoleamine 2,3-dioxygenase (IDO) activity, thus enhancing the
kynurenine pathway in the brain. All these factors contribute to the development of depression [64].
Increased inflammation leads to cognitive decline and is likely to be responsible for the impairment of
cognitive function observed in depression [65].

The pro-inflammatory state, reflected by elevated levels of pro-inflammatory cytokines, manifests itself
externally in what is termed ‘sickness behaviour’, characterized by anhedonia, weight loss, anorexia,
memory dysfunction and impaired social interaction—symptoms that occur in MDD [66]. Central or
peripheral administration of pro-inflammatory cytokines, such as interleukin-1 (IL-1), interleukin-2
(IL-2), interleukin-6 (IL-6), interleukin-8 (IL-8), interferon~y (INF-y) or tumor necrosis factor-cc (TNF-o),
may produce sickness behaviour [67-71].

The presence of inflammation, however, is not specific to MDD and could be an indicator
of two other major psychiatric disorders: schizophrenia and BPD, indicating the possibility of
common underlying pathogenetic pathways in disorders involved in immune dysfunction [72,73].
Dubois et al. [72] found that levels of inflammatory biomarkers are similarly elevated in all three
disorders and are more closely related to their stage and severity than to a particular disease. Variations
in cytokine concentrations could also predict the risk of disease occurrence and treatment resistance in
the above mentioned conditions.
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Danese et al. [73,74] revealed that people who were subjected to maltreatment or abuse in their
childhood were more prone to developing depression in adult life, which may be associated with
a predisposition to prolonged stress reactions (HPA axis dysregulation) and stronger inflammatory
responses in these individuals. Interestingly, a similar effect—a higher risk of depression—was observed
in adults who suffered from a serious illness in their childhood [75].

Since 1980s, with new discoveries emerging in the field of biological psychiatry, there has been a
controversy over whether depression is characterized by immune activation or immune suppression.
Both hypotheses were supported by convincing evidence. The lowered lymphocyte transformation
test (LTT) [76] and blunted natural killer cell activity (NKCA) [77] in depressive patients indicate
immunosuppression. At the same time, a large body of evidence supported the role of immune
activation in depression—enhanced levels of pro-inflammatory cytokines and acute phase proteins
were observed, together with immune cells activation [7,13-17].

To cut the Gordian knot, Maes and Carvalho [78] proposed a concept of two opposite systems
which act simultaneously in depression and counter-regulate each other: the immune-inflammatory
response system (IRS) and the compensatory immune-regulatory reflex system (CIRS). Both of them
are closely interrelated—the activation of IRS inevitably entails the activation of CIRS and the activated
CIRS opposes the inflammatory action of IRS. This interplay ultimately leads to the extinction of
the inflammatory response, which could be responsible for the self-limiting character of depression.
However, following the first depressive episode, once IRS and CIRS have been activated for the first
time, there is no return to the homeostatic status quo, and subsequent episodes are characterized by a
sensitized immune response, which could explain why successive depressive episodes frequently occur
without a tangible cause and are more severe. Greater severity of MDD has been linked to increased
activation of both IRS (neopterin, sIL-6R) and CIRS (sTNF-¢, sIL-1RA, IL-10) [78]. The pro-inflammatory
cytokine IL-6 (IRS) enhances the production of anti-inflammatory sIL-1RA, IL-10 and glucocorticoids
(CIRS) [79,80]. Haptoglobin—an acute phase protein—has anti-inflammatory effects and acts as an
antioxidant [81]. An increase in IL-1(3 in depression (M1 activation) is accompanied by an increase in
soluble IL-1 receptor antagonist (sIL-1RA) (reflex inhibition). A precise description of IRS and CIRS
is beyond the scope of this review and can be found in a publication by Maes and Carvalho [78].
The main conclusions from this paper are presented in Table 1 [78].

Table 1. The main compounds of immune-inflammatory response system and compensatory
immune-regulatory reflex system. Abbreviations: IL-1p—interleukin-13; IL-2—interleukin-2;
IL-4—interleukin-4; IL-6—interleukin-6; IL-10—interleukin-10; [L-1RA—interleukin-1 receptor
antagonist; sSIL-2R—soluble interleukin-2 receptor; sSTNF-R1—soluble tumor necrosis factor receptor 1;
SsTNF-R2—soluble tumor necrosis factor receptor 1; TNF-a—tumor necrosis factor-cc.

IRS CIRS
IL-18 sIL-1IRA
TNF-a sTNF-R1, sTNF-R2
IL-2 signaling IL-2, sIL-2R
IL-6 trans-signaling IL-6 classical signaling

Th2 lymphocyte activation with IL-4 production, Treg

Thi and Thil7 [ymphocyte activation lymphocyte activation with IL-10 production

M1 macrophagic activation

Many antidepressant drugs have anti-inflammatory properties which could partly explain their
efficacy in the treatment of depression [82]. Antidepressants reduce the production of pro-inflammatory
cytokines and increase concentrations of anti-inflammatory cytokines. In a recent meta-analysis,
antidepressant treatment was found to attenuate IL-1B, IL-6 and IL-10 levels as well as M1 polarization
of macrophages [83]. Interestingly, an inverse relationship was also observed: anti-inflammatory drugs
such as celecoxib, ibuprofen or TNF-« blocker infliximab were described as having antidepressant
properties [84-86].
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Among inflammatory markers, IL-6, C-reactive protein (CRP), TNF-« and soluble interleukin-2
receptor (sIL-2R) appear to have the greatest potential to serve as markers for depression.

3.1. Interleukin-6

3.1.1. As a Diagnostic Biomarker

Among all inflammatory cytokines, an increased concentration of IL-6 is probably the most
widely and consistently reported in depression. This relationship has been confirmed by several
meta-analyses [40,42,47,53,83,87-90]. Increased IL-6 could be an early marker for cognitive decline
in depression. It also corresponds to depression severity and increased HPA axis activity [91-93].
Kunugi et al. [21] proposed the use of cerebro-spinal fluid (CSF) IL-6 levels as a bio-marker for the
neuro-inflammatory subtype of MDD.

3.1.2. As a Treatment-Response Biomarker

Apart from being a potential diagnostic (state) biomarker, IL-6 has potential to serve as
a treatment-response biomarker. Levels of IL-6 decrease along with successful antidepressant
treatment [83], which could suggest that antidepressants have anti-inflammatory properties. Decreased
levels of leukocytic mRNA for IL-6 have been correlated with effective treatment [94] while persistently
elevated serum IL-6 concentrations seem to be characteristic of treatment-resistant depression (TRD) [79].
Interestingly, electroconvulsive therapy (ECT) is reported to increase IL-6 levels [95]. In a meta-analysis
by Hiles et al. [88], higher baseline IL-6 levels were correlated with a more significant decrease in
depressive symptoms following antidepressant treatment. Furthermore, a meta-analysis by Strawbridge
et al. [96] demonstrated that IL-6 levels decrease along with antidepressant treatment administration,
regardless of the outcome.

3.1.3. IL-6 Trans-Signaling

IL-6 can exert its biological activity via two separate signaling pathways—the classical pathway
and trans-signaling. In the classical pathway, IL-6 binds to membrane-bound IL-6 receptor (IL-6R),
present on a few cell types in the body. Elevated levels of pro-inflammatory cytokines may cause
cleavage of IL-6R from the cell surface into the bloodstream. The activation of soluble IL-6 receptors
(sIL-6R) is responsible for IL-6 trans-signaling [44], which is characteristic of inflammation, while
IL-6 classic signaling contributes to anti-inflammatory effects [97]. To assess the impact of 1L-6
on the body, it is crucial to measure both IL-6 and sIL-6R concentrations. Elevated sIL-6R levels
combined with higher IL-6 concentrations indicate enhanced IL-6 trans-signaling, and thus enhanced
inflammation [83,98-100]. A study by Maes et al. reported elevated sIL-6R levels in depression [80].
Further studies specified that enhanced IL-6 trans-signaling is characteristic of an acute (current)
depressive episode (melancholic or atypical) compared to a remitted state and is a distinctive feature
of TRD and melancholia [80,99,100].

3.2. C-Reactive Protein

3.2.1. As a Diagnostic Biomarker

CRP is the most frequently used marker of inflammation. CRP is produced in the liver and its
secretion is stimulated by IL-6 [44]. The majority of studies have demonstrated that CRP levels are
elevated in depression [22,40,42,47,89,96], although no causal relationship has been established between
an enhanced CRP concentration and depression [101]. A subgroup analysis revealed that higher CRP
levels may be characteristic of depressed men [102-104], atypical depression [105], depression with
somatic symptoms [106], depressed patients with a history of childhood trauma [107] and cumulative
depressive episodes [108]. Elevated CRP levels have also been suggested to be more specific for female
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than for male patients with MDD [109]. However, it should be noted that enhanced CRP levels are not
specific to depression—they are also present in euthymic BPD and manic episodes [110].

3.2.2. As a Predictive Biomarker

CRP also shows potential as a predictive biomarker. Pasco et al. [54] reported that high sensitivity
CRP (hsCRP)—a more sensitive measure of inflammation—is an independent risk factor of depression
and its elevated levels can predict de novo MDD occurrence. These findings were confirmed in a
meta-analysis by Valkanova [89]. Higher CRP concentrations have been linked to an increased risk of
hospitalization due to depression [111].

3.2.3. As a Prognostic Biomarker

In the majority of studies, low baseline CRP levels were found to be associated with a better
and faster response to selective serotonin reuptake inhibitor (SSRI) treatment [109,112,113]. However,
the results are inconsistent. According to some studies, higher baseline CRP levels could predict a
better response to treatment [88,114], whereas in other studies they are reported to have no impact on
treatment results [115].

3.2.4. As a Treatment Biomarker

Altered CRP levels may help clinicians select an optimal treatment strategy for a particular
patient since high baseline CRP levels predict a better response to pharmacotherapy in comparison to
psychological therapy [116]. When it comes to drug selection, altered CRP levels might predict the
outcome of treatment with escitalopram and nortriptyline (with opposite effects) [112]. Antidepressant
treatment reduces CRP concentration marginally [58].

The production of CRP in the liver is induced by TNF-«. Depressive patients with higher baseline
CRP levels show a more significant improvement following the injection of an anti-TNF-« drug,
infliximab [117].

Most studies investigating inflammatory markers of depression have focused on CRP and IL-6.
This approach, however, is too narrow and does not address the complexity of immune-inflammatory
processes involved in the pathophysiology of MDD. It would be desirable to simultaneously evaluate as
many inflammatory markers as possible and correlate them with a comprehensive clinical assessment in
order to understand the complex network of interactions between them (interactomic approach) [118,119].

It is noteworthy that some depressive patients may have elevated CRP and IL-6 levels, even in the
absence of inflammation [44].

3.3. Tumor Necrosis Factor-a

3.3.1. As a Diagnostic Biomarker

Tumor Necrosis Factor-« is another inflammatory cytokine, constantly and repeatedly reported
to be increased in depression as compared to healthy controls [22,40,53,87,90,96,98]; however certain
meta-analyses found this to be inconclusive [42,120]. Moreover, number of depressive episodes is
associated with increased TNF-« concentrations [121].

3.3.2. As a Diagnostic Biomarker

Baseline levels of TNF-« are not associated with a subsequent response to treatment [115].
Antidepressant treatment significantly decreases TNF-& concentrations, but only in responders.
Persistently elevated levels of TNF-a during the course of treatment are associated with poorer
outcomes, thus identifying patients with TRD [96,122]. Similar effects have been reported for
electroconvulsive therapy (ECT)—clinical improvement following electroconvulsive therapy (ECT)
correlated with a decline in TNF-« concentrations [123]. Hence, TNF-a could be a valuable marker
of treatment resistance (a treatment-response marker) and a potential new biological target for the
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pharmacotherapy of depression. Anti-TNF-« drugs (infliximab, etanercept) have previously been
reported to attenuate depressive symptoms [117].

3.3.3. TNF Receptors

The inflammatory effect of TNF-« is mediated by its receptors—TNF-R1 and TNF-R2, both of
which are expressed on cell surfaces. However, under certain conditions, they can be released into
plasma. Once released, they are no longer active and act as ‘decoy’ receptors, binding circulating
TNF-« molecules and thus regulating TNF-« signaling [124]. Depression is characterized by elevated
serum TNF receptor levels, which are regarded as state [78] or trait [125] biomarkers.

Interestingly, Jannelidze et al. [126] demonstrated that IL-6 and TNF-« are elevated in patients at
an increased risk of suicide, indicating that they may be regarded as state biomarkers. It has also been
proven that the two cytokines directly inhibit adult hippocampal neurogenesis [127].

3.4. Interleukin-1

IL-1B is one of the major pro-inflammatory cytokines and together with TNF-a and a few
other cytokines is thought to be responsible for the occurrence of sickness behaviour. A central or
peripheral injection of IL-13 produces such a behaviour in mice. Interestingly, a similar effect has
been described for lipopolysaccharide (LPS, endotoxin)—an injection of endotoxin leads to ventral
striatum deactivation, diminished reward processing and anhedonia [128-130]. An increase in IL-13
in depression remains controversial. Certain meta-analyses support it [46,120] while others do not
indicate such an association, including a recent umbrella review conducted by Carvalho et al. [89,90].
Such discrepancies may be caused by increased body mass index (BMI), which contributes to an increase
inIL-1p3 [89], or the fact that IL-1 concentrations increase with the number of depressive episodes [121].
Conversely, Talarowska et al. [131] did not find significant differences in IL-1 concentrations between
patients suffering from their first or successive depressive episodes. IL-1 also holds promise as a
potential prognostic biomarker since elevated levels of IL-13 mRNA in blood can predict a poorer
response to antidepressant treatment [132].

IL-1, TNF-« and IL-6 exert their pro-depressive effects by inhibiting neurogenesis [127,128],
inducing apoptosis [129,130], negatively affecting synaptogenesis, synaptic plasticity and connectivity
as well as the structure of synaptic membranes [131,132].

3.5. Interleukin-1 Receptor Antagonist

IL-1 receptor antagonist (IL-1RA) is a protein which competes with IL-1, binding to IL-1 receptor.
Its production is stimulated by pro-inflammatory agents (e.g., IL-6) and therefore, elevated levels of
IL-1RA indicate an enhanced inflammatory response. However, IL-1RA itself actually inhibits IL-1
and IL-1« signaling and as such is part of CIRS [35,79]. Some studies have reported that IL-1RA is
elevated in depression [90,98], but no such association was found in a recent umbrella review by
Carvalho [40]. Soluble IL-1RA is elevated both in unipolar depression and BPD, which excludes it as a
marker for differentiating between these two disorders. It remains elevated even in affective remission
and therefore it may be perceived as a trait biomarker for depression [125]. Sowa-Kuéma et al. [100]
demonstrated that sIL-IRA was positively correlated with a number of hospitalizations due to
depression within a year, before being tested in affected individuals.

3.6. Interleukin-2, Soluble Interleukin-2 Receptor

IL-2 is a key cytokine in T lymphocytes activity [133,134], the function of which is disturbed in
depression [135]. The effects of IL-2 are mediated by IL-2 receptor (IL-2R), present on cell membranes
of activated T cells. IL-2R may also be cleaved into the bloodstream. It has been reported by a
number of authors that soluble IL-2R (sIL-2R) is elevated in the blood of patients with depression and
BPD [40,67,90,98]. Plasma sIL-2R could serve as a surrogate marker of T lymphocyte activation and IL-2
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production [78]. sIL-2R may have immune-suppressant, immune-regulatory or immune-stimulatory
properties, although most studies describes it as immune-suppressant [136].

3.7. Interleukin-10

Interleukin-10 (IL-10) is one of the most important anti-inflammatory cytokines. Elevated IL-10
concentrations in blood, along with enhanced IL-4 levels, may play a role in regulating IRS. In a
meta-analysis performed by Kohler et al. [90], elevation of IL-10 was associated with depression.
Two other meta-analyses found that IL-10 concentrations decrease with antidepressant treatment,
making it a promising marker of treatment efficacy [83,88]. No differences in IL-10 concentrations
between the first and subsequent depressive episodes were noted [137].

