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RESEARCH ARTICLE

Serum GDF-15, Selected Matrix Metalloproteinases, and
TIMP-2 in Patients with Diabetic Foot Ulcers: A Cross-
Sectional Comparative Study

This study aimed to evaluate serum growth differentiation factor-15 (GDF-15), matrix
metalloproteinase (MMP)-1, MMP-2, MMP-8, MMP-9, and tissue inhibitor of metalloproteinase-2
(TIMP-2) levels in patients with diabetic foot ulcers (DFU) and to investigate their association with
DFU presence and selected clinical features.

This cross-sectional comparative study included 90 participants: 30 patients with DFU, 30
patients with diabetes without active foot ulcers, and 30 healthy controls. Serum biomarker levels
were measured by ELISA. Intergroup comparisons were performed using appropriate statistical
tests, and diagnostic performance was evaluated by receiver operating characteristic (ROC)
analysis.

Serum GDF-15 levels were significantly higher in the DFU group (1316.3+349.6 pg/mL; p=0.001).
In contrast, MMP-1 and MMP-9 levels were significantly lower in the DFU group (p<0.001 for
both). MMP-2 and MMP-8 levels were significantly higher in patients with diabetes without active
foot ulcers than in the other groups (p=0.009 and p<0.001, respectively). The highest diagnostic
performance was observed for MMP-1 (AUC=0.970; sensitivity 96.7%; specificity 93.3%) and
MMP-9 (AUC=0.950; sensitivity 80.0%; specificity 100.0%); the AUC for GDF-15 was 0.764.

Increased serum GDF-15 levels together with decreased MMP-1 and MMP-9 levels may
constitute a distinctive biomarker pattern associated with DFU. MMP-1 and MMP-9 emerged as
candidate adjunctive biomarkers for distinguishing DFU presence. The distinct regulation of
MMP-2 and MMP-8 in patients with diabetes without active foot ulcers may reflect different
matrix-remodeling responses in diabetic tissue biology.
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Diyabetik Ayak Ulserli Hastalarda Serum GDF-15, Secilmig Matriks
Metalloproteinazlar ve TIMP-2 Diizeyleri: Kesitsel Karsilagtirmal Bir Calisma

Bu calismanin amaci, diyabetik ayak ilseri (DAU) bulunan hastalarda serum biiyiime farklilasma
faktoru-15 (GDF-15), matriks metalloproteinaz (MMP)-1, MMP-2, MMP-8, MMP-9 ve
metalloproteinaz doku inhibitéri-2 (TIMP-2) diizeylerini degerlendirmek ve bu biyobelirteglerin DAU
varlidi ile secilmis klinik 6zelliklerle iligkisini incelemektir.

Bu kesitsel karsilastirmali calismaya toplam 90 katilimci dahil edildi: 30 DAU hastasi, 30 aktif ayak
Ulseri olmayan diyabet hastasi ve 30 saglikh kontrol. Serum GDF-15, MMP-1, MMP-2, MMP-8,
MMP-9 ve TIMP-2 dizeyleri ELISA ydntemiyle o6lcildi. Gruplar arasi karsilastirmalar uygun
istatistiksel testlerle yapildi; tanisal performans ROC analizi ile dederlendirildi.

Serum GDF-15 diizeyleri DAU grubunda anlamli olarak daha yiiksekti (1316.3+349.6 pg/mL;
p=0.001). Buna karsilik, MMP-1 ve MMP-9 diizeyleri DAU grubunda anlamli olarak daha diisiiktii
(her ikisi igcin p<0.001). MMP-2 ve MMP-8 dlizeyleri, aktif ayak Ulseri olmayan diyabet hastalarinda
diger gruplara gore anlaml olarak daha yuksekti (sirasiyla p=0.009 ve p<0.001). En ylksek tanisal
performans MMP-1 (AUC=0.970; duyarlilik %96.7; 6zgilluk %93.3) ve MMP-9 igin (AUC=0.950;
duyarlilik %80.0; 6zgullik %100.0) gbzlendi; GDF-15 igin AUC degeri 0.764 idi.

