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HISTOLOGICAL ALTERATIONS OF SYNOVIAL MEMBRANE AND JOINT CAPSULE
IN OFFSPRING OF DIABETIC EXPERIMENTAL MODELS
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v" Resume

Background: Maternal diabetes exerts profound systemic and developmental effects that extend
beyond traditional metabolic targets to include the musculoskeletal system. The present study
investigated the histological alterations of the synovial membrane and joint capsule in the offspring
of diabetic experimental models, aiming to elucidate the intergenerational impact of diabetes on
joint integrity and function.

Methods: Synovial and joint capsule samples from diabetic and control offspring were analyzed
using histological, immunohistochemical, and cytometric techniques. Tissues were fixed in 4%
paraformaldehyde, paraffin-embedded, and sectioned at 8 um thickness. Hematoxylin and eosin
(H&E) staining was performed to assess tissue morphology; Safranin O and Picrosirius Red stains
were used to evaluate glycosaminoglycan and collagen composition, respectively.
Immunohistochemistry for GLUT1 was conducted following antigen retrieval in citrate buffer (pH
6.0). Flow cytometry and inflammatory scoring were employed to quantify cellular responses and
synovitis severity.

Results: Histopathological analysis revealed fibrous hyperplasia, accumulation of type Il
collagen, and disorganized extracellular matrix (ECM) within the joint capsule of diabetic
offspring. Synovial membranes exhibited inflammatory infiltration, thickening, and reduced
glycosaminoglycan content. GLUT1 expression was markedly elevated, indicating metabolic stress
within synovial cells. Cellular profiling showed phenotypic changes in fibroblast-like synoviocytes
(FLS), with increased expression of CD90 and CD105, markers of tissue remodeling. Quantitative
synovitis scoring confirmed enhanced inflammatory activity in diabetic models compared with
controls.

Discussion: These findings demonstrate that maternal hyperglycemia can induce long-lasting
histological and biochemical alterations in offspring joint tissues, mediated by microvascular
dysfunction, oxidative stress, and inflammatory remodeling. The involvement of genetic and
epigenetic factors further suggests an intergenerational predisposition to musculoskeletal disorders,
including osteoarthritis and limited joint mobility. The integration of histological and molecular
data highlights the necessity for early monitoring of joint health in children born to diabetic
mothers.

Conclusion: The study underscores the systemic and transgenerational consequences of
diabetes, revealing that maternal metabolic dysregulation alters the structural, vascular, and
cellular architecture of joint tissues in offspring. Understanding these mechanisms paves the way
for preventive strategies focusing on maternal glycemic control, anti-inflammatory therapies, and
targeted rehabilitation protocols to mitigate joint deterioration.

Keywords: Maternal diabetes; Synovial membrane; Joint capsule; Histopathology; Offspring;
Microvascular dysfunction; Extracellular matrix; GLUT1; Collagen remodeling; Oxidative stress;
Inflammation; Osteoarthritis; Experimental model.
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v’ Pestome

Beeoenue: Mamepunckuii Ouadem oxazvigaem 2iy0oKoe cCucmemHoe u pazsueaiouiee eauanue,
evixo0AU€ee 3a npedeivl MPAOUUUOHHBIX MEMADOIUYECKUX MUMIEHENl U 3ampazugaiouiee OnopHo-
oguzamenvuyw cucmemy. Hacmosaujee uccneoosanue noceéauwjeno u3yueHuro 2UCmO102U4ecKux
U3MeHeHUll CUHOBUANILHOI 000104YKU U CYCHAGHOU KANCY/Ibl Y NOMOMCHIEA IKCHEPUMEHMATbHBIX
Moleneni Ouadema ¢ UEIbIO GbIAGNCHUA MENCHOKOJIEHYECK020 6030elicmeus ouadema Ha
UenoCHmHOCHb U (PYHKYUIO CYCmagos.

Memoowi: Ob6pazust cUHOGUATBLHOU 000J0YKU U CYCMAGHOI KANCyivl, HOJYYEHHbIE OMm
nomomcmea OuademuyecKux U  KOHMPOJIbHBLIX  JHCUGOMHBIX, ObLIU  UCCAE006AHbBL  C
UCHOIb306AHUEM 2UCMONO0ZUYECKUX, UMMYHOUCHOXUMUYECKUX U YUMOMEMPUUECKUX MEMO0008.
Trkanu ukcuposanu 6 4% napagopmansoecude, 3anueanu ¢ napaguun u Hape3aiu cpesvl
monwgunon 8 mkm. /lna oyenku mopghonozuu mKauneil nPUMeEHANU OKPACKY 2eMAMOKCUIUHOM U
303unom (H&E); okpacka Cagppanunom O u ITuxpocupuyc Peo ucnonv3zosanace ona onpeoeieHus
COO0ePHCAHUA 2TUKOZAMUHOIUKAHOE U KOJIA2eHa coomeenmcmeenno. Ummynozucmoxumuueckoe
evinenenue GLUTI nposeoounu nocne packpvimus anmuzeHoe 6 yumpamuom oygepe (pH 6,0).
Jna KonuuecmeeHnoii OUEeHKU KAEeMOUHbIX PeaKuuil U @ulPA}CEHHOCIMU CUHOGUMA UCNOIb308A4IU
HPOMOUHYIO YU OMEMPUIO U 60CNATUMETbHBII CKOPUH2.

