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Resveratroliin sican diyabet modellerinde renal MMP-2 ve MMP-9
ekspresyonu Uzerindeki duzenleyici etkileri

Abstract: Hyperglycemia caused by diabetes mellitus, in sensitive tissues such as the kidney, can cause dysfunction by
damaging the blood vessels. Matrix metalloproteinases (MMPs), especially MMP-2 and MMP-9, play a significant role in the
degradation of proteins and angiogenesis; while epidermal growth factor receptor (EGFR) is involved in the recovery of
damaged tissues. Here in, we investigated the relationship between MMP-2 and MMP-9/EGFR in the kidney tissues of
streptozotocin-induced Wistar male rats. We also examined the effects of resveratrol known as a strong tissue-protective on
these changes. Diabetes was induced by streptozotocin (55 mg/kg) and trans-resveratrol (20 mg/kg/day
intraperitoneal) was used for treatment. Rats were divided into 4 groups as control, resveratrol (Res), diabetes (Diab) and
diabetes plus resveratrol (Diab+Res). Superoxide dismutase (SOD) and catalase (CAT) levels were significantly decreased in
the kidneys in the diabetic group, whereas nitrite/nitrate, urea, creatine kinase (CK) and uric acid concentrations increased.
MMP-2, MMP-9, calcium-binding protein B (S100B) and platelet-derived growth factor (PDGF) concentrations of kidney were
increased although reduced EGFR in the diabetes group. Resveratrol supplementation markedly restored all these structures.
Diabetes activates MMP related inflammation and oxidative stress by suppressing antioxidant enzymes in the kidney tissues.
Resveratrol has partly modulatory effects on diabetes-induced changes.
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Ozet: Diyabetes mellitusun neden oldugu hiperglisemi bobrek gibi hassas dokularda kan damarlarina zarar vererek islev
bozukluguna neden olabilir. Matriks metaloproteinazlar (MMP'lar), 6zellikle MMP-2 ve MMP-9, proteinlerin bozunmasinda ve
anjiyojenezde 6nemli bir rol oynarken; epidermal biiyiime faktorii reseptoérii (EGFR) hasarli dokularin iyilesmesinde rol oynar.
Burada streptozotosin ile indiiklenmis Wistar erkek sicanlarin bobrek dokularinda MMP-2 ve MMP-9/EGFR arasindaki iligkiyi
aragtirdik. Ayrica glcli doku koruyucu olarak bilinen resveratroliin bu degisiklikler tizerindeki etkilerini inceledik. Diyabet
modeli streptozotosin (55 mg/kg) ile olusturuldu ve tedavi igin trans-resveratrol (20 mg/kg/gun intraperitoneal) kullanildi.
Sicanlar kontrol, resveratrol (Res), diyabet (Diab) ve diyabet + resveratrol (Diab + Res) seklinde 4 gruba ayrildi. Diyabet
grubundaki siganlarin bobreklerinde superoksit dismutaz (SOD) ve katalaz (CAT) diizeylerinin 6nemli 6lgiide azaldigi buna
kargin nitrit/nitrat, Ure, kreatinin kinaz (CK) ve (rik asit konsantrasyonlarimin arttigi saptanmustir. Diyabet grubunda renal
EGFR diizeyinin azalmasma ragmen MMP-2, MMP-9, kalsiyum baglayan protein B (S100B) ve trombosit kaynakli bilytime
faktori (PDGF) diizeyleri artmigtir. Resveratrol takviyesi tim degiskenleri onemli Olgiide iyilestirdi. Diyabet, bobrek
dokularindaki antioksidan enzimleri baskilayarak MMP ile iliskili inflamasyonu ve oksidatif stresi aktive eder. Resveratrol,

diyabetin neden oldugu bu degisiklikler tizerinde kismen modiilator etkilere sahiptir.
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1. Introduction

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent proteinases involved in remodeling the
extracellular matrix. Some articles have reported that
MMPs could play a role in cell apoptosis, angiogenesis,
tissue repair and immune response (Ning, 2017).
Hyperglycemia and free oxygen reagents increase MMP-2
and MMP-9 levels by inducing MEK/ERK/NfkB pathway
and often result in diabetic retinopathy (Renu, 2017;
Ankita, 2019). It has been shown in many studies that
diabetes-induced hyperglycemia increases the levels of
end products Cystatin-C, creatine kinase (CK), urea and
uric acid (Adlija, 2006; Talib, 2012; Qian, 2017) by
enhancing the levels of oxidative markers such as
nitrite/nitrate~ (Naseer, ~ 2014). Diabetes-induced
hyperglycemia also suppresses antioxidant enzymes such
as superoxide dismutase (SOD) and catalase (CAT) (Xue-
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Wen, 2018). Hyperglycemia is not only limited with
increased glucose concentrations, but also it increased
advanced glycation end-product concentrations. It
increases calcium binding protein B (S100B), a protein of
the S-100 protein family. S100B is glial-specific and
expressed primarily by astrocytes. S100B delays the
elimination of rapidly rising inflammatory markers in
traumatic process and tissue damage. It is known to be
related to the altered expression of S100B of Alzheimer's
disease, melanoma, and type | diabetes mellitus
(Guglielmo, 2013). On the other hand, when it comes to
renal tissue damage, epidermal growth factor receptor
(EGFR) comes into question. EGFR is a tyrosine kinase
receptor expressed in the kidney and activated after renal
damage (Yoshioka, 1990). This receptor plays a key role
in renal electrolyte homeostasis. However, its role in renal
pathology is somewhat contradictory since both beneficial
and deleterious actions have been found (Melenhorst,
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2008). Accumulating proof indicates a critical relevance
of platelet-derived growth factor (PDGF) signaling in
renal pathology (Taizo, 2012). A new PDGFR-B aiming
mouse model has ensured novel insight into the postnatal
role of PDGFR-p in aging-related glomerular remodeling
after nephrectomy (Sigrun, 2004).

Resveratrol, a naturally occurring phytoalexin and
polyphenolic compound, which is produced by plants
against various infections. It has vasoprotective
(Babacanoglu, 2013; Pektas, 2015 and 2018), cardio-
protective (Abdelgawad, 2019), anticancer (Abdelgawad,
2019), antioxidant (Akar, 2011; Pektas 2016a, 2017), and
anti-inflammatory (Sadi, 2015; Koca, 2016; Pektas,
2016b) properties and it effects some cellular processes
like angiogenesis (Pektas, 2017), apoptosis (Pektas,
2016a), proliferation (Pektas, 2016a), as well as oxygen
radical formation (Akar, 2011). In a recent study,
resveratrol has been shown to be effective in the treatment
of endometriosis by increasing MMP-2 and MMP-9 levels
(Mahshad, 2019). In another study, it has been shown that
decreased EGFR levels by CdCI2 in the testis of mice
were normalized with resveratrol supplementation
(Sreyashi, 2016).

The investigation of streptozotocin (STZ)-induced
diabetes on kidney tissue MMPSs/EGFR and oxidative
process and their modification by resveratrol will provide
new insights to understand the mechanisms. Therefore,
here in, we investigated the effects of STZ-induced
diabetes and resveratrol supplementation on the protein
levels of MMP-2/MMP-9/EGFR and oxidant/antioxidant
structures in kidney tissue of rats. We hypothesized that
chronic administration of supplemental resveratrol would
prevent diabetic renal damage by the restoration of
MMPs/EGFR and decreasing oxidative stress.

2. Materials and Method
2.1. Chemicals

Trans-resveratrol was purchased from  Molekula
(Gillingham, Dorset, UK) and STZ was obtained from
Sigma (St. Louis, MO, USA). The purity of resveratrol
was tested by HPLC followed with LC-MS and 98% of
the constituent was determined as trans-resveratrol. All
other chemicals used in this study were of the highest
analytical grade available.

2.2. Animals and treatment procedure

All protocols for animal usage were approved by the
Ethical Animal Research Committee of Afyon Kocatepe
University (AKUHADYEK-2019/49533702-91).
Experiments were performed on 8-week-old adult male
Wistar rats weighing between 300-350 g. They were
maintained under temperature-controlled conditions (20-
22°C) with a 12-h light-dark cycle and fed with standard
rodent diet: 62% starch, 23% protein, 4% fat, 7%
cellulose, standard vitamins and salt mixture (chow
pellet). After 1 week, the rats were randomly separated
into 4 groups. The control group included 12 rats that
were injected only with vehicle, 10% dimethyl sulfoxide
(DMSO), for 4 weeks. The resveratrol group (12 rats) was
administered a daily dose of 20 mg/kg resveratrol in
vehicle intraperitoneally (i.p.) throughout the 4-week
period. The diabetes group (12 rats) received a single i.p.
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dose of STZ (55 mg/kg) dissolved in 0.05 M citrate buffer
(pH 4.5) and daily injections of vehicle for 4 weeks. The
diabetes+resveratrol group contained 9 rats that received a
daily dose of 20 mg/kg resveratrol i.p. throughout the 4-
week period, starting from day 2 after STZ administration.
Blood glucose concentrations from the blood of the tail
veins were determined weekly using Accu-Check Go
(Roche, Germany) glucometer. A blood glucose
concentration higher than 200 mg/dL served as the criteria
for diabetes. At the end of the study period, all rats were
decapitated and the kidney tissues were blotted dry, frozen
in liquid nitrogen, and stored at -85 °C for further use.

2.3. Measurement of metabolic parameters in the renal
tissue

Kidney samples were homogenized in 0.1 M phosphate
buffer 1:10 (w/v), pH 7.4, and 24000 cycles/min (Ultra
Turrax, IKA Works Inc., USA), and ultrasonicated at
20000 cycles/s for 1 min (Dr. Hielscher, Germany).
Homogenates were centrifuged at 10000 x g and 4°C for
15 min, and the supernatants were collected. All the
samples were stored at -85°C until analysis. Renal
glucose, triglyceride, total cholesterol (Spinreact, Santa
Coloma, Spain), CK, urea, and uric acid (Biolabo, France)
levels, were determined by standard enzymatic techniques.
Renal nitrite/nitrate, Cu/Zn SOD, and CAT levels were
measured using assay Kits (Cayman Chemical, USA).

2.4. Measurement of renal MMP-2, MMP-9, EGFR,
S100B, PDGF, and Cystatin-C

Total protein contents were determined using the Lowry
method (Lowry, 1951). The levels of renal MMP-2,
MMP-9, EGFR, S100B, PDGF, and Cystatin-C
concentrations were measured using commercially
available rat-specific ELISA Kits (eBioscience, Bender
Med. Systems GmbH, Vienna, Austria) according to the
manufacturer’s protocols.

2.5. Statistical analysis

The results are given as mean + standard error of the mean
(SEM); n is the number of rats. Statistical analyses were
performed by Student’s t-test for unpaired data or one-way
ANOVA followed by the Bonferroni post hoc analysis
where appropriate by wusing Prism 5.02 GraphPad
software. Values were considered to be significantly
different when the p-value was less than 0.05.

3. Results

3.1. Effects of resveratrol on body weights and the
renal metabolic characteristics of the rats

The body weights in the diabetes group were significantly
lower than those of control rats and unchanged after
resveratrol supplementation (Table 1). STZ-induced
diabetes increased renal glucose, triglyceride, and total
cholesterol contents when compared to the control group.
Resveratrol supplementation partially restored these
abnormalities in rats with diabetes (Table 1). Renal levels
of CK, urea, and uric acid, which are the indicators of
renal damage, were increased with STZ-induced diabetes.
Resveratrol administration normalized renal CK and uric
acid levels but did not change urea levels (Fig. 1B, 1C,
1D). A similar marker called cystatin-C did not change in
all groups (Fig. 1A).



3.2. The effects of resveratrol on MMPs, EGFR,
S100B, PDGF and the other markers in the kidney
tissues

MMPs (MMP-2 and MMP-9), which are key enzymes for
destructive extracellular matrix, were dramatically
increased in the kidney of rats with STZ-induced diabetes.
Resveratrol supplementation to rats with diabetes
significantly suppressed expression levels of these
enzymes (Fig. 2A, 2B). EGFR which has anti-
inflammatory,  anti-apoptotic, neurotrophic,  and
neuroprotective effects, was reduced in the diabetes group
compared to control. Resveratrol showed restorative
effects on the renal EGFR with STZ-induced diabetic rats
(Fig. 2C). PDGF is a coagulation factor that provides
proliferation and transformation of cells, regulates
apoptosis and is released by many different cells such as
fibroblasts, chondrocytes, and glia cells during tissue
regeneration. There was a marked functional up-regulation
of PDGF in the kidney of rats with diabetes. Resveratrol
supplementation significantly suppressed the expression
of PDGF (Fig. 2D). Expression of S100B which involves
cell proliferation, protein phosphorylation, differentiation,
inflammation, and apoptosis, was also apparently
enhanced by diabetes. Resveratrol supplementation
reduced renal S100B in the diabetic rats (Fig. 2E).
Nitrite/nitrate levels were lower in the kidney samples of
diabetic rats compared with rats in the control groups.
Resveratrol  supplementation significantly increased
nitrite/nitrate levels in the kidneys of the diabetic rats from
resveratrol administration during the onset of diabetes
(Fig. 2F). The other results show the suppression of renal
SOD and CAT activities in the STZ-induced rats (Fig. 2G,
2H). However, treatments with resveratrol did not alter
CAT activities but significantly increased Cu/Zn SOD
activities. As shown in figures 2G and 2H,
supplementation with resveratrol to the healthy rats
increased both Cu/Zn SOD and CAT activities in the
kidney.

Table 1. Effects of diabetes and resveratrol on body weight and

other metabolic parameters in the kidney tissues of STZ-induced
diabetic rats.

Initial . -
Q body Glucose Triglyceride Total
3 : / (mgl/g Cholesterol
S |weight (mg/g ol o orotel
S |(g) protein) protein) (mg/g protein)
©
*E 43912 91.6£7.1 265.3+2.4 11.4+2.2
S
é 401+6 92.7+2.2 257.5+2.6 11.843.1
S | 390+13* | 134.3+12.5% | 383.2+1.2* 22.1+3.1*
[a)
+
2 é 397+5.1 95.8+9.4# 256+3.7# 11+1.2#
g

Values are expressed as means + SEM, n = 6—12. Glucose,
triglyceride, and total cholesterol levels in the kidney tissues of
control, resveratrol (Res), diabetes (Diab), and diabetes plus
resveratrol (Diab+Res) groups. Each bar represents at least six
rats. * p < 0.05, significantly different from control; # p < 0.05,
significantly different from Diab.
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Figure 1. The levels of cystatin-C (A), CK (B), Urea (C), and
Uric acid (D) in the kidney tissues of control, resveratrol (Res),
diabetes (Diab), and diabetes plus resveratrol (Diab+Res) groups.
Values are expressed as means + SEM, each bar represents at
least six rats. * p < 0.05, significantly different from control; # p
< 0.05, significantly different from Diab.
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Figure 2. The levels of MMP-2 (A), MMP-9 (B), EGFR (C),
PDGF (D), S100B (E), Nitrite/Nitrate (F), SOD (G), and CAT
(H) activity in the kidney tissues of control, resveratrol (Res),
diabetes (Diab), and diabetes plus resveratrol (Diab+Res) groups.
Values are expressed as means + SEM, each bar represents at
least six rats. * p < 0.05, significantly different from control; # p
< 0.05, significantly different from Diab.

4. Discussions

In this study, we aimed to investigate the effects of
resveratrol administration on the relationship between
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MMPs/EGFR and oxidative stress in kidney tissues of rats
with STZ-induced diabetes. It is well known that diabetes
causes insulin resistance or reduces insulin secretion and
accordingly leads to hyperglycemia and hyperlipidemia
(Joshua, 2014). It has also been shown several times that
bodyweight decreases, especially in type | diabetes models
(Akar, 2011; Sadi, 2015). Furthermore, some similar
studies showed that tissue glucose, triglyceride, and
cholesterol levels increased with type | STZ-induced
diabetes model (Pektas, 2016b; Koca, 2016). However,
resveratrol supplementations have been shown to reverse
these changes (Akar, 2011; Sadi, 2015; Pektas, 2016b;
Koca, 2016). In studies performed to date, the
hypoglycemic and anti-hyperlipidemic properties of
resveratrol were known (Alice, 2018). This study
indicated a significant reduction in body weights and also
increment of renal glucose, triglyceride, total cholesterol
contents  with  diabetes.  Therewithal, resveratrol
suppressed renal glucose, triglyceride, and total
cholesterol contents in the STZ-induced diabetic rats. In
acute or chronic kidney damage that develops with
experimental diabetes models created in animals; It has
been shown that plasma creatinine, CK, albumin, cystatin-
C, urea and uric acid levels increase. (Yuko, 2013;
Korkmaz, 2019; Safrida, 2019). In this study, a significant
increase showed in the levels of renal CK, urea, and uric
acid. This could be as a reflection of a diabetes-induced
renal disorder. Besides, the fact that unchanged cystatin-C
levels may be an indication that the severity is lower of
kidney damage. On the other hand, resveratrol application
significantly restored CK and uric acid levels.

It has previously been shown that resveratrol can protect
against uric acid-induced damage and dysfunction by
improving glycemic level (Bhatt, 2012), and it has also
been shown to protect pancreatic B cells by lowering
blood glucose levels in animals with hyperglycemia (Miki,
2011). It has been assigned that resveratrol recovered CK,
and Na*, K* -ATPase activities and its free form,
respectively. The correction of these abnormalities by
resveratrol supplementation could be valuable in the
prevention of the disease. Another unfavorable alter
triggered by diabetes is the increase of oxidative stress.
Numerous studies demonstrated that increased oxidative
end products such as malondialdehyde (MDA) in tissues
of rats with diabetes (Pektas, 2016b; Koca, 2016) whereas
reduced antioxidant enzyme activities such as SOD, CAT,
glutathione (GSH), and glutathione peroxidase (GPx)
(Sadi, 2018; Korkmaz, 2019). However, nitrite/nitrate,
which is the end-products of nitric oxide known as tissue-
protective, has been found to decrease with diabetes
(Akar, 2011). In this study, diabetes-induced renal damage
was associated with decreased nitrite/nitrate levels and
activities of SOD and CAT in the kidney of rats.
Prolonged hyperglycemic and hyperlipidemic medium
may reflect an inadequacy in the antioxidant defense
system in the diabetic condition. Moreover, resveratrol
supplementation up-regulated considerably nitrite/nitrate
levels and SOD activity withal there was a tendency
toward augmentation of CAT activity but the differences
did not achieve a significance level. Resveratrol is a potent
antioxidant agent that affects endothelial nitric oxide
synthase enzyme and mediates to produce nitric oxide
which is in accordance with previous results found in type
2 diabetic mice or obese mice (Akar, 2011; Pektas, 2017,
2018; Sadi, 2018). Collectively, these data suggest that
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resveratrol treatment may improve renal nitric oxide
bioavailability and antioxidant capacity.

MMPs family is known to cause chronic kidney disease,
and kidney fibrosis present a failed wound healing in
progressive chronic kidney disease (Klein, 2004). MMP-2
and MMP-9 are known to encourage cancer cell growth,
including the metastasis of cancer cells (Deng, 2017) and
has been shown to be profibrotic by induction of renal
tubular cell epithelial-mesenchymal transition (Zhu,
2012). In the clinical studies demonstrated that serum
MMP-2 and MMP-9 were higher levels in patients with
type Il Diabetes Mellitus (Signorelli, 2005; Derosa, 2007;
Kostov, 2020). Hyperglycemia directly or indirectly (via
oxidative stress or advanced glycation products) increases
MMPs expression and activity (Kadoglou, 2005). The
dysregulation of MMPs activity has been implicated in the
pathophysiology of several diabetic co-morbidities
(Thrailkill, 2009). As to our findings that MMP-2 and
MMP-9 levels were significantly higher in the kidney
tissues of rats with diabetes. Conveniently, we can say that
results of this study are compatible compared to similar
studies. Recently, a study in mice showed that resveratrol
inhibits MMP3 and MMP9 expression and secretion by
suppressing TLR4/NF-kB/STAT3 activation (Zhang,
2019). Furthermore an improved outcome was be caused
by resveratrol-induced reduction in plasma levels of both
MMP-2 and MMP-9, as a positive correlation was
observed between reductions in both MMPs and patient
NIH stroke scales (Chen, 2016). In our findings
demonstrated that resveratrol decreased renal MMP-2 and
MMP-9 which were raised with diabetes. This could be
thought to resveratrol suppress MMPs with its anti-
inflammatory activity. Previously, it has been shown that
down-regulated EGF via progressive renal damage in the
kidney of Zucker diabetic fatty (ZDF) rats (Togashi,
2013). Similarly, Wu et al. (2019) demonstrated that
EGFR levels significantly reduced in the heart tissues of
STZ-induced type | diabetic mice (Wu, 2019). Here in,
our findings denoted to support existing results that renal
EGFR levels significantly reduced with diabetes. On the
other hand, resveratrol normalized the levels of EGFR in
the kidney of diabetic rats. In a similar study, resveratrol
has been shown to an increase in EGFR expressions in
liver tissues of diet-induced obese mice (Jin, 2019). It is
possible to say that in diabetes-induced kidney damage,
resveratrol shows restorative effectiveness by increasing
EGFR levels. Howbeit, in our study, some of the evidence
of diabetes-induced renal damage is the increase of renal
S100B and PDGF levels. It can be assumed that they were
secreted from infiltrating inflammatory cells and platelets
for recovery of prolonged hyperglycemia medium-induced
kidney damage (Abderrahmani, 2018; Katsanou, 2018;
Mohammadzadeh, 2018; Shan, 2019; Yu, 2020).

In conclusion, resveratrol alleviates type 1 diabetes-
induced renal damage by decreasing renal oxidative stress
and stabilizing MMPS/EGFR thereby increasing the
reconstructions of the kidney. Although resveratrol
treatment did not shift the overall diabetic pattern toward
control conditions, it significantly protected renal
functions and integrity from the diabetes-induced kidney
damage.
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MMPs, Matrix metalloproteinases; NfkB, nuclear factor
kappa B; NIH, national institutes of health. PDGF,

platelet-derived growth factor; Res, resveratrol; SOD,
superoxide dismutase; STAT3, signal transducer and
activator of transcription 3; STZ, streptozotocin; S100B,
calcium-binding protein B; TLR4, toll like receptor 4.

Abbreviations: CAT, catalase; CK, creatine kinase; Diab,
diabetes; EGFR, epidermal growth factor receptor; ERK,
extracellular signal-regulated kinase; GPx, glutathione
peroxidase; GSH, glutathione; MDA, malondialdehyde;
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