Serum GDF-15 diizeylerindeki artis ile MMP-1 ve MMP-9 diizeylerindeki azalma, DAU ile iligkili
ayirt edici bir biyobelirteg paterni olusturabilir. Ozellikle MMP-1 ve MMP-9, DAU varligini ayirt
etmede yiksek tanisal performans gdsteren yardimci aday biyobelirtecler olarak 6ne ¢ikmistir.
Aktif ayak Ulseri olmayan diyabet hastalarinda MMP-2 ve MMP-8'in farkli dizenlenmesi, diyabetik
doku biyolojisinde farkli matriks yeniden diizenlenme yanitlarini yansitabilir.

Anahtar Kelimeler: Diyabetik ayak Ulseri; GDF-15; matriks metalloproteinazlar; TIMP-2; ROC analizi

Introduction

Diabetic foot ulcer (DFU) is one of the most serious complications of diabetes
mellitus, associated with a marked increase in the risk of infection, hospitalization,
amputation, and mortality. In current practice, DFU is recognized as a complex condition
involving the convergence of neuropathy, ischemia, infection, and impaired wound
healing. Clinical course tends to be more severe and treatment more challenging in
cases accompanied by infection and peripheral artery disease (1, 2).

215



ALTUG A. et al.

Although ulcer depth, infection status, perfusion,
and tissue loss are key determinants in the clinical
assessment of DFU, these parameters do not always
fully reflect the underlying biological heterogeneity of the
disease. In recent years, the question of whether DFU
can be better characterized through circulating
biomarkers has gained importance (2, 3).

Growth differentiation factor-15 (GDF-15) is a
stress-responsive cytokine that increases during cellular
stress, mitochondrial  dysfunction, hypoxia, and
inflammatory stimuli. GDF-15 has been shown to be
elevated in cardiometabolic and vascular diseases and
has emerged as a marker reflecting systemic stress
burden. Given the coexistence of tissue damage, chronic
inflammation, infection, and ischemia in DFU, GDF-15
represents a meaningful candidate biomarker for
investigation in this patient population (4, 5).

Matrix metalloproteinases (MMPs) and their
inhibitors, which are involved in extracellular matrix
remodeling, play a central role in the regulation of wound
healing. In diabetic wound healing, prolonged
inflammation, impaired cellular migration, and loss of
matrix degradation-synthesis balance render the MMP
axis particularly important (6, 7).

This study aimed to investigate serum GDF-15,
MMP-1, MMP-2, MMP-8, MMP-9, and TIMP-2 levels in
patients with diabetic foot ulcers and to evaluate the
association of these biomarkers with DFU presence and
selected clinical features. A secondary aim was to
assess the potential diagnostic value of these
biomarkers in distinguishing DFU by comparing with
patients with type 2 diabetes without active foot ulcers
and healthy controls.

Materials and Methods

Research and Publication Ethics: This study was
designed as a single-center, cross-sectional comparative
study conducted at a tertiary university hospital. Ethical
approval was obtained from the local ethics committee
(March 9, 2023; decision no: 2023/04-29). The study
was supported by the Firat University Scientific
Research Projects Coordination Unit (FUBAP; project
no: TF.23.44). Written informed consent was obtained
from all participants.

Participants and Study Groups: A total of 90
participants were included in the study: (i) patients with
DFU (DFU group, n=30), (ii) patients with diabetes
without active foot ulcers (DM group, n=30), and (iii)
healthy volunteers without diabetes (control group,
n=30). Participants were enrolled according to
predefined inclusion and exclusion criteria. The DFU
group consisted of patients with diabetes who were
hospitalized in the diabetic foot unit due to clinically
significant diabetic foot ulcers requiring inpatient
management. Patients were eligible for the DFU group if
they had at least a Wagner grade 2 ulcer accompanied
by DFU-related infection, poor glycemic regulation
requiring hospitalization, and/or a wound requiring
surgical debridement. DFU diagnosis was established by
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clinical evaluation. Ulcer severity in the DFU group was
graded according to the Wagner classification (8).
Clinical variables, including osteomyelitis, peripheral
artery disease, and surgical intervention history, were
obtained from medical records.

The DM control group consisted of patients with
diabetes who were evaluated during outpatient
assessment and had no active foot ulcer, history of DFU,
active infection, or known chronic inflammatory disease
at the time of enrollment. The healthy control group
consisted of volunteers without diabetes, active infection,
chronic inflammatory disease, or known major
comorbidities.

Exclusion Criteria: Active malignancy, advanced
systemic disease, active systemic infection other than
DFU-related infection, chronic inflammatory disease,
immunosuppressive therapy, pregnancy, history of
surgery within the last 6 months, and active psychiatric
illness were accepted as exclusion criteria.

