
 

The Effects of L-Arginine on Transforming 

Growth Factor Beta 1 (TGF-β1) Expression 

and Early Renal Alterations in 

Streptozotocin-Induced Diabetic Rats 

Abstract 

Diabetic nephropathy (DN) is a prevalent microvascular complication of 

diabetes mellitus, occurring in more than 40% of affected individuals, with 

reactive oxygen species–induced endothelial dysfunction playing a central role 

in its development. L-arginine may exert protective effects by interacting with 

these oxygen metabolites. This study investigated the effects of L-arginine on 

early renal changes in streptozotocin-induced diabetic rats. Additionally, renal 

levels and localization of transforming growth factor beta 1 (TGF-β1), an 

important fibrogenic factor involved in DN and endothelial-mesenchymal 

transition, were evaluated by ELISA and immunohistochemistry. Forty-eight 

male Wistar albino rats (250-300 g) were divided into four groups (n=12); 

control (0.1 mol/L sodium citrate buffer i.p.); L-arginine (100 mg/kg by 

gavage); STZ (50 mg/kg, i.p.); STZ+L-arginine (50 mg/kg STZ i.p.+ 100 mg/kg 

L-arginine by gavage). STZ was administered as a single dose, and L-arginine 

was given for twenty-one days. Histopathological examination of diabetic 

kidneys revealed glomerular enlargement, erythrocyte congestion in 

glomerular and interstitial vessels, cytoplasmic vacuolization in tubular 

epithelium, and hyaline deposition in glomeruli and tubules. TGF-β1 expression 

was detected in proximal and distal tubular epithelial cells and in the vascular 

media of all groups. However, TGF-β1 immunoreactivity was very mild in the 

control and L-arginine groups compared with the diabetes-induced groups. 

ELISA results confirmed significantly elevated renal TGF-β1 levels in diabetic 

rats, while L-arginine administration markedly reduced these increases. In 

conclusion, diabetes induced notable morphologic kidney alterations 

accompanied by increased TGF-β1 levels. L-arginine treatment attenuated 

TGF-β1 elevation, suggesting potential protective effects against diabetes-

related renal vascular damage. 
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

Streptozotosin ile Diyabet Oluşturulmuş Ratlarda 

L-Arjinin’in Dönüştürücü Büyüme Faktör Beta 1 

(TGF-β1) Ekspresyonu ve Erken Böbrek 

Değişiklikleri Üzerine Etkileri

Öz 

Diyabetik nefropati (DN), diabetes mellitusun önemli bir mikrovasküler 

komplikasyonudur ve hastaların %40'ından fazlasını etkilemektedir. Reaktif 

oksijen türlerinin aracılık ettiği endotel disfonksiyonu DN’nin patogenezinde 

önemli bir rol oynamaktadır. L-arjinin, bu oksijen metabolitleri ile etkileşime 

girerek koruyucu etkiler gösterebilir. Bu çalışmada, streptozotosin (STZ) ile 

diyabet oluşturulmuş sıçanlarda L-arjininin erken böbrek değişiklikleri 

üzerindeki etkileri araştırılmıştır. Ayrıca, DN ve endotel-mezenkimal geçişte rol 
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oynayan önemli bir faktör olan transformasyon büyüme faktörü beta 1'in (TGF-β1) böbrek düzeyleri ve lokalizasyonu 

ELISA ve immünohistokimyasal yöntemlerle değerlendirilmiştir. Kırk sekiz erkek Wistar albino sıçan (250-300 g) dört 

gruba ayrılmıştır (n=12); kontrol (0,1 mol/L sodyum sitrat tamponu i.p.); L-arjinin (100 mg/kg gavaj yoluyla); STZ (50 

mg/kg, i.p.); STZ+L-arjinin (50 mg/kg STZ i.p.+ 100 mg/kg L-arjinin gavaj yoluyla). STZ tek doz olarak, L-arjinin ise 

yirmi bir gün boyunca verildi. Diyabetik böbreklerin histopatolojik incelemesinde, glomerüler genişleme, glomerüler 

ve interstisyel damarlarda eritrosit birikimi, tübüler epitelde sitoplazmik vakuolizasyon ve glomerüllerde ve tübüllerde 

hiyalin birikimi görüldü. TGF-β1 ekspresyonu, tüm grupların proksimal ve distal tübüler epitel hücrelerinde ve vasküler 