3.8. Interleukin-8

Data regarding IL-8 concentrations in depression are inconsistent. It has been reported that
IL-8 is elevated in severe depression and positively correlated with depressive symptoms [138],
which could suggest its role as a state marker. However, a meta-analysis by Eyre et al. [139] did
not establish significant differences in IL-8 concentrations between patients with MDD and healthy
controls. Lower baseline IL-8 levels were associated with a better response to antidepressant treatment
in a recent meta-analysis [122], thus supporting its role as a prognostic biomarker.

3.9. Interleukin-4

Interleukin-4 (IL-4), one of the most important anti-inflammatory cytokines, was recently found to
be downregulated in depression in a meta-analysis by Osimo [22]. IL-4 is produced by Th2 lymphocytes.
IL-4 increases the production of anti-inflammatory sIL-IRA and inhibits M1 macrophage polarization,
thus decreasing the release of IL-1§3, IL-6 and TNF-«, as such contributing to CIRS [78].

3.10. Interferon-y

INE-y is a pro-inflammatory cytokine produced by Th1 lymphocytes. It is indicated that it causes
microglial activation (shift) which contributes to depression [140]. Udina et al. [141] reported a higher
risk of depression in patients treated with interferon for hepatitis C. As many as 40% of cancer or
hepatitis C patients treated with INF-y develop depressive symptoms and present with increased
IL-6 levels. In depressed patients undergoing INF-y therapy, lower tryptophan (TRP) and serotonin
(5-HT) levels and higher kynurenine levels were noted in the peripheral blood [142-144]. Interestingly,
the Combining Medications to Enhance Depression Outcomes (CO-MED) trial demonstrated a decrease
in INF-y after antidepressant treatment, which correlated with a lack of remission [145].

3.11. Macrophage Migration Inhibitory Factor

Macrophage migration inhibitory factor (MIF) is a pro-inflammatory cytokine that plays a role
in hippocampal neurogenesis in animal models [146]. Decreased or elevated MIF levels have been
reported in patients with MDD [147,148].

3.12. Transforming Growth Factor-f

Transforming growth factor-p (TGF-f3) was analyzed in several studies as a potential marker
for depression. However, recent meta-analyses did not prove significant changes in TGF-f levels in
patients with MDD [40,90].

3.13. Other Cytokines

There are single reports in the available meta-analyses concerning increased concentrations of
other cytokines—interleukin-3 (IL-3), interleukin-12 (IL-12), interleukin 13 (IL-13) and interleukin
18 (IL-18) [22,90]. However, their exact role and importance remains to be elucidated.
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In a meta-analysis performed by Osimo et al. [22], three biomarkers, CRP, IL-12 and sIL-2R,
presented significantly lower variability in patients with MDD compared to healthy controls.

3.14. Chemokines

Monocyte Chemoattractant Protein-1/Chemokine ligand 2 (MCP-1/CCL2) is responsible for
the chemoattraction of monocytes, dendritic cells and memory T cells to the site of inflammation.
Higher concentrations of this chemokine were found in depressed patients in comparison to healthy
controls in a meta-analysis [139].

Furthermore, higher levels of eotaxin prior to antidepressant treatment, compared to its
concentration following treatment, correlated with clinical remission [145].

3.15. Complement Proteins C2 and C3

The activity of complement is disturbed in depression. Levels of acute phase protein complement
C3 are elevated in depression and are significantly higher in the atypical subtype compared to
melancholic depression [149-151].

3.16. Bone Inflammatory Markers

Depressive patients have decreased bone mineral density and thus altered levels of bone
inflammatory markers—osteo-protegerin (OPG)-RANK-RANKL system and osteo-pontin (OPN).
Ketamine—a recently discovered fast-acting antidepressant agent—corrects these abnormalities [152].

3.17. Acute Phase Proteins

Depression has been associated with disturbances in acute phase proteins (APP): ceruloplasmin,
inter-alpha-trypsin inhibitor heavy chain H4 and complement component—1qC [153]. Haptoglobin has
also been reported to be elevated in depression and to differentiate between depressive subtypes [14].
Depression has also been associated with increased plasma B2-microglobulin [154].

3.18. Erythrocyte Sedimentation Rate

Erythrocyte Sedimentation Rate (ESR) is a non-specific measure of inflammation. In rheumatoid
arthritis (RA) patients who were also diagnosed with depression, higher ESR levels were observed
compared to non-depressive RA patients [155].

There is substantial heterogeneity in results in depression-inflammation studies. Even meta-analyses
reveal contradictory results. Hiles et al. [156] searched for sources of inconsistency in depression—
inflammation studies. The main confounding issues identified were the following: accuracy of MDD
diagnosis, BMI and comorbid illnesses. A meta-analysis by Kohler et al. [90] added age and smoking status
to the list.

3.19. Neopterin

Neopterin, a marker of cellular immune system activation, was reported to be upregulated
in depression in some studies, particularly in the melancholic subtype. Neopterin also allows for
estimation of the extent of oxidative stress (its concentration rises along with an increase in ROS levels)
and the extent of Th1 lymphocytes activation [23]. A positive response to ECT is associated with a
decrease in neopterin levels in responders [157] and a reduction in the neopterin:biopterin ratio [158].
Every subsequent episode of depression is associated with a more substantial increase in the level of
neopterin, serving as an episode number marker [159].

The summary of the results of meta-analyses investigating inflammatory markers observed in
depression is presented in Table 2.
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Table 2. Summary of inflammatory markers in depression according to meta-analyses performed throughout the years (left to right). Abbreviations: D—downregulated;
U—upregulated;—unchanged; CCL2—chemokine ligand 2; CRP—C-reactive protein; [L-1p—interleukin-13; I[L-3—interleukin-3; IL-4—interleukin-4;
IL-6—interleukin-6; IL-10—interleukin-10; [L-12—interleukin-12; IL-13—interleukin-13; [L-18—interleukin-18; IL-1RA—interleukin-1 receptor antagonist.
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4. Oxidative & Nitrosative Stress Findings in Depression

The brain is particularly vulnerable to oxidative and nitrosative stress (O&NS) [160]. The hippocampus,
cerebellar granule cells and amygdala are brain parts most susceptible to oxidative damage [161].
Psychological stressors induce cytokine production and an inflammatory response [162] which facilitates
the generation of reactive oxygen and nitrogen species (ROS/RNS), leading to a pro-oxidant state. Clinical
depression is accompanied by increased O&NS and impaired antioxidant status (e.g., lower TRP, tyrosine,
albumin, zinc) [163]. Oxidative and nitrosative stress manifests itself, inter alia, by higher levels of
mitochondrial reactive oxygen species, lipid peroxidation products, DNA and protein damage products [10].
Elevated levels of protein carbonyls reflect protein damage—S8-hydroxy-2-deoxiguanosine (8-OHdG) and
8-0x0-7 8-dihydroguanosine (8-oxo-Gua) are markers of DNA and RNA damage, respectively while
malonylo-dialdehyde (MDA) and F2-isoprostanes emerge as the effect of lipid peroxidation [164].

Oxidative and nitrosative stress products have been detected in peripheral blood, red blood cells
(RBC), mononuclear cells, urine, CSF and postmortem brain tissue of depressed patients. It is not clear
if O&NS in depression originates from the peripheral or central nervous system. There are, however,
some indicators which could suggest its peripheral origin [163]. In rats with genetic susceptibility to
depression, higher depression rates were observed after exposure to oxidative stress [165].

Antidepressant drugs have antioxidant properties which are thought to account for, at least
partially, their antidepressant efficacy [166]. Interestingly, antioxidants are also described as having
antidepressant properties [167].

Reactive oxygen species (ROS) are mainly generated in mitochondria as a side product of the
respiratory chain. They destroy defense systems when overproduced, creating a vicious circle and
enabling further ROS generation [168]. It is not clear how exactly ROS exert their detrimental
impact on the brain. ROS overproduction is known to trigger pathological cascades, eventually
leading to increased permeability of the blood-brain barrier, morphological changes in the brain
and neuroinflammation [169]. Under pathological conditions, oxidative stress could also induce
neurodegeneration via different mechanisms such as apoptosis, axonal damage and excitotoxicity [170].

Oxidative stress activates inflammatory pathways, as extensively reviewed by Moylan et al. [163],
whereas inflammation increases oxidative stress (e.g., an increase in the levels of cytokines IL-1
and IL-6 leads to decreased levels of albumin, zinc and high-density lipoprotein—HDL) [171-174].
Among oxidative stress markers, lipid peroxidation markers appear to have the greatest potential
in depression.

4.1. Total Antioxidant Capacity

Total antioxidant capacity (TAC) was found to be decreased in patients with MDD [164] and
inversely correlated with severity of depression [175]. TAC did not increase in response to treatment
or in remission [176], which suggests that TAC could be a trait biomarker for depression.

4.2. Peroxide

Elevated peroxide levels were confirmed in the sera of patients with MDD in a meta-analysis [164].
Maes et al. [177] found that peroxide levels are higher in the acute phase of MDD, but normalize if
depression is long-lasting, which makes them potential state markers for MDD.

4.3. Nitric Oxide

L-arginine-NO pathways play a role in the pathophysiology of MDD and are altered by
antidepressants [178,179]. The NO-producing enzyme, nitric oxide synthase (NOS), has two isoforms:
neuronal NOS (nNOS), mainly involved in neurotransmission, and cytokine-inducible NOS (iNOS),
which plays an important role in inflammation [180]. NO levels are higher in patients with MDD [181]
and were reported to characterize depressive patients after suicide attempt [182], which could make
them state markers and enable early identification of patients at risk of suicide. NO is also reported to be
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involved in the pathogenesis of INF-y-induced depression [183]. The disease is associated with lower
NO metabolite levels and decreased platelet-endothelial NO activity [184]. However, a meta-analysis
performed by Jimenez-Fernandez et al. [185] did not confirm significant differences in total nitrites in
patients with MDD as compared to healthy controls. Nevertheless, another meta-analysis published
by Liu et al. [164] documented decreased serum nitrate following antidepressant therapy.

4.4. Superoxide Dismutase

Superoxide dismutase (SOD) is one of the most important antioxidant enzymes. A number
of investigators have reported that SOD is altered in depression, but the results are inconsistent.
The majority of studies have found that SOD activity is increased in depression [186-190], but opposite
results have also been reported [191-193]. A meta-analysis by Jimenes-Fernandes et al. [185] revealed
higher SOD levels in patients with MDD in comparison to healthy controls. Increased SOD in
depression probably reflects activated defense against ROS and RNS [168]. Plausible explanations for
inconsistencies in the published results are severity, stage and duration of illness as well as a possible
biphasic response in ROS production [177,191,194]. It is worth noting that greater reductions in SOD
activity were observed in recurrent depression [191].

As for the effect of antidepressant treatment on SOD activity, the results are also inconsistent [23].
This may be due to methodological differences such as different drugs used, heterogeneity of the
disease, differences in severity and the number of episodes.

4.5. Other Enzymes

Catalase (CAT) and myeloperoxidase (MPO) are antioxidant enzymes, the activity of which
increases during depressive episodes [176,195,196]. An increase in antioxidant enzyme activity during
acute depressive episode is possibly due to the activation of compensatory mechanisms in response to
increased oxidative stress. Antioxidant enzyme activity normalizes following treatment and therefore
they could serve as state markers of depression [181]. Nevertheless, in a meta-analysis performed
by Jimenez-Fernandez [185], differences in CAT appeared nonsignificant. Lower paraoxonase (PON)
activity, a potent antioxidant linked to HDL activity, was found in the sera of patients with MDD [164].
At the same time, significantly increased activity of pro-oxidative xanthine oxidase was observed in
patients with MDD [192].

4.6. Lipid Peroxidation Markers

Lipid peroxidation is caused by the action of ROS/RNS on lipids (e.g., cell membrane lipids).
Early-stage lipid peroxidation is reflected by higher lipid hydroperoxide levels, whereas late-stage lipid
peroxidation is characterized by an increase in malonylo-dialdehyde (MDA), 4-hydroxy-2-nonenal
(4-HNE) and F2-isoprostanes levels [197]. Lipid peroxidation is more pronounced in patients with
MDD than in controls [181]. In a meta-analysis by Mazereeuw et al. [198], lipid peroxidation was
correlated with depression severity. Peripheral lipid peroxidation markers are good surrogate markers
for their central concentrations [199].

4.6.1. F2-Isoprostanes

F2-isoprostanes are products of arachidonic acid peroxidation. They are chemically stable,
which makes them good and reliable markers of lipid peroxidation [200,201]. Higher concentrations
of F2-isoprostanes have been found in urine [202,203] and blood [204,205] of patients with MDD.
Meta-analyses confirmed that F2-isprostanes are upregulated in MDD [164,206] and correlated with
severity of depression. Lindqvistet al. [115] demonstrated that higher baseline levels of F2-isoprostanes
correlate with poorer treatment outcomes.
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4.6.2. Malonylo-Dialdehyde, Thiobarbituric Acid Reactive Substances

MDA upregulation in MDD is widely documented [164,185-189,194]. Interestingly, MDA
concentrations are higher in subsequent depressive episodes compared to the first episode of MDD [191,193].

Thiobarbituric acid reactive substances (TBARS) are a measure of oxidative tissue damage which
could be used instead of MDA, albeit with low sensitivity and specificity. Elevated TBARS levels are
reported to be trait markers of depression [125].

4.6.3. Lipid Peroxidation Markers Following Treatment

According to a meta-analysis, antidepressant treatment leads to a decrease in lipid peroxidation
markers [198]. The majority of studies and meta-analyses report decreased MDA concentrations following
antidepressant treatment [164,185,187,188] which correlates with clinical improvement [186,194]. However,
some studies did not establish a direct association between lipid peroxidation marker concentrations and
clinical remission during antidepressant treatment, suggesting that these two parameters may be causally
related but desynchronized [55,207]. By contrast, Chung et al. [202] found that F2-isoprostane levels increase
after antidepressant treatment and this increase is correlated with alleviation of depressive symptoms.

The exact mechanism of how antidepressant treatment impacts inflammatory processes and
oxidative stress is not fully understood. Following recovery, depressive patients often start looking
after themselves, live healthier lives, eat more nutritious food, and exercise, and it cannot be ruled out
that the observed reductions in oxidative stress and inflammatory parameters are epiphenomena of
such lifestyle changes [23].

4.7. Neoepitopes

Oxidative and nitrosative stress causes brain, muscle and nerve injury, which eventually leads
to the formation of new epitopes (neo-epitopes) that can induce immunological IgM/IgG response
against them [208]. Antibodies against neo-epitopes have been detected in depression [177,209,210].
Higher concentrations of IgM against conjugated oleic, palmitic, myristic and azelaic acids, MDA,
phosphatidyl inositol (Pi), NO-modified neo-epitopes, such as NO-tyrosine, NO-arginine, NO-TRP,
NO-bovine serum antigen as well as IgG against oxidized low-density lipoprotein (oxLDL) have
been described [177,209-212]. Interestingly, elevated levels of oxLDL antibodies are also found
in cardiovascular diseases (e.g., atherosclerosis), autoimmunological diseases (e.g., lupus) and in
diabetes [177], which could partly explain the high comorbidity between these diseases and could
suggest their common pathophysiological background.

4.8. Nucleic Acids Damage

Oxidative stress can also cause DNA damage, which, combined with less efficient DNA repair,
leads to increased DNA damage in depressed patients and contributes to mitochondrial dysfunction [9].
8-OHdG is a reliable marker of DNA damage [200,213]. Increased blood and urine levels of 8-OHdG
have been found in depressive patients [115,213-215]. A meta-analysis confirmed the upregulation
of 8-OHdG in patients with MDD [206]. Elevated 8-OHdG levels correlate with MDD severity [215,
216], and are higher in recurrent depression as compared to the first episode of the disease [215].
Enhanced 8-OHdG levels have been reported after SSRI treatment, but only in non-responders [115].
Jorgensen et al. [216] found that the RNA analogue of 8-OHdG—8-oxo-Gua—was elevated in the urine
of depressive patients. However, they also reported significant increases in 8-oxo-Gua after ECT.

4.9. Glutathione

Findings relating to glutathione in depression are inconsistent. Its levels are lower in patients
with MDD in most studies [181,190]. However, glutathione peroxidase (GPx) activity is reported to be
increased [186], decreased [190,193] or not altered [187] in depressed patients compared to healthy
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control groups. Differences in GPx between depressed patients and healthy controls are nonsignificant
according to the findings of a meta-analysis [185].

Plasma glutathione peroxidase activity decreased after antidepressant treatment [186].
Interestingly, an antioxidant agent—N-acetylo-cysteine (N-ACC)—could be useful in the treatment of
depression [217,218]. N-ACC mimics GPx activity, which could exert an antidepressant effect [168].
The effectiveness of N-ACC may suggest the contribution of oxidative stress to treatment resistance
in depression.

4.10. Uric Acid

Decreased levels of antioxidant uric acid have been reported in MDD in a meta-analysis.
The concentrations of uric acid increased after antidepressant treatment [164,185].

4.11. Albumin

Hypoalbuminemia has been described in depression [13,164]. An increase in albumin levels
following antidepressant therapy has been confirmed in a meta-analysis [164].

4.12. Coenzyme Q

Decreased levels of antioxidant coenzyme Q (CoQ) which induce impaired antioxidant protection
and enhanced production of damaging TNF-a have been reported in depression [219]. Decreased
CoQ is associated with chronic fatigue syndrome which is closely related to fatigue and somatic (F&S)
symptoms of depression, described by Maes [219].

4.13. Zinc

Zinc levels have been reported to be reduced in depression and to increase after antidepressant
therapy in meta-analyses [164,185]. The role of zinc in MDD was reviewed by Styczen et al. [220].
Decreased concentrations of CoQ and zinc are both hallmarks of TRD [173].

4.14. Vitamin C

Vitamin C is known to have antioxidant properties. Antidepressant therapy increases vitamin
C levels in patients with MDD [164]. That is why, vitamin C could potentially be considered as
treatment-response biomarker of depression.

5. Neuroendocrine Findings in Depression

5.1. The Role of the Hypothalamus—Pituitary-Adrenal Axis

The influence of stress and the hypothalamus—pituitary-adrenals axis (HPA axis) activity on the
pathophysiology of depression has been extensively studied since the 1960s. Stress axis disturbances
are present in approximately 50%-70% of depressive patients [15]. Elevated concentrations of
corticotropin-releasing hormone (CRH), adrenocorticotropic hormone (ACTH), antidiuretic hormone
(ADH) and decreased dehydroepiandrosterone (DHEA) levels have been reported in MDD.

5.1.1. Cortisol

Chronic stress cause hypercortisolemia. Elevated cortisol levels have been repeatedly reported in
depression [221,222]. Cortisol can be measured in different specimens such as blood, urine, saliva and
even hair (Figure 4). By way of illustration, elevated cortisol in saliva after waking can serve as a
biomarker for depression in adolescents [223] and an elevated cortisol concentration in hair could be a
new measure of chronic stress exposure. Anenhanced hair cortisol concentration could help differentiate
between depression and other psychiatric disorders (Herane et al., 2015). Hypercortisolemia has been
linked to severe cases of MDD, melancholic and psychotic depressive subtypes [21,224], psychogenic
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depression [225] and depression with ruminations [226]. A higher cortisol concentration predicts
poorer outcomes of both psychological [227] and pharmacological treatment [228], and an elevated
cortisol/DHEA ratio has been described as a marker for TRD, persisting after remission [229].

SOURCES OF BIOMARKERS
a 8 8 8 8 VT
blood urine saliva feces hair  neuroimaging

Figure 4. Sources of biological markers used in depression.

On the other hand, decreased cortisol concentrations are characteristics of atypical depression [224]
and could be useful in differentiating between melancholic and atypical subtypes of the disease [230].
Hypo-cortisolism could also partly explain higher reward dependence and rejection sensitivity in
patients with atypical depression [21].

Hypercortisolemia exerts a detrimental effect on the limbic system (particularly on CA3 neurons
in the hippocampus). Under physiological conditions, the hippocampus and amygdala participate in
feedback inhibition of the HPA axis through glucocorticoid receptors which are present in hippocampus
cells [26]. The hippocampus damaged by elevated levels of cortisol is less efficient in HPA inhibition,
which further enhances HPA hyperactivity, creating a vicious circle [11,221]. Cortisol-mediated
decreased hippocampal cells proliferation and reduced neurogenesis lead to atrophic changes and
volume reductions of the hippocampus which are observed in depressive patients [224,231-233].

It is not clear if the dysregulated HPA axis actually causes depression or if some other feature of
depression is responsible for HPA malfunction. However, some depressive symptoms are undoubtedly
produced by the dysfunctional HPA axis [11].

5.1.2. Dexamethasone Suppression Test

In early studies, the dexamethasone suppression test (DST) was reported to identify melancholic
depression [234,235]. However, later studies dampened enthusiasm and revealed its insufficient
sensitivity [236] and specificity [237] to be a diagnostic biomarker. Nevertheless, DST could still
potentially be used as a subtyping biomarker or state-dependent biomarker (as conversion from
non-suppression to suppression in DST is correlated with a clinical response to antidepressant
therapy) [238]. Moreover, an excessive cortisol response to the dexamethasone-suppressed CRH test
(Dex-CRH test) after antidepressant treatment could predict a higher risk of recurrence [239].

5.1.3. Corticotropin-Releasing Factor

The levels of corticotropin-releasing factor (CRF) are higher in some depressive patients [240].
However, in a quantitative summary, no significant increases in CRF in depressive patients compared
to healthy controls were observed [222]. Interestingly, there are significant parallels between stress
response, severe depression and central administration of CRF [240], which supports the involvement
of CRF in the pathophysiology of depression. Higher levels of CRF mRNA and CRF have also been
observed in the brain of depressive patients who committed suicide [241,242].
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5.1.4. Adrenocorticotropic Hormone

Elevated ACTH levels have been reported in patients with MDD [222]. Additionally, higher baseline
ACTH levels in patients with Bcll polymorphism in the glucocorticoid receptor gene predicted a poorer
response to SSRI [243].

5.2. Thyroid Hormones

A significantly higher prevalence of thyroid dysfunctions is observed in patients with MDD/BPD [244].
Hypothyroidism may play a role in depressed mood [245], but the use of thyroid hormones as potential
markers requires further investigation [180].

5.3. Nocturnal Melatonin Secretion

Melatonin, a derivate of serotonin, is a major hormone regulating the sleep-wake cycle.
Diurnal melatonin secretion changes throughout the day. Nocturnal melatonin secretion has been
reported to be higher [246] or lower [247] in patients with MDD in comparison to healthy controls.
The phase angle between the cortisol acro-phase and dim-light melatonin onset has been proposed as a
potential marker to distinguish individuals with MDD from healthy controls [248].

Interestingly, central administration of IL-1 decreased nocturnal melatonin secretion in sheep,
which could suggest a link between inflammation, depression and sleep disturbances [249].

6. Growth Factor Findings in Depression

Growth factors are very promising markers for depression. Brain-derived neurotrophic factor
(BDNEF), vascular endothelial growth factor (VEGF), fibroblast growth factors (FGF) and VGF
nerve growth factor are all involved in the pathophysiology of depression and are modulated
by antidepressants. Moreover, they are present in the brain and in the periphery, which makes them
suitable as biomarkers for psychiatric disorders [250-253]. Chronic stress impacts on the concentrations
of growth factors. Reduced neurotrophic support inhibits neurogenesis (notably in the hippocampus
and neocortex), which is likely to cause depression [11,254].

6.1. Brain-Derived Neurotrophic Factor

Brain-derived neurotrophic factor (BDNF) is by far the most extensively investigated growth
factor in psychiatric research. Plasma BDNF can reflect central BDNF [255], which makes it a reliable
peripheral biomarker of brain processes.

6.1.1. Physiological Role

Under physiological conditions, BODNF plays a critical role in cellular resilience and neuroplasticity,
enhances long-term potentiation (LTP) [11] and modulates the monoamine system. It also activates
intracellular pathways such as mitogen-activated protein kinase/extracellular signal-regulated kinases
(MAPK/ERK) pathways. Diminished MAPK/ERK pathway activity together with decreased cyclic
adenosine monophosphate (cAMP) levels are known to be involved in the pathophysiology of
depression [256].

6.1.2. BDNF in Depression

Baseline BDNF levels are decreased in patients with MDD compared to healthy controls and the
magnitude of a decrease in BDNF is negatively correlated with depression severity, as confirmed by
meta-analyses [35,40,257-260]. Smoking [261] and diabetes [262] are accompanied by a decreased BDNF
concentration in blood and both are independent risk factors for depression. Lower concentrations
of peripheral BDNF mRNA in patients with MDD have also been found [94,263]. However,
differences in BDNF mRNA expression were not related to symptom severity [263]. Two micro-RNA
molecules—miR-132 and miR-182—regulate the expression of BDNE. Serum levels of these micro
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RNAs were significantly higher in unmedicated patients with MDD versus healthy controls, which was
correlated with a decrease in serum BDNF levels [264].

Alterations in BDNF are not specific to MDD and can serve as a state biomarker in MDD,
BPD and schizophrenia [265]. BDNF mediates the detrimental effect of HPA axis abnormalities on
the brain [266]. Peripheral BDNF is neither a sufficient measure of MDD severity [260], nor does it
discriminate between MB, BPD and schizophrenia. However, BDNF differentiates between mood states
in BPD [267], and between acute and remitted states in MDD [265]. BDNF levels are also decreased in
Alzheimer’s disease, which could support the hypothesis that depression belongs to the spectrum of
neurodegenerative diseases [268].

The BDNF gene is induced by the cAMP response element binding protein (CREB) which binds
to DNA sequences called CRE (cAMP response elements) and regulates BDNF gene transcription.
The functions of CREB and BDNF are region-specific and vastly different in different brain parts. In the
hippocampus they have an antidepressant effect, whereas in the ventral tegmental area and nucleus
accumbens, BDNF produces a depression-like effect [11,224].

6.1.3. BDNF as a Predictive Biomarker

Serum BDNF may act as a marker of predisposition to depression [269,270]. Decreased serum
BDNF with normal cortisol levels may represent a relevant biomarker for individuals more likely to
develop depression [180].

6.1.4. Changes in BDNF Following Treatment

Decreased BDNF concentrations in depression normalize in response to pharmacological
treatment [35,260,271-273] and ECT [274]. An increase in serum BDNF in response to antidepressant
treatment successfully differentiates responders from non-responders [275]. However, antidepressant
treatment causes an increase in BDNF levels even in the absence of clinical remission [260]. Therefore,
BDNF has potential to be both a trait and a state biomarker [36].

The most widely used antidepressant drugs—SSRIs—produce an immediate increase in
monoamine transmission but their mood-enhancing properties appear after weeks of treatment
(Krishnan and Nestler, 2008a). The effect of antidepressant drugs is presumably mediated via changes
in downstream events such as alterations in gene expression [276]. Apart from normalizing monoamine
levels, antidepressants activate CREB which upregulates the expression of growth factors: BDNF, VEGF,
VGF in the hippocampus. Growth factors promote hippocampal function, protect vulnerable neurons
and, over time, lead to neurogenesis which eventually produces an antidepressant effect [224,232,277].

6.2. Insulin-Like Growth Factor-1, Growth Hormone

According to a recent umbrella meta-analysis, insulin-like growth factor-1 (IGF-1) is another
growth factor which is significantly elevated in depression [40]. However, alterations in IGF-1 are not
specific to MDD since IGF-1 is also enhanced in the manic phase of BPD [278]. There are promising
preclinical studies in which the central or peripheral administration of IGF-1 increases hippocampal
neurogenesis and decreases depressive symptomatology [279-282].

Decreased growth hormone (GH) levels have also been reported in patients with MDD [148,154].

6.3. Vascular Endothelial Growth Factor

VEGEF is the main growth factor responsible for angiogenesis. Providing vascularization and
blood support, it enhances neuron proliferation in the hippocampus [283]. VEGF may play a role in
the pathogenesis of depression [250], although its exact role is not yet known. Data relating to VEGF
levels in the blood of patients with MDD are not uniform, which may be due to the heterogeneity
of depression and may reflect differences between its subtypes. However, the majority of studies
indicate that VEGF is elevated in depression and normalizes under antidepressant treatment [284-286].
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Higher VEGF concentrations have been observed in remitted MDD and in patients with a family
history of depression [180].

6.4. Fibroblast Growth Factor-2

Significantly elevated FGF-2 levels have been reported in depressive patients [40,287]. Together
with BDNF, FGF-2 is a second important growth factor marker in depression. Preclinical observations
suggest that FGF-2 could mediate antidepressant effects [288]. Some connective tissue growth factors
are co-activated in the inflammatory state and therefore their increase in depression may be the result
of neuroinflammation [289].

6.5. VGF Nerve Growth Factor

VGF nerve growth factor concentrations have been found to be altered in depression, normalizing
after antidepressant therapy, but only in clinical responders [94,290]. Additionally, it has potential as a
treatment-response biomarker.

6.6. Nerve Growth Factor, Glial Cell Line Derived Neurotrophic Factor

The levels of nerve growth factor (NGF) and glial cell line derived neurotrophic factor (GDNF) are
decreased in depression and the magnitude of dysregulation of these factors correlates with depressive
symptoms severity. However, they do not change in response to antidepressant treatment [260].

7. Neurotransmitter Findings in Depression

Alterations in brain neurotransmitter levels—serotonin (5-HT), dopamine (DA) and norepinephrine
(NA)—are considered a direct cause of depression. Even if this hypothesis is now thought to explain
the pathogenesis of depression only partly, monoamine alterations in depression have been proven
and the vast majority of antidepressant drugs currently used target monoamine systems. A search
for monoamine-derived markers of depression is hindered by the fact that it is rarely possible to
measure monoamine concentrations themselves. Scientists have to rely on peripheral monoamine
metabolites, which do not necessarily reflect monoamine levels in the brain. Cerebrospinal fluid (CSF)
content appears to reflect brain metabolites more accurately, but its acquisition is difficult and invasive.
New imaging technologies are an invaluable tool for measuring brain neurotransmitters. However,
a precise description of imaging biomarkers is beyond the scope of this review.

7.1. Serotonin

Serotonin is commonly known as a ‘happiness hormone’. Surprisingly, a decrease in 5-HT in the
brain, measured by concentrations of serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA) in
CSF, have not been found characteristic of depression itself, but rather of impulsivity [291], suicidality
and a tendency to violence [292]. Serotonin exerts its action via the 5-HT1A receptor which has been
reported to play a role in both prognosis and diagnosis of depression [293] as reduced 5-HT1A receptor
binding is associated with depression [294]. Additionally, increased autoimmune responses to 5-HT
were found to correlate with successive depressive episodes [295].

5-HT2A receptor can be found at blood platelets. The density of platelet 5-HT2A receptor tends
to increase in patients with depression. However, it has been found to correlate more closely with
suicidality than depression per se [296]. Increased 5-HT2A receptor density could potentially serve as
a marker of suicide risk (state marker of depression).

7.2. Dopamine

Decreased dopamine levels in the striatum and cortex have been reported in depression [180].
Abnormalities in dopaminergic transmission have also been found in the nucleus accumbens and
ventral tegmental, which are core parts of the brain reward circuit [297].
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7.3. Noradrenaline

Noradrenaline is of major importance in MDD [298] and is perhaps the most promising source
of neurotransmitter markers. There is a correlation between urine NA levels, and depression and
anxiety symptoms [299]. Low urinary excretion of NA metabolite—3-methoxy-4-hydroxyphenylglycol
(MHPG)—predicts a positive response to NA-selective drugs (e.g., imipramine) [300]. NA concentration
in urine is a promising biomarker for guiding treatment selection and predicting its efficacy.
MHPG together with a DA metabolite—homo-vanillic acid (HVA)—increase in line with a decrease in
depressive symptoms. Lower levels of these metabolites predict a better response to SSRI.

7.4. Monoamine Oxidase Activity

Monoamine oxidases (MAQ) are a family of monoamine-catabolizing enzymes. MAO-B is the
most important of them. A reduction in MAO-B activity could be an early marker of response to
antidepressant treatment [301].

7.5. Glutamate, GABA

Apart from the contribution of monoamines to the pathophysiology of MDD, dysfunction of
glutamatergic transmission is also involved in the disorder [302]. Glutamate is a major excitatory
neurotransmitter in the brain. Its upregulation causes excessive extra-synaptic N-methyl-D-aspartate
receptor (NMDAR) activation leading to the influx of calcium ions (Ca?*)into neurons and accumulation
of ROS in the neuron body [303]. Asa consequence, it enhances the production of NO, which contributes
to the occurrence of MDD [179,304].

Depression is associated with cortical hyper-glutamatergia and increased peripheral glutamate
concentration [40,305,306]. Increased glutamate in MDD is closely related to decreased 5-HT and
NA. Elevated levels of glutamate cause excitotoxicity, which contributes to the development of
depression [180].

Gamma-aminobutyric acid (GABA) is known to be a major inhibitory neurotransmitter in the
brain. Changes in glutamate and GABA increase the risk of oxidative stress and cell death [307].
Increased GABA enables the kindling action of glutamate and excessive glutamatergic activity leads to
synaptic remodeling and neurodegeneration [180]. According to certain studies, an imbalance in the
glutamate/GABA ratio could be a feature of depression [308]. GABA itself has been reported to be a
trait biomarker for depression [309,310]. However, later studies revealed that it increases in response
to antidepressant treatment [311].

8. Metabolic Findings in Depression, Lipidomics

To date, most studies of depression have focused on proteins. Phospholipids, however, account for
60% of dry mass of the brain [312] and play important biological roles, and hence particular emphasis
should be placed on them in psychiatric research [313]. The lipid profile is disturbed in depression,
but the exact character of the changes has not been fully elucidated [314]. Many lipid species have
been linked to depression: glycerolipids, glycerophospholipids, sphingolipids, and triglycerides [315],
and therefore it could be more effective to assess the entire lipid profile rather than particular types
of lipid molecules separately. A higher BMI, which is frequently due to an excess of adipose tissue,
is associated with a heightened risk of depression [316] and individuals suffering from depression are
more likely to develop obesity [317]. It remains an open question as to whether lipid disturbances
are a cause or consequence of depression. Among metabolic markers, polyunsaturated fatty acid
(PUFA) disturbances and total cholesterol alterations appear to have the greatest potential as markers
for depression.
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8.1. Polyunsaturated Fatty Acids

A large number of lipidomic depression studies have investigated PUFAs. There are two main
types of PUFA: omega-3 and omega-6. Both of them are present in the brain, but each one has a different
mode of action. While omega-6-PUFASs (e.g., arachidonic acid) are pro-inflammatory, omega-3-PUFAs
(e.g., eicosapentaenoic acid, EPA) possess anti-inflammatory properties [312,318]. Omega-3 acids
increase the fluidity of cell membranes and exert a positive impact on neuronal development
and neuronal transmission. In depression, blood levels of PUFAs are abnormal, with decreased
eicosapentaenoic acid and other omega-3-PUFAs, and increased omega-6-PUFAs, including arachidonic
acid concentrations, as reported in a number of studies [312,319-321]. Common depression
comorbidities, such as cardiovascular diseases (CVD), diabetes, immunological and inflammatory
activation, osteoporosis and cancer are also correlated with decreased omega-3-PUFAs [312]. A more
significant decrease in omega-3-PUFAs is correlated with more severe depression [321]. Maes et al. [322
reported an elevated omega6/omega3 ratio in MDD. Elevated HDL and omega-3-PUFAs may have a
protective effect on depression-mediated inflammation. Omega-3 supplementation (particularly EPA)
improves treatment outcomes [323].

8.2. Cholesterol

Cholesterol also plays a role in depression. It does not cross the blood-brain barrier, but it is
synthetized and recycled locally in the brain, mainly by oligodendrocytes [313]. A recent umbrella
meta-analysis demonstrated that a decreased total cholesterol level is a highly suggestive marker for
MDD [40,324]. As for cholesterol fractions, patients with MDD present with lower HDL and higher
LDL concentrations, and a higher LDL/HDL ratio [164,325], which leads to immunological activation.
Lower HDL may predict new-onset MDD in the older population [326].

8.3. Sphingomyelin

Sphingomyelin is a type of lipid found in the myelin sheath surrounding neural cell axons.
The sphingomyelin 23:1 to sphingomyelin 16:0 ratio has been found to be inversely related to the
severity of depression [327].

8.4. Adipokines

Patients with MDD have altered levels of adipokines [328]. Lower adiponectin levels have been
reported solely in atypical depression [151].

8.5. Leptin and Ghrelin

Metabolic peptides—leptin and ghrelin—appear to be altered in depression, revealing a potential
link between obesity and mood disturbances. However, the results of available studies are
inconsistent—decreased, elevated or unchanged levels of leptin and ghrelin have been reported
in depressive patients in comparison to healthy controls [329-333].

9. Proteomic Biomarkers

9.1. Insulin

Depression is frequently associated with impaired glucose tolerance, insulin resistance and
diabetes [334-336]. Hyperglycemia contributes to inflammation in the brain which could cause depression.

According to certain studies, higher insulin levels in CSF might be the best biomarker to
differentiate between patients with MDD and healthy controls [154].
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9.2. p11 Protein

Another protein reported to be altered in depression is p11 protein. It is involved in serotonin
signaling. Downregulation of p11 protein in NK cells and monocytes during antidepressant treatment
correlates with a subsequent reduction in depression severity [337].

10. Transcriptomic Biomarkers

Transcriptomic biomarkers such as micro-RNA (mi-RNA) and long non-coding RNA (IncRNA)
have also been investigated in depression. Pajer et al. [335] found a panel of 11 transcripts which
were able to differentiate between the presence or absence of depression in animals and a panel of
18 transcripts common to depression and anxiety. Some of them may be more useful in diagnosing
depression and some in predicting response to treatment [338,339]. Bocchio-Chiavetto et al. [340]
demonstrated that 28 mi-RNAs are upregulated and 2 mi-RNAs are downregulated following
antidepressant therapy.

It is worth noting that the increased expression of mRNA for pro-inflammatory cytokines IL-6,
IL-1a, IL-1B, IL-8, IL-10, TNF-&, MIF, INF-y) has been found in the peripheral blood of depressed
patients [94,341-343].

More information on transcriptomic factors related to depression can be found elsewhere [36].

11. Kynurenine Pathway, Tryptophan

Tryptophan (TRP) is an amino-acid which is probably most directly implicated in the
etiopathogenesis of depression. Under physiological conditions, it is transformed firstly into serotonin
and then into melatonin. Serotonin is thought to regulate mood whereas melatonin is responsible
for regulating sleep, both of which are disturbed in depression. Tryptophan depletion reduces 5-HT
synthesis. The intensity of depressive symptoms correlates with the level of TRP depletion during
antidepressant treatment [344].

Tryptophan is essential for T cell proliferation and cytotoxicity. Depletion of TRP (as is the case in
depression) leads to T cell anergy [345] and subsequently to immunosuppression. A meta-analysis
performed by Ogawa et al. [346] demonstrated reduced TRP levels in the plasma of patients with MDD.
Decreased TRP could be a specific marker for MDD and BPD [180], and may play a central role in the
pathophysiology of depression. It has been proven that injection of L-TRP modifies brain serotonin
levels in rats [347]. On the other hand, injection of branched-chain amino-acids (valine, leucine,
isoleucine), which compete with TRP, causes TRP and 5-HT depletion, and eventually, lowered
mood [348]. A decrease in branched chain amino-acids following antidepressant treatment correlates
with clinical improvement [349].

Apart from TRP depletion, an alternative pathway of TRP metabolism is activated in
depression [350]. Systemic inflammation, with high levels of pro-inflammatory cytokines (e.g., INF-y,
TNF-«) along with elevated cortisol, produces sickness behaviour and facilitates the activation of
IDO in the brain [345,351-353]. This enzyme transforms TRP into kynurenine [354] in the so-called
TRYCATSs pathway (tryptophan catabolites along the IDO pathway). Interestingly, the blockage of IDO
reduces depressive symptoms without reducing sickness behaviour [352,353], which suggests that
IDO is responsible for transformation from sickness behaviour to inflammation-induced depression.
Enhanced activity of IDO has been observed in somatization, after suicide attempts and in adolescents
with melancholic depression [23]. Interestingly, IDO also possesses antioxidant properties [355].
It has been demonstrated that alterations in the symptoms of depressed patients are positively
correlated with kynurenine and negatively correlated with 5-HT concentrations [143]. The TRYCATs
pathway produces kynurenine metabolites: 3-hydroxykynurenine (3-HK), 3-hydroxyanthranilic acid
(3-HAA) and quinolinic acid (QA) which are cytotoxic and neurotoxic, affecting neurons and T
lymphocytes [345]. QA acts as a NMDAR agonist, thus causing excitotoxicity. Its action could be
reversed by ketamine—a NMDAR antagonist—recently described as a rapid-acting antidepressant.
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Enhanced levels of TRYCATs correlate with higher psychiatric rating scores in depressive patients [356],
which could make them markers of depression severity. It should be noted here that most of the brain
kynurenine originates from the periphery [345].

In terms of biochemical markers, the kynurenic pathway provides three highly suggestive
markers for depression: decreased kynurenic acid (KYNA), decreased KYNA/3HK ratio and decreased
KYNA/QA ratio [40,357]. Myint et al. [358] reported no changes in kynurenine pathway markers after
antidepressant treatment.

An interesting distinction regarding the role of different types of glial cells in the kynurenic
pathway has been made: KYNA—neuroprotective kynurenine metabolite—originates from astrocytes,
while neurotoxic QA is produced only by microglia [359]. However, the exact role of astrocytes and
microglia in depression is still to be elucidated.

12. The Role of Glial Cells

Glial cell disturbances contribute to the development of depression. It appears that there is a
creative balance’ between pro-inflammatory microglia, Th1 lymphocytes and M1 macrophages on one
side and anti-inflammatory astroglia, Th2 cells, Tregs and M2 macrophages on the other. The former
components are responsible for IL-1f, I1-2, IL-6, TNF-«, INF-y production. The latter cells produce
IL-4, IL-5 and IL-10. T cell activation with a Th1 shift is observed in depression [135]. Thl cells
activate IDO in the brain, which leads to neurotoxic QA synthesis. It activates NMDAR, which leads to
hyper-glutamatergia and further Th1 activation.

In depression, the balance between glial cells is shifted towards microglial activation. Increased
microglial activation and proliferation (MAP) is attributable to MDD, but not to BPD. Antidepressant
treatment has been found to inhibit M1 microglia polarization [360]. On the other hand, astroglial
loss in depression is reported in the anterior cingulate cortex, prefrontal cortex, amygdala and the
white matter. The introduction of an astroglial-toxic agent—L-alpha-aminoadipic acid—provoked
depressive symptoms in rats [361]. Glial loss leads to the release of cytokines which dysregulate
glutamate metabolism leading to a further increase in cytokine concentrations. This leads to the
upregulation of S100 calcium-binding protein B (S100B) and alterations in the blood-brain barrier
function, which contributes to neuroinflammation. Elevated serum S100B levels have been observed
during acute depressive episodes and mania [362]. Serum S100B has been found to correlate with
suicidality in MDD and BPD.

‘

13. Metabolomic Biomarkers

Depression research will undoubtedly take advantage of metabolomics—measuring small
molecules (metabolites) in biological samples [363]. Scanning of the patient’s entire metabolome
(a non-targeted approach) is a reasonable approach to identify new biomarkers and new pathways
involved in depression. ELISA and Western-blot tests are then used to validate proposed biomarkers [6].
The metabolomic approach is a rapidly growing field with great potential for producing new biomarkers
for depression.

13.1. Diagnostic Biomarkers

Metabolomic profiles are different in depressed individuals in comparison to healthy controls [364].
It has been demonstrated that a combination of plasma TRP, glutamate and cysteine can differentiate
depressive patients from healthy controls [365]. Elevated plasma amino acid concentrations
differentiated patients with melancholic depression from healthy controls [366]. In patients with MDD
and heart failure, higher concentrations of amino-acids glutamate, aspartate and cysteine have been
observed along with the dysfunction of fatty acids [367]. Downregulated N-methyl-nicotinamide
and hippuric acid, and upregulated azelaic acid have been found in the urine of patients suffering
from depression alone [368,369]. Paige et al. [364] found higher levels of lipid metabolites and
neurotransmitter metabolites in the blood of elderly patients with MDD (dicarboxylic fatty acids,



J. Clin. Med. 2020, 9, 3793 25 of 54

glutamate, and aspartate). GABA, citrate, glycerate, 9,12-octadecadienoate and glycerol concentrations
were reduced in currently depressed patients [364]. A urinary biomarker panel for diagnosing patients
with depression and anxiety was proposed by Chen et al. [370]. The simplified panel consisted of
four metabolomic biomarkers: N-methyl-nicotinamide, amino-malonic acid, azelaic acid and hippuric
acid. Significant differences in metabolic phenotypes between non-medicated depressed patients and
healthy controls were revealed, whereas differences between non-medicated and medicated patients
were found to be insignificant This may indicate that treatment of depression has a limited impact on
metabolites in urine in the patient population [370].

A recently published systematic review performed by MacDonald etal. [371] analyzed metabolomic
biomarkers for depression and BPD. The pathway that was most significantly affected both in MDD
and BPD was the alanine, aspartate and glutamate pathway. For MDD and BPD, 10 out of 22 metabolic
pathways were common. Those specific to MDD were valine, leucine, isoleucine biosynthesis and
cyanoamino-acid metabolism [371]. Valine, leucine and isoleucine (branched-chain amino-acids) are
involved in the formation of glutamate, which is a major excitatory neurotransmitter responsible for
excitotoxicity [372].

In chromatography/nuclear magnetic resonance/mass spectrometry studies, the concentrations
of eight metabolites appear to follow a specific trend (up-or downregulation) in urine, CSF and
blood of depressed patients. These are increased glutamate, alanine, citrate, formate and decreased
phenylalanine, valine, aminoethanol, and hippurate [371]. Glutamate, glycine and cysteine are required
for the formation of glutathione [10]. Decreased GABA and increased lactate have been reported to be
specific for MDD (MacDonald et al., 2019). The majority of key metabolites are involved in processes
such as mitochondrial energy metabolism, signaling/neurotransmission and neuronal integrity [371].

In most studies using in vivo brain imaging techniques, a decrease in brain N-acetylaspartate
(NAA), glutamate, creatine, GABA, GSH and phosphocreatine and an increase in brain choline and
lactate have been observed [371]. Increased choline levels are in line with cholinergic hyperactivity
and adrenergic hypoactivity, described in depression [373]. Mitochondrial dysfunction (e.g., due to
oxidative stress) could cause anaerobic glycolysis which may explain elevated lactate levels in the brain.
Aspartate is involved in the synthesis of glutamate and NAA. NAA is ubiquitous in neurons and is
considered to be a marker of mitochondrial dysfunction and neuronal integrity [374]. NAA increases
after antidepressant treatment, which further supports the neurotrophic effects of antidepressants [375].

Most robust biomarkers identified do not follow a specific up-or downregulation trend.
This inconsistency is probably due to several variables which have not been taken into consideration in
the review such as depressive subtypes, the patient’s age, sex, BMI, hormonal and smoking status [371].
Nevertheless, a diagnostic panel for MDD and BPD consisting of lactate, alanine, glycine, phenylalanine,
tyrosine, sorbitol, pyroglutamate, aminoethanol and hippurate, and a panel for MDD alone comprising
glutamate, citrate, valine and formate have been proposed [371]. It is worth noting that metabolomic
research requires strict observance of the patient’s inclusion criteria and methodological procedures
since the metabolome is highly variable and significant differences in results may appear.

13.2. Prognostic Biomarkers

Metabolomic markers may also potentially serve as prognostic markers in depression. Baseline
levels of TRP, phenylalanine, purine and tocopherol could predict responders vs. non-responders to
antidepressant treatment [376].

14. Intracellular Pathways

Intracellular signaling networks and transcription factors are likely to be dysfunctional in
depression. The Janus kinases-signal transducer and activator of transcription (JAK-STAT) signaling
pathway, glycogen synthase kinase-3 (GSK-3), and nuclear factors NF-kB and NRF-2 modulate
inflammatory, O&NS and neuro-progressive pathways which are involved in depression [46]. By way of
illustration, the expression of NRF-2 is regulated by oxidative stress and is altered in depression [10,377].
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The expression of genes regulated by NRF-2 is upregulated in depression and downregulated after
successful therapy [378]. The inhibitory impact of lithium on the GSK-3 pathway produces an
anti-inflammatory effect and could partly explain the antidepressant effect of lithium [379].

Decreased adenosine triphosphate (ATP) levels have been found in post-mortem brains
(dorsolateral prefrontal cortex) of depressed individuals [380]. Interestingly, ATP administration
has been proven to have a fast antidepressant effect in mice [381].

A detailed review of intracellular pathway disturbances in depression is beyond the scope of this
review and can be found elsewhere [382].

15. Genetics

Genetic contribution to MDD is around 40%-50% [383]. Several single nucleotide polymorphisms
(SNPs) have been linked to depression, mainly those involved in monoaminergic and glutamatergic
signaling [6]. Polymorphism in genes encoding the 5-HT transporter, 5-HT2A receptor, BDNF,
TRP hydroxylase, SOD and CAT are candidate genes in the pathology of MDD [168,384,385].
Nevertheless, in an extensive Genome-Wide Association Study, no robust and meaningful genomic
differences were found between MDD and healthy controls despite the large size of the study group [386].
A probable explanation may be the significant heterogeneity of depression and diverse or even opposite
DSM criteria. Hence, a change in the paradigm may be necessary. Novel genomic approaches such as
polygenic scores [387] or telomere length [388,389] could be more useful.

SNPs in several genes have been associated with response to antidepressant treatment [390],
e.g., Met/Met genotype in the catechol-O-methyltransferase (COMT) gene [391]. However, no study
has identified genetic variants that could be associated with treatment outcomes at a genome-wide
statistical level [392].

16. Epigenetics

Epigenetic changes consist in modifications of gene expression without changes in the DNA
sequence. They are mainly mediated by two processes: DNA methylation and histone modifications.
Stress (both physical and psychological) is known to activate epigenetic mechanisms which increase the
risk of depression [393]. Early life stress and polymorphism in the serotonin transporter gene facilitate
methylation of the promoter region of the CRF gene in rats [394]. Stress during pregnancy leads to a
higher risk of depression and anxiety in young adults. It is associated with reduced expression of the
BDNF and AcH3K14 genes and increased expression of histone deacetylases in the hippocampus [395].
Elevated levels of methylation of the exon 1 promoter region in the BDNF gene have been found in
patients with MDD in comparison to healthy controls [396].

17. Physiological Markers

Among ‘physiological markers’, alterations in circadian rhythms and electroencephalography
(EEG) records have been observed in patients with MDD. Altered circadian rhythms are associated with
genetic, environmental and developmental abnormalities preceding the development of MDD [397,398].
Korb etal. [399] reported that clinical response to anti-depressant treatment can be predicted by assessing
activity in the rostral anterior cingulate cortex region in EEG.

18. Imipramine Binding

Imipramine was the first effective antidepressant drug in history. The binding of imipramine on the
surface of platelets is considered a potential biological feature able to differentiate depressed individuals
from healthy controls [400]. While several studies reported conflicting results, a meta-analysis
performed by Ellis and Salmond [401] confirmed decreased maximal platelet imipramine binding
(Bmax) in depressed patients. Nevertheless, the clinical utility of such a marker is questionable.
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19. Treatment-Resistant Depression

A distinct problem in depression is the issue of treatment resistance. Early identification
of patients at risk of treatment resistance may be possible with the use of biological markers.
TRD has been associated with immune activation (enhanced mitogen-induced lymphocyte response,
increased CD4/CD8 T cell ratio, enhanced IL-6 trans-signaling with higher sIL-6R, higher CRP and
TNF-), significantly enhanced oxidative stress (higher TBARS) and attenuated immune regulation
(low sTNF-R2) in comparison to non-TRD patients [96,125,402,403]. IL-6, CRP, TNF and sTNF-R2
are associated with a number of failed antidepressant treatment attempts [404]. Risk factors for
non-response also include elevated concentrations of circulating IL-13, TNF-&, MIF and cortisol,
dexamethasone non-suppression of cortisol, and decreased concentrations of IL-12, TSH, HDL, S100B,
serotonin and noradrenaline [405].

20. Depression Subtypes

20.1. Melancholia

As mentioned above, depression is a heterogeneous disorder. This heterogeneity is an obstacle
in biomarker research. In this section we would like to analyze in more detail two major depressive
subtypes—melancholic and atypical depression.

The prevalence of typical and atypical depression in the general population is 7.1% and 3.5%,
respectively [406]. Melancholic depression is a specifier of typical depression according to DSM-5.
Approximately 20%-30% of all MDD cases are classified as melancholic depression [407,408].

The history of the term ‘melancholia’ is long and goes back to antiquity. Throughout the years,
this type of depression has been described as endogenous, psychogenic, evolutionary, non-reactive,
anhedonic, ‘vital depression type” or depression with psychomotor retardation [407]. Melancholic
depression is thought to be the most ‘pure’ endogenous depression. Even though it is difficult to
establish precise boundaries of the term ‘melancholia’, a few characteristics are repeatedly reported in
this subtype of depression. Motivational, appetitive and arousal functions are disturbed in melancholia
(anhedonia, psychomotor retardation, hyperarousal, stress sensitivity) [407]. Melancholia is often
characterized by greater severity, heritability, chronicity and a history of childhood trauma or abuse
and comorbid anxiety [20,366,407,409,410]. Chronic low stress causes melancholic type behaviour in
mice [411,412]. Melancholic depression is characterized by more significant psychomotor retardation
and attention deficits in comparison to NMD [413]. Melancholic depression is more common in
females and in advanced age, and is associated with greater severity and more common occurrence of
psychotic features [414]. The strong heritable component in melancholia suggests that there may be an
underlying biological dysfunction which could be manifested by certain biological features [366].

Melancholic depression appears to be associated with significant dysregulation of the DA system
(e.g., higher frequency in people with Parkinson’s disease) [415]. Decreased dopaminergic function
leads to psychomotor retardation which could underpin learned helplessness [416].

The presence of melancholic features is considered a risk factor for TRD [417]. In melancholic
depression, response to SSRI treatment is poorer in comparison to response to drugs modulating
multiple neurotransmitters (e.g., tricyclic antidepressants—TCA). This could be caused by a
different circuitry characteristic of melancholia—more dopaminergic and noradrenergic, and not only
serotoninergic [407,418,419]. In terms of treatment response, lower baseline plasma S100B protein may
predict treatment resistance in patients with melancholic depression [420].

20.1.1. Markers to Differentiate Melancholia from Healthy Controls

A significant number of studies have investigated biological features of melancholic depression.
Among physiological markers of melancholia, lower systolic blood pressure, higher heart rate and a lower
BMI have been found [230]. Melancholia is characterized by HPA axis hyperactivity, CRH dysfunction,
higher plasma cortisol with altered cortisol diurnal variation, higher androstenedione and corticosterone
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(dysregulation promoting steroidogenesis in the upstream pathway), higher plasma arginine
vasopressin, higher central NA, and basal hypothalamic-pituitary-thyroid ultra-sensitivity [230,366].
More pronounced inflammation or deficits in immune regulation have been reported in melancholic
depression in comparison to healthy controls [230]. Upregulation of T cytotoxic CD8+ cells,
M1 macrophages and Th1 lymphocytes [49,421] as well as downregulation of NK cells and Tregs
have been found characteristic of melancholic depression. Melancholic depression is also characterized
by increased IL-6 and sIL-6R (enhanced IL-6 trans-signaling) and decreased IL-1 and TGF-f [125,422].

Metabolomic biosignature differentiates patients with melancholic depression from healthy
controls. Most metabolites related to lipids and metabolites related to stress hormone signaling are
elevated in depression with melancholic features. One study demonstrated different levels of cystine,
dodecanal, isoleucine, methionine, leucine, normetanephrine, and phenylalanine in melancholia [366].
Another study reported lower aspartic acid, glycine, GABA and higher NO levels in melancholic
depression in comparison to healthy controls [423].

20.1.2. Markers to Differentiate Melancholia from Atypical Depression

Since the performance of the pioneering research by Carroll et al. [235] in 1981, attempts have
been made to differentiate two major depressive subtypes—melancholic and atypical—based on
the biological profile. HPA hyperactivation and sustained cortisol elevation have repeatedly been
indicated as distinct features of melancholic depression which can differentiate it from atypical
depression [230,424,425]. Melancholic depression is characterized by a lower absolute monocyte count,
increased haptoglobin, IL-6 and CRP, enhanced expression of T cell activation markers, and increased
resistance of sIL-2R and IL-1f production in response to dexamethasone administration as compared
to non-melancholic depression [426-431]. Higher triglycerides and fatty acids have been observed in
the melancholic subtype [366]. Studies suggest that the angiotensin-converting enzyme (ACE) could be
decreased in melancholic depression (vs. atypical, vs. healthy controls) [151,432], although published
results are inconsistent.

Liu found decreased histamine and decreased arachidonic acid in melancholic depression [366].
The findings are in line with previous studies indicating that melancholic depression is characterized by
immune repression in contrast to atypical depression which presents with inflammatory activation [222,424].

Among ‘physiological’ markers, differences in EEG patterns have been reported between
melancholic and atypical depression [433].

20.2. Atypical Depression

Atypical depression differs more from healthy controls than melancholic depression. In a study
by Lamers et al. [151], eight out of nine markers overlapped when the authors compared atypical
depression with healthy controls and with melancholic depression. No marker reached statistical
significance which would allow for differentiating between melancholic depression and healthy
controls. The study demonstrated that in atypical depression the following molecules were altered as
compared to melancholic depression: higher leptin, FABPa, complement C3, insulin, B2-microglobulin,
ACE, and lower insulin-like growth factor-binding protein 1 and 2 (IGFBP1, IGFBP2) and mesothelin.
When correcting for BMI, the effect remained significant only for IGFBP1, ACE and B2-microglobulin
(the mediating effect of BMI) [151]. The results are not entirely consistent—enhanced leptin was also
found in melancholic, but not atypical depression in a POWER (Premenopausal, Osteoporosis, Women,
Alendronate, Depression) study [434].

In the majority of studies, atypical depression presents with a more disturbed metabolic profile.
Atypical features correlate with a higher BMI, triglycerides and waist circumference, and lower HDL
and obesity, which could partly explain elevations in IL-6, CRP, TNF-w, and IL-1f since adipose tissue
enhances the production of pro-inflammatory agents [435]. However, metabolic disturbances cannot
fully explain the pro-inflammatory shift characteristic of atypical depression [230].
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Although some similarities were found between melancholic and atypical depression
(e.g., televated IL-6 and CRP concentrations) in a study by Lamers et al. [230], the authors suggest that
inflammation per se is characteristic of atypical depression only, while melancholic depression is even
thought to present an anti-inflammatory profile. Enhanced inflammation reported in the melancholic
subtype in certain studies (e.g., elevated CRP, IL-6, TNF-&) could reflect the characteristics of the
study cohort (e.g., patients with more severe symptoms of depression, inpatient). Decreased IL-4 and
increased IL-2 have been reported in atypical as compared to melancholic depression [421].

21. Discussion

21.1. The Need for Markers

Psychiatric disorders, including depression, are still not completely understood. Knowledge
regarding the etiopathogenesis of depression remains rudimentary. However, thanks to the
implementation of new diagnostic techniques and technologies, particularly the ‘omics” modalities,
new evidence is emerging and our understanding of the complex nature of depression is becoming
more profound. At present, depression is regarded as a disorder of communication between neurons,
glia and endothelial cells, which is dependent on different systemic factors, including inflammation
and oxidative stress [345]. However, this definition is probably incomplete. Biological markers
constitute an invaluable aid in finding potential new patho-mechanisms involved in the pathogenesis
of depression. Another important issue is a high level of treatment resistance in depression which
occurs in more than one third of all MDD cases. Biological markers could help stratify patients into
more homogenous subgroups and subtypes, such as melancholic and atypical depression, identify
patients at risk of TRD or suicide and elucidate causes and mechanisms underlying these states,
such as increased inflammation or pronounced oxidative stress. Biomarker levels can help assess the
severity of depression, predict outcomes or guide adequate treatment selection. Lastly, by revealing
underlying biological processes, biomarkers may help discover new drug targets and reduce the global
depression burden.

21.2. Biomarkers That Have Potential

The selection of the most accurate biomarkers for depression is not an easy task. Research into
depression markers has intensified in recent years, revealing a plethora of substances, gene polymorphisms,
metabolites and other indicators of depression. Multiple meta-analyses present conflicting results,
which may be due to a vast number of small, marginally significant studies, methodological differences
between studies, depression comorbidities and the high heterogeneity of depression itself. Nevertheless,
inflammatory biomarkers, biomarkers related to oxidative stress, HPA changes, growth factors and
kynurenine pathway markers are repeatedly reported in depression studies and have promise to be
reliable indicators of depression. The most recent and comprehensive, to date, umbrella meta-analysis by
Carvalho et al. [40] demonstrates that depression is associated with increased CRP, IL-6, TNF-e, sIL-2R,
IGF-1, FGF-2, glutamate and lipid peroxidation markers, and decreased BDNF, total cholesterol, KYNA,
KYNA/3HK and KYNA/QA.

21.3. Looking for Biosignature

No individual marker for MDD has displayed sufficient specificity and sensitivity to be a
diagnostic biomarker [436]. Absolute changes in HDRS—the most popular scale to measure depression
intensity—are not significantly correlated with alterations in the levels of any particular biomarkers [115].
One of the biggest challenges (and opportunities) of current depression biomarker research is the
inevitable and indispensable shift in the paradigm—from studies focused on one or two specific
biomarkers (proteins, mutations, etc.) to a far more holistic approach, considering multiple biomarkers
of different classes (i.e., a biosignature) [437] and interactions between them (interactome). It may also
be the case that questionnaires used for the clinical assessment of depression are not best correlated
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with biomarker levels. Perhaps a more holistic approach to the patient’s state, including quality of
life or everyday functioning, is needed to increase biomarker accuracy [438]. A possible lack of a link
between various depression scales and depressive markers may also be due to high levels of comorbid
anxiety in depressive patients since anxiety substantially impacts on the stress axis and hormones.

21.4. Issues
Biomarker research in psychiatry is particularly difficult due to a number of issues highlighted below.

21.4.1. Lack of Specificity

Mental diseases have no sharp boundaries and there is a considerable overlap of symptoms
between psychiatric entities. In addition, they could be perceived as spectrum disorders [439,440] and
psychiatric biomarkers may have a transdiagnostic nature [441].

To address this issue, the Research Domain Criteria Initiative (RDoC) was launched by the
National Institute of Mental Health. This postulates a totally new approach to the classification
of mental disorders and seeks to connect observed behavioral dimensions with neurobiological
systems [442]. It is designed in the form of a matrix concentrating on the assessment of different
spheres of mental functioning affected by mental disorders (such as negative and positive valence
systems, cognitive system, system for social processes and arousal/regulatory system) at different
levels of analysis (genetic, molecular, cellular, neuroanatomical, behavioral, etc.) [33]. This approach
goes across existing diagnostic entities, attempting not to replace the DSM-5 but rather to supplement
it in a more biological, evidence-based way.

21.4.2. Poor Understanding of the Biology of Depression

Another issue hindering depression research is a lack of broader understanding of its
etiopathogenesis. This process has accelerated several times as a result of frequently accidental,
discoveries of new antidepressant drugs. Studying the mechanism of action of these drugs eventually
led scientists to the construction of new hypotheses of depression. That was the case with, inter
alia, imipramine, initially designed as an anti-tuberculosis drug, which unraveled the monoamine
mechanism of depression, and ketamine, an NMDAR antagonist, which underpinned the importance
of NMDAR activation in the development of depression. However, our knowledge regarding the
pathogenesis of depression is still rudimentary. Therefore, when it comes to studies of biomarkers,
they frequently only correlate depression with altered levels of a few molecules, without providing a
comprehensive explanation of the origin of the observed changes. Some studies ignore the fact that
markers are interrelated in a complex, difficult-to-model network (e.g., some could be epiphenomena
of others) [438]. Besides, the exact role of markers in healthy individuals and in depressive patients
remains largely unknown.

To better understand depression, there is a need for reliable animal models. On the other hand,
to build such models, a more comprehensive understanding of the pathophysiology of depression is
necessary [11].

21.4.3. Weak Studies

Recent technological advances have contributed to the intensification of research efforts in the
field of biomarker discovery, particularly thanks to the expansion of ‘omics’ technologies which
have revealed hundreds of putative biomarkers—gene polymorphisms, proteins and metabolites,
whose presence (or altered levels—up or downregulation) could indicate depression. However, the
published results are inconsistent and most markers lack robustness and validation and cannot be
applied directly to clinical practice, which causes a ‘translational gap’ [6,40]. This is due to issues
including a lack of clear definition of psychiatric illnesses, biomarker variability in individuals,
widespread diffusion of small, underpowered studies characterized by ’significance chasing’ and
small effect size, ‘approximate replications’ of these studies which neither confirm decisively nor
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reject original findings (instead creating a penumbra of new hypotheses), selective publication of
‘positive’ results, selective reporting of outcomes, and finally, for most studies, focus on comparing
‘textbook patients” with perfectly healthy individuals, which limits clinical application of such a
biomarker [30,443]. A more profound understanding of individual variables such as patient’s age, sex,
menstrual cycle, medication use, smoking status, BMI, and time of sample collection are important to
ameliorate the accuracy of results [23].

21.4.4. Heterogeneity

A search for biomarkers is also hindered by the heterogeneity of MDD [53,206,444]. A lack of
robust, biologically validated, homogenous subgroups is one the greatest obstacles in establishing
biomarkers for depression [3]. Making generalized statements about depression is difficult when
one considers the plethora of different depressive subtypes described in the literature which are
characterized by distinct symptomatologies. It might be worthwhile to use biological differences as a
springboard for defining depression subtypes based on biomarker profile analysis utilizing latent class
analysis [445].

21.4.5. Brain-Periphery Differences

Peripheral fluids (blood, urine, saliva) are the most obvious sources of biomarkers in various
diseases, including MDD. It remains an open question, however, to what degree biochemical changes
in peripheral fluids reflect what happens in the brain/CSFE. By way of illustration, even if cytokines
can cross the blood-brain barrier and elevated levels of cytokines are present both peripherally
and centrally in depressed patients [47,53,93,446], the peripheral cytokine profile should not be
considered a simple reflection of what is happening in the brain since peripheral cytokines are strongly
influenced by several extra-central nervous system (CNS) variables. A poor correlation between
blood and brain biomarkers (with some overlaps) was described by Hayashi-Takagi et al. [447].
There are also discrepancies between studies caused by differences in investigated blood samples types
(serum, plasma or cellular components).

To sum up, it is very unlikely that a single marker for MDD is established. However, even if the
diagnosis of depression continues to be based on clinical signs, biomarkers may be a valuable tool for
stratifying particular patients with the disorder, defining subtypes, improving treatment matching,
avoiding specific treatment modalities, predicting response, etc. Such biomarker application is already
common in other areas of medicine in diseases such as asthma, rheumatoid arthritis or cancer [30].

22, Limitations

The study is not systematic and does not provide quantitative information. The authors did not
use strict inclusion and exclusion criteria. Both large and small studies were included. No age and
gender bias were considered.
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Abstract: Depression (MDD) is a leading psychiatric entity worldwide, with a high impact on in-
dividual life and public health. In recent years, efforts have been made to elucidate its biological
underpinnings. MDD biomarker research provides promise for a better understanding of the bio-
chemical processes involved in its pathogenesis. Oxidative and nitrosative stress (O&NS) and lipid
disturbances are reported as major factors favoring the occurrence of depression. A total of 29
patients with MDD and 30 healthy volunteers were examined using the Hamilton Depression Scale
(HAM-D), the Hamilton Anxiety Scale (HAM-A), and the Beck Depression Inventory (BDI). Blood
and urine were collected to search for potential MDD biomarkers. O&NS parameters and -amyloid
were assessed in the urine, while cholesterol fractions were assessed in the blood. The group of
depressed patients was characterized by higher concentrations of urine superoxide dismutase (SOD),
3-nitrotyrosine (3-NT), catalase (CAT), reduced glutathione (GSH), tryptophan (TRY), and serum
triglycerides (TGA), along with lower levels of serum high-density lipoprotein (HDL). Elevated urine
3-NT and decreased serum HDL, considered together, were found to have the greatest potential
as markers of depression. The study supports the importance of oxidative stress and cholesterol
disturbances in MDD. Further research is required to assess their clinical usefulness as markers.

Keywords: 3-nitrotyrosine; oxidative stress; HDL; biomarker; marker; depression; MDD; urine;
cholesterol; p-amyloid

1. Introduction

Depression (MDD) is a leading psychiatric entity, affecting 350 million people world-
wide, i.e., 5% of the global population [1]. It is characterized by a high suicide rate and a
high number of disability-adjusted life years, and it has a substantial impact on a patient’s
quality of life [2]. MDD is clinically characterized by lowered mood, lack of energy, an-
hedonia, sleep and appetite disturbances, problems with concentration, decreased libido,
and suicidal thoughts. Nevertheless, the clinical image of MDD may vary considerably
from person to person, so much so that several subtypes of depression have been described.
MDD is a complex and heterogeneous disorder with multiple psychological, social, and
biological factors involved in its etiopathogenesis. Genetic predisposition, monoamine
deficiency, stress axis dysregulation, and pro-inflammatory state are among the major
biological factors enhancing depression development. Oxidative and nitrosative stress
(O&NS), closely interrelated with the inflammatory processes, are also reported as pivotal
biological factors involved in depression [3]. Oxidative stress is a persistent imbalance
between the antioxidant defense system and oxidative damage, caused by reactive oxygen
species (ROS), which are a side product of the mitochondrial oxidative chain. The main ROS
include hydrogen peroxide, hydroxy radical, and superoxide anion [4]. Interestingly, the
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brain is particularly vulnerable to oxidative damage due to high oxygen consumption per
weight unit, high concentration of unsaturated fatty acids, and oxidative defense system
paucity. Nitrosative stress is a measure of the detrimental effect exerted on body cells
by reactive nitrogen species (RNS). Examples of RNS are nitric oxide and peroxynitrite.
ROS/RNS were found in the brain tissue of depressed patients in a post-mortem study [5].
Under physiological conditions, ROS/RNS are neutralized by several anti-oxidant defense
pathways, including ROS/RNS scavenging (e.g., glutathione) or enzymatic deactivation
(e.g., superoxide dismutase, glutathione peroxidase, and catalase). There are also ways
through which oxidative stress favors anti-oxidant processes activation (e.g., an increase
in Nrf-2 levels, which itself promotes antioxidant genes transcription) [6]. The interplay
between pro- and antioxidant systems in depression has been described in detail by Maes
and Carvalho [7]. When not efficiently counterbalanced by anti-oxidant systems, ROS/RNS
damage cellular macromolecules, such as proteins, lipids, and DNA, leading to a formation
of so-called neo-epitopes, which increase the autoimmune response. Such damages have
been proved in MDD [8]. There is evidence that MDD is characterized by a neurode-
generative process [9], and O&NS pathways, when activated, favor neurodegeneration
through different mechanisms, including direct ROS/RNS detrimental effect, enhanced
neuroinflammation, and neurotoxic effects of by-products of the ROS-activated kynurenine
pathway—quinolinic acid (QA) and 3-hydroxykynurenine (3-HKN) [10]. Interestingly, the
activation of indoleamine 2,3-dioxygenase (IDO)—an enzyme of the kynurenine pathway—
is likely the means through which inflammation induces depression [11]. Oxidative stress
and neurodegeneration are closely interrelated. Oxidative stress is involved in the etiology
of neurodegenerative disorders such as Alzheimer’s disease (AD). In AD, redox active
metal ions (e.g., copper, iron, or zinc) aggregate with B-amyloid peptide—the hallmark of
AD. When bound, they can promote ROS production and enhance the oxidative damage
of the B-amyloid peptide itself, as well as other surrounding molecules, such as lipids or
proteins [12,13]. Interestingly, MDD is known to be a prodrome and a risk factor of AD.
Moreover, there is a certain overlap in behavioral signs of MDD and AD [14]. That is why
-amyloid was investigated as potentially altered in MDD, especially in older patients, with
conflicting results [15,16]. In the majority of PET studies, higher levels of cortical f-amyloid
deposition were found in elderly depressive patients [17-19], while contradictory results
have also been reported [20,21].

The psychiatric diagnostic process, unlike the process in many other medical fields,
remains mainly symptom-based. Today’s psychiatry research, tending toward more objec-
tive disease diagnosis and more personalized treatment, focuses on disease biomarkers.
The better understanding of underlying pathophysiological processes may lead to a more
accurate diagnosis and better-tailored treatment. An increasing body of evidence suggests
the existence of several biochemical markers of MDD, able to differentiate between de-
pressive patients and the healthy population [22,23]. Some of them have the potential to
monitor treatment response or to predict the increased risk of depression incidence [24].
Oxidative stress can be evidenced by the presence of oxidative stress biomarkers, which
may be found in any body fluid. The majority of MDD biomarker studies focus on blood
biomarkers. For example, the umbrella meta-analysis of Carvalho et al. [25] points at some
promising biomarkers of depression: interleukin-6, C-reactive protein, tumor necrosis
factor-a, malondialdehyde, F2-isoprostanes, glutamate, total cholesterol, brain-derived
neurotrophic factor, fibroblast growth factor-2, and insulin-like growth factor-1. Urine
biomarkers are an interesting alternative to those of the blood, as urine collection is easy
and non-invasive, and urine biomarkers concentrations may at least partially reflect their
concentration in the blood. Urinary MDD biomarkers have also been assessed in some
studies. For example, Chen et al. [23] discovered a metabolomic biomarker panel for diag-
nosing MDD consisting of four metabolites: aminomalonic acid, N-methylnicotinamide,
hippuric acid, and azelaic acid. Van Buel et al. [26] found a set of 9 serum and 8 urine
biomarkers correlating with depression.
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This study aimed to assess urine oxidative stress parameters and -amyloid concentra-
tion in the group of patients with MDD diagnosis in comparison to the healthy volunteers
group to find out if they are associated with MDD and if any of them could potentially
serve as MDD biomarkers.

2. Materials and Methods
2.1. Study Population

The study was conducted in the Department of Psychiatry at the Medical University of
Bialystok. Study participants were recruited from inpatients hospitalized with the diagnosis
of unipolar depression between December 2021 and July 2022 in the Dr. Stanistaw Deresz
Independent Public Psychiatric Health Care Centre in Choroszcz, Poland. A total of 46
patients were eligible to participate in the study, and 17 of them eventually did not meet
the inclusion criteria for one of the following reasons: lack of consent, or considerable
psychiatric or somatic comorbidity. A total of 29 patients (11 men, 18 women), aged 18-65,
were recruited into the study. The mean age was 43.3 years. All patients were Polish, and
of Caucasian race. In the study group, there were 4 (13.8%) patients presenting with their
first MDD episode and 25 (86.2%) presenting with a subsequent episode. Pregnant and
breastfeeding women, and patients with obesity, diabetes, and inflammatory, autoimmune,
and endocrine diseases, were excluded. None of the patients were drug-naive at the
recruitment. They received drugs from SSRI or SNRI groups or vortioxetine. The control
group was recruited from among healthy volunteers, selected by sex and age to match
those in the study group. The control group consisted of 30 people (10 men, 20 women),
with a mean age of 41.8 years. The study design was accepted by the Ethics Committee of
the Medical University of Biatystok (permission: RI-002/582/2019) and was carried out in
accordance with the Guidelines for Good Clinical Practice and the Helsinki Declaration.
All study participants signed informed consent forms.

2.2. Study Design

The diagnosis of depression (i.e., depressive episode or recurrent depressive disor-
der) was based on ICD-11 criteria and confirmed by an experienced psychiatrist (N.W.).
The MINI psychiatric interview was used in order to exclude other potential psychiatric
entities [27]. Patients qualified in this way were then assessed with the use of the Beck
Depression Inventory (BDI) [28], the Hamilton Depression Scale (HAM-D) [29], and the
Hamilton Anxiety Scale (HAM-A) [30]. The persistence of depression was measured as the
number of years since the beginning of the first depressive episode.

A blood analysis (complete blood count, potassium, sodium, creatinine, AIAT, AspAT,
CRP, TSH, total cholesterol, LDL, HDL) was performed for each study participant before
inclusion into the study in order to assess the general health of each individual. Blood
analyses were performed on the Cobas Integra 400+ analyzer (Roche), using the immuno-
turbidimetric method for CRP determinations, and the enzymatic-colorimetric method for
total cholesterol and HDL determinations. The LDL concentration was calculated using the
Friedewald formula.

Urine samples were collected from the midstream of the first-morning urine and
centrifuged at 1300x ¢ for 10 min at 4 °C. (MPW 351, MPW Med. Instruments, Warsaw,
Poland). The supernatant was collected, frozen, and stored at —80 °C in Eppendorf tubes
until the biochemical analysis was performed.

2.3. Biochemical Procedures

All samples were then simultaneously tested. The following parameters were as-
sessed: Total antioxidant capacity (TAC), catalase (CAT), glutathione peroxidase (GPx),
superoxide dismutase (SOD), reduced glutathione (GSH), total oxidant status (TOS), 3-
nitrotyrosine (3-NT), advanced glycoxidation end products (AGEs), advanced oxidation
protein products (AOPP), N-formylkynurenine (NFKN), kynurenine (KN), tryptophan
(TRY), and B-amyloid.
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All reagents for the biochemical assays were obtained from Sigma-Aldrich (Saint Louis,
MO, USA). The list of reagent catalog numbers is listed in the Supplementary Materials. The
fluorescence /absorbance was measured using an Infinite M200 PRO Multimode Microplate
Reader, Tecan (Tecan Group Ltd., Médnnedorf, Switzerland). All determinations were
standardized to 1 mg of total protein.

2.3.1. Anti-Oxidant Defense Systems Assays

Catalase (CAT) activity was assessed spectrophotometrically by measuring the decom-
position rate of hydrogen peroxide. The absorbance was measured at 240 nm [31]. It was
assumed that 1 unit of CAT decomposes 1 mmol hydrogen peroxide per 1 minute.

Superoxide dismutase-1 (SOD) activity was assayed spectrophotometrically by mea-
suring the inhibition of adrenaline oxidation to adrenochrome at 480 nm [32]. A quantity
of 1 unit of SOD activity was defined as a quantity of enzyme necessary to inhibit the
oxidation of adrenaline by 50%.

Glutathione peroxidase (GPx) activity was assessed spectrophotometrically in the
presence of NADPH and glutathione reductase, based on the reduction of organic peroxides.
The absorbance was estimated at 340 nm [33]. A quantity of 1 unit of GPx activity was
defined as catalyzing the oxidation of 1 umol of NADPH per 1 minute.

Reduced glutathione (GSH) concentration was assessed spectrophotometrically based
on the reaction with 5,5'-dithiobis-2-nitrobenzoic acid (DTNB). The absorbance of the
resulting complex was estimated at 412 nm [34]. The standard curve for GSH (0-50 umol /L)
was used.

Total antioxidant capacity (TAC) levels were estimated spectrophotometrically based
on the reaction with 2,2-azinobis-3-ethylbenzothiazoline-6-sulfonic acid radical cation
(ABTS*+) [35]. Absorbance changes were measured at 660 nm. TAC levels were calculated
with the use of the calibration curve for 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox; 0-3 mmol/L).

2.3.2. Oxidative and Nitrosative Damage Assays

The content of advanced oxidation protein product (AOPP) was estimated spectropho-
tometrically at 340 nm with the use of the iodine ion by measuring its oxidative capacity.
For AOPP assessment, urine samples were diluted 1:50 (v/v) in phosphate-buffered saline,
pH 7.2 [36]. The concentration of AOPP was calculated from the standard curve for chlo-
ramine T (0~100 umol/L).

The presence of advanced glycation end-products (AGE) was assessed fluorometrically
by measuring AGE-specific fluorescence at 350 nm /440 nm. For AGE assessment, urine
samples were diluted 1:50 (v/v) in phosphate-buffered saline, pH 7.2 [36].

For KN, NFKN, TRY, and 3-NT determinations, urine samples were diluted (1:10, v/v)
in 0.1 M H,SO4. Fluorescence was analyzed at 365/480, 325/434, 95/340, and 330/415 nm,
respectively, [37], and all results were normalized to a fluorescence of 0.1 mg/mL quinine
sulfate (in 0.1 M H,SOy) [38].

The level of TOS was determined colorimetrically based on the oxidation of Fe* to
Fe’* ions in the presence of the oxidants in the sample [35]. The absorbance was measured
bichromatically at 560/800 nm. The TOS level was calculated from the standard curve for
H,0; (0-200 umol/L).

The content of total protein in the samples was estimated by the bicinchoninic acid
(BCA) method [39] using the commercial kit-Thermo Scientific Pierce BCA Protein Assay
(Rockford, IL, USA), in accordance with the manufacturer’s instructions.

The formation of beta-amyloid was evaluated by adding 10 uL of Thioflavin T to 90
uL of the urine sample. Thioflavin T fluorescence was measured at 385/485 nm [40].

2.4. Statistical Analysis

The significance level of statistical tests in the analysis was set at « = 0.05. Testing of
variables on a continuous scale was performed using the Shapiro-Wilk test.
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Two types of tests were used: parametric (for normally distributed variables) and
nonparametric (for nonnormally distributed variables).

For normally distributed variables, the distribution measures of central tendency were
given in terms of M (SD) and Mdn (Q1-Q3) for non-normally distributed variables.

The Mann-Whitney test was used to compare the means of two independent groups
with nonnormal distributions. The effect size measure was estimated using the #J2. .
Interpretation of the effect size was based on Funder’s convention [41].

The Welch’s t-test was used to compare the means of two independent groups with
normal distribution. The effect size was estimated using the $jyag.s. Interpretation of the
SHedges effect size was based on the Cohen convention [42].

The relationships between the two nominal variables were estimated using Pearson’s
Chi-square test and Fisher’s exact test. A measure of the strength of the relationship, phi
(), was calculated in the case of df = 1 and Cramer’s V, in the case of df > 1.

In the case of test significance under the condition df > 1, equality between pairs of
groups was estimated by a post hoc test using the “BH” method (also known as “fdr”),
which controls for false discovery rate, i.e., the expected proportion of false discoveries
among the rejected hypotheses [43]. The effect size of the test was also interpreted according
to the Funder’s convention.

The correlation of two independent variables on a continuous or quotient scale, cor-
responding to the assumptions of normality with 1 > 30, was calculated using Pearson’s
method [44], r,. The test statistic followed a t-distribution, with (x-2) degrees of freedom.

For non-normal distributions or in the case of a small sample size (1 < 30), the Spear-
man method was used. The p values were calculated using the asymptotic t approximation.

The multivariate effect analysis of the selected clinical parameters on the factor de-
pression was studied with the logistic regression model, based on a generalized linear
model. The iterative weighted least squares (IWLS) method was used to fit the model. The
description of the error distribution and the joint function was designed based on Gaussian
family objects.

The logit of the unknown probability of depression p; was modeled as a linear function
of predictors X; based on formula (1):

Pi
—pi

logit(p;) = In(l ) = B0+ Brx1i+. ..+ Brexyi (1)
where the observed values Yi~binomial, with p = p; for a given x; and n = k for binary
responses.
Coefficients Bj (j=1, ... k) were estimated using the maximum likelihood method.
The interpretation of the parameter (3; was the additive effect that a unit change in the
j variable has on the odds ratio, defined according to Equation (2):
P(A)
S(A) _ Tha _ P(A) x (1-P(B))
B

5(6) ~ 2B~ P(B) x (1~ P(A)

ORpxp =

@

where A, B—study groups, P—probability of occurrence of depression in a group, and
S—chance of occurrence of depression in a group [45].
The form of the implemented regression model is expressed by Equation (3):

1
Pi = 1 (O PIx L+ lock,) @

Standardized parameters were obtained by fitting the model on a standardized version
of the dataset. The 95% confidence intervals (CIs) and the p-values were computed using a
Wald z-distribution approximation.

Analyses were conducted using the R Statistical language (version 4.1.1) [46] on
Windows 10 Pro 64 bit (build 19044), using the packages effectsize (version 0.7.0) [47], car
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(version 3.0.11) [48], Hmisc (version 4.7.0) [49], ggeffects (version 1.1.1) [50], sjPlot (version
2.8.10) [51], report (version 0.5.1.3) [52], rcompanion (version 2.4.15) [53], psych (version
2.1.6) [54], and ggplot2 (version 3.3.5) [55].

3. Results

Analysis of socio-demographic data revealed no statistically significant differences
in age, gender, and BMI between the study and control groups. In the study group, there
were 18 (62.1%) nonsmokers, 5 (17.2%) patients who smoked less than 1 pack per day, and
6 (20.7%) who smoked more than 1 pack per day. In the control group, the distribution of
patients in terms smoking was correspondingly 27 (90%), 3 (10%), and 0 (0%).

The application of an independence test showed a significant dependence between
the factors group and smoking, with a large effect size, df =2, V = 0.38, p = 0.010.

A post hoc test revealed a significantly greater proportion of patients who smoked
more than 1 pack per day and a lower proportion of nonsmokers in the study group
compared with the control group (p,4; = 0.007, V = 0.39).

3.1. Analysis of Differences in Clinical Data between the Groups

The analyzed clinical characteristics are presented in Table 1. The number of observa-
tions 1 reflects the real number of analyses performed.

Table 1. From the data in Table 1, there were significant differences in all questionnaire scores and
in seven biochemical parameters between the study and control groups. The group of depressed
patients was characterized by higher mean questionnaire scores, higher mean concentrations of
serum TGA and urine SOD, 3-NT, CAT, GSH, and TRY levels, and lower serum HDL concentrations.
All significant differences were characterized by large effect sizes.

Study Group Control Group
Variable S 8 4
" Hireatment n Heontrol

Questionnaire scores

HAM-D score 29 24.1(7.1) 30 0.33 (0.7) <0.001
Beck score 29 319 (11.7) 30 4.3 (4.0 <0.001
HAM-A score 29 20.0 (14.0-26.0) 30 0.0 (0-0) <0.001
Material Clinical parameters

Cholesterol, mg/dL 22 175.1 (45.2) 30 180.8 (36.0) 0.630
HDL, mg/dL 22 50.1 (11.4) 30 60.1 (13.1) 0.005

serum 105.0 71.0
PR gL 22 (77.0-137.0) A (56.3-100.8) .00

94.5 98.5
LDL, mg/dL 22 (743-133.0) 30 (84.0-116.0) 0910
CRP, mg/L 28 1.6 (2.6) 30 1.3(1.6) 0.550
SOD, mU/mg protein 26 22(1a) 29 1.5(0.8) 0.007
3-NT, nmol/mg protein 26 0.3 (0.2-0.3) 29 0.2(0.2-0.2) 0.001
AGE, AFU/mg protein 26 60.2 (45.9-74.9) 29 56.6 (41.0-77.4)  0.550
Amyloid, AFU/mg protein 26 9.1 (7.9-10.5) 29 7.9 (6.6-9.7) 0.080
AOPP, nmol/mg protein 26 37.8 (32.1-42.2) 29 32.9(28.3-359)  0.054
CAT, nmol H,O; /min/mg protein 26 1.0 (0.9-1.3) 29 0.9 (0.8-1.1) 0.010
urine GSH, ng/mg protein 26 14 (1.3-1.6) 29 1.2 (1.0-1.5) 0.040
KN, AFU/mg protein 26 50.6 (34.0-62.2) 29 36.5 (30.9-50.2)  0.090
NFKN, AFU/mg protein 26 25.9 (18.3-34.6) 29 22.1(17.2-29.1) 0.260
GPx, mU/mg protein 26 1.1 (1.0-1.6) 29 1.0 (0.8-1.3) 0.070
TAC, Trolox umol /mg protein 26 22(1.9-3.0) 29 1.9 (1.6-2.5) 0.130
TOS, nmol/mg protein 26 20.9 (14.8-25.7) 29 15.4 (10.7-23.4) 0.060

TRY, AFU/mg protein 26 10.7 (9.2-12.9) 29 7.5(5.9-9.3) 0.001
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3.2. Analysis of the Relationship between Clinical Parameters, Questionnaire Scores, and Duration
of Disease Progression

The results of the analysis of the associations of 18 biochemical parameters with the
questionnaire scores and the disease duration factor are shown in Table 2.

Table 2. HAM-A, HAM-D, and Beck questionnaire scores and the disease duration factor showed
significant associations with serum HDL and TGA and urine SOD, 3-NT, CAT, and TRY concentra-
tions. Urine GSH correlated with the HAM-A score. All significant correlations were characterized
by large effect sizes. There was a negative correlation with HDL—an increase in questionnaire
scores/duration of disease persistence correlated with a decrease in HDL levels. An additive rela-
tionship was found with other parameters—an increase in questionnaire scores/duration of disease
persistence correlated with an increase in TGA, SOD, 3-NT, CAT, TRY, and GSH levels. The factor
that nearly all questionnaire scores correlated with the same parameters is explained by the fact that
the questionnaire scores were highly correlated among themselves (r > 0.80).

HAM-D Score BDI Score HAM-A Score Persistence of Depression
Parameter
Hpairs  Tp (P) r Mpairs  Tp (P) r Mpairs P 14 Mpairs P r
Cholesterol, mg/dL 52 -0.03  0.840 52 —0.02 0.891 52 —0.15 0.285 52 —0.02 0.901
HDL, mg/dL 52 —-0.33 0.017 52 —-0.28 0.042 52 —0.41 0.002 52 —0.35 0.011
TGA, mg/dL 52 043 0.002 52 037 0.007 52 0.40 0.004 52 0.31 0.023
LDL, mg/dL 52 0.00  0.982 52 006  0.682 52 —0.05 0.734 52 0.09 0.544
CRP, mg/L 58 018 0176 58 017 0213 58 —0.09 0512 58 —0.02 0.859
SOD, mU/mg protein 55 0.33 0.013 55 0.39 0.003 55 0.38 0.004 55 0.40 0.003
3-NT, nmol/mg protein 55 037  0.005 55 033  0.014 55 039  0.004 55 0.40 0.002
AGE, AFU/mg protein 55 0.00 0.963 55 0.02 0.893 55 0.11 0.445 55 0.03 0.802
Amyloid, AFU/mg protein 55 0.22 0.108 55 0.22 0.106 55 0.21 0.117 55 0.26 0.059
AOPP, nmol/mg protein 56 0.22 0.114 55 013 0.343 55 0.20 0.140 55 0.21 0.125
CAT, nmol H,O, /min/mg protein 55 0.27 0.044 55 0.30 0.027 55 0.30 0.028 55 0.30 0.024
GSH, ng/mg protein 55 017  0.202 55 021  0.119 55 027  0.043 55 0.27 0.051
KN, AFU/mg protein 55 0.21 0.189 55 017  0.203 55 0.21 0.123 55 0.18 0.193
NFKN, AFU/mg protein 55 018 0193 55 014 0307 55 018 0179 55 0.11 0437
PX, mU/mg protein 55 0.21 0.133 55 026  0.056 55 020 0139 55 0.20 0.134
TAC, Trolox umol/mg protein 55 0.17 0.218 55 0.20 0.134 55 0.20 0.144 55 0.20 0.146
TOS, nmol/mg protein 55 0.19 0.158 55 0.27 0.044 55 0.19 0.174 55 0.20 0.141
TRY, AFU/mg protein 55 0.39 0.003 55 0.40 0.002 55 0.39 0.003 55 0.39 0.002

3.3. Multivariate Analysis Effect of Clinical Parameters on the Depression Factor

A list of seven predictors (HDL, TGA, SOD, 3-NT, GSH, CAT, TRY) was selected for
the model based on the significance of differences within these variables between groups.
In addition, the same predictors showed significant associations with the questionnaire
scores and the duration of depression.

The model fitted with all predictors was characterized by a large variation in inflation
factors (vif > 5.0) resulting from high correlations between the parameters TRY vs. SOD
(0.87), TRY vs. CAT (0.86), and SOD vs. CAT (0.84). After the elimination of the CAT and
TRY parameters, the fitted model had no collinearity (vif < 2.0), so the final model included
five clinical parameters: HDL, TGA, SOD, 3-NT, GSH.

A logistic model was fitted to predict depression (binary variable, 1-for study group,
0-for control group.) with HDL, TGA, SOD, 3-NT and GSH (formula: depression~HDL +
TGA + SOD + 3-NT + GSH).

The explanatory power of the model was considerable (Rz-rj."'S = 0.37). The model’s
intercept, corresponding to HDL = 0 mg/dl, TGA =0 mg/dl, SOD =0, mU/mg protein,
3-NT = 0 nmol/mg protein, and GSH = 0 was -2.53 (95% CI [~7.94, 2.61], p = 0.337).

The regression coefficients converted to the scale of OR are presented in Table 3.

The transformation of the regression coefficients and their plotting on the original
probability scale are shown in Figure 1.

The estimated marginal medians (predicted values) for the response variable for
significant predictors are presented in Table 4.
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Table 3. From the data in Table 3, it is shown that the parameters TGA, SOD, and GSH had no
significant effects on the depression factor. A 1.00 mg/dl increase in the HDL parameter decreased
the log odds ratios of depression by 0.07—provided the other predictors were controlled for—as
shown here and below. Increasing parameter 3 NT by 1.00 nmol/mg protein increased the log odds
ratios of depression by 15.52.

" " Depression
Material Predictors log(OR) SE 2 p
(Intercept) —2.53 2.63 —0.960 0.337
S HDL -0.07 0.03 -2.03 0.042
TGA 0.01 0.01 0.89 0.374
SOD 0.75 0.48 157 0.117
urine 3-NT 15.52 7.55 2.06 0.040
GSH 0.12 0.33 0.37 0.708
100%
& 75
2 5% 3-NT
o [nmol/mg
o i
5 protein]
()
E 50% 0.14
o /0
> 0.23
.'5 0.31
3
O 25%
—
Q
00 ol
40 50 60 70 80
HDL [mg/dI]

Figure 1. Expected probabilities of depression as a function of the HDL and 3-NT parameters, in the
case of 3-NT for values of M (0.23) and within one standard deviation, 0.14 (M—15SD), 0.31 (M+1SD).

Table 4. From the data in Figure 1 and Table 4, patients with HDL < 40 mg/dl and 3-NT > 0.3
nmol/mg protein were more likely to be depressed, whereas patients with HDL > 80 mg/dl and

3-NH < 0.15 nmol/mg protein were less likely to be depressed.

Depression

0 0,
HDL 3-NT Probability 95% CI 11 95% CI ul
35 0.14 0.41 0.11 0.79
35 0.23 0.73 0.41 0.92
35 0.31 0.91 0.56 0.99
60 0.14 0.11 0.03 0.39
60 0.23 0.35 0.19 0.55
60 0.31 0.65 0.30 0.89
85 0.14 0.03 0.00 0.27
85 0.23 0.10 0.01 0.47
85 0.31 0.27 0.04 0.78
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4. Discussion

The study results support the importance of oxidative stress pathways in the patho-
genesis of MDD. Among oxidative stress parameters tested, urine 3-NT seems to have the
greatest potential in distinguishing between depressed and healthy people. Urine 3-NT
is a product of tyrosine nitration, mediated by RNS—nitrogen dioxide and peroxynitrite
anion—and is considered a marker of NO-dependent nitrosative stress. It was previously
found to be upregulated in depressed patients [56], in middle-aged women who were
more prone to depression [57], adolescents with the depressive disorder [58], and post-
stroke patients with depression [59]. All of the abovementioned studies concentrated on
3-NT blood levels. Interestingly, previous studies suggest that nitrotyrosine levels may
be reduced by the glutathione precursor, N-acetyl cysteine [60], which is known for its
antidepressant properties [61]. Nitrotyrosine has also been associated with neurodegen-
eration, especially in the dopamine neurons [62], which could be linked to the fact that
tyrosine is the biological precursor to dopamine. Urine 3-NT was previously described as a
marker of neurodegenerative disorders such as Alzheimer’s, Parkinson’s, and Huntington’s
diseases [63]. This could support the concept of the common underpinning of depression
and neurodegenerative disorders, as postulated by Maes et al. [10]. Urine 3-NT has also
been found to be upregulated in bipolar disorder [64].

Lipid disturbances are frequently observed in patients with mental disorders. This is
not surprising, taking into account that lipids constitute as much as 50% of dry brain mass,
and the proportion of lipids in brain tissue is the second largest after adipose tissue [65].
Alterations in lipids levels were previously described in different mental disorders, includ-
ing depression [66]. Lower serum HDL concentrations were found in depressed patients
and in depressed men who had attempted suicide [67]. However, in a meta-analysis by Li
et al. [68], suicidal attempts in MDD have been linked to lower LDL and total cholesterol
levels, but not to alterations in HDL or TG. Lower HDL levels may be characteristic of a sub-
group of depressive patients above 40 years old, as described in the meta-analysis of Bharti
etal. [69]. Decreased HDL was found in patients with a first episode of MDD [70], MDD
and anhedonia [71], and post-stroke depression [72]. A higher LDL/HDL ratio was found
in depressive patients [73]. Lower HDL was also associated with an immune-metabolic
subtype of depression [74]. In contrast, in the meta-analysis of Shin et al. [75], higher HDL
levels were linked to a higher incidence of depression, particularly in women.

The lack of race and geographic diversity in this study it is worth noting, since all
study participants were Polish and of Caucasian race. On the other hand, it should be
noted that MDD patients received different antidepressant drugs before their inclusion in
the study. Hence, it is unclear whether the differences observed between MDD patients
and healthy controls are only due to the presence or absence of depressive illness, or if they
might be related to the previously received antidepressant treatment.

5. Conclusions

The biomarkers research in the field of psychiatry constantly develops, offering a
plethora of potential new MDD biomarkers. O&NS and lipid disturbances play an im-
portant role in MDD etiopathogenesis [76] and thus constitute a promising source of
biomarkers. However, the specificity and sensitivity of any biomarker regarded alone
remain almost certainly insufficient. Combined determination of urine O&NS marker 3-NT
and blood HDL gives promise as a potential marker of MDD. Nevertheless, the clinical
usefulness of such a biomarker combination should be further assessed in a dedicated
study. There is a need to construct a validated, multi-dimensional biomarker panel to
support the diagnostic process, optimal treatment matching, or outcomes prognosis.

6. Limitations

Among the study limitations, the small sample size, the need of controlling for age
in the results, and the diversity of antidepressant treatments received by the individuals
from the study group should be noted. Moreover, a potentially confounding factor is the
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higher proportion of smokers in the study group. It is also necessary to admit that some
determinants are missing—a few study participants were not screened for all the biological
parameters described.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /jcm12010377/s1.
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9. Streszczenie w jezyku polskim
9.1 Wstep

Depresja (zaburzenie depresyjne, ang. Major Depressive Disorder, MDD) jest
jednym z najczesciej] wystepujacych zaburzen psychicznych na $wiecie.
Etiopatogeneza depresji jest wieloczynnikowa 1 w dalszym ciagu pozostaje nie w
pelni wyjasniona. Posréod czynnikdw biologicznych majacych wplyw na
ujawnienie si¢ depresji, nalezy wymienic¢ predyspozycje genetyczne, zaburzenia
przekaznictwa monoaminergicznego, rozregulowanie osi stresu (podwzgorze —
przysadka — nadnercza) oraz stan nierdwnowagi pomig¢dzy procesami zapalnymi
1 przeciwzapalnymi. Stres oksydacyjny 1 nitrozowy (O&NS) jest rowniez
wymieniany jako jeden z kluczowych czynnikow biologicznych zaangazowanych
w powstawanie depresji. Jest to miara wptywu wywieranego na organizm przez
reaktywne formy tlenu (ROS) i azotu (RNS). W warunkach fizjologii ROS i RNS
sa neutralizowane przez organizm na kilka sposobow. Jednym z nich jest tzw.
wymiatanie wolnych rodnikoéw, np. poprzez zredukowany glutation. Innym —
dezaktywacja enzymatyczna, np. poprzez dysmutaze ponadtlenkowg (SOD),
peroksydaze glutationowa (GPx) 1 katalaze (CAT). W sytuacji niedostatecznego
rOwnowazenia procesow oksydacyjnych przez uklady antyoksydacyjne, ROS i
RNS uszkadzajg makroczasteczki komorkowe, takie jak biatka, lipidy i kwas
deoksyrybonukleinowy (DNA), nasilajac proces zapalny i powodujac dalsze

uszkodzenia.

Istnieje Sciste powigzanie O&NS 1 procesdow neurodegeneracyjnych,
charakterystycznych dla choréb neurozwyrodnieniowych, takich jak choroba
Alzheimera. Badania sugerujg ze depresja moze by¢ postrzegana jako choroba
neurodegeneracyjna. W populacji chorych na depresje, szczegdlnie w starszym

wieku, odnotowano zmienione poziomy ztogéw B-amyloidu w korze mézgowe;.



Wspoblczesne badania naukowe w dziedzinie psychiatrii koncentrujg si¢ m.in. na
poszukiwaniu biomarkerow zaburzen psychicznych. Rosngca liczba dowodow
naukowych wskazuje na istnienie szeregu biochemicznych markeréw MDD, na
podstawie ktérych mozna odrézni¢ pacjentdw chorujacych na depresje od
zdrowej populacji. Markery nasilenia stresu oksydacyjnego i nitrozowego moga
by¢ interesujace w kontekscie diagnozowania i leczenia depresji oraz giebszego
rozumienia mechanizméw patogenetycznych odpowiedzialnych za ujawnienie si¢
zaburzenia. Biomarkery oznaczane w moczu stanowig interesujaca alternatywe
dla biomarkeréw z krwi, ze wzgledu na prosty i nieinwazyjny sposob pobierania
materiatu biologicznego oraz fakt, ze st¢zenie biomarkerdw w moczu moze

przynajmniej czesciowo odzwierciedlac ich stezenie we krwi.

9.2 Cel pracy

Celem pracy bylo poszukiwanie potencjalnych obwodowych biomarkeréw

depres;ji.

9.3 Material i metody

Do badania zrekrutowano 29 pacjentow z rozpoznaniem MDD oraz 30 zdrowych
0sob jako grupe kontrolng. Rozpoznanie depresji (tj. epizodu depresyjnego lub
zaburzenia depresyjnego nawracajacego) bylo stawiane w oparciu o kryteria
Migdzynarodowej Klasyfikacji Choréb, wydania 11 (ICD-11) i potwierdzone
przez doswiadczonego psychiatre. W celu wykluczenia innych potencjalnych
jednostek psychiatrycznych, stosowano ustrukturyzowany kwestionariusz
wywiadu (MINI). Uczestnikow badania oceniono przy pomocy skal
psychometrycznych — skali depresji Becka 1 (BDI), skali depresji Hamiltona
(HAM-D) oraz skali leku Hamiltona (HAM-A). Czas trwania choroby mierzono
jako liczbe lat od poczatku pierwszego epizodu depresyjnego.



U kazdego uczestnika badania wykonano podstawowe oznaczenia z krwi —
morfologia, st¢zenia potasu, sodu, kreatyniny, aminotransferaza alaninowa
(ALT), aminotransferaza asparaginianowa (AST), biatko C-reaktywne (CRP),
hormon stymulujacy tarczyce (TSH), cholesterol catkowity (TC), lipoproteiny o
niskiej gestosci (LDL), lipoproteiny o wysokiej gestosci (HDL), trojglicerydy
(TGA).

Pobrano prébki moczu, w ktorych oceniono nastgpujace parametry: catkowita
pojemnos¢ antyoksydacyjna (TAC), katalaza (CAT), peroksydaza glutationowa
(GPx), dysmutaza ponadtlenkowa (SOD), zredukowany glutation (GSH),
catkowity status oksydacyjny (TOS), 3-nitrotyrozyna (3-NT), koncowe produkty
zaawansowanej glikacji (AGE), produkty zaawansowanego utleniania biatek
(AOPP), N-formylokinurenina (NFKN), kinurenina (KN), tryptofan (TRY) i -

amyloid.

9.4 Wyniki

Grupa chorych na depresj¢ charakteryzowata si¢ wyzszymi Srednimi stezeniami
TGA w surowicy oraz SOD, 3-NT, CAT, GSH i TRY w moczu, oraz nizszymi

stezeniami HDL w surowicy.

Wyniki skal psychometrycznych HAM-A, HAM-D i BDI oraz czynnik czasu
trwania choroby wykazaly istotne powigzania ze st¢zeniami HDL 1 TGA w
surowicy krwi oraz stezeniami SOD, 3-NT, CAT i TRY w moczu. Stezenie GSH

w moczu korelowalo z wynikiem HAM-A.

Zaobserwowano ujemng korelacj¢ z HDL — wyzszy wynik skal, podobnie jak

dluzszy czas trwania choroby, korelowat ze spadkiem stezen HDL. Wzrost



wynikoéw skal psychometrycznych 1 dluzszy czas trwania choroby korelowat ze

wzrostem poziomu TGA, SOD, 3-NT, CAT, TRY i GSH.

Wazrost stezenia HDL o 1,00 mg/dl obnizat logarytm ilorazu szans wystgpienia
depresji 0 0,07 — przy zatozeniu, ze kontrolowano inne predyktory. Zwigkszenie
stezenia 3-NT o 1,00 nmol/mg biatka zwickszyto logarytm ilorazu szans
wystgpienia depresji o 15,52. Z analizowanych danych wynika Ze pacjenci u
ktorych stwierdzono stgzenie HDL < 40 mg/dl i stezenie 3-NT > 0,3 nmol/mg
biatka byli bardziej narazeni na wystapienie depresji, podczas gdy pacjenci U
ktorych stwierdzono stgzenie HDL > 80 mg/dl i stezenie 3-NT < 0,15 nmol/mg

biatka byli mniej podatni na wystgpienie depresji.

9.5 Whnioski

1. Populacja o0s6b chorujagcych na depresje charakteryzuje sie¢
wigkszym nasileniem stresu oksydacyjnego 1 nitrozowego w
poréwnaniu do populacji zdrowe;.

2. Marker stresu nitrozowego — 3-nitrotyrozyna (3-NT) — oznaczany w
moczu, w potaczeniu z lipoproteing wysokiej gestosci (HDL)

oznaczang w surowicy moze stanowi¢ potencjalny marker depres;ji.



10. Streszczenie w jezyku angielskim
10.1 Introduction

Major Depressive Disorder (MDD) is one of the most common mental disorders
in the world. The etiopathogenesis of depression is complex and still not fully
understood. Among the biological factors involved in depression, genetic
predisposition, disturbances of monoaminergic transmission, dysregulation of the
stress axis (hypothalamic — pituitary — adrenal glands) and the state of imbalance
between inflammatory and anti-inflammatory processes should be mentioned.
Oxidative and nitrosative stress (O&NS) is also considered as one of the key
biological factors involved in depression pathogenesis. Oxidative and nitrosative
stress is a measure of the effect of reactive oxygen (ROS) and nitrogen (RNS)
species on the body. Under physiological conditions, ROS and RNS are
neutralized by the body in several ways. One of them is the so-called free radicals
scavenging, e.g. through reduced glutathione. Another is enzymatic inactivation,
e.g. by superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase
(CAT). When oxidative processes are not sufficiently balanced by antioxidant
systems, ROS and RNS damage cellular macromolecules such as proteins, lipids
and deoxyribonucleic acid (DNA), increasing inflammation and causing further

damage.

There is a close connection between O&NS and the neurodegenerative processes
that are characteristic of neurodegenerative diseases such as Alzheimer's disease.
Research suggests that depression can be considered as a neurodegenerative
disease. In the population of depressive patients, especially in the elderly, altered
levels of B-amyloid deposits in the cerebral cortex have been noted.



Contemporary research in the field of psychiatry focuses, among others, on on the
search for biomarkers of mental disorders. A growing body of scientific evidence
points to the existence of a number of biochemical markers of MDD that can be
used to distinguish depressed patients from the healthy population. Markers of the
severity of oxidative and nitrosative stress may be of interest in the context of
diagnosing and treating depression as well as a deeper understanding of the
pathogenetic mechanisms responsible for the manifestation of the disorder. Urine
biomarkers are an interesting alternative to blood biomarkers due to the simple
and non-invasive way of sample collection and the fact that the concentration of
biomarkers in the urine may at least partially reflect their concentration in the
blood.

10.2 Aim of the study

The aim of the study was to search for potential peripheral biomarkers of

depression.

10.3 Material and Methods

29 patients diagnosed with MDD and 30 healthy volunteers were recruited for the
study. The diagnosis of depression (i.e. a depressive episode or recurrent
depressive disorder) was based on the International Classification of Diseases,
11th edition (ICD-11) criteria and confirmed by an experienced psychiatrist. A
Structured Interview Questionnaire (MINI) was used to exclude other potential
psychiatric entities. Study participants were assessed using psychometric scales —
the Beck depression inventory 1 (BDI), the Hamilton depression scale (HAM-D)
and the Hamilton anxiety scale (HAM-A). The duration of illness was measured

as the number of years from the onset of the first depressive episode.



Basic blood tests — blood count, potassium, sodium, creatinine, alanine
transaminase (ALT), aspartate aminotransferase (AST), C-reactive protein (CRP),
thyroid-stimulating hormone (TSH), total cholesterol (TC), low-density
lipoprotein (LDL), high-density lipoprotein (HDL) concentration — were

performed in each study participant.

Urine samples were collected and the following parameters were assessed: total
antioxidant capacity (TAC), CAT, GPx, SOD, reduced glutathione (GSH), total
oxidative status (TOS), 3-nitrotyrosine (3-NT), advanced glycation end-products
(AGE), advanced protein oxidation products (AOPP), N-formylkynurenine
(NFKN), kynurenine (KN), tryptophan (TRY) and B-amyloid.

10.4 Results

The group of patients with depression was characterized by higher mean
concentrations of TGA in the serum, higher SOD, 3-NT, CAT, GSH and TRY in

the urine, and lower concentrations of HDL in the serum.

The results of the HAM-A, HAM-D and BDI psychometric scales as well as the
disease duration factor showed significant associations with serum HDL and TGA
concentrations as well as SOD, 3-NT, CAT and TRY concentrations in urine.

GSH concentration in the urine correlated with the HAM-A score.

A negative correlation with HDL was observed — a higher scale score, as well as
a longer duration of the disease, correlated with a decrease in HDL concentrations.

The increase in the scores of psychometric scales and the longer duration of the



disease correlated with the increase in the level of TGA, SOD, 3-NT, CAT, TRY
and GSH.

An increase in HDL of 1.00 mg/dl reduced the log odds ratio for depression by
0.07, assuming other predictors were controlled for. Increasing the 3-NT
concentration by 1.00 nmol/mg protein increased the log odds ratio of depression
by 15.52. The analyzed data show that patients with HDL concentration < 40
mg/dl and 3-NT concentration > 0.3 nmol/mg protein were more prone to
depression, while patients with HDL concentration > 80 mg/dl and 3-NT

concentration < 0.15 nmol/mg protein were less likely to develop depression.

10.5 Conclusions

1. The population of depressive patients is characterized by a higher intensity of

oxidative and nitrosative stress compared to the healthy population.

2. Nitrosative stress marker — 3-nitrotyrosine (3-NT) — determined in the urine, in
combination with high-density lipoprotein (HDL) determined in the blood, may

be a potential biomarker of depression.
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