Blood Samples and Biomarker Measurements:
Venous blood samples were collected at the time of
hospitalization in the DFU group and during outpatient
assessment in the other groups. Sera were stored at
—-80°C until analysis. Serum GDF-15, MMP-1, MMP-2,
MMP-8, MMP-9, and TIMP-2 concentrations were
measured using commercially available sandwich ELISA
kits (Reed Biotech Ltd., Wuhan, China; 96T) according
to the manufacturer’s instructions. Optical density was
read using an EPOCH 2 microplate reader at 450 nm.
The manufacturer-reported analytical sensitivities were
14.06 pg/mL for GDF-15, 4.52 pg/mL for MMP-1, 0.47
ng/mL for MMP-2, 1.61 pg/mL for MMP-8, 0.05 ng/mL
for MMP-9, and 0.1 ng/mL for TIMP-2. The
manufacturer-reported intra- and inter-assay coefficients
of variation were below 8% for all assays. Routine
biochemical parameters were measured using Siemens
Atellica CH 930; complete blood count was measured
using Sysmex XN-1000; HbAlc was measured by
HPLC; and CRP, ESR, and PCT were measured by
hospital routine methods.

Clinical Variables: Diabetes duration, inpatient
treatment characteristics, relevant comorbid conditions,
osteomyelitis status, surgical intervention, Wagner
stage, and vascular assessment findings were obtained
from medical records in the DFU group. During
hospitalization, all patients in the DFU group received
antibiotic therapy according to infectious disease
consultation and basal-bolus insulin therapy for glycemic
regulation. Major comorbid conditions, such as
hypertension, ischemic heart disease, chronic kidney
disease, anemia, chronic obstructive pulmonary disease,
heart failure, and peripheral artery disease, were
reviewed as background clinical variables. Peripheral
artery disease was assessed by Doppler
ultrasonography and/or CT angiography. Peripheral
perfusion status was evaluated using the ankle-brachial
index (ABI); ABI values between 0.90 and 1.30 were
classified as preserved perfusion, while values <0.90
were classified as impaired perfusion (9).
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Statistical Analysis: Statistical analyses were
performed using SPSS 22.0. Categorical variables were
expressed as numbers/percentages, and continuous
variables as meantSD or median (range), as
appropriate. Normal distribution was assessed by the
Kolmogorov—Smirnov test. Pearson chi-square, one-way
ANOVA, and Student’s t-test were used for intergroup
comparisons; Pearson correlation analysis was used for
correlations between variables. Diagnostic performance
was evaluated by ROC analysis. A p-value <0.05 was
considered statistically significant.

Results

A total of 90 participants were included. No
significant differences were found between groups
regarding age and sex (p=0.465; p=0.106). In the DFU
group, the median duration of diabetes was 20 years
(range: 2-35 years; meantSD: 17.4+8.7 years). ESR,
WBC, neutrophil, CRP, and PCT levels were significantly
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higher in the DFU group (all p<0.001). Lymphocyte and
albumin levels were lower in the DFU group (p<0.001).
eGFR was lower in the DFU group compared to controls
(p=0.001) (Table 1).

GDF-15 was elevated in the DFU group
(1316.3+349.6 pg/mL; p=0.001), while MMP-1 and
MMP-9 were decreased (p<0.001). MMP-2 and MMP-8
levels were significantly higher in patients with diabetes
without active foot ulcers than in the other groups
(p=0.009 and p<0.001, respectively). No significant
differences were observed in TIMP-2 or the MMP-
2/TIMP-2 ratio (Table 2).

ROC analysis revealed that MMP-1 (AUC=0.970;
sensitivity 96.7%; specificity 93.3%) and MMP-9
(AUC=0.950; sensitivity 80.0%; specificity 100.0%) had
the highest diagnostic performance for distinguishing
DFU (Table 3). The AUC for GDF-15 was 0.764 and for
TIMP-2 was 0.587. The corresponding ROC curves are
shown in Figure 1.

Table 1. Demographic, inflammatory, and metabolic parameters according to groups

Parameter DFU (n=30) Diabetes (n=30) Control (n=30) p

Age (years) 62.6+9.2 63.517.8 60.3+13.3 0.465
Sex M/F 22/8 14/16 17/13 0.106
ESR (mm/h) 67.4+24.92 23.3+2.5P 23.7+2.9v <0.001
WBC (/mm3) 11438+53562 7349+21400 8114+2257> <0.001
Neutrophil (/mm3) 8650+50282 4411+1370p 4736+1995b <0.001
Lymphocyte (/mm3) 175847792 26154763 2491+626P <0.001
eGFR (mL/min/1.73 m2) 75.5+£20.92 81.7+£12.2 89.7+1.0p 0.001
Glucose (mg/dL) 261.74+105.32 172.9+53.70 86.2+9.9¢ <0.001
HbAlc (%) 9.6+2.52 8.6x1.42 5.4+0.2b <0.001
Total protein (g/dL) 6.9+0.8 7.2+0.6 7.1+0.5 0.156
Albumin (g/dL) 3.8+0.62 4.4+0.70 4.5+0.3p <0.001
CRP (mgl/L) 87.4+66.22 4.0+1.0b 3.5+0.8b <0.001
PCT (ng/mL) 0.22+0.18a 0.09+0.05P 0.12+0.05b <0.001

Osteomyelitis 11 (36.7%)

Surgical intervention 25 (83.3%)
Peripheral artery disease 17 (56.7%)

Wagner 1-3/4-5 23/7

DFU: diabetic foot ulcer; M/F: male/female; ESR: erythrocyte sedimentation rate; WBC: white blood cell count; eGFR: estimated
glomerular filtration rate; HbAlc: glycated hemoglobin; CRP: C-reactive protein; PCT: procalcitonin. Superscript letters a, b, and c
indicate significant intergroup differences. One-way ANOVA and Pearson chi-square test were used.
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Table 2. GDF-15, MMP, and TIMP-2 levels
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Parameter DFU (n=30) Diabetes (n=30) Control (n=30) p
GDF-15 (pg/mL) 1316.3+349.62 1017.8+302.6P 1038.5+315.4b 0.001
MMP-1 (pg/mL) 1810.24284.1a 3236.4+580.3p 3154.24562.0° <0.001
MMP-2 (ng/mL) 38.7+23.52 53.1+22.8b 35.2+23.72 0.009
MMP-8 (ng/mL) 4.5+3.52 7.5£3.2b 3.742.82 <0.001
MMP-9 (ng/mL) 2.2+0.72 3.840.6° 4.0+1.1b <0.001
TIMP-2 (ng/mL) 6.5+2.8 5.8+2.7 5.3£2.7 0.248
MMP-2/TIMP-2 8.3+7.6 10.3+5.1 10.6+6.3 0.675
DFU: diabetic foot ulcer; GDF-15: growth differentiation factor-15; MMP: matrix metalloproteinase; TIMP-2: tissue inhibitor of
metalloproteinase-2. Superscript letters a and b indicate the groups responsible for the difference. One-way ANOVA was used.
Table 3. ROC performance of parameters in distinguishing DFU presence

Cut-off AUC p Cl Lower  Cl Upper Sens% Spec% PPV% NPV%
GDF-15>1191.6 0.764 <0.001 0.637 0.864 73.3 76.7 75.9 74.2
MMP-1 £2421.3 0.970 <0.001 0.890 0.997 96.7 93.3 93.5 96.6
MMP-2 <38.4 0.684 0.008 0.552 0.798 66.7 70.0 69.0 67.7
MMP-8 <4.5 0.758 <0.001 0.630 0.859 56.7 83.3 77.3 65.8
MMP-9 2.6 0.950 <0.001 0.861 0.990 80.0 100 100 83.3
TIMP-2 >3.8 0.587 0.247 0.452 0.712 86.7 36.7 57.8 73.3
MMP-2/TIMP-2 5.5 0.684 0.014 0.552 0.798 60.0 86.7 81.8 68.4

DFU: diabetic foot ulcer; ROC: receiver operating characteristic; AUC: area under the curve; Cl: 95% confidence interval; Sens:
sensitivity; Spec: specificity; PPV: positive predictive value; NPV: negative predictive value; GDF-15: growth differentiation factor-15;
MMP: matrix metalloproteinase; TIMP-2: tissue inhibitor of metalloproteinase-2.

Table 4. Subgroup analyses according to osteomyelitis and Wagner stage

Parameter OM Present (n=11) OM Absent (n=19) p W 1-3 (n=23) W 4-5 (n=7) p

ESR 82.7+24.0 58.6+21.4 0.008 65.1+26.3 75.0£19.4 0.368
CRP 136.0+47.8 59.3+59.3 0.001 86.1+65.1 91.6+74.9 0.852
Albumin 3.5+0.5 4.0£0.5 0.025 3.9+0.6 3.4+0.4 0.030
GDF-15 1371+363 1285+348 0.524 1299+306 1374+492 0.625
MMP-1 1864+309 1779272 0.436 1832+288 1739+280 0.460
MMP-2 40.7+21.3 37.5+25.2 0.731 39.8+24.3 34.8+22.0 0.630
MMP-8 5.5+3.8 4.0£3.2 0.263 4.7+£3.3 3.9+4.1 0.573
MMP-9 2.2+0.8 2.1+0.7 0.778 2.2+0.8 2.0£0.5 0.456
TIMP-2 6.2+3.1 6.6£2.7 0.739 6.6+3.0 6.2+2.3 0.788
MMP-2/TIMP-2 9.1+7.1 7.87.0 0.658 9.0£8.2 6.0£5.0 0.371

OM: osteomyelitis; W: Wagner stage; ESR: erythrocyte sedimentation rate; CRP: C-reactive protein; GDF-15: growth differentiation
factor-15; MMP: matrix metalloproteinase; TIMP-2: tissue inhibitor of metalloproteinase-2. Student’s t-test was used.
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Table 5. Correlation analysis (selected significant relationships)

GDF-15 MMP-1 MMP-2 MMP-8 MMP-9 TIMP-2 MMP-2/TIMP-2
MMP-8 r -0.238 0.222 0.630*
p 0.206 0.238 <0.001
TIMP-2 r -0.034 0.010 0.056 -0.044 -0.117
p 0.858 0.959 0.769 0.818 0.539
MMP-2/TIMP-2 r 0.054 0.070 0.453* 0.436* 0.184 -0.727*
p 0.776 0.715 0.012 0.016 0.330 <0.001
WBC r 0.454* -0.008 0.279 0.102 -0.119 -0.028 0.071
p 0.012 0.966 0.135 0.591 0.530 0.883 0.709
Neutrophil r 0.433* 0.035 0.229 0.111 -0.089 -0.050 0.072
p 0.017 0.856 0.223 0.560 0.639 0.793 0.706
CRP r 0.405* 0.093 0.313 0.170 -0.075 -0.057 0.165
p 0.026 0.625 0.092 0.369 0.694 0.765 0.384

GDF-15: growth differentiation factor-15; MMP: matrix metalloproteinase; TIMP-2: tissue inhibitor of metalloproteinase-2; WBC: white
blood cell count; CRP: C-reactive protein; r: Pearson correlation coefficient. Pearson correlation analysis was used. *p<0.05.
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Figure 1. ROC curves of serum GDF-15, MMP-1, MMP-2,
MMP-8, MMP-9, and the MMP-2/TIMP-2 ratio for distinguishing
patients with DFU from patients with diabetes without active
foot ulcers. ROC, receiver operating characteristic; DFU,
diabetic foot ulcer; GDF-15, growth differentiation factor-15,
MMP, matrix metalloproteinase; TIMP-2, tissue inhibitor of
metalloproteinase-2.

In subgroup analyses, ESR and CRP were higher
(p=0.008; p=0.001) and albumin was lower (p=0.025) in
the presence of osteomyelitis. Albumin was lower in the
Wagner 4-5 group (p=0.030). No significant differences
were found in GDF-15, MMPs, and TIMP-2 levels
between subgroups (Table 4).

Correlation analysis revealed positive correlations
between GDF-15 and WBC (r=0.454; p=0.012),
neutrophil count (r=0.433; p=0.017), and CRP (r=0.405;
p=0.026). A strong positive correlation was found
between MMP-2 and MMP-8 (r=0.630; p<0.001). A
negative correlation was observed between TIMP-2 and
the MMP-2/TIMP-2 ratio (r=-0.727; p<0.001) (Table 5).