medialarında tespit edildi. Bununla birlikte, TGF-β1 immünoreaktivitesi, diyabetli gruplara kıyasla kontrol ve L-arjinin 

gruplarında çok hafifti. ELISA ile diyabetik sıçanlarda böbrek TGF-β1 düzeylerinin önemli ölçüde yükseldiği, L-arjinin 

uygulamasının ise bu artışları belirgin şekilde azalttığı gözlendi. Sonuç olarak, STZ uygulaması, TGF-β1 düzeylerini 

artırarak belirgin morfolojik böbrek değişikliklerine neden oldu. L-arjinin tedavisi, artmış olan TGF-β1 düzeylerini 

azaltarak diyabetle ilişkili böbrek damar hasarına karşı olası koruyucu etkilerini düşündürdü. 

Anahtar kelimeler: Böbrek, diabetes mellitus, L-arjinin, rat, TGF-β1 



Introduction 

Type 1 diabetes mellitus (T1DM) is a chronic metabolic disease characterised by insulin 
insufficiency and associated hyperglycaemia resulting from T-cell-mediated autoimmune or non-
autoimmune destruction of pancreatic β cells (Yılmaz, 2006). According to the International Diabetes 
Federation (IDF), while the number of individuals with diabetes in the world is 589 million as of 2024, 
this number is estimated to reach 853 million in 2050 (IDF, 2025).The etiology of type 1 diabetes is 
quite complex and is still not fully understood. For this purpose, surgical (Müller, 2016), chemical 
(Rees and Alcolado, 2005; Szhudelski, 2001), viral (Ejrnaes et al., 2006), and genetic (Dedoussis et al., 
2007) models are used in experimental diabetic animals. Among these methods, the most preferred 
are diabetes models using chemical agents. It is possible to induce diabetes using chemically produced 
diabetogenic agents such as alloxan or streptozotocin (STZ), both of which exhibit selective toxicity 
against pancreatic cells. STZ is more commonly preferred due to its greater β-cell specificity and lower 
off-target toxicity, whereas alloxan more readily induces severe hyperglycemia and ketosis (Küçük et 
al., 2012; Lenzen, 2008). 

As one of the most severe complications of diabetes mellitus, diabetic nephropathy (DN), may 
lead to renal failure with decreased glomerular filtration as a result of albuminuria and increased blood 
pressure (Zhang et al., 2025). Early stages of DN are marked by vascular dysfunction and extracellular 
matrix accumulation in the kidney (Ziyadeh, 1993), which can contribute to renal hypertrophy, 
glomerular basement membrane thickening, and progressive glomerulosclerosis, ultimately leading to 
proteinuria and interstitial fibrosis in more advanced stages of disease (Yılmaz, 2006). Transforming 
growth factor-beta (TGF-β), a hypertrophic and pro-sclerotic cytokine that mainly stimulates 
hypertrophy of renal cells and overproduction of matrix proteins, has been shown to mediate almost 
all pathological changes in diabetic kidney disease (Ziyadeh et al., 1998). Studies have shown that TGF-
β1 levels are increased in renal cells, including mesangial cells, and TGF-β1 upregulates ECM proteins 
such as collagens in DN (Kato et al., 2006; Reeves and Andreoli, 2000). Nitric oxide (NO), the most 
paradoxical molecule of oxidative stress, is a radical molecule due to the unpaired electron it carries. 
Nitric oxide, first identified as an endothelial-derived relaxation factor, is a key mediator of vascular 
homeostasis (Noris and Remuzzi, 1999). It has long been known that L-arginine, the precursor of nitric 
oxide, is one of the most critical factors stimulating insulin release (Szlas et al., 2022). The beneficial 
effects of L-arginine supplementation have been reported in urethral obstruction (Ito et al., 2005), 
puromycin-induced nephrosis (Reyes et al., 1994), diabetes-induced secondary nephropathy (Sadik, 
2008), glomerular hypertension (Katoh et al., 1994), and various chronic kidney disease models (Klahr 
and Morrissey, 2004). In both in vitro and in vivo studies, beneficial effects of L-arginine 
administration on the endothelium have been observed in various diabetes models (Pieper and Peltier, 
1995). It has also been reported that L-arginine reduces oxidative stress by improving endothelial 
function by reducing vascular superoxide production in hypercholesterolemic humans (Kawano et al., 
2002). Therefore, this study aimed to determine the effects of L-arginine on the renal tissue level of 
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TGF-β1 and its localisation and early renal changes in streptozotocin-induced diabetic rats. 

