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ABSTRACT

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder associated with progressive aging-related
alterations in multiple organs, including the skin. Nonetheless, the specific structural and molecular changes that
cause skin aging in diabetes remain poorly understood in preclinical animal models. The present study aimed to
establish a rat model of T2DM-induced skin aging and to investigate the relationship between matrix
metalloproteinase-9 (MMP-9) expression and dermal extracellular matrix (ECM) remodeling in diabetic skin aging.
A total of 12 male Sprague-Dawley rats, aged 8-9 weeks and weighing 180-250 g, were assigned to the control and
T2DM groups. Rats in the T2DM group received an 8-week high-fat diet (45% fat calories) with 40% fructose,
followed by low-dose streptozotocin (25 mg/kg, IP) injection to induce diabetes. Metabolic phenotype was validated
using fasting blood glucose and a 2-hour post-glucose measurement. After 16 weeks, dorsal skin was collected for
histological evaluation, including measurements of epidermal/dermal thickness, collagen area, and fibroblast counts,
as well as molecular analysis. The MMP-9 was measured using a sandwich enzyme-linked immunosorbent assay.
Diabetic rats developed sustained hyperglycemia and increased body weight, confirming a T2DM-like metabolic
phenotype. Histological analysis demonstrated a significant increase in dermal thickness and a marked reduction in
dermal collagen density in diabetic skin, whereas epidermal thickness and fibroblast counts were not significantly
altered. The MMP-9 concentration in diabetic dermal homogenates was elevated compared with that in the control
group. The current findings demonstrated that T2DM in rats was associated with early dermal extracellular matrix
remodeling, characterized by increased MMP-9 levels, decreased collagen density, and dermal thickening,
suggesting an association between chronic hyperglycemia and altered dermal matrix homeostasis.
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is characterized by chronic hyperglycemia that drives systemic biological disturbances
affecting multiple organs, including the skin (Brownlee, 2001). In clinical practice, individuals with T2DM frequently
exhibit cutaneous manifestations such as accelerated aging-like features, increased dermal rigidity, and impaired wound
healing (Moraes et al., 2023). Such skin alterations are associated with disturbances in extracellular matrix (ECM)
homeostasis and functional impairment of dermal fibroblasts (Argyropoulos et al., 2016; Zhu et al., 2022).
Epidemiological and clinical studies have indicated that individuals with long-term or poorly managed diabetes often
develop skin characteristics that resemble accelerated aging, which can negatively impact tissue resilience and overall
quality of life (Berlanga-Acosta et al., 2020; Shin et al., 2019).

From a histological perspective, the dermis is a primary target of diabetic skin changes. The structural integrity of
the dermis depends primarily on the ECM, which is composed of collagen fibers produced and maintained by dermal
fibroblasts. Under diabetic conditions, disturbances in ECM homeostasis have been associated with altered collagen
organization, impaired matrix turnover, and functional changes in fibroblasts, which may collectively contribute to
increased tissue stiffness and reduced repair capacity (Argyropoulos et al., 2016; Zhu et al., 2022). Such alterations in
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extracellular matrix organization and fibroblast function suggest that dermal remodelling may play an important role in
the aging-like skin features observed in diabetes.

At the molecular level, the histological and structural alterations are closely linked to chronic metabolic
dysregulation. Chronic hyperglycemia promotes the formation and accumulation of advanced glycation end-products
(AGEs), which modify ECM proteins through non-enzymatic cross-linking. Interaction of AGEs with the receptor for
advanced glycation end-products (RAGEs) activates inflammatory signaling pathways, including NFkB and MAPK,
leading to increased oxidative stress and dysregulated expression of matrix metalloproteinases (MMPs) (Chen et al.,
2023). Among these enzymes, matrix metalloproteinase-9 (MMP-9) has received particular attention due to its
collagenolytic activity and its association with abnormal dermal remodeling and impaired wound healing in diabetic
conditions (Zhou et al., 2021; Zhu et al., 2022). Meanwhile, dermal fibroblasts exposed to chronic metabolic stress
develop a dysfunctional or senescence-like phenotype. This phenotype includes decreased collagen production and a
proinflammatory, matrix-degrading secretory profile known as the senescence-associated secretory phenotype (SASP)
(Ogata et al., 2021; Wlaschek et al., 2021).

Despite the extensive use of T2DM rat models to study metabolic aspects of diabetes mellitus, the comprehensive
characterization of diabetes-related skin aging in rats remains limited, as many experimental studies have mainly focused
on glycemic control or systemic metabolic outcomes, while skin structural and molecular changes are often less explored
(Sanapalli et al., 2021). Therefore, establishing a stable and reproducible animal model that accurately reflects diabetic
skin pathology is essential for advancing mechanistic and therapeutic study in this field (Pandey et al., 2023). Thus, the
present study aimed to establish and characterize the structural and molecular features of diabetes-associated skin aging
in Sprague-Dawley rat models induced by a high-fat, high-fructose diet followed by low-dose streptozotocin (STZ)
administration, with particular focus on dermal ECM remodeling and MMP-9 expression under chronic hyperglycemia
conditions.

MATERIALS AND METHODS

Ethical approval

All animal procedures were approved by the Ethics Committee, Faculty of Medicine, Indonesia University,
Indonesia (Approval No. KET-562/UN2.F1/ETIK/PPM. 00.02/2022). All experiments were performed in accordance
with institutional regulations and national guidelines for the care and use of laboratory animals, and complied with
internationally accepted principles for animal research (Percie du Sert et al., 2020).

Animals and experimental design

The present study was designed as an in vivo experiment using Sprague-Dawley rats to investigate diabetes-
associated skin aging. Male Sprague-Dawley rats were obtained at 8-9 weeks of age, with an initial body weight of 180-
250 g. Prior to the experiment, all rats were acclimatized for 10 days and maintained under controlled conditions of 50-
60% humidity, 22 + 2°C, and a 12-hour light/dark cycle with unrestricted access to food and water. Baseline fasting
blood glucose (FBG) and 2-hour post-glucose levels were measured before the intervention to confirm normoglycemic
status, and only rats with normal glycemic values were included in the study.

A total of 12 male rats were randomly assigned to two experimental groups, including a control group of four rats
and a T2DM group of eight rats. Rats in the control group were maintained on a standard laboratory diet throughout the
study period. Rats in the T2DM group (diabetic) received a laboratory-prepared high-fat diet designed to provide
approximately 45% of total caloric intake from fat (Kartinah et al., 2022). The diet consisted of 100 g mixture, including
60 g of standard rodent chow (Rat Bio®, PT Citra Ina Feedmill, Jakarta, Indonesia), 15 g of beef tallow, 13 g of egg yolk
powder (Y1105, Egg Products Export Limited, Tamil Nadu, India), 10 g of skim milk casein powder (NZMP®, Fonterra
Co-operative Group, Auckland, New Zealand), and 2 g of powdered sugar. All ingredients were thoroughly
homogenized prior to feeding. In addition, rats were provided with a freshly prepared 40% fructose solution for eight
weeks to induce insulin resistance. At the end of the eight-week dietary induction period, T2DM rats were administered a
low dose intraperitoneal injection of streptozotocin (25 mg/kg body weight), freshly dissolved in 100 mM citrate buffer
(pH 4.5), to induce chronic hyperglycemia. Seventy-two hours after streptozotocin administration, FBG and 2-hour post-
glucose measurements were performed. Animals were classified as diabetic only when both parameters met the
predefined glycemia criteria. The induction protocol was adapted from a standard and widely used diet and
streptozotocin-induced T2DM model (Barriére et al., 2018).

After confirming the diabetic status in T2DM-induced rats, they remained under their respective experimental
conditions for another eight weeks, extending the overall study duration to 16 weeks.
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Metabolic measurements

Body weight measurements were recorded every four weeks from the end of acclimatization until the completion of
the 16-week experimental period. The FBG and 2-hour post-glucose measurements were performed prior to the dietary
intervention, at week eight (after completion of high-fat/high-fructose feeding), and at week 16 (study endpoint
following diabetes confirmation). For glucose assessment, rats were fasted overnight (12 hours) and given an oral
glucose load of 2 g/kg body weight using a sterile feeding needle. Blood glucose levels were measured at fasting (0
minutes) and 120 minutes after glucose administration. No intermediate time points were collected. Blood glucose
concentrations were determined using a validated handheld glucometer (EasyTouch®, Bioptic Technology, Taiwan),
which has been widely used in experimental diabetes study (Nindita et al., 2023).

Diabetes status in experimental animals was categorized using modified clinical glycemic thresholds to ensure
relevance to human conditions. Rats were classified as diabetic when FBG levels exceeded 126 mg/dL (7.0 mmol/L) and
2-hour post-glucose levels exceeded 200 mg/dL (11.1 mmol/L), consistent with the criteria proposed by the American
Diabetes Association and commonly applied in rodent diabetes models (Liu et al., 2020; Percie du Sert et al., 2020). The
selected glycemic thresholds were aligned with the metabolic characteristics of the diet-low-dose streptozotocin model,
which reflected moderate, sustained hyperglycemia typical of type 2 diabetes rather than the severe insulin-deficient
phenotype observed in high-dose streptozotocin models.

Tissue collection

At week 16, animals were anesthetized with an intraperitoneal injection of ketamine (80 mg/kg body weight)
combined with xylazine (10 mg/kg body weight). The mentioned doses were selected based on established protocols to
achieve deep surgical anesthesia (Van Pelt, 1977). Following confirmation of adequate anesthesia, animals were
humanely euthanized in compliance with institutional ethical guidelines and the recommendation of the American
Veterinary Medical Association (AVMA, 2020). Dorsal skin samples were collected from the standardized mid-dorsal
region after clipping and shaving of dorsal hair. To minimize sampling variability, a uniform tissue area of
approximately 2 cm x 2 cm was excised from each animal using consistent anatomical positioning. Underlying skeletal
muscle was carefully excluded during dissection, and excess subcutaneous adipose tissue was gently trimmed to
minimize fat inclusion while preserving the full-thickness dermis (Wells et al., 2010).

Anatomical orientation was preserved during fixation and paraffin embedding by positioning the epidermal surface
upward. Sections were cut perpendicular to the epidermal surface to ensure consistent and reproducible measurements of
epidermal and dermal thickness. Thickness measurements were obtained from multiple non-overlapping fields within
each section, and the mean value per animal was used for statistical analysis.

For histological analysis, tissue samples were immediately immersed in 10% neutral-buffered formalin and fixed for
24 hours at room temperature. Following fixation, samples were rinsed in phosphate-buffered saline (PBS, pH = 7.4),
dehydrated through a graded ethanol series, and embedded in paraffin. Serial sections of 5 um thickness were prepared
and stained with hematoxylin and eosin (H&E) for general morphology and Masson’s Trichrome to visualize collagen
fibers (Arnal-Forné et al., 2024). All samples were processed immediately after the fixation period to minimize fixation-
related variability.

For biochemical analysis, specifically protein extraction, a nearby section of the standardized dorsal skin area
(trimmed of hair and underlying muscle tissue) was rapidly frozen and stored at -80°C until subsequent homogenization
and enzyme-linked immunosorbent assay (ELISA).

Histological analysis

Histological analyses were conducted using ImageJ software by independent observers blinded to group assignment.
For each animal, five non-overlapping high-power fields (HPF) were randomly chosen from distinct dermal areas within
each section to ensure representative sampling. The average of these five HPF per animal was calculated and used for
statistical analysis.

Epidermal thickness was measured using H&E-stained sections as the perpendicular distance from the stratum
basale to the outermost layer of stratum corneum, using established histomorphology methods (Giangreco et al., 2010).
Dermal thickness was assessed using H&E-stained sections by measuring the perpendicular distance from the derma-
epidermal junction to the histologically recognizable dermal-hypodermal interface. This boundary was determined by the
transition from the dense collagenous connective tissue of the dermis to the subcutaneous adipose tissue (Giangreco et
al., 2010; Schneider et al., 2012). Fibroblast counts were assessed using H&E-stained sections by manually counting the
purple spindle-shaped, nucleated cells scattered among the collagen and elastin fibers within the dermis. Counts were
performed in each square in five randomly selected non-overlapping HPF (400x) per section, while excluding the
perivascular region and adnexal structures. Mean values were calculated for each sample (Varani et al., 2006).
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Masson’s Trichrome staining was used to visualize collagen. Masson’s Trichome-stained sections were randomly
selected and imaged. The dermal region was manually delineated in each image, and dermal collagen density was
quantified using ImageJ software (Schneider et al., 2012; Nan et al., 2025).

Homogenization and protein extraction

Skin tissue samples stored at -80'C were thawed on ice prior to protein extraction. Each sample was briefly rinsed in
cold PBS (pH = 7.4) to remove surface debris and residual blood. Approximately 100 mg of dorsal skin tissue, free hair,
and underlying muscle were homogenized in 900 pL of ice-cold PBS (pH = 7.4) supplemented with 1 mM
phenylmethylsulfonyl fluoride (PMSF), a serine protease inhibitor, to minimize nonspecific proteolytic degradation
during homogenization (tissue-to-buffer ratio=1:9, w/v). As MMP-9 levels were quantified using an ELISA-based assay
to measure total protein concentration rather than enzymatic activity, MMP-specific inhibition during homogenization
was not required (Powers et al., 2002).

Skin tissue was homogenized on ice using a rotor-stator tissue homogenizer (Tokyo Rikakikai Co., Ltd., Tokyo,
Japan). Samples were processed at 7,000 rpm in repeated short cycles for a total of approximately 7-10 minutes, with
intermittent ice cooling between cycles to prevent heat-induced protein degradation, until a uniform suspension was
obtained. The homogenates were subsequently centrifuged at 5,000x g (relative centrifugal force) for 5 minutes at 4°C,
resulting in separation into a clear aqueous supernatant and a pellet containing insoluble cellular debris. The aqueous
supernatant, representing the soluble protein fraction, was carefully collected for subsequent biochemical and
immunoassay analyses. Any superficial lipid layer, when present, was carefully avoided during supernatant collection.
Supernatant samples were stored at -80°C until further analysis (Zhu et al., 2022).

During tissue collection, hypodermal adipose tissue was carefully trimmed to ensure that only dermal skin tissue
was included for biochemical analyses. All procedures were conducted at cold temperatures to preserve protein integrity
and minimize post-homogenization proteolysis.

Total protein concentration was determined using the Bradford assay with bovine serum albumin as the standard
(Bradford, 1976). Preliminary dilution optimization was performed to ensure that protein concentrations fell within the
linear detection range of the Bradford assay and within the dynamic range of the ELISA kit. Samples were diluted with
PBS (pH = 7.4) according to the determined dilution factors to achieve comparable total protein input prior to
quantification of MMP-9.

Matrix Metalloproteinase-9 quantification

Quantitative analysis of MMP-9 from supernatant skin tissue homogenates was measured using a commercially
available sandwich Rat MMP-9 ELISA kit (FineTest®, Wuhan Fine Biotech Co., China; Catalog No. ER0139),
according to the manufacturer’s instructions. All samples were analyzed at equivalent total protein concentrations, as
determined by the Bradford assay, to minimize inter-sample variability. Samples and standards were added to microplate
wells pre-coated with anti-MMP-9 antibodies, followed by incubation with a biotin-conjugated detection antibody and
horseradish peroxidase-streptavidin. After thorough washing steps, the tetramethylbenzidine substrate was added to
initiate color development, which was subsequently stopped with sulfuric acid. Absorbance was measured at 450 nm
using a microplate reader (Bio-Rad Laboratories, CA, USA), and MMP-9 concentrations were determined from a
standard curve generated using known concentrations of recombinant protein (Zhu et al., 2022). The MMP-9 levels were
normalized to total protein content and expressed as pg/mg protein. All samples and standards were assayed in duplicate,
and mean absorbance values were used to calculate concentrations.

Statistical analysis

All quantitative data were presented as mean + standard deviation (SD). Data distribution was assessed for normality
using the Shapiro-Wilk test. Comparison between the two groups was performed using a t-test for normally distributed
data, or a Mann-Whitney test for non-parametric data. All samples were analyzed in duplicate, and the coefficient of
variation (CV) between replicates was used to monitor assay precision. Statistical analyses were performed using SPSS
software (version 27.0; IBM Corp., USA). A two-tailed p-value of less than 5% was considered statistically significant
(p <0.05).

RESULTS

For all metabolic, histological, and biochemical analyses, all animals were included (control, n = 4; T2DM, n = 8). No
animals were excluded from any part of the study analysis.
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Metabolic phenotype

All rats in the T2DM group developed sustained hyperglycemia between weeks 8 and 16 and maintained elevated
blood glucose levels throughout the experimental period. After diabetes induction at week 8, FBG and 2-hour post-
glucose levels increased progressively and remained elevated until week 16 in the T2DM group. At week 16, FBG in
diabetic rats (372.3 + 143.4 mg/dL) was significantly higher than in the control group (184.8 + 15.1 mg/dL; p < 0.05;
Figure 1A). Consistently, the 2-hour post-glucose measurement indicated significantly impaired glucose clearance in the
T2DM group, indicated by markedly higher plasma glucose levels at 2 hours after the glucose load (404.1 + 132.9 mg/dL
versus 150.0 + 39.6 mg/dL; p < 0.05; Figure 1B). Although fasting glucose levels in the control group were slightly
higher than the usual reference ranges observed in non-experimental settings, all animals were maintained under
identical environmental and dietary conditions. The T2DM group had significantly higher fasting and post-glucose levels
than the control group (p < 0.05). In addition to hyperglycemia, body weight increased significantly in the diabetic rats
(315.8 £ 43.4 g) by week 16 compared to the control group (181.8 + 49.5 g; p < 0.05; Figure 1C). The present findings
confirmed successful induction of a T2DM-like metabolic phenotype, consistent with rat-specific glycemic thresholds
adapted from clinical criteria (Barriére et al., 2018).
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Figure 1. Metabolic validation of type 2 diabetes mellitus in rats after 16 weeks. A: Fasting blood glucose levels, B: Plasma glucose
concentrations at 2-hour post-glucose load, and C: Body weight progression during the experimental period. Data are presented as mean + SD (control,
n =4; T2DM, n = 8). Fasting blood glucose levels (A), 2-hour post-glucose concentrations (B), and body weight (C) were significantly higher in the
T2DM group compared with the control groups (*p < 0.05).

Histological alterations

Histological analysis revealed distinct morphological changes in the skin of diabetic rats (Figure 2A-2B). The
dermal thickness was markedly increased in the T2DM group (1091.0 + 210.9 um) compared to the control group (803.8
+ 163.9 um; p < 0.05; Figure 2C), while the epidermal thickness indicated a non-significant trend toward thickening
(37.3+£19.1 um versus 19.4 £ 7.4 um; p > 0.05).

Quantification of fibroblasts on H&E-stained sections illustrated no significant difference in counts between the
control and T2DM groups (15.1 = 5.9 versus 15.8 + 6.1 cells/HPF; p > 0.05), indicating preserved fibroblast counts
despite diabetic conditions (Figure 3).
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Masson’s Trichrome staining indicated a significant reduction in dermal collagen density in the T2DM group
compared to the control group (63.0 + 3.9% versus 74.5 + 2.3%; p < 0.05; Figure 4C), indicating pronounced
extracellular matrix degradation.
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Figure 2. Dermal and epidermal thickness in control and diabetic rats after 16 weeks. A: H&E-stained dorsal skin section from the control
group, B: H&E-stained dorsal skin section from the T2DM group, C: Quantitative analysis comparing control and T2DM groups indicated a significant
increase in dermal thickness in the skin of diabetic rats (*p < 0.05), D: Epidermal thickness did not differ significantly between the control and T2DM
groups (p > 0.05). Images were acquired at 40x magnification, showing dermal thickness (red lines) and epidermal thickness (yellow lines). Data are
presented as mean + SD.
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Figure 3. H&E-stained sections showing dermal fibroblasts in control and diabetic rats after 16 weeks. A: The control group, B: The
T2DM group. Fibroblasts (yellow arrows) were identified as the purple spindle-shaped, nucleated cells located between collagen fibers (pink/red).
Images were taken at 400x magnification. C: Quantitative analysis of dermal fibroblast counts. Fibroblast counts were determined by manually
counting fibroblasts in five randomly chosen, non-overlapping high-power fields at 400x magnification per sample. Data are presented as mean + SD.
No significant difference was observed between the control and T2DM groups (p > 0.05).
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Figure 4. Masson’s Trichrome-stained sections of dorsal rat skin after 16 weeks. A: Rat skin of the control group showing dense,
well-organized dermal collagen fibers. B: T2DM (diabetic) rats' skin displaying reduced collagen density and disrupted dermal collagen
organization at week 16. Collagen fibers are stained blue (yellow arrows). Images were acquired at 40x magnification. C: Quantitative collagen area
fraction was analyzed using ImageJ software. Data are presented as mean + SD. The T2DM group showed significantly lower collagen density
compared with the control group (*p < 0.05).

Matrix metalloproteinase-9 levels

Quantitative ELISA analysis demonstrated a significant elevation of MMP-9 protein concentration in the T2DM
group compared with the control group (1567.10 + 935.05 pg/mg protein versus 151.39 + 68.28 pg/mg protein; p < 0.05;
Figure 5).
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Figure 5. Elevated matrix metalloproteinase-9 concentrations in the skin of diabetic rats after 16 weeks. Data are presented as mean + SD.
The T2DM group showed significantly higher MMP-9 levels compare with the control group (* p < 0.05)
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DISCUSSION

The present study demonstrated that T2DM was related to structural and molecular changes in the skin, which align with
characteristics often observed in accelerated skin aging in experimental models. The observed sustained hyperglycemia,
increased body weight, elevated MMP-9 levels, dermal thickening, and reduced collagen density indicated that chronic
metabolic stress was linked to protease-related ECM remodeling, which may lead to premature aging-like skin changes.
Sustained hyperglycemia, indicated by elevated FBG and increased 2-hour post-glucose levels, confirmed the
development of a T2DM-like metabolic condition phenotype. This chronic metabolic imbalance provides a biologically
relevant background for interpreting the progressive skin alterations observed in the present model (Barriére et al., 2018;
Brito et al., 2025). Although the control group was maintained on a standard diet, fasting glucose levels were slightly
increased but remained within the typical reference ranges observed in non-experimental settings. This may reflect age-
related metabolic drift and strain-specific variability commonly observed in Sprague-Dawley rats under laboratory
conditions. All groups were housed and handled identically; therefore, intergroup comparisons remain internally valid.
Nevertheless, the elevated baseline values were taken into account when interpreting absolute glucose levels.

A key finding of the present study was the change in ECM-related parameters, consistent with improved matrix
degradation. The notable decrease in dermal collagen in diabetic rats coincided with a substantial increase in MMP-9, an
enzyme that degrades collagen fragments and basement membrane components. Previous studies indicated that MMP-9
levels increased during hyperglycemia, oxidative stress, and inflammatory conditions common in diabetes (Song et al.,
2020; Peng et al., 2021).

In diabetic skin, elevated MMP-9 levels were associated with collagen fragmentation, compromised ECM integrity,
and deficient tissue repair. Notably, MMP-9 targeted denatured collagen and gelatine rather than native fibrillar collagen,
thereby accelerating matrix turnover instead of directly inhibiting collagen synthesis. Therefore, elevated levels of MMP-
9 may provide a biologically plausible pathway linking chronic metabolic dysregulation to the structural dermal changes
observed in the present study (Quan and Fisher, 2015; Lan et al., 2021).

Histological analysis revealed a notable increase in dermal thickness in diabetic rats, whereas the collagen area
fraction was markedly reduced. These findings have been consistently reported in both experimental models and clinical
studies of diabetic skin (Verzijl et al., 2000; Poblete Jara et al., 2023). In diabetes, dermal thickening is more a sign of
disorganized ECM remodeling rather than an indicator of improved dermal integrity. This difference could be due to the
buildup of non-degradable, cross-linked matrix components. The breakdown of collagen by MMPs may occur alongside
the deposition of non-collagenous and glycated matrix components, such as AGE-modified collagen, fibronectin, and
proteoglycans. The accumulation of these abnormal components can increase tissue volume and stiffness, even in the
absence of functional collagen fibers (Gkogkolou and Bdhm, 2012; Argyropoulos et al., 2016). Consistent with the
present findings, dermal thickening likely resulted from maladaptive matrix remodelling involving both collagen
breakdown and the abnormal accumulation of altered EMC components, rather than from collagen accumulation or
structural strengthening (Shin et al., 2019). Therefore, the observed decrease in collagen density despite increased dermal
thickness can be explained by the accumulation of glycated and disorganized matrix components, which was consistent
with the findings of Verzijl et al. (2000) and Zhu et al. (2022).

Although fibroblast counts in the present study did not differ between control and diabetic groups, this finding
indicated functional impairment rather than cellular depletion. In diabetic rats, fibroblast counts remained stable, while
dermal collagen decreased and MMP-9 levels increased, indicating that ECM changes occurred without a measurable
decline in fibroblast numbers. Previous experimental studies have indicated that dermal fibroblasts in diabetic skin are
often similar to those in healthy controls; however, dermal fibroblasts in diabetic skin demonstrate morphological and
functional abnormalities (Wang et al., 2006; Zhou et al., 2021). Fibroblasts exposed to high-glucose or diabetic
environments have been shown to develop a senescence-like phenotype characterized by decreased proliferation,
changed morphology, and lower type | collagen production (Nan et al., 2025). Meanwhile, increased expression of
MMPs, including MMP-9, has been observed in diabetic fibroblasts (Zhou et al., 2021; Zhu et al., 2022). Therefore, the
coexistence of unchanged fibroblast counts with collagen depletion and increased MMP-9 in the present finding
indicated a pattern of fibroblast dysfunction rather than fibroblast loss, although direct functional assays were not
performed.

In contrast to the noticeable dermal changes, epidermal thickness did not differ between the diabetic and control
groups during the present study. The epidermal thickness finding demonstrated that during the 16-week observation
period, diabetic rats exhibited minimal measurable epidermal structural changes, with no remarkable difference in
thickness. The lack of epidermal thinning findings did not imply the absence of functional or molecular changes; it only
meant that these aspects were not evaluated in the present study. The current results indicated that dermal ECM
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parameters were more responsive indicators of diabetes-related skin changes than epidermal thickness, without
suggesting a clear timeline for skin aging (Argyropoulos et al., 2016; Miura and Yamashita, 2018).

CONCLUSION

The present study characterized a reproducible preclinical rat model in which type 2 diabetes mellitus was associated
with alterations in dermal ECM remodeling. Diabetic rats exhibited reduced dermal collagen density, a significant
increase in MMP-9 protein levels, and increased dermal thickness compared to the control group, indicating disrupted
matrix homeostasis under chronic metabolic stress. The current findings indicated structural and molecular changes in
diabetic rat skin and demonstrated an association between diabetic metabolic state and dermal ECM remodelling. Future
studies should expand molecular profiling, incorporate enzymatic activity assays, broader protease profiling, extended
time-course analyses, and interventional approaches to further clarify mechanisms and explore potential strategies to
preserve ECM integrity.
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