Discussion

This study, by examining circulating GDF-15,
selected MMPs, and TIMP-2 profiles at the systemic
level in patients with DFU, suggests that diabetic foot
ulcer is not merely a local wound process but carries a
systemic disease component accompanied by
coordinated dynamic changes in stress signaling,
persistent inflammation, and ECM remodeling. The main
findings are as follows: (i) significant elevation of serum
GDF-15 levels and positive correlation with inflammatory
markers in the DFU group, (ii) marked decrease in
serum MMP-1 and MMP-9, (iii) elevation of MMP-2 and
MMP-8 only in patients with diabetes without active foot
ulcers, and (iv) high diagnostic performance of MMP-1
and MMP-9. These findings suggest that DFU biology
may involve a stage-dependent biological transition
extending from adaptive matrix remodeling to persistent
inflammatory burden and relative regenerative
exhaustion. However, this interpretation is hypothetical
and cannot be definitively confirmed with the current
cross-sectional data.

GDF-15 is a stress-responsive cytokine belonging
to the TGF-B superfamily, induced during cellular stress,
mitochondrial dysfunction, hypoxia, and inflammatory
activation (10-12). Experimental and clinical studies
have demonstrated that GDF-15 rises as a robust
response to oxidative stress and tissue damage and
represents a comprehensive indicator of systemic stress
signaling (13, 14). The positive correlations observed
between GDF-15 and WBC, neutrophil count, and CRP
in the DFU group in the present study support this
relationship. These findings are consistent with the data
reported by Sendur et al. regarding the positive
correlation between DFU severity and serum GDF-15
levels (5) and with the finding by Shikama et al. that
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elevated circulating GDF-15 is associated with adverse
outcomes in lower extremity artery disease (15), while
the strong association of GDF-15 with cardiometabolic
mortality has been confirmed in large cohort studies (16,
17). GDF-15 has been shown to modulate integrin
activation, thereby regulating leukocyte migration and
immune cell responses (18). Considering this
mechanism, elevated GDF-15 levels may be associated
with persistent inflammatory responses, and this process
may indirectly affect protease dynamics. Indeed, the
coexistence of GDF-15 elevation, neutrophil increase,
and MMP-1/MMP-9 decrease observed in the present
findings is biologically consistent with this hypothetical
framework. On the other hand, the marked lymphopenia
concurrently observed in the DFU group suggests that
the modulatory effect of GDF-15 on immune cell
populations may not be limited to the neutrophil axis.

The inflammatory burden of the DFU group should
be considered an important determinant when
interpreting the circulating biomarker profile. In the
present study, ESR, WBC, neutrophil count, CRP, and
PCT levels were significantly increased, whereas
lymphocyte and albumin levels were decreased in
patients with DFU, indicating a systemic inflammatory
and catabolic state rather than an isolated local wound
condition. This background may have contributed
particularly to the elevation of GDF-15, which is known
to respond to inflammatory, hypoxic, oxidative, and
tissue injury-related stress signals (4, 13, 17). Therefore,
increased serum GDF-15 in DFU should be interpreted
not as a DFU-specific signal alone, but as a marker
integrating infection-related inflammation, metabolic
stress, tissue damage, and vascular burden.
Inflammatory activation may also influence matrix
metalloproteinase-related remodeling responses, given
their close relationship with extracellular matrix turnover
and diabetic wound healing (6, 7). However, the
absence of significant correlations between serum MMP-
1/MMP-9 levels and conventional inflammatory markers
suggests that the reduction in these proteases may not
simply represent an acute-phase inflammatory response,
but rather a distinct alteration in systemic matrix-
remodeling biology.

One of the most striking findings of the present
study is the significant decrease in circulating MMP-1
and MMP-9 levels in the DFU group, despite the
frequently reported increased MMP activity in local
wound fluid in the chronic wound literature (19, 20). This
paradoxical finding can be explained by the
compartmentalized nature of the biological response: the
local proteolytic environment and systemic circulation
levels may be independently regulated. Muller et al.
reported that the MMP-1/TIMP-1 ratio in wound fluid may
be valuable in predicting wound healing in diabetic foot
ulcers (21). However, since these findings pertain to the
local wound fluid compartment, they should not be
directly equated with serum levels. Therefore, the
increased MMP activity reported in the local wound
environment and the low serum MMP-1 and MMP-9
levels observed in the present study may reflect
biological responses belonging to different
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compartments. Whether the decrease in serum MMP-1
and MMP-9 levels reflects reduced production or
increased local consumption cannot be definitively
distinguished with the current data. Another noteworthy
point is that this decrease encompasses two functionally
distinct proteases: MMP-1 is the primary degrader of
type |-l fibrillar collagen, while MMP-9 is neutrophil-
and macrophage-derived and exhibits activity directed at
basement membrane components (22). Specifically,
MMP-1 has been identified as a critical collagenase for
the initiation of keratinocyte migration and progression of
re-epithelialization in the type | dermal collagen matrix
(23). Similarly, MMP-9 has been shown to proteolytically
degrade pro-healing proteins such as dermatopontin in
chronic wounds (24). The simultaneous decrease of
these two proteases with different cellular origins and
substrate profiles may be compatible with the possibility
of diminished adaptive remodeling capacity in severe
DFU. An important additional finding supporting this
interpretation is the absence of significant correlation
between serum MMP-1 and MMP-9 levels and
inflammatory markers. Immunometabolic reprogramming
(metaflammation) may alter inflammatory and metabolic
signaling pathways in diabetes, potentially creating a
biological background that could affect circulating
protease profiles (25). Additionally, diabetes-related
endothelial dysfunction may also contribute to the
circulating protease profile (26). Oxidative inflammation
has been reported to impair tissue repair and wound
healing in diabetes, potentially contributing to chronic
wound biology (27).

On the other hand, the finding that MMP-2 and
MMP-8 levels were highest in patients with diabetes
without active foot ulcers, along with the strong positive
correlation between these two markers, suggests that
both proteases may reflect a distinct matrix-remodeling
response in diabetic individuals without foot ulcers.
MMP-2 (gelatinase A) has been demonstrated to
contribute to angiogenic processes through proteolytic
processing of extracellular matrix components (28).
However, selective MMP-2 inhibition has been reported
not to significantly affect cutaneous wound healing (29),
and the in vivo contribution of this enzyme to wound
repair remains unclear. MMP-8 (collagenase-2)
contributes to inflammation resolution through controlled
collagen degradation and proteolytic inactivation of
chemokines (30, 31), and experimental mouse models
have demonstrated that MMP-8 deficiency markedly
impairs wound healing (31). Indeed, MMP-8 has been
reported to be the predominant collagenase in healing
wounds and to contribute to structural integrity in wound
repair (32). Considering these functional profiles, the
elevated MMP-2 and MMP-8 levels in patients with
diabetes without active foot ulcers may represent an
adaptive response aimed at maintaining tissue
homeostasis under metabolic stress, or alternatively may
reflect an early pathological process predisposing to
ulcer development. Prospective cohort studies are
needed to make this distinction.

The high AUC values obtained for MMP-1 and
MMP-9 in ROC analysis support that these biomarkers
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strongly reflect the proteolytic remodeling disturbance
associated with DFU. From a clinical perspective,
however, these ROC findings should be interpreted
cautiously. DFU is primarily diagnosed by clinical
examination, wound inspection, and assessment of
infection and perfusion status; therefore, serum MMP-1
and MMP-9 measurements should not be considered
substitutes for standard clinical evaluation. Rather, their
high AUC values suggest that these biomarkers may
serve as adjunctive indicators of systemic matrix-
remodeling alterations associated with DFU. While the
high diagnostic performance of both MMP-1 and MMP-9
is noteworthy, particularly the high sensitivity of MMP-1
and the high specificity of MMP-9, it should be
considered that limited sample sizes have the potential
to inflate such extreme values. The lack of difference in
serum TIMP-2 levels between groups suggests that
matrix dysregulation cannot be fully explained by classic
MMP-TIMP imbalance. TIMP-2 is known to serve both
inhibitory and activating roles through the MT1-
MMP/TIMP-2/MMP-2 ternary complex (22), and this dual
biology limits the standalone diagnostic performance of
TIMP-2. The moderate diagnostic performance of GDF-
15 is consistent with this marker reflecting general
metabolic and vascular stress burden rather than being
specific to DFU. Although the present findings are
exploratory and require external validation, these
biomarkers may contribute in the future to multi-
biomarker models for biological phenotyping, risk
stratification, and monitoring of systemic disease burden
in patients with diabetic foot ulcers.

In subgroup analyses, the significant increase in
ESR and CRP along with the decrease in albumin in the
presence of osteomyelitis is consistent with infection-
related systemic inflammation and catabolic response;
indeed, the diagnostic value of ESR and CRP in diabetic
foot osteomyelitis has been confirmed in systematic
reviews (33). The hypoalbuminemia observed in
advanced Wagner stages is a well-established clinical
finding reflecting the combined effect of chronic
inflammation and malnutrition (2). Importantly, GDF-15,
MMPs, and TIMP-2 levels did not show significant
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