Materials and Methods 

Streptozotocin and L-Arginine 

STZ (Cat. No S0130) and L-arginine (Cat. No A5006) were obtained from Sigma-Aldrich, 
Germany. 

Animals 

The material used in this study consists of kidney tissues obtained from rats in which diabetes 
was experimentally induced in our previous experiment (Yaman Gram et al., 2025). Briefly, a total 
number of 48 male Wistar albino rats (250-300 g body weight) were obtained from Erciyes University 
Experimental Research and Application Center. The animals were housed in polycarbonate cages (3 
rats in each cage) and were kept in a special room at a constant temperature 22°C±2°C and humidity 
(50%±5%) with 12-h light/dark cycles and had free access to diet and tap water. The experiments 
were carried out in accordance with the Guidelines for Animal Experimentation approved by Erciyes 
University (dated 11.01.2018 and decision no:18/017).  

Induction of DM 

The animals were fasted for 12 hours before the induction of diabetes. STZ, freshly prepared in 
citrate buffer (0.1 M, pH 4.5), was injected into rats as a single dose of 50 mg/kg intraperitoneally (i.p.). 
At 72 hours after the injection, diabetes was verified by checking the fasting blood glucose levels using 
a glucometer (Gram Yaman et al., 2025). While blood glucose levels were measured as 104.82±1.59 
mg/dL in control rats, they were 407.58±24.45 mg/dL in diabetic rats (Yaman Gram et al., 2025). Rats 
with blood glucose levels above 200 mg/dL were considered diabetic and included in the study (Cakir 
et al., 2018; Kaya et al., 2022).   

Experimental design 

Rats were divided equally into four groups as follows: Control group: rats were only injected 
with citrate buffer (0.1 ml., pH 4.5) body weight/day (b.w./day). L-arginine group: Rats received L-
arginine (100 mg/kg b.w./day) daily for 21 days. STZ group: Rats injected with a single dose of STZ 
(50 mg/kg b.w./day). STZ+L-arginine group: Rats were given L-arginine (100 mg/kg b.w./day) 
starting 3 days after a single dose of STZ (50 mg/kg b.w./day). L-arginine was dissolved in PBS and 
administered by intragastric gavage daily for 21 days. The animals were given feed and water ad 
libitum. Doses of L-arginine (El-Missiry et al., 2004) and STZ (Cakir et al., 2018; Kaya et al., 2022) used 
in the study were determined according to the results of previous studies. Blood glucose levels were 
measured weekly on the 7th, 14th, and 21st days to control diabetes status. 

Collection and Preparation of Samples

24 hours after the last L-arginine administration, rats were anesthetized with an intramuscular 
injection of 80 mg/kg Ketamine (Alfamine, 100 mg/mL) and 12 mg/kg Xylazine (Alfazyne, 20 mg/mL). 
Both were purchased from Ata-Fen. All the animals were sacrificed, then one kidney was placed and 
fixed in neutral-buffered formalin (10%). Dehydration of the kidney samples was performed in a 
graded ethanol series.  Kidney samples were cleared in xylene. Then they were embedded in paraffin 
for the histopathological examination [Hematoxylin-Eosin (H&E), Periodic-acid-Schiff (PAS), and 
Crossmon's triple stainings and immunohistochemistry techniques], and the other one was kept at -
80 °C for further analysis.  

Histopathological Analysis

A rotary microtome was used for cutting the kidney tissues at 5μm thickness. They were 
mounted on Epredia SuperFrost Plus Adhesion slides (Epredia, Microm International GmbH, 
Germany). Deparaffinization was achieved in xylene, and then they were rehydrated. H&E stain (Luna, 
1968) was used for general histopathological examination. Crossmon's triple stain (Crossmon, 1937) 
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was used to demonstrate collagen fibers, and PAS stain (Bancroft and Cook, 1984) was used to evaluate 
basement membrane thickness, as described previously. Microscopic evaluation was conducted using 
an Olympus BX51 microscope (Olympus Europa SE and Co., Hamburg, Germany). 