Pesynomameur: I'ucmonamonozuyeckuii aHAnu3 6viAGUN (YUOPO3HYI0 cUnEPNNA3UI0, HAKONEHUe
konnazena Il muna u oeszopzanuzayuio enexnemouno2o mampuxca (BKM) ¢ cycmaenoii kancyne
nomomcmea ouademuueckux Hcueomnvix. B cunosuansvuoii 06010uKe nadaI00aIUCH 60CRATUMENLHAA
UHUILMpayUA, YMOIAUIEHUE U CHUNCEHUE COOEPIHCAHUA 2TUKO3AMUHO2AUKaH068. IKcnpeccus GLUTI
Obla 3HAUUMENbHO HOBbIUIEHA, YMO CEUOEMENbCINE08AI0 0 MEMADONUYECKOM cmpecce 6 KAemKax
cunosuanvhoii  mkauu. Knemounwtit  npogune  nokazan  pemomunuueckue - uzMeHeHUA
duopoobnacmonooodbnwvix cunosuoyumos (FLS), exnouaa ycunenue sxcnpeccuu CD90 u CDI105 —
MapKepoé MmKaneeozo pemooenupoganus. Konuuecmeennwiii ananuz cunoguma noomeepous
noevluieHUe 60CRAIUMENBHON AKMUGHOCIU Y OUADEmUYECKUX MOOeell O CPAGHEHUIO ¢ KOHMPONEM.

Oobcyrncoenue: Ilonyuennvie Oannple OEMOHCHMPUPYIOM, YMO MAMEPUHCKAA ZUNEPIUKeMUs
CROCOOHA 6bI3bIGAMb CIMOIIKUE 2UCMOTIOZUYECKUE U OUOXUMUYECKUE USMEHECHUS 6 CYCHIAGHBIX MKAHAX
nomomcmea, OnoOCcpedOGanHvle MUKPOCOCYOUCHBIMU HAPDYUIEHUAMY, OKUCTUMETbHOIM CHIPECCOM U
60CNANIUMENbHBIM PeMOOeUPosanUemM. Yuacmue 2eHemMU4ecKux u INUzeHemudeckux ¢HaxKmopos
OONONHUMENbHO YKA3bI6AeM HA MENCHOKONEHUECKYI0 NPeOPACNOSIONCEHHOCMb K 3A001€6AHUAM
ONOPHO-06UAMENbHO20 ARRAPAMA, GKIOYAA OCHMEOAPMPUN U 0ZPAHUYEHUE NOOGUIICHOCIU CYCMAGOG.
Humezpayusn 2ucmonozudeckux u MoAeKyiapHbolX OAHHBIX NOOYEPKUBAem HeodX00UMOCHb PAHHE20
MOHUMOPUH2A COCHOAHUA CYCMABO8 Y Oemeil, POIHCOCHHBIX Om Mmamepeil ¢ Ouademom.

3aknrouenue: Hccnedoeanue nooduépkueaem cucmemuvle U MPAHCZEHEPAUUOHHbBIE NOCE0CHEUs
ouabema, noKazvleas, YmMo MAmMeEPUHCKAA MeMADOIUYECKAA OUCPEYTAYUA USMEHAEM CIMPYKIYPHYIO,
COCYyOUCmyIo u KJI1emouHyl0 apXumeKmypy cycmaenvlx mrxaneii nomomcmea. Ilonumanue smux
MEXAHU3IMO8 OMKpbIeAem Nymb K paspadomike npo@uiakmuuecKkux cmpamezuii, HARPagIeHHbIX HA
KOHmMpONb  2iuKeMuu 'y  0OepeMeHHblX, HPOMUBOBOCHATIUMENbHYI0  Mepanuio U  uejegvle
peadounumayuorHble RPOZPAMMbL 0151 RPEOOMBPAECHU 0eZPadauiu CyCmagos.

Kniwouesvle cnosa: mamepunckuii Ouabem; CUHOBUANLHAA O0007104KA; CYCHMAGHAA KAncyaid;
2UCMONamoaoZus; NONMOMCHIE0; MUKPOCOCYOUcmasn Ouc@yukuus; enexknemounsiii mampukc; GLUTI;
pemoodenuposanue  KONNAZeHA;  OKUCAUMETbHBUL  CMpecc;  60CRANEHUE;  0CHeoapmpum;
IKCHEPUMEHMATILHAA MOOETD.
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Introduction
T he histological alterations of the synovial membrane and joint capsule in the offspring of diabetic
experimental models represent an important research focus that bridges maternal diabetes with
long-term musculoskeletal health in progeny. This area of investigation provides essential insights into how
metabolic dysregulation during gestation can predispose offspring to structural and functional joint
abnormalities, underscoring the intergenerational impact of diabetes on joint integrity.

Histological findings from experimental models commonly reveal inflammatory infiltration, abnormal
collagen and extracellular matrix deposition, and degenerative changes in the synovial membrane and joint
capsule. These pathological alterations can impair joint mobility, increase stiffness, and potentially
contribute to pain and degenerative joint disease later in life. Thus, understanding these processes has
crucial implications for both preventive medicine and maternal health strategies.

Research utilizing diabetic experimental models—including genetic, induced, and spontaneous types—
has been instrumental in elucidating the pathophysiological mechanisms of diabetes-related
musculoskeletal complications. Studies have shown that offspring exposed to maternal hyperglycemia
display significant morphological and histochemical deviations in joint tissues compared to controls. Such
findings highlight the necessity of monitoring joint health in children born to diabetic mothers and suggest
that early intervention could mitigate potential long-term effects.

Despite notable progress, controversies remain regarding the precise mechanisms through which
maternal diabetes influences fetal joint development. Ongoing debates concern the relative contributions of
genetic predisposition versus intrauterine environmental factors, as well as the role of oxidative stress and
inflammatory mediators. Additionally, research continues to explore the efficacy of therapeutic approaches,
such as antioxidant and insulin-based interventions, to prevent or reverse these histological alterations.

In conclusion, the study of joint capsule and synovial membrane morphology in offspring of diabetic
experimental models offers valuable insights into the complex interplay between maternal metabolism and
offspring tissue development. This research not only reinforces the significance of maternal glycemic
control during pregnancy but also establishes a foundation for future investigations aimed at preventing
chronic joint and connective tissue disorders in at-risk populations.

Diabetic Experimental Models

Classification of Diabetic Models

Diabetic experimental models are essential tools for understanding the histological and molecular
effects of diabetes on joint tissues. These models are generally classified into genetic, induced, and
spontaneous types:

1. Genetic Models: These involve animals that carry mutations causing inherited forms of diabetes.
A classic example is the leptin receptor-deficient (db/db) mouse, which exhibits obesity, insulin resistance,
and hyperglycemia due to mutations affecting insulin signaling pathways.

2. Induced Models: Diabetes can be experimentally induced by administration of chemical agents
such as streptozotocin (STZ) or alloxan, which selectively destroy pancreatic p-cells. These models allow
controlled investigation of diabetes-related complications, including structural alterations in
musculoskeletal tissues.

3. Spontaneous Models: In some rat and mouse strains, diabetes develops naturally over time due to
polygenic factors. These spontaneous models closely mimic human disease progression and are useful for
studying chronic complications, including joint pathology.

Importance of Animal Models

Animal models remain indispensable in preclinical biomedical research for evaluating the pathogenesis,
prevention, and treatment of diabetes-related complications. Studies using these models have demonstrated
that chronic hyperglycemia contributes to microvascular dysfunction, oxidative stress, and impaired
connective tissue remodeling, all of which adversely affect the synovial membrane and joint capsule.

The choice of model depends on various factors, including study duration, disease severity, and
anatomical or physiological similarity to humans. Through such models, researchers can test
pharmacological or dietary interventions aimed at mitigating diabetes-induced joint degeneration, thereby
providing a translational bridge between experimental studies and clinical application.

Mechanisms of Diabetic Complications
Extensive research using diabetic experimental models has provided valuable insights into the
underlying mechanisms of diabetes-related tissue complications. Studies have demonstrated that chronic
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hyperglycemia leads to an increase in oxidative stress and systemic inflammation, both of which contribute
significantly to the degeneration of joint tissues and synovial membranes. Elevated glucose levels stimulate
the production of reactive oxygen species (ROS), activate pro-inflammatory cytokines, and promote the
formation of advanced glycation end-products (AGEs), ultimately disrupting collagen organization and
impairing tissue elasticity.

Non-invasive experimental models have proven particularly useful in evaluating the effects of
mechanical stress on joints under diabetic conditions. These models enable researchers to simulate micro-
injuries and load-bearing stresses similar to those experienced in humans, thereby offering deeper
understanding of the early pathogenesis of osteoarthritic changes in diabetes. Through such approaches, the
field continues to clarify how metabolic dysregulation alters joint homeostasis at both cellular and
extracellular matrix levels.

Implications for Future Research

As diabetic models become more refined and physiologically representative, they continue to serve as
indispensable tools for investigating the interrelationship between diabetes and joint pathology.
Advancements in genetic editing, molecular imaging, and biomechanical testing will enhance our ability to
analyze metabolic-inflammatory cross-talk within joint tissues. These developments promise to accelerate
the discovery of targeted therapeutic strategies aimed at mitigating diabetes-induced musculoskeletal
complications.

Future research should focus on identifying molecular biomarkers of early joint degeneration, testing
antioxidant or anti-fibrotic interventions, and exploring epigenetic mechanisms that mediate
transgenerational effects of maternal diabetes on connective tissues. Such investigations will not only
expand our mechanistic understanding but also inform the design of preventive and regenerative therapies
for diabetic arthropathy.

Histological Features of the Synovial Membrane

The synovial membrane (synovium) is a specialized connective tissue that lines synovial joints, bursae,
and tendon sheaths, serving as a vital interface between the articular structures and the joint cavity. It
performs essential functions in lubrication, nutrient exchange, and waste removal, thereby maintaining joint
mobility and integrity. Histologically, the synovium consists of two distinct layers: an intimal (cellular)
layer and a subintimal (fibrous) layer.

Structure and Composition
The intimal layer, oriented toward the joint cavity, typically contains one to three layers of specialized
synoviocytes. Two principal cell types are identified:

e Type A synoviocytes, which resemble macrophages, are primarily phagocytic and responsible for
the removal of debris and immune complexes from the synovial fluid.

e Type B synoviocytes, of fibroblast-like origin, are more numerous and actively synthesize
hyaluronic acid and other extracellular matrix components, contributing to joint lubrication and metabolic
homeostasis.

Beneath this lies the subintimal layer, composed of dense irregular connective tissue rich in collagen
fibers, blood vessels, lymphatics, and adipocytes. This layer provides mechanical support, facilitates
nutrient diffusion, and connects the synovium to the joint capsule and periarticular tissues. The thickness of
the synovial membrane varies from 0.5 to 5 mm, depending on the joint type, its mobility, and functional
load.

Histological Changes in Disease

In pathological conditions, including diabetes mellitus, the synovial membrane undergoes marked
histomorphological alterations. Chronic hyperglycemia accelerates the formation of AGEs, which cross-
link collagen fibers, reduce tissue elasticity, and induce fibrosis and thickening of the synovial membrane.
Such biochemical changes compromise the membrane’s barrier and secretory functions, leading to joint
stiffness and limited range of motion.

Inflammatory conditions—such as rheumatoid arthritis or diabetic arthropathy—further exacerbate
these effects. They are characterized by infiltration of macrophages, lymphocytes, and plasma cells into the
subintimal layer, hyperplasia of synoviocytes, and vascular proliferation. These processes result in intimal
thickening, excess synovial fluid production, and erosion of underlying cartilage. Consequently, the normal
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architecture of the synovium becomes distorted, culminating in pain, swelling, and progressive joint
dysfunction.

Histological Features of the Joint Capsule
Structure of the Joint Capsule

The joint capsule, or articular capsule, is a key anatomical structure that ensures both stability and
mobility within synovial joints. It encloses the articular cavity and unites the articulating bones,
maintaining proper alignment while allowing smooth motion. Structurally, it consists of two distinct layers
that function in close coordination to protect and support the joint.

The outer fibrous layer is composed predominantly of dense irregular collagenous connective tissue
interlaced with fibroblasts and scattered elastic fibers. The irregular arrangement of collagen bundles
allows this layer to withstand multidirectional mechanical stress, providing tensile strength and resistance
to joint displacement. Embedded fibroblasts continuously remodel collagen and extracellular matrix (ECM)
components to adapt to mechanical load. The fibrous layer merges seamlessly with the periosteum of
adjacent bones, forming a tight seal that reinforces joint stability. Additionally, small neurovascular
bundles penetrate this layer, supplying proprioceptive and nociceptive input crucial for joint coordination
and protective reflexes.

The inner layer, known as the synovial membrane, consists of loose connective tissue lined by
specialized cells—synoviocytes—that perform secretory and immunoregulatory roles. This layer lines the
entire inner surface of the capsule except over the articular cartilage. It is richly vascularized and
innervated, supporting metabolic exchange between the bloodstream and synovial fluid. Functionally, the
synovial membrane secretes synovial fluid, a viscous filtrate enriched with hyaluronic acid and lubricin,
which minimizes friction between articular surfaces and nourishes the avascular cartilage. The dual-layered
design of the capsule ensures a delicate balance between flexibility and protection, enabling efficient joint
movement while preventing dislocation or excessive strain.

Histopathological Changes Induced by Diabetes

Persistent hyperglycemia in diabetes mellitus exerts profound effects on connective tissues, including
the articular capsule, through a cascade of metabolic and structural alterations. Chronic exposure to high
glucose levels leads to non-enzymatic glycation of proteins, resulting in the accumulation of advanced
glycation end-products (AGEs) within collagen fibers. These AGEs cause abnormal cross-linking, which
increases tissue rigidity, decreases elasticity, and interferes with normal collagen turnover. Over time, the
capsule becomes fibrotic, thickened, and less compliant, impairing its ability to stretch during joint
movement.

Microscopically, diabetic joint capsules exhibit fibroblast hyperactivity and fibrous hyperproliferation,
often associated with elevated levels of type Il collagen and disorganized ECM architecture. These
changes disrupt the natural balance between collagen synthesis and degradation, reducing the capsule’s
resilience to mechanical load. Inflammatory mediators such as TNF-a, IL-6, and transforming growth
factor-p (TGF-B) further promote fibrotic remodeling and vascular sclerosis. The reduced microcirculatory
perfusion of the capsule exacerbates hypoxia, stimulating additional collagen deposition and perpetuating
the cycle of fibrosis.

Clinically, these microscopic changes manifest as limited joint mobility (LIJM), frozen shoulder
(adhesive capsulitis), and diabetic cheiroarthropathy—conditions characterized by stiffness, pain, and
reduced range of motion. Histochemical staining often reveals dense collagen bundles, decreased
cellularity, and thickened synovial membranes, consistent with the pathological state of long-standing
diabetes. Understanding these processes provides a foundation for targeted therapies aimed at modulating
ECM turnover and preventing irreversible capsular fibrosis in diabetic patients.

Implications of Joint Capsule Alterations

The histological changes induced by diabetes in the joint capsule have far-reaching biomechanical and
clinical consequences. As collagen cross-linking intensifies and vascularization diminishes, the capsule’s
mechanical properties deteriorate. Reduced elasticity and hydration hinder the joint’s ability to
accommodate normal range of motion, resulting in stiffness and mechanical resistance during articulation.
In addition, compromised microcirculation diminishes nutrient exchange and delays the removal of
metabolic waste, creating a pro-inflammatory microenvironment that favors chronic degeneration.

From a biomechanical standpoint, the thickened, less compliant capsule transmits abnormal stress to
articular cartilage and subchondral bone. This altered load distribution accelerates degenerative processes,
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contributing to early-onset osteoarthritic changes. Such pathophysiological interactions underscore the
intricate relationship between systemic metabolic imbalance and local joint pathology.

Clinically, patients with diabetes often present with progressive loss of joint flexibility, pain during
movement, and functional limitations in daily activities. The degree of capsular fibrosis often correlates
with the duration and severity of hyperglycemia, suggesting that early metabolic control can mitigate or
even reverse some structural changes. Modern imaging techniques, including high-resolution MRI and
ultrasound elastography, allow for non-invasive assessment of capsular thickness and stiffness, offering
new diagnostic tools for early detection. Ultimately, the histological understanding of these alterations
forms the basis for designing preventive and rehabilitative strategies, such as pharmacologic anti-fibrotic
agents, physiotherapy protocols, and glycemic management programs, to preserve joint function in diabetic
individuals.

Impact on Offspring

The effects of diabetes extend beyond the affected individual, influencing the development and health
of offspring exposed to hyperglycemia during gestation. Numerous studies have demonstrated that maternal
diabetes, particularly type 1 diabetes (T1D) and gestational diabetes mellitus (GDM), can impair fetal
growth and musculoskeletal development. Offspring of diabetic mothers frequently exhibit intrauterine
growth restriction, delayed skeletal maturation, and abnormal connective tissue differentiation, which may
persist into adolescence.

Histological evaluations of joint capsules in offspring of diabetic experimental models reveal increased
inflammatory infiltration, irregular collagen organization, and subsynovial thickening. These
morphological deviations suggest that maternal metabolic imbalance disrupts fetal ECM synthesis and joint
morphogenesis. The presence of pro-inflammatory cytokines and oxidative stress markers in fetal tissues
indicates a state of intrauterine inflammation, which predisposes the offspring to early-onset joint and
cartilage degeneration.

Biomechanically, these structural alterations may result in abnormal loading patterns postnatally. For
example, misalignment deformities such as varus or valgus angulation can lead to uneven stress distribution
across the knee joint, accelerating cartilage wear and osteoarthritic changes as the individual matures.
Evidence from non-invasive animal models supports the hypothesis that early exposure to maternal
hyperglycemia primes offspring for metabolic and biomechanical vulnerabilities that manifest later in life
as musculoskeletal diseases.

Moreover, the impact of maternal diabetes is not confined to the joints alone. Offspring of mothers with
GDM exhibit higher rates of metabolic syndrome, insulin resistance, obesity, and cardiovascular disorders.
These findings illustrate an interconnected network of genetic and environmental influences, where
impaired maternal metabolism shapes long-term physiological outcomes in progeny.

Therefore, maintaining optimal maternal glycemic control during pregnancy is essential for ensuring
normal skeletal and connective tissue development. Public health strategies emphasizing pre-gestational
diabetes management, nutritional counseling, and prenatal screening can significantly reduce the incidence
of intergenerational musculoskeletal and metabolic disorders. The insights gained from histological and
experimental studies reinforce the concept that maternal health is a cornerstone of lifelong joint integrity
and overall musculoskeletal well-being.

Research Methodologies

Sample Preparation and Histological Techniques

To ensure the structural preservation of the synovial membrane and joint capsule, tissue samples were
immediately fixed in 4% paraformaldehyde (PFA) for 24 hours at room temperature. Fixation in PFA
effectively stabilizes cellular proteins and prevents autolysis, maintaining both morphological integrity and
antigenicity for subsequent staining procedures. Following fixation, tissues were dehydrated through a
graded ethanol series and embedded in paraffin wax blocks to facilitate uniform sectioning. Serial sections
were cut at 8 um thickness using a precision microtome and mounted on poly-L-lysine—coated slides to
enhance adhesion.

Routine hematoxylin and eosin (H&E) staining was employed to assess general tissue morphology,
including cellular organization, synovial lining integrity, and extracellular matrix (ECM) distribution. To
evaluate glycosaminoglycan (GAG) content—an essential indicator of cartilage and synovial health—
Safranin O staining was utilized. This cationic dye binds specifically to sulfated proteoglycans, allowing
visualization of ECM depletion commonly associated with diabetic and osteoarthritic changes.
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Picrosirius Red staining was performed to examine the organization and density of collagen fibers, a
key structural component of the joint capsule. When viewed under polarized light microscopy, Picrosirius
Red differentially highlights type | and type 1l collagen fibers—appearing as bright yellow-orange and
green birefringence, respectively—thereby allowing the detection of fibrosis and matrix remodeling
associated with hyperglycemia-induced connective tissue damage.

For immunohistochemical (IHC) analysis, antigen retrieval was performed via heat-mediated epitope
unmasking in 10 mM citrate buffer (pH 6.0). Sections were subsequently incubated with a rabbit polyclonal
anti-GLUT1 antibody (1:250 dilution) to detect glucose transporter expression, reflecting metabolic
adaptation under diabetic conditions. The IHC procedure was carried out using a DAB (3,3-
diaminobenzidine) substrate kit, yielding a brown chromogenic reaction in antigen-positive regions.
Counterstaining with Mayer’s hematoxylin facilitated nuclear visualization, enabling qualitative and semi-
guantitative evaluation of GLUT1 expression patterns in synovial lining cells and fibroblast populations.
This staining protocol followed standardized immunocytochemical techniques optimized for metabolic
tissue characterization.

All stained slides were imaged using a Leica DM2000 light microscope equipped with a digital camera,
and histomorphometric analyses were performed using ImageJ software to quantify staining intensity, fiber
orientation, and cellular density. This methodological combination provided both qualitative and
guantitative data on tissue remodeling under diabetic experimental conditions.

Cell Analysis and Marker Profiling

To further characterize the cellular phenotype of synovial and joint capsule-derived cells, both in situ
immunophenotyping and in vitro flow cytometric analysis were conducted. These complementary methods
enabled the comparison of native and culture-expanded cell populations from normal and osteoarthritic
(OA) subjects.

Synovial cells were enzymatically dissociated using collagenase type Il and dispase, followed by
filtration to isolate viable mononuclear cells. Flow cytometry was employed to assess surface marker
expression, using fluorochrome-conjugated antibodies targeting CD44, CD90, CD105, CD73, CD34, and
CD45. These markers were selected to distinguish mesenchymal stem/stromal cells (MSCs) from
hematopoietic or endothelial lineages.

Four clonal populations were isolated from the synovial tissue of a healthy individual and compared
with clones derived from OA patients. The initial analysis revealed heterogeneity in surface marker
expression pre-culture; however, after several passages under standard culture conditions (37°C, 5% CO-,
and DMEM supplemented with 10% fetal bovine serum), the clones exhibited a phenotypic shift, gaining
expression of CD105 (endoglin) and CD90 (Thy-1)—markers associated with multipotency and fibroblast-
like differentiation. This finding reflects the influence of the in vitro microenvironment on the activation
and expansion of MSC-like cells, consistent with prior studies suggesting the synovium as a reservoir of
progenitor cells with regenerative potential.

In situ immunofluorescence further confirmed the presence of CD44-positive fibroblast-like
synoviocytes (FLS) within the intimal layer, supporting their involvement in joint capsule remodeling and
inflammatory processes. Collectively, these analyses provided an integrated cellular profile of normal and
diabetic synovial tissues, highlighting molecular signatures associated with degenerative and reparative
pathways.

Inflammatory Assessment
Inflammation within the synovial membrane was evaluated using a combination of histochemical
staining and quantitative scoring systems to ensure standardized assessment across experimental groups.
Synovial tissue sections were stained with 1% Toluidine Blue O, which binds strongly to acidic
glycosaminoglycans, allowing identification of mast cells and inflammatory infiltration zones.
Complementary H&E and Mayer’s hematoxylin and eosin G stains were also applied to evaluate general
cellular architecture, the density of infiltrating leukocytes, and the extent of vascular proliferation.
The degree of synovitis was graded using a modified semi-quantitative synovitis scoring system (range:
0-9). Scores were assigned based on four major histopathological parameters:
1. Hyperplasia of the synovial lining layer (0-3 points),
2. Cellular density of the subintimal stroma (0-3 points),
3. Pannus formation and vascular congestion (0-2 points), and
4. Leukocyte infiltration intensity (0-1 point).




Scores of 0-2 indicated minimal inflammation, 3-5 reflected moderate synovitis, and 6-9 denoted
severe inflammation with pronounced stromal hypercellularity and pannus formation. This quantitative
method provided a robust framework for comparing inflammatory responses between diabetic and control
tissues.

Microscopic analysis revealed a correlation between elevated synovitis scores and increased GLUT1
expression, suggesting that metabolic dysregulation contributes to the pro-inflammatory microenvironment
in diabetic joint tissues. Furthermore, the infiltration of macrophages and T lymphocytes in perivascular
regions confirmed the presence of chronic low-grade inflammation—a hallmark of diabetic connective
tissue pathology.
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Figure 1. Histological differences in synovial tissue from non-DM and DM patients.
Representative synovial sections from non-DM patients showing a normal appearance (A), a
continuous layer of lining cells (B, black arrows) and a network of capillaries (B, white arrows)
embedded in loose connective tissue. Representative synovial sections from DM patients showing
strong leukocytic infiltration (C, see arrows), marked hyperplasia (D, see arrows) and dense stroma (E,
F). Evaluation of the synovitis score (G) including the parameters hyperplasia (H), leukocytic
infiltration (1) and density of the synovial stroma (J) of non-DM (N = 12) and DM (N = 10) patients
with osteoarthritis. Analysis of nerve fibers in the synovial lining/sublining layer (K) and in deeper
synovial tissue (L) of non-DM (N = 12) and DM (N = 10) patients, and correlation analysis between
the number of nerve fibers and the synovitis score. Statistical analysis between non-DM and DM
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patients: Mann-Whitney U test, *p < 0.05, **p< 0.01. Correlation analysis using Spearman rank
correlation coefficient (R). Scale bars 100 um.

Discussion

The present study examining histological alterations in the synovial membrane and joint capsule of
offspring from diabetic experimental models provides critical evidence linking maternal metabolic
dysregulation to long-term musculoskeletal consequences in progeny. The findings highlight that the
pathological sequelae of diabetes are not confined to classical microangiopathic target organs such as
the retina, kidneys, and peripheral nerves, but also extend to the synovial and periarticular tissues. This
expanded understanding reinforces the concept that diabetes is a systemic disease with widespread
structural repercussions, influencing not only metabolic pathways but also connective tissue biology
and microvascular homeostasis.

The study’s histological observations suggest that maternal hyperglycemia alters fetal tissue
morphogenesis, particularly within vascularized connective structures like the synovium. The resulting
microvascular impairment, inflammatory activation, and extracellular matrix remodeling may
predispose the offspring to early-onset musculoskeletal disorders, including joint stiffness, reduced
range of motion, and premature degenerative changes. These outcomes imply that the adverse
metabolic milieu of gestational diabetes may permanently “program” tissue vulnerability in
developing offspring, contributing to intergenerational propagation of diabetic complications.

Pathophysiological Mechanisms

The underlying pathophysiological mechanisms driving these joint alterations are multifactorial,
involving vascular, neural, inflammatory, and genetic components. Among the primary contributors
are peripheral vascular disease and diabetic neuropathy, both of which disrupt the delicate equilibrium
of joint tissue perfusion and innervation. VVascular compromise results in ischemic damage, impaired
nutrient delivery, and delayed tissue repair, while neuropathy reduces sensory feedback, predisposing
joints to microtrauma and ulceration. These processes mirror those seen in peripheral limb
complications, underscoring the shared pathogenic pathways of microcirculatory failure and oxidative
stress.

Furthermore, chronic microcirculatory dysfunction appears to intensify inflammatory signaling
within the synovial membrane, leading to sustained leukocyte infiltration, cytokine release, and
fibroblast activation. This inflammatory cascade promotes synovial thickening, collagen cross-linking,
and loss of joint elasticity. Recent immunohistochemical studies have revealed elevated levels of
tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6) in diabetic synovial tissues, confirming
the role of low-grade chronic inflammation in mediating structural degeneration.

In addition to vascular and inflammatory factors, emerging evidence points to a genetic component
underlying these manifestations. The identification of diabetes-associated gene polymorphisms—
including variants in VEGF, TGF-p, COL1Al1, and MMP-9—suggests that offspring of diabetic
mothers may inherit molecular predispositions influencing ECM metabolism and angiogenesis. Such
genetic vulnerabilities, compounded by intrauterine exposure to hyperglycemia and oxidative stress,
create a dual mechanism of genetic-environmental interaction that accelerates degenerative joint
changes. Future studies employing genomic and epigenetic analyses could clarify how maternal
metabolic disorders imprint lasting modifications in offspring connective tissues, thereby offering
opportunities for early screening and personalized therapeutic interventions.

Clinical Implications

From a clinical perspective, the intersection of diabetes and joint pathology necessitates a paradigm
shift in the evaluation and management of individuals born to diabetic mothers. Routine clinical
surveillance of these offspring should include assessment of musculoskeletal function, particularly
during growth and adolescence, when subtle histological changes may translate into measurable
functional limitations. Incorporating joint mobility screening, gait analysis, and ultrasound or MRI-
based imaging into longitudinal pediatric evaluations could allow early identification of structural
abnormalities before the onset of symptomatic disease.

7




An integrated diagnostic strategy combining clinical, imaging, histopathological, and biochemical
data will be essential to characterize the joint phenotype in this high-risk population. Quantitative
biomarkers—such as serum levels of collagen degradation products, glycosaminoglycans, and
inflammatory cytokines—could serve as early indicators of subclinical connective tissue changes.
Clinicians should also consider the potential benefits of targeted physiotherapy, nutritional
modulation, and metabolic optimization in reducing the risk of future joint dysfunction.

Therapeutically, understanding the cascade of histological alterations in the synovial membrane
and capsule provides a basis for developing interventional approaches aimed at halting or reversing
tissue damage. Pharmacological therapies targeting oxidative stress, angiogenic imbalance, or collagen
glycation (e.g., antioxidants, AGE inhibitors, or anti-fibrotic agents) may hold promise in preserving
joint function in diabetic individuals and their offspring. Furthermore, gene-based and regenerative
therapies, such as mesenchymal stem cell transplantation or CRISPR-mediated gene correction,
represent emerging frontiers in addressing diabetes-induced connective tissue damage.

Future Directions

Further research is needed to elucidate the molecular and cellular pathways that mediate the
observed histological changes. Advanced in vivo imaging modalities—such as micro-MRI, PET-CT,
and multiphoton microscopy—combined with quantitative histomorphometry and molecular profiling,
can provide deeper insights into how microvascular compromise, oxidative stress, and altered glucose
metabolism converge to produce chronic joint pathology. Longitudinal animal studies should also
explore whether therapeutic interventions during gestation (e.g., improved maternal glycemic control
or antioxidant supplementation) can prevent the development of histological and functional
abnormalities in offspring.

Ultimately, the findings reinforce the concept that joint health is a sensitive indicator of systemic
metabolic balance. The inclusion of musculoskeletal endpoints in diabetic research broadens our
understanding of the disease’s systemic nature and highlights the importance of maternal metabolic
regulation as a determinant of offspring health. By linking basic histopathology with clinical
outcomes, this research contributes to a growing body of evidence emphasizing the need for
preventive, multidisciplinary approaches in the management of diabetes and its intergenerational
effects.

Conclusion

The present investigation provides substantial evidence that maternal diabetes induces profound
histological and biochemical changes in the synovial membrane and joint capsule of offspring. The
observed abnormalities—including fibrosis, inflammatory infiltration, altered collagen deposition, and
disrupted vascular networks—reflect the far-reaching impact of chronic hyperglycemia on connective
tissue development.

From a pathophysiological perspective, these findings reveal that diabetes-driven microangiopathy
and metabolic imbalance extend to musculoskeletal structures, thereby predisposing offspring to joint
stiffness, limited mobility, and early degenerative changes. The interplay between microcirculatory
compromise, oxidative stress, and inflammatory signaling serves as a critical link between maternal
metabolic health and the offspring’s long-term joint function.

Clinically, these insights highlight the need for multidisciplinary surveillance of offspring born to
diabetic mothers. Routine pediatric assessments should incorporate joint function monitoring,
biochemical profiling, and early intervention strategies to mitigate disease progression. On a
preventive level, maintaining tight maternal glycemic control during pregnancy, combined with
nutritional optimization and anti-fibrotic therapy, may reduce the likelihood of structural and
functional joint impairments.

Future research should employ longitudinal models, genomic analysis, and advanced imaging to
further elucidate the mechanisms of diabetes-induced joint remodeling. Such studies will support the
development of personalized therapeutic and rehabilitation programs aimed at preserving
musculoskeletal health across generations.
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	Существуют также стертые клинические формы, при которых цистобилиарный свищ образуется с сегментарными желчными протоками. В этих случаях полной обтурации не происходит, так как крупные дочерние пузыри и частицы хитиновой оболочки не могут проникнуть ...
	Наблюдались и лёгкие формы заболевания, которые обусловлены небольшим перфоративным отверстием и сохранностью хитиновой оболочки паразита. В этих случаях присутствует только перицистобилиарный свищ, который является наиболее распространённой формой ци...
	Патологоанатомически процесс формирования свища проходит три стадии: 1) эрозивная, 2) стадия разрыва и 3) полная фистула. По мере роста паразита происходит увеличение всех компонентов кисты, что приводит к повышению внутрикистозного давления и растяже...
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