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INTRODUCTION 

1. Osteogenesis imperfecta (OI) 

 

Osteogenesis imperfecta (OI) is an inherited disease of the connective tissue manifested 

mainly by defects in the skeletal system (bone fragility, skeletal deformities, reduced bone 

mineral density, short stature), but also a number of extra-skeletal symptoms such as blue sclera, 

hearing impairment, skin fragility, joint laxity, muscle weakness, tooth abnormalities 

(dentinogenesis imperfecta), cardio-respiratory defects and impaired pulmonary function [1-3]. 

The prevalence of OI has been estimated at 1 in 15 000 to 20 000 live births [1, 2]. The disease 

is characterized by phenotypic and genotypic heterogeneity [1-6], and variable expression of 

the same mutation, the causes of which are still not fully understood [7, 8]. Despite the large 

number of mutations discovered in many different genes, the majority (85-90%) of patients 

have dominant mutations in COL1A1 (Online Mendelian Inheritance in Man (OMIM) 120150) 

and COL1A2 (OMIM 120160) genes encoding α1(I) and α2(I) chains of type I collagen [1-8].  

The classification of OI due to the collagen type I mutations includes four clinically 

defined types, the phenotype of which ranges from mild non-deforming to the lethal [9, 10]. 

Patients with absence of deformities of bones and usually blue sclera are classified as mild type 

I, with the perinatal lethal as type II, with the most severe deforming form as type III and with 

moderate bone deformities and short stature as OI type IV.  

Many other causative mutations in non-collagenous genes, related to either dominant or 

recessive forms of the disease, code for proteins that are involved in folding and post-

translational modifications of type I collagen (CRTAP, P3H1, PPIB and BMP1) or in its 

intracellular trafficking (FKBP10 and SERPINH1), quality control of collagen biosynthesis, 

and ER stress response (CREB3L1 and MBTPS2). Other genes encode proteins that are secreted 

by osteoblasts and can bind to collagen in the extracellular matrix (ECM) and influence 

mineralization during bone formation (SERPINF1 and SPARC). Some are important in the 

anabolic bone function of the canonical WNT signaling pathway (LRP5, WNT1, and MESD), 

and other genes encode proteins that influence osteoblasts in ways not fully understood (e.g. 

SP7 and TENT5A). A new classification based on the causative gene of more rare mutations 

identifies twenty OI subtypes [1-6, 11-12]. 
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2. Biosynthesis and degradation of type I collagen 

 

Type I collagen is one of the most abundant proteins of the ECM of various connective 

tissues such as bone, skin, cornea and tendon [13-15].  It is not only a structural scaffold of 

tissues and organs responsible for their mechanical strength, but also plays an important role in 

adhesion, migration, growth regulation and metabolism of cells [13-15]. In bone it forms the 

scaffolding of the bone matrix providing a template for mineralization, balancing bone hardness 

and elasticity [16].  Type I collagen is a heterotrimer composed of two α1 and one α2 chains. 

They are is synthesized as a pro-α chains with N- and C-propeptides at both ends. The C-

propeptide is involved in the association of the pro-α chains and the formation of a triple helix 

that goes towards the N-terminus. The triple helix consists of 1014 amino acids, forming the 

characteristic repeating Gly-X-Y triplets. Glycine as the smallest amino acid is the only one 

that can fit into the limited space of the central core of the triple helix, while X and Y are often 

proline and hydroxylated proline, respectively.  

Biosynthesis of type I collagen is a very complex process involving intracellular and 

extracellular steps leading to the formation of mature collagen fibrils [13, 14, 17]. After 

transcription of COL1A1 and COL1A2 genes and then translation and translocation of 

procollagen chains to the rough endoplasmic reticulum (ER), free chains undergo post-

translational modifications before forming the triple helix. These include hydroxylation of 

lysine and proline residues involving collagen-specific enzymes: prolyl-4 hydroxylase (P4H), 

prolyl-3 hydroxylase (P3H) and lysyl hydroxylase (LH). Hydroxylysine residues are 

additionally a place for glucosyl and galactosyl residues attachment. O-glycosylation of 

hydroxylysine is catalysed by hydroxylysyl galactosyltransferase and galactosylhydroxylysyl-

glucosyltransferase. These modifications are of fundamental importance because they 

determine the process of folding, stability, secretion of procollagen as well as collagen 

fibrillogenesis, cross-linking, mineralization and collagen-cell interactions [13-15, 17-20].  

In modifications, folding and secretion of procollagen are essential chaperones that 

protect unfolded chains against non-specific interactions and their aggregation as well as 

catalyse the isomerization of disulfide bonds [19-23]. P4H is composed of two α and two β 

subunits, where the β subunit as the protein disulfide isomerase (PDI) acts as ER chaperone. 

PDI catalyzes the formation of disulfide bonds between procollagen chains and prevents their 

aggregation [21]. The triple helix formation proceeds in a zip-like manner and its rate of 

formation depends on the cis-trans isomerization of proline residues by peptidyl-prolyl cis-trans 

isomerases, e.g. FKBP65 acting as a chaperone [21]. It has also been shown that mutations in 
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the genes encoding chaperone proteins like P3H/cartilage-associated protein 

(CRTAP)/cyclophilin B (CypB) complex, responsible for 3-hydroxylation of Pro986 in the 

α1(I), or heat shock protein 47 (HSP47) lead to severe or lethal phenotypes of OI [22, 23]. 

HSP47 was found to bind preferentially to the triple helix and plays the critical role in the 

protection of the triple helix conformation during the export of procollagen from the ER to the 

Golgi apparatus [21, 23].  

Secretion of procollagen type I is followed by cleavage of N- and C-terminal 

propeptides by specific procollagen proteinases. After removing the propeptides, collagen 

molecules spontaneously assemble into quarter-staggered fibers, stabilized by intramolecular 

and intermolecular cross-linking, catalyzed by the lysyl oxidase [13, 14, 16, 18, 24]. 

To maintain cell homeostasis, the ECM undergoes a constant turnover in which collagen 

is degraded and newly synthesized [24-26]. Collagen with a specific triple helix conformation 

and complex supramolecular structure is highly resistant to degradation by most proteases. 

Enzymes capable of digesting this structure are captesin K and matrix metalloproteinases 

(MMPs), which are zinc-dependent endopeptidases [25]. In degradation of interstitial collagen 

fibrils (type I or type III collagen) are involved MMP-1, MMP-8, MMP-13 and gelatinase 

MMP-2. MMP-1 cleaves triple helix into two distinctive fragments, 1/4 C-terminal and 3/4 N-

terminal [25]. MMP-2 gelatinase can also act as a weak interstitial collagenase [26]. The 

degradation of intracellular collagen can occur through phagocytosis of intact collagen fibrils 

or endocytosis of already cleaved collagen particles via integrin receptors (e.g. α1β1, α2β1). 

Initial degradation of fibrous collagen is mediated by membrane-type MMP1 (MT-MMP1). 

The intracellular degradation of collagen takes place in lysosomes, which contain a number of 

cathepsins, including cathepsins B, D, K and L which cleave collagen into low molecular 

weight peptides [24]. The same pathway is used to degrade newly synthesized collagen prior to 

secretion when the collagen is misfolded in so-called lysosome-dependent autophagy, where 

lysosomes fuse with vesicles derived from ER or the Golgi apparatus. This process will be 

discussed later when describing the cell's response to the presence of mutant type I collagen. 

 

3. Mutations in collagen type I genes 

            

Mutations of collagen type I genes, depending on the type, can result in quantitative or 

structural defect in the collagen type I. The decrease in biosynthesis of structurally normal type 

I procollagen is caused by a null COL1A1 allele due to premature stop codons, either directly 

or through frame shifts mutations [27, 28]. The heterozygous deletions of the entire COL1A1 
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gene was also reported [29]. Reducing the expression of normal collagen by half and the lack 

of mutated collagen is the cause of non-deforming the mildest type I phenotype. The collagen 

type I mutations which are the cause of severe and lethal OI include mainly substitutions of 

glycine residues with another amino acid (80%), but also mutations of the splicing site, as well 

as small deletion or duplication that shift the register of α chains in the helix [1-8, 30-32]. They 

are defined as dominant-negative, because even in the presence of two normal and one mutant 

chains in the collagen molecule, the structure and function of such collagen is disturbed and 

may be degraded. The abnormal structure of this molecule results from excessive modifications 

(hydroxylation and glycosylation) of the procollagen chains due to the delay of the triple helix 

formation from the site of the mutation to the N-terminus [1-3, 5, 6, 30, 33]. The resulting 

mutant collagen is secreted into the ECM but also accumulates inside the cell, which can cause 

ER stress. The cell consequently activates the defense system, the unfolded protein response 

(UPR) to maintain the functional integrity of the ER under stress conditions by improving the 

conformation and secretion of collagen.  

 

4. ER stress and Unfolded Protein Response 

 

The UPR consists of three major signaling pathways mediated by ER transmembrane 

receptors: protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK), inositol 

requiring enzyme 1 (IRE1) and activating transcription factor 6 (ATF6) (Figure 1).  

All three sensor under normal condition are bound by the chaperone - binding 

immunoglobulin protein (BiP), while under stressful conditions BiP binds preferentially to 

misfolded proteins and activates UPR pathways [34, 35]. PERK through phosphorylation of 

eukaryotic translation initiation factor (eIF2α) inhibits total protein synthesis, but favors the 

translation of some proteins, such as the activating transcription factor 4 (ATF4), which is 

involved in cell survival but also in ER stress-dependent apoptosis [36]. During chronic stress, 

UPR promotes apoptosis by upregulating of pro-apoptotic genes, e.g. the homologous protein 

of the CCAAT enhancer binding protein (CHOP) [34-36]. ATF6 moves to the Golgi apparatus, 

where undergoes activation by its proteolytic cleavage and then enters the nucleus and activates 

the transcription of target genes [34, 35]. Activated IRE1 forms an alternative spliced variant 

of the transcription factor X-Box binding protein 1 (XBP1s), which increases the expression of 

chaperones and proteins involved in the proteasomal ER-associated degradation (ERAD) [37]. 
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Figure 1. Schematic presentation of unfolded protein response (UPR) activation due to the 

presence of misfolded protein. PERK- protein kinase R-like endoplasmic reticulum kinase, IRE1α- 

inositol-requiring enzyme 1 alpha, ATF4 - activating transcription factor 4, ATF6 - activating 

transcription factor 6, ERAD - ER-associated degradation, XBP1 - X-Box binding protein 1. 

 

If conformation of mutated collagen is not improved by chaperones, it is destined for 

degradation most often via autophagy [38, 39]. Autophagy is a complex system regulated by 

more than 30 autophagy-related gene (ATG) proteins. The most used markers of autophagy are 

beclin 1, a microtubule-associated protein 1 light chain 3 (LC3), and sequestosome 1 

(SQSTM1/p62), later referred to as p62 [38, 39]. In case of mutations occurring in C-

propeptide, which most affect the trimer assembly, the degradation of misfolded procollagen 

chains may occur with the involvement of the ERAD pathway [40, 41].  

 

      5. Treatment of OI 

 

            The treatment of OI is primarily supportive and symptomatic, and requires 

multidisciplinary management with medications, physical therapy, orthopedic interventions, 

and multi-specialist consultations. Current treatments and future therapeutic approaches 

include: anti-catabolic bisphosphonates, denosumab as anti-RANKL (receptor activator for 

nuclear factor κB ligand)  antibody, teriparatide as anabolic recombinant human parathyroid 

https://www.novusbio.com/atf6.html
https://www.novusbio.com/atf6.html
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hormone, sclerostin and transforming growth factor (TGF-β) antibodies [1-4, 12, 42] Various 

approaches are taken including progenitor cell therapy using healthy progenitor stem cells, 

transplantation of hematopoietic stem cell, ex-vivo expanded mesenchymal and amniotic fluid 

stem cells [3, 42]. However,  they are remained experimental due to inconsistent results, safety 

and ethical considerations. According to the latest reports, 4-phenylbutyrate (4-PBA), the 

molecular target of which is ER stress caused by intracellular accumulation of mutant collagen, 

is of great interest [42-47]. 
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THE AIM OF THE STUDY 

 

OI is a phenotypically and genetically heterogeneous disease of connective tissue, 

known as “brittle bone” disease caused, in the majority (85–90%) of patients, by mutations in 

one of the two COL1A1/COL1A2 genes coding for collagen type I [1-8, 30-32]. The mutations 

result in qualitative (OI types II, III and IV) or quantitative (OI type I) collagen abnormalities. 

Although OI is primarily a bone disease, quantitative and structural mutations affecting type I 

collagen have consequences in all tissues that produce this protein. The extra-skeletal symptoms 

include blue sclera, excessive mobility ligaments, skin brittleness, muscle weakness, hearing 

loss and dentinogenesis imperfecta. Most studies on the mechanisms of the pathology of this 

disease are carried out on patients' skin fibroblasts, because collagen type I as the most abundant 

protein of bones and skin is similarly expressed in both tissues, while fibroblasts are more 

accessible than osteoblasts and easier to culture. Due to the important role of this protein in 

connective tissue, it acts as a scaffold and is responsible for mechanical strength [13-16], 

collagen reduction by about 50% in OI type I may be related to impairment mechanical 

properties of the tissue disrupting its proper structure and function. However, the lack of 

mutated collagen is associated with the mildest symptoms [27-29]. Structural mutations, the 

most common substitutions for glycine by a larger amino acid, disrupt the structure and 

secretion of collagen into ECM and are associated with much more severe disease symptoms 

[1-10].  

Earlier studies focused on understanding the effects of mutations on the structure and 

function of secreted mutant collagen and its interactions with receptors or non-collagen proteins 

[1, 2, 8, 30]. Recent studies have focused on the importance of mutant collagen that is not 

secreted due to abnormal structure and accumulates in the cells [43-49]. In some human 

fibroblasts and osteoblasts and those derived from OI animal models (mice, zebrafish) as the 

consequences of such collagen accumulation, ER stress was found. The use of the chemical 

chaperone 4-PBA resulted in part in increasing collagen secretion and reducing ER stress in OI 

fibroblasts [44, 45]. In OI zebrafish model, it was shown that administration of this chaperone 

can improve the phenotype [46]. Hence, a new direction of therapy seems to be promising in 

which ER is a molecular target and the search for other safe drugs preventing the accumulation 

of mutated collagen is of fundamental importance. 

Medicinal plants containing significant amounts of polyphenols with high therapeutic 

potential have been widely researched for many years. Due to their high biological activity (e.g. 

antioxidant, anti-inflammatory, antibacterial and antiviral), they are used in the treatment of 
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many diseases. For years, the Department of Medical Chemistry of the Medical University of 

Bialystok has been conducting research on the search for natural compounds with beneficial 

effects on collagen, both in healthy [50-52] and OI [53] human skin fibroblasts. 

In the current research it was hypothesized that rosemary (Rosmarinus officinalis L.) 

extract (RE) and lemon balm (Melissa officinalis L.) extract (LBE), and rosmarinic acid (RA) 

as one of their main ingredients, which attract particular attention of pharmacists due to their 

high therapeutic potential, can improve the quantitative defect of normal collagen type I in OI 

type I and/or minimize the accumulation of mutant collagen in OI type II and III fibroblasts. 

Therefore, the aim of these studies was to assess the effect of these extracts and RA, at non-

toxic concentrations, on biosynthesis, secretion and degradation of type I collagen in skin 

fibroblasts of patients with OI type I, II and III. 
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MATERIALS AND METHODS 

 

The studies were performed on five primary skin fibroblast lines (one OI type I, two OI 

type II and two OI type III) obtained from the Department of Molecular Biology and Genetics 

of Medical University of Silesia in Katowice, Poland, carrying the following mutations in α1 

chain of collagen type I: 

➢ OI type I (exon 5, c. 459 del T) 

➢ OI type II 1 (exon 38 Gly691Cys);  

➢ OI type II 2 (exon 23, Gly352Ser)  

➢ OI type III 1 (exon 45, Gly901Ser);  

➢ OI type III 2 (exon 52, Gly1448Val) 

Normal human skin fibroblast lines CCD25Sk and CRL-1474 as age matched controls 

for OI types I and III were purchased from the American Type Culture Collection, and as control 

for lethal OI type II, fibroblasts derived from the foreskin on the 7th day of life of the donor 

were used. Fibroblasts from skin biopsy of OI patients and healthy control were obtained after 

informed consent in accordance with the Declaration of Helsinki, and study was approved by 

Bioethical Committee of the Jagiellonian University in Kraków, Poland (KBET/108/B/2007) 

collaborated with the Department of Molecular Biology and Genetics of Medical University of 

Silesia in Katowice. 

Rosemary and lemon balm extracts were prepared and analyzed using liquid 

chromatography-photo-diode array detector-mass spectrometry (LC-PDA-MS), and were 

provided by the Department of Pharmacognosy of Medical University of Bialystok. 

The experiments were carried out under standard conditions (skin fibroblasts were 

grown in DMEM at 37 °C in a 5% CO2 incubator). Fibroblasts of OI type I patient were 

incubated for 24 h with rosemary and lemon balm extracts at the concentrations 0.1-100 µg/mL 

each, and rosmarinic acid at the concentrations of 0.1-100 µM.  Fibroblasts of OI types II and 

III were treated with rosemary extract and rosmarinic acid at the same concentrations as above, 

and in addition, inhibitors of autophagy: 50 μM CQ, 50 mM NH4Cl and 5 mM 3-MA or 

proteasome: 50 nM BR and 2.5 µM MG132 were used. All reagents were diluted in DMSO, 

and its final concentration did not exceed 0.1% (v/v). 

In this study the following assays were used: 

➢ cell viability test using MTT 

➢ isolation of total RNA, cDNA synthesis and determination of expression of individual 

genes by quantitative Real-time PCR 
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➢ electrophoresis of cDNA in polyacrylamide gel to analyze XBP1 splicing products 

➢ Western blot and densitometry for analysis of protein expression  

➢ SDS-urea-PAGE to study collagen type I migration and identification of mutant 

collagen 

➢ Enzyme-Linked Immunosorbent Assay (ELISA) to measure the amount of procollagen 

type I in cell lysate and in the media  

➢ confocal fluorescence microscopy with immunofluorescence staining to study 

colocalization of collagen type I with lysosomal and autophagy markers 

➢ subcellular fractionation of cell lysate to obtain lysosome fraction 

➢ zymography to measure activity of MMPs (MMP-1, MMP-2, MMP-9)  

➢ determination of proteasome activities using fluorogenic substrates 

➢ statistical analysis of the results was performed using the Statistica 12 software 

(StatSoft, Tulsa, OK, USA). Statistical differences were estimated by the use of one-

way ANOVA followed by Tukey’s test and values of p < 0.05 were considered as 

significant.  
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RESULTS 

 

1. Stimulating effect of RE, LBE and RA on the biosynthesis of type I collagen and 

inhibiting the activity of MMP in OI type I skin fibroblasts   

 

Detailed phytochemical analysis of the secondary metabolites of rosemary and lemon 

balm extracts, using LC-PDA-MS method, revealed the presence of 34 different compounds. 

Among them, there were polyphenols as derivatives of caffeic acid, flavonoids such as luteolin 

and apigenin derivatives, and related compounds such as diterpenes. The quantitative content 

of RA as the dominant component of both tested extracts was determined as 27.23 ±0.54 mg/g 

and 80.26 ±1.24 mg/g for RE and LBE, respectively.  

RE and LBE at concentrations of 0.1–100 μg/mL each and RA at concentrations of 0.1–

100 μM did not affect cell viability. By using the Human pro-collagen I alpha 1 Simple Step 

Elisa Kit (Abcam, Cambridge, UK), the decrease by about half of the amount of type I 

procollagen was detected in cells and medium of OI type I skin fibroblasts, while exposure of 

OI cells to RA (0.1–100 µM) and extracts: RE (0.1–100 µg mL) and LBE (0.1–100 µg mL) had 

a significant stimulating effect on type I procollagen biosynthesis. The highest increase in the 

amount of secreted procollagen was noted at 0.1, 1 and 10 µM of RA and 0.1, 1 and 10 µg/mL 

of each extract. Moreover, in the presence of LBE at concentrations of 1 and 10 µg/mL, the 

amount of procollagen type I in the medium was normalized to that in the medium of normal 

cells. The results were confirmed by Western blot and SDS-urea-PAGE. Electrophoresis of 

pepsin-digested procollagen in non-reducing conditions allows to identify type III procollagen 

which was not significantly affected in RE treated OI cells. The quantitative real-time PCR 

showed the stimulating effect of RA and extracts on collagen biosynthesis at the mRNA level. 

Densitometric analysis of the active forms of MMPs showed an increase in the activity of 

MMP-2 and MMP-9 in OI cells compared to the normal cells and no changes in MMP-1 

activity, while RA, RE, and LBE at some concentrations exerted an inhibitory impact. 

The results of these studies are described in details in the original paper No. 1 

[Sutkowska J. et al., 2021].  
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2. Reduction of accumulation of type I collagen under the influence of RE by inducing 

autophagy in OI types II and III skin fibroblasts 

 

In untreated skin fibroblasts of two patients with severe type III and two patients with 

lethal OI type II, the accumulation of collagen type I was found by the use of  SDS-urea-PAGE 

and Western blot. When OI cells were treated with RE at concentrations of 1-100 µg/mL, a 

significant reduction in intracellular collagen levels was achieved at concentrations of 50 and 

100 µg/mL RE in all four cell lines. RA as the main component of the extract, used in a wide 

range of concentrations (1-100 µM), besides reducing the accumulation of type I collagen in 

OI II cells of patient 1 (at the highest concentration), it had no effect on other cells, therefore 

only RE at concentrations of 50 and 100 µg/mL was further investigated. 

Since the retained procollagen can activate UPR, the expression of selected proteins 

such as BiP, PDI and transcription factors ATF4, AFT6 and XBP-1s was assessed. PDI, which 

catalyzes the formation and isomerization of disulfide bonds and acts as a collagen chaperone, 

was increased in all OI cells at mRNA level. Expression of the chaperone BiP, as an activator 

of UPR sensors, was beyond OI II 1 increased in untreated OI cells at both mRNA and protein 

levels. In turn, expression of ATF4 and AFT6 at the mRNA level was increased in all cells, 

while at protein level in three OI cell lines except OI II 1. The splicing form of XBP-1 (XBP-

1s) was manifested mainly in type III OI cells. Under the influence of 50 and 100 µg/mL RE, 

the decrease in the expression of UPR proteins was observed in most cases, except for cells 

with unchanged expression of BiP.    

 The expression of proteins involved in the autophagy process in untreated and RE 

treated OI cells was then determined. Although in untreated OI cells there was an increase in 

the expression of proteins involved in the initial phase of autophagosome formation: ATG5 (in 

all cell lines) and beclin 1 (except OI II 1), as well as of protein of final autophagosome-

lysosome fusion (LC3-II), there was no dynamic autophagy process. The ratio of LC3-II to 

LC3-I, which is indicator of the autophagic flux, in untreated cells either increased in OI III or 

remained unchanged in OI II. The expression of p62, which is an indicator of autophagic 

degradation, was unchanged in OI III and increased in OI II cells. RE significantly induced 

autophagic flux in all OI cells as indicated by the increase in the LC3-II/LC3-I ratio with 

concomitant reduction of p62 protein amount. In order to confirm the induction of active 

autophagy and mutant collagen degradation with involvement of this process, fractionation of 

the cell lysate was performed and the presence of type I procollagen in the lysosome-enriched 

fraction was demonstrated. Additionally, using confocal fluorescence microscopy with 
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immunofluorescence staining, co-localization of endogenous collagen type I with LC3-II as 

autophagy marker and LAMP2A as a lysosomes marker was showed.  

 

3. Effect of RE on proteasome-mediated degradation of unfolded procollagen chains  

 

In order to check whether type I collagen is also degraded by the proteasome (ERAD 

pathway), the polyubiquitination of type I procollagen, separated in polyacrylamide gel under 

non-reducing conditions, was analyzed. Polyubiquitination of unfolded procollagen chains was 

detected only in OI type III 2 cells with a mutation in C-propeptide (Gly1448Val). The increase 

in this modification was noted in the presence of RE, which was accompanied by the decrease 

in the level of unfolded procollagen α1(I) chains. In the presence of BR, a proteasome inhibitor, 

the increased level of polyubiquitinated procollagen monomers correlated with increased level 

of unfolded procollagen chains. In OI untreated cells, the decrease in trypsin-like and caspase-

like activities, and no change in chymotrypsin-like activity was found, while in the presence of 

RE all activities decreased compared to the untreated OI cells. The decrease in proteasome 

activity had no inhibitory effect on the degradation of total proteins because their levels in RE 

treated cells were comparable to that of normal cells. 

 

4. Effect of RE on MMP-mediated degradation of collagen  

 

Additionally, the expression and activity of MMP-1 and MMP-2, which degrade 

extracellular collagen I, was tested. Expression of MMP-1 at the mRNA level was significantly 

increased in untreated OI types II and III cells compared to the normal and decreased in the 

presence of RE. In turn, MMP-2 mRNA expression was elevated only in OI type II cells and 

normalized under influence of RE. Moreover, RE at the concentration of 100 µg/mL, with the 

exception of OI II 1, showed the reducing impact on the activity of MMP-2.  

 

5. The protective effect of RE against apoptosis of OI fibroblasts 

 

Finally, the expression of pro-apoptotic proteins such as Bax and CHOP (at mRNA and 

protein level) and cleaved caspase-3 at the protein level was assessed. In OI untreated cells, the 

increase in their expression was shown, while the decrease was observed under the influence 

of RE at both concentrations (50 and 100 µg/mL). 

 

The results of the studies, included the points 2-5, are described in details in the original 

paper No. 2 [Sutkowska-Skolimowska J. et al., 2022].  



21 
 

DISCUSSION 

 

Despite intensive research on OI, the continuously discovered mutations in various 

genes coding proteins which are or are not related to collagen metabolism, confirm the complex 

molecular pathomechanisms of this disease and make it difficult to develop a universal 

treatment strategy [1-4, 12, 42]. There are some anti-resorptive treatments with the use of 

bisphosphonates, but long-term osteoclast inhibition by these drugs can deteriorate bone 

quality, leading to non-dynamic bone in which not repaired microdamages accumulate and may 

lead to an overall increase in bone fragility [1, 2]. Children after long-term pamidronate 

treatment developed atypical femoral fractures and delayed tooth eruption [54]. Other anti-

resorptive therapies using Denosumab against RANKL, Romosozumab against sclerostin or 

Odanacatib against cathepsin K are currently under investigation [2, 3, 5, 42, 55-57]. In order 

to improve the patient's condition, growth hormone, growth factors or vitamin D 

supplementation are administered [57]. 

Our research, for the first time, provides evidence of the beneficial effects of RA and 

RA-rich extracts (RE and LBE) in OI type I with quantitative collagen type I defect and OI 

types II and III with the accumulation of mutant collagen.  

In OI type I fibroblasts treated with low concentration of RA (0.1-10 µM) or extracts 

(0.1-10 µg/mL) there was a significant stimulation or even normalization of collagen 

biosynthesis. The results were confirmed at the both mRNA (by quantitative real-time PCR) 

and protein (by Western blot, ELISA and silver staining of pepsin-digested procollagen 

separated by SDS-urea PAGE) levels. It can be assumed that RA as the main component of 

both extracts, as shown by using LC-PDA-MS method, may be responsible for the stimulating 

effect of RE and LBE. This assumption is based on the quantitative analysis of the extracts, 

which showed about three times higher content of RA in LBE (80.26±1.24 mg/g) compared to 

RE (27.23±054 mg/g), and on the about 3-fold greater LBE-induced stimulation of type I 

collagen biosynthesis compared to RE, used at the same concentrations. Greater LBE 

stimulating effect on collagen type I may also be the result of the synergistic action of RA and 

another component present in LBE - apigenin 7-O-glucoside, which was not found in RE, and 

whose slightly stimulating effect on collagen type I in OI cells has been shown in previous 

studies conducted at the Department of Medical Chemistry [53]. Using SDS-urea-PAGE of 

pepsin-digested procollagen, which allowed the separation of type I collagen from the second 

essential skin collagen type III, it was demonstrated unchanged type III level, which suggests 

selective action of tested extracts and RA on affected in OI collagen type I. 
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In addition, it was investigated whether, apart from the reduction of collagen type I due 

to COL1A1 mutation, there is no increased its degradation with the participation of MMPs. The 

activity of MMP-1 specific for type I collagen in untreated OI cells was similar to normal, while 

the increased activities of gelatinases (MMP-2 and MMP-9) were reduced in cells treated with 

extracts and RA. 

Recent studies have demonstrated a relationship between the ER stress due to the  

accumulation of misfolded collagen in cells and the severity of the disease, and developed the 

ER stress-targeted therapy [43-47]. Administration of 4-PBA to the zebrafish OI model with 

glycine substitution (Gly574Asp) in COL1A1 resulted in the reduction of cellular stress and 

improvement of bone mineralization in larvae and skeletal deformation in adults [46]. Similarly, 

in osteoblasts derived from two murine OI models with mutations Gly349Cys in COL1A1 (Brtl 

mouse) and Gly610Cys in COL1A2 (Amish mouse), 4-PBA was showed to reduce collagen 

aggregates and increase collagen incorporation into matrix [43].  

In the present study it was proved on fibroblasts from patients type II and III with 

substitutions of glycine in the α1(I) chain that rosemary extract may be such a stress relieving 

factor. In contrast to the beneficial effect of RE in type I OI cells exerted at its low 

concentrations (0.1, 1 and 10 µg/mL), the reduction of mutant collagen accumulation was 

achieved in OI types II and III cells subjected to higher RE concentrations (50 and 100 µg/mL). 

The probable mechanism of reducing this accumulation is the intensification of degradation of 

mutant collagen by RE-induced autophagy.  

Autophagy is a dynamic process of the degradation of intracellular components, 

including soluble proteins, aggregated proteins and non-functional cell organelles, activated to 

limit cell damage [38, 39]. The process of autophagy is strictly regulated by ATG core proteins, 

of which LC3 plays an essential role in the formation and maturation of the autophagosome. 

The cytosolic form of LC3-I is converted into the active, membrane-bound form LC3-II during 

the formation of the autophagosomes, while the final cargo degradation occurs after 

autophagosome fusion with lysosomes, which is strictly dependent on the p62 [39, 58, 59]. An 

increase in the LC3-II/LC3I ratio and an increase in p62 degradation are important markers of 

effective autophagic flow [39, 58]. In untreated OI cells, despite the increase in the expression 

of proteins involved in the initial (ATG5 and beclin 1) and subsequent (LC3-II) stages of this 

process, no activation of this process was demonstrated.  

The stimulating effect of RE on the degradation of mutant collagen by the 

autophagolysosomal pathway was confirmed by the presence of type I collagen in the lysosomal 

fraction and its increase after inhibition of lysosomal activity with ammonium chloride. In 
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addition, the use of immunofluorescence microscopy allow to demonstrate the collocation of 

type I collagen in RE-treated OI cells with both autophagosome (LC3-II) and a lysosome 

(LAMP2A) markers. 

This was accompanied by a reduction in the expression of proteins of UPR activated in 

three out of four tested OI cells. Similarly, Besio et al. [44, 45] reported that not all tested cells 

with collagen and non-collagen mutations, demonstrating accumulation of mutant collagen and 

ER stress, activated this process. The importance of UPR in OI and the way of the activation of 

this process remains unclear, as activation of the UPR also independent of BiP was observed in 

OI cells [34, 44, 45, 60]. It is possible that other regulatory mechanisms are involved in the 

activation of the cell response during ER stress. According to results of Besio et al. [44, 45] 

PERK pathway with increased ATF4 expression and IRE1α pathway were activated, while 

there was no activation of ATF6 in fibroblasts with collagen type I mutations and mutations in 

(P3H1/CRTAP/CypB) complex that impaired hydroxylation of prolyl-3 type I collagen. In 

contrast, in our study, activation of ATF4 (effector of PERK pathway) and ATF6 as well as 

expression of spliced forms of XBP1 (effector of IRE1α pathway) was found along with BiP 

upregulation. XBP1s expression was predominant in OI type III fibroblasts. While it is still 

unknown how activation of UPR pathways and their effectors affects directly collagen type I, 

it was reported that forced XBP1s expression in cells with glycine substitution in α1(I) chain 

enhanced the folding and secretion of mutant type I collagen [37]. ATF4 in the active form can 

upregulate both the survival e.g. by enhancing autophagy and the apoptosis by upregulation of 

CHOP gene [36]. In turn, the active ATF6 enhances the expression of chaperones and genes 

for proteins involved in ERAD [34, 35].  

In the next step, it was examined whether the proteasome 26 is involved in the 

degradation of the unfolded procollagen chains. The increase in the level of procollagen α1 

chains was only shown in OI type III with a mutation in C-propeptide (Gly1448Val) according 

to the previous reports [40, 41]. In RE-treated cells, the polyubiquitination of these chains was 

increased and the amount of unfolded procollagen chains decreased. The greater accumulation 

of these chains under the influence of BR (proteasome inhibitor) confirms the proteasome's 

involvement in removing these chains. It turned out, however, that to a lesser extent than BR, 

RE also partially inhibits the chymotrypsin-like, trypsin-like and caspase-like activities of the 

proteasome. At this stage of research it is difficult to explain the mechanism RE-induced 

procollagen chains degradation, it is possible that in the case of partial inhibition of proteasome 

activity, unfolded chains may be also degraded in the process of RE-activated autophagy. As 

between the two protein degradation systems (proteasome and autophagy) a crosstalk was 
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reported [59], it is suspected that as a result of proteasome inhibition, autophagy may be 

activated to remove polyubiquitinated proteins and promote cell survival. It is possible that the 

RE-caused decrease in proteasome activity, noted in all cells (results not shown), rather than 

the activation of UPR, which did not occured in all cells, induced autophagy, which protected 

the cells from the toxic stress leading to cell apoptosis. The confirmation of the protection of 

cells against apoptosis by RE was a significant reduction in the expression of pro-apoptotic 

proteins (Bax, CHOP and active caspase 3). 

The cell's response to inhibited intracellular collagen degradation in OI untreated cells 

could be a significant upregulation of the genes coding extracellular MMP-1 and MMP-2, 

which was lowered in the presence of RE. Negative correlations between the activity of 

lysosomal enzymes and MMPs have been reported [61], but our studies mainly focus on the 

intracellular processes of collagen degradation. 

RA and tested extracts (RE and LBE), unlike synthetic drugs that can cause adverse side 

effects, are characterized by many valuable biological properties (antioxidant, anti-

inflammatory, antimicrobial, antiviral, antiangiogenic, anti-depressant, antithrombotic, 

antihyperglycemic, anti-allergic, anticarcinogenic, and anti-aging), which are constantly 

gaining the growing interest of researchers and pharmaceutical, food and cosmetic industries 

[62-75]. They are being intensively studied for their wider use in treating or supporting the 

treatment of cancer and many other diseases. 

It is worth also noting, that in addition to providing new clinically relevant properties of 

RA and RA-containing extracts (RE and LBE) related to their potential to promote type I 

collagen expression in OI type I skin fibroblasts and reduce mutant collagen accumulation and 

improve cell homeostasis in more severe types of OI, the following limitations of this study 

should be considered. First, our data is limited to the use of a small number of skin fibroblasts 

with α1(I) mutations. Second, taking into account the pharmacokinetics of RA or other 

components of the extracts in vivo, there may be differences between the results obtained in in 

vitro study compared to the in vivo administration. Therefore, it is necessary not only to increase 

the number of tests on fibroblasts or osteoblasts collected from a larger number of patients, but 

also to conduct in vivo experiments.  

 

 

 



25 
 

CONCLUSIONS 

 

1. RE and LBE at concentrations of 0.1, 1 and 10 µg/mL and RA at concentrations of 0.1, 

1 and 10 µM significantly reduced or completely eliminated the quantitative defect of 

collagen type I in OI type I fibroblasts by their stimulating effect on collagen 

biosynthesis and inhibiting effect on MMP (MMP-1, MMP-2 and MMP-9) activity. 

2. RE at concentrations of 50 and 100 µg/mL significantly reduced the level of 

accumulated mutant collagen type I in fibroblasts of patients with severe OI type III and 

lethal OI type II by inducing autophagy. It was evidenced by the increase in LC3-

II/LC3-I ratio and degradation of p62 as well as localization of collagen type I in 

lysosomal fraction and its co-localization with autophagy (LC3-II) and lysosome 

(LAMP2A) markers by confocal fluorescence microscopy. 

3. The RE-induced decrease in intracellular accumulation of mutant type I collagen was 

associated with the decrease in expression of unfolded protein response proteins 

suggesting alleviation of cell stress.  

4. The decrease in the pro-apoptotic markers (Bax, CHOP and cleaved caspase 3) levels 

under influence of RE indicates its protective effect on OI fibroblasts.  

5. Partial inhibition of proteasome activity by RE did not reduce its effectiveness in 

degradation of unfolded procollagen chains and did not affect the total protein level. 

6. The obtained results provide new clinically relevant properties of RA and RA-rich 

extracts (RE and LBE), which may have some implications in OI therapy, but need to 

be confirmed in future experiments in vivo.  
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SUMMARY 

Osteogenesis imperfecta (OI) is an inherited disease of the connective tissue manifested 

mainly by defects in the skeletal system (bone fragility, skeletal deformities, reduced bone 

mineral density, short stature), but also a number of extra-skeletal symptoms such as blue sclera, 

hearing impairment, skin fragility, joint laxity, muscle weakness, tooth abnormalities 

(dentinogenesis imperfecta), cardio-respiratory defects and impaired pulmonary function. The 

prevalence of OI is estimated at 1 in 15 000 to 20 000 live births. The molecular mechanisms 

underlying the disease are also complex. The vast majority of cases (85-90%) are caused by 

dominant mutations in the COL1A1 and COL1A2 genes encoding type I collagen. The 

classification of OI due to the collagen type I mutations includes four clinically defined types, 

the phenotype of which ranges from mild non-deforming type I, moderate type IV, severe 

deforming type III to the lethal type II. Many other recessive mutations in non-collagenous 

genes code for proteins involved in type I collagen biosynthesis, modifications, quality control, 

secretion as well as osteoblast differentiation and bone mineralization. 

Mutations of collagen type I genes, depending on the type, can result in quantitative or 

structural defect in the collagen type I. The decrease in biosynthesis of structurally normal type 

I collagen in OI type I is caused by a null COL1A1 allele due to premature stop codons. The 

causative mutations of severe and lethal OI include mainly substitutions of glycine residues 

with another amino acid (80%) and are defined as the dominant-negative. The resulting mutant 

collagen is secreted into the ECM but also accumulates inside the cell, which can cause 

phenotype-related ER stress. The cell can activate the UPR and improve the conformation of 

mutant collagen or destined for degradation most commonly via autophagy or ERAD pathway. 

During chronic stress, ER promotes cell apoptosis. 

The currently used anti-resorptive treatment mainly uses the administration of 

bisphosphonates. Many various approaches remain experimental. According to the latest 

reports, 4-PBA, the molecular target of which is ER stress caused by intracellular accumulation 

of mutant collagen, is of great interest. 

In this study it was hypothesized that rosemary (Rosmarinus officinalis L.) and lemon 

balm (Melissa officinalis L.) extracts, and  rosmarinic acid, as one of their main ingredients, 

which attract particular attention of pharmacists due to their high therapeutic potential, can 

improve the quantitative defect of normal collagen type I in OI type I and/or minimize the 

accumulation of mutant collagen in OI type II and III fibroblasts with substitutions of glycine 

in α1(I) chain.  
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RE and LBE at concentrations of 0.1, 1 and 10 µg/mL and RA at concentrations of 0.1, 

1 and 10 µM significantly reduced or completely eliminated the quantitative defect of collagen 

type I in OI type I fibroblasts by their stimulating effect on collagen biosynthesis and inhibiting 

effect on MMP (MMP-1, MMP-2 and MMP-9) activity. 

RE at concentrations of 50 and 100 µg/mL significantly reduced the level of 

accumulated mutant collagen type I in fibroblasts of patients with severe OI type III and lethal 

OI type II by inducing autophagy. Activation of this process was evidenced by the increase in 

LC3-II/LC3-I ratio and degradation of p62 as well as localization of collagen type I in 

lysosomal fraction and its co-localization with autophagy (LC3-II) and lysosome (LAMP2A) 

markers by confocal fluorescence microscopy. The RE-induced decrease in intracellular 

accumulation of mutant type I collagen was associated with the decrease in expression of UPR 

proteins suggesting alleviation of cell stress. This was confirmed by the decrease in the pro-

apoptotic markers (Bax, CHOP and cleaved caspase 3) levels under influence of RE.  

RE, despite partial inhibition of proteasome activity, also increased the degradation of 

unfolded procollagen chains in OI cells with a mutation in C-propeptide, but did not affect the 

level of total protein in lysates. The obtained results reveal new clinically important properties 

of RA and extracts (RE and LBE) that may have some implications in OI therapy, but need to 

be confirmed in future in vivo experiments. 
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STRESZCZENIE 

Osteogenesis imperfecta (OI) to dziedziczna choroba tkanki łącznej objawiająca się 

głównie defektami układu kostnego (łamliwość kości, deformacje szkieletu, obniżona gęstość 

mineralna kości, niski wzrost), ale także szeregiem objawów pozaszkieletowych, takich jak 

niebieska twardówka, zaburzenia słuchu, kruchość skóry, wiotkość stawów, osłabienie mięśni, 

nieprawidłowości zębów (dentinogenesis imperfecta), wady sercowo-oddechowe i 

upośledzenie czynności płuc. Częstość występowania OI szacuje się na 1 na 15 000 do 20 000 

żywych urodzeń. Mechanizmy molekularne leżące u podstaw choroby są również złożone. 

Zdecydowana większość przypadków (85-90%) jest spowodowana dominującymi mutacjami 

w genach COL1A1 i COL1A2 kodujących kolagen typu I. Klasyfikacja OI spowodowanej 

mutacjami kolagenu typu I obejmuje cztery klinicznie zdefiniowane typy, których fenotyp 

waha się od łagodnego niedeformującego typu I, umiarkowanego typu IV, ciężkiego 

deformującego typu III do śmiertelnego typu II. Wiele innych mutacji recesywnych 

występujących w genach niekolagenowych koduje białka zaangażowane w biosyntezę 

kolagenu typu I, modyfikacje, kontrolę jakości, sekrecję kolagenu oraz różnicowanie 

osteoblastów i mineralizację kości. 

Mutacje genów kolagenu typu I, w zależności od typu, mogą powodować ilościowe lub 

strukturalne defekty kolagenu typu I. Spadek biosyntezy strukturalnie prawidłowego kolagenu 

typu I w OI typu I jest spowodowany brakiem ekspresji allelu COL1A1 z powodu 

przedwcześnie wprowadzonego kodonu stop. Przyczyną ciężkich postaci choroby są  głównie 

podstawienia reszt glicyny innym aminokwasem (80%) i są definiowane jako dominujące 

negatywne. Zmutowany kolagen jest wydzielany do ECM, ale również gromadzi się wewnątrz 

komórki, co może powodować związany z fenotypem stres ER. Komórka może aktywować 

UPR i poprawić konformację zmutowanego kolagenu lub przeznaczyć do degradacji 

najczęściej poprzez szlak autofagii lub ERAD. Podczas przewlekłego stresu ER promuje 

apoptozę komórek. 

Obecnie stosowane leczenie antyresorpcyjne polega głównie na podawaniu 

bisfosfonianów. Wiele różnych podejść pozostaje eksperymentalnych. Według najnowszych 

doniesień dużym zainteresowaniem cieszy się 4-PBA, którego celem molekularnym jest stres 

ER wywołany wewnątrzkomórkową akumulacją zmutowanego kolagenu. 

W badaniu tym postawiono hipotezę, że ekstrakty z rozmarynu (Rosmarinus officinalis 

L.) i melisy (Melissa officinalis L.) oraz kwas rozmarynowy jako jeden z ich głównych 

składników, które przyciągają szczególną uwagę farmaceutów ze względu na ich wysoki 
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potencjał terapeutyczny, mogą poprawić ilościowy defekt prawidłowego kolagenu typu I w OI 

typu I i/lub zminimalizować akumulację zmutowanego kolagenu w fibroblastach OI typu II i 

III z podstawieniami glicyny w łańcuchu α1(I). 

RE i LBE w stężeniach 0,1, 1 i 10 µg/ml oraz RA w stężeniach 0,1, 1 i 10 µM znacząco 

zmniejszyły lub całkowicie wyeliminowały ilościowy defekt kolagenu typu I w fibroblastach 

OI typu I poprzez stymulujący wpływ na biosyntezę kolagenu i hamujący wpływ na aktywność 

MMP (MMP-1, MMP-2 i MMP-9). 

RE w stężeniach 50 i 100 µg/ml istotnie obniżał poziom nagromadzonego zmutowanego 

kolagenu typu I w fibroblastach pacjentów z ciężką postacią OI typu III i śmiertelną OI typu II 

poprzez indukcję autofagii. O aktywacji tego procesu świadczy wzrost stosunku LC3-II/LC3-I 

i degradacja p62 oraz lokalizacja kolagenu typu I we frakcji lizosomalnej i jego kolokalizacja 

z markerami autofagii (LC3-II) i lizosomu (LAMP2A) za pomocą konfokalnej mikroskopii 

fluorescencyjnej. Indukowany przez RE spadek wewnątrzkomórkowej akumulacji 

zmutowanego kolagenu typu I był związany ze spadkiem ekspresji białek UPR, co sugeruje 

złagodzenie stresu komórkowego. Zostało to potwierdzone przez znaczne obniżenie poziomu 

ekspresji markerów proapoptotycznych (Bax, CHOP i aktywnej kaspazy 3) pod wpływem RE. 

RE, pomimo częściowego zahamowania aktywności proteasomu, zwiększał również 

degradację niesfałdowanych łańcuchów prokolagenowych w komórkach OI z mutacją w C-

propeptydzie, natomiast nie wpływał na poziom całkowitego białka w lizatach. Uzyskane 

wyniki ujawniają nowe klinicznie istotne właściwości RA i ekstraktów (RE i LBE), które mogą 

mieć pewne implikacje w terapii OI, ale muszą zostać potwierdzone w przyszłych 

eksperymentach in vivo. 
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scientific success”. Medical University of Bialystok, Białystok, Poland, 28.06.2021-

02.07.2021 

• Course ,,Western blotting - hints and tips". Białystok, Poland, 28.05.2021 

• Summer school ,,Biotechnology in medicine and pharmacy”. Vytautas Magnus 

University, Kaunas, Lithuania, 21-25.09.2020 

• Course ,,Selection of the correct serum in the cell culture process”, Merck. 

Warszawa, Poland, on-line, 26.03.2020 

• Course ,,The role of microRNAs in the process of tumorigenesis". Białystok, 

Poland, 22.10.2020 

• Course ,,"Flow of genetic information from gene to protein". Białystok, Poland, 

22.05.2020 

• Summer school ,,Soft skills and academic success”. Supraśl, Poland, 03-07.06.2019 

• Course ,, Applications of spectrometric methods in environmental and forensic 

research and food”. Ms Spectrum, Białystok, Poland, 26.11.2019 
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• Course ,,How to write publications in English?". National Representation of PhD 

Students, Białystok, Poland, online, 26.11.2019 

• Course ,,Innovative solutions for mammalian cell culture”. Merck, Białystok, 

Poland, 26.11.2019 

• Course ,, Hyaluronic acid in aesthetic fillings - basic level”. Warszawa, Poland, 

16.07.2017



 
 

 