Immunohistochemical Assessment of TGF-β1

Localization of TGF-β1 expression in kidney tissues, was performed according to the previously 
published procedure (Gram et al., 2019). First, formalin-fixed, paraffin-embedded kidney tissue 
samples were cut to a thickness of 4-5 μm using a microtome. Sections were immersed in xylene for 
deparaffinization. A graded ethanol series was used for rehydration of the tissue samples. Then, the 
samples were placed in a 10 mM, pH 6.0 citrate buffer and heated in a microwave oven at 600W for 15 
minutes to facilitate antigen retrieval. Then, the endogenous peroxide activity of the slides was blocked 
in 0.3% hydrogen peroxide in methanol for 30 min. Nonspecific antibody binding was reduced by 
treating tissue samples with normal goat serum. Samples were then incubated with the primary 
antibody. Rabbit polyclonal anti-TGF-β1 (Sigma-Aldrich, SAB4502954) was used as the primary 
antibody (1:100 dilution). Antibody dilution was performed using IHC buffer (0.8 mM Na2HPO4, 1.47 
mM KH2PO4, 2.68 mM KCl, 137 mM NaCl) containing 0.3% Triton X (pH 7.2-7.4). As an isotype control, 
sections were incubated with non-immune IgG of the same species from which the primary antibody 
was made, and the concentration of IgG was the same as the protein concentration of the primary 
antibody. As a negative control, slides were incubated with PBS (pH 7.4) instead of the primary 
antibody. Following overnight primary antibody incubation at +4°C, IHC buffer was used to wash 
sections. The tissue samples were then incubated with a biotinylated secondary antibody. Biotinylated 
goat anti-rabbit IgG (Vector Laboratories Inc., BA-100) was used as the secondary antibody (1:100 
dilution). The sections were treated with the Vectastain ABC kit (Vector Laboratories Inc.) according 
to the manufacturer's instructions. Liquid DAB+ substrate kit (Agilent Dako, Santa Clara, CA, USA) was 
used to visualize the peroxide activity. Mayer’s hematoxylin was used to counterstain the sections. 
Then the samples were washed under tap water. Next, dehydration of sections was achieved in a 
graded ethanol series and then covered with Entellan®. 

Morphometric Analysis of the Kidney

For morphometric analysis from all groups, comparison of glomerular and Malpighian corpuscle 
diameters in kidney sections was performed using a previously published protocol (Tarladacalisir et 
al., 2008). A total of 100 glomeruli (10 rats x 10 glomeruli) representing each group were evaluated. 
The diameters of each glomerulus and Malpighian corpuscle were measured under a light microscope 
(at a magnification of 20x, (Olympus BX51) by using ImageJ software (Schneider et al., 2012). For each 
glomerulus, two diameters, the greatest and the smallest, were measured. Based on these 
measurements, the average glomerular diameter was calculated. 

Biochemical Analysis

According to the manufacturer's instructions, the kidney tissue TGF-β1 levels were determined 
in an ELISA device (BioTek, uQuant) using a rat-specific commercially available ELISA kit (Sun Red Bio, 
Catalog No: 201-11-0780). For this purpose, all reagents and samples were used at room temperature 
(18-25°C). 50 μL standard + 50 μL streptavidin HRP was added to each of the wells designated as 
standard, and 40 μL sample + 10 μL TGF-β1 antibody + 50 μL streptavidin HRP was added to each of 
the wells designated as sample according to the manufacturer's instructions. The ELISA plate was then 
covered and incubated at 37°C for 60 minutes. Immediately after incubation, the mixtures in the wells 
were removed. Subsequently, each well was washed with 350 μL of washing solution for 1-2 min. Then 
the washing solution was discarded. After repeating the washing process 5 times, the plate was blotted 
dry on a clean blotting paper. After adding 50 μL of chromogen A + 50 μL of chromogen B to each well, 
the plate was covered and placed in an incubator at 37°C for 10 minutes. Then, 50 μL of stop solution 
was added to each well.  Measurement of the plate was performed spectrophotometrically at a 
wavelength of 450nm±2nm. The concentration of TGF-β1 in the sample was then determined by 
comparing the sample's optical density (OD) with the standard OD curve. The estimated mean was 
64.63 with a 95% confidence interval of 63.77-65.50. 
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Statistical Analysis 

The data obtained were normally distributed based on the Kolmogorov-Smirnov and Shapiro-
Wilk tests. Homogeneity of variances was confirmed using Levene’s test. Therefore, parametric one-
way analysis of variance (ANOVA) was performed for global comparison to evaluate the effects of STZ 
and L-arginine treatment on kidney TGF-β1 levels, glomerular and Malpighian corpuscle diameters. 
SPSS version 24 (IBM) was used for statistical analyses. In the case of statistically significant 
differences (P<0.05), the Tukey- Kramer multiple comparisons post-test was applied. The data are 
presented as the mean ± s.d. The level of significance was set at P<0.05. 

Results 

Effects of STZ and L-arginine Treatment on Kidney Histopathology

Histopathological examination of kidney tissues in the control (Figure 1A) and in the L-arginine 
group (Figure 1B) showed normal renal cortical structure, including numerous renal corpuscles 
(Malpighian corpuscles), proximal tubules, and distal tubules. The cuboidal epithelial cells of the 
proximal tubules with a well-developed brush border of microvilli appeared normal with acidophilic 
cytoplasm. Distal tubules, which were recognized by basophilic staining and the absence of a brush 
border, had wider lumens than proximal ones. Examination of the H&E-stained kidney sections from 
the STZ group revealed marked glomerular enlargement within the cortical region. The hypertrophic 
glomeruli were closely apposed to the parietal layer of Bowman’s capsule, resulting in a pronounced 
reduction of Bowman’s space. Tubular epithelial cells in the cortex exhibited cytoplasmic 
vacuolization, indicating cellular degeneration (Figure 1C). Similarly, in the STZ + L-arginine group, 
glomerular enlargement was comparable to that in the STZ group, and epithelial cells of both proximal 
and distal tubules showed cytoplasmic vacuolization (Figure 1D). Moreover, numerous hyaline casts 
were present within the lumens of proximal tubules in the STZ group (Figure 2A). In addition, 
capillaries of the glomeruli and interstitial vessels contained dense aggregates of erythrocytes (Figure 
2B). 
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Figure 1. Renal cortical tissue in the Control (A) and L-arginine (B) groups exhibited normal histological 

architecture, characterized by numerous renal corpuscles, clearly distinguishable proximal tubules (black 

arrowhead) and distal tubules (white arrowhead), as well as Bowman’s space (asterisk). In the STZ (C) and 

STZ + L-arginine (D) groups, histopathological alterations were observed in the renal cortex, including 

glomerular hypertrophy, narrowing of Bowman’s space (asterisk), and cytoplasmic vacuolization within the 

epithelial cells of both distal (white arrowhead) and proximal (black arrowhead) tubules, H&E-staining. 

Figure 2. Kidney sections from the STZ group revealed marked glomerular enlargement in the renal cortex 

(star). Numerous hyaline casts were observed within the lumens of the proximal tubules (white arrowhead) 

and glomeruli (white arrow) (A). Glomerular enlargement was accompanied by narrowing of Bowman’s 

space (star). Additionally, there was erythrocyte stasis in glomerular capillaries and interstitial blood 

vessels (black arrow) (B), H&E-staining. 
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Crossmon’s trichrome-stained kidney sections from the control (Figure 3A) and L-arginine 
(Figure 3B) groups displayed normal cortical architecture, characterized by well-defined Malpighian 
corpuscles and intact proximal and distal tubules, consistent with observations obtained from H&E 
staining. In contrast, sections from the STZ (Figure 3C) and STZ + L-arginine (Figure 3D) groups 
exhibited marked pathological alterations, including pronounced glomerular enlargement, narrowing 
of Bowman’s space, and thickening of the parietal layer of Bowman’s capsule attributable to increased 
connective tissue deposition. Connective tissue expansion was also evident within the mesangial 
regions.  

Figure 3. Kidney sections from the Control (A) and L-arginine (B) groups exhibited normal renal cortical 
architecture, including numerous renal corpuscles, intact proximal (black arrowhead) and distal tubules 
(white arrowhead), normal mesangial matrix (white arrow), an unaltered parietal layer of Bowman’s 
capsule (black arrow), and a clearly defined Bowman’s space (asterisk). In contrast, the STZ (C) and STZ + 
L-arginine (D) groups showed thickening of the parietal layer of Bowman’s capsule (black arrow) and 
increased deposition of mesangial matrix (white arrow), indicative of connective tissue accumulation. 
Additionally, these groups exhibited narrowed Bowman’s space (star) and cytoplasmic vacuolization in 
proximal (black arrowhead) and distal (white arrowhead) tubular epithelial cells, Crossmon’s triple 
staining. 

Periodic acid–Schiff (PAS) staining was utilized to evaluate the thickness of basement 
membranes within renal tubules and glomerular capillaries (Figure 4A-D). In the control (Figure 4A) 
and L-arginine-treated groups (Figure 4B), PAS-positive staining was observed along the basement 
membranes of renal tubules, glomerular capillaries, and the parietal layer of Bowman’s capsule, 
reflecting normal histoarchitecture. In contrast, kidney sections from the STZ-induced diabetic group 
(Figure 4C) exhibited intense PAS positivity in the glomerular capillary basement membranes, 
accompanied by increased mesangial matrix and enhanced mesangial cell proliferation. Additionally, 
PAS-positive granular structures consistent with phagosomes were identified within the cytoplasm of 
epithelial cells in both proximal and distal tubules. Similar pathological alterations were evident in the 
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STZ + L-arginine-treated group (Figure 4D), including prominent cytoplasmic phagosomes in tubular 
epithelial cells, as confirmed under higher magnification. 

Figure 4. PAS staining of kidney sections from the Control (A) and L-arginine (B) groups revealed positive 
staining of the basement membranes of proximal tubules (black arrowhead), distal tubules (white 
arrowhead), glomerular capillaries, and the parietal layer of Bowman’s capsule (black arrow), indicating 
preserved structural integrity. In the STZ (C) and STZ + L-arginine (D) groups, PAS staining revealed 
thickening of the parietal layer of Bowman’s capsule (black arrow) due to increased connective tissue. 
Enhanced mesangial matrix deposition was also evident (white arrow). Tubular injury was characterized 
by cytoplasmic vacuolization in the epithelial cells of distal (white arrowhead) and proximal (black 
arrowhead) tubules. Additionally, PAS-positive phagosome-like granular structures were detected in the 
cytoplasm of some proximal and distal tubular epithelial cells (thin arrows, high magnification in D). 

Effects of STZ and L-arginine Treatment on Glomerular and Malpighian Corpuscle Diameters

Light microscopic evaluation demonstrated a significant increase in glomerular diameters in 
both the STZ and STZ + L-arginine groups compared with the control and L-arginine groups (P<0.001 
for both comparisons). However, there was no statistically significant differences among the groups in 
terms of Malpighian corpuscle diameter (P>0.05). Additionally, comparison between the STZ and STZ 
+ L-arginine groups revealed no significant difference in Malpighian corpuscle dimensions (Figure 5). 
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Figure 5. Evaluation of glomerular and renal corpuscle (Malpighian body) diameters in control and 
experimental groups (µm)   

Localization of TGF-β1 in Kidney Samples

TGF-β1 immunoreactivity was observed in renal tissue across all experimental groups (Figure 
6A-D). In the control (Figure 6A) and L-arginine (Figure 6B) groups, strong TGF-β1 immunolabeling 
was primarly localized to the vascular media. Prominent immunoreactivity was also observed in the 
epithelial cells of the proximal tubules, whereas labeling in the distal tubules was minimal. In contrast, 
kidney sections from the STZ group showed a broader distribution of TGF-β1, with immunolabeling 
present in the vascular media, proximal and distal tubules, and mesangium (Figure 6C). Furthermore, 
L-arginine treatment did not cause any differences in the intensity of the TGF-β1 expression associated 
with diabetes (Figure 6D). 
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Figure 6. TGF-β1 immunoreactivity was detected in kidney tissues across all groups. In the Control (A) and 
L-arginine (B) groups, strong TGF-β1 expression was observed predominantly in the media layer of renal 
vessels (black arrow). TGF-β1 was also immunolocalized in the proximal tubules (black arrowhead). Low 
expression for TGF-β1 was observed in the distal tubules (white arrowhead). In the STZ-induced diabetes 
(C) and STZ + L-arginine (D) groups, TGF-β1 immunoreactivity was more prominent, localized in the 
proximal (black arrowhead) and distal tubules (white arrowhead), mesangial region (white arrow), and the 
media layer of the vessels (black arrow). 

Effects of STZ and L-arginine Treatment on TGF-β1 Expression in the Kidney

No significant difference in renal TGF-β1 levels was observed between the control and L-
arginine groups. In contrast, the STZ-treated group, renal TGF-β1 levels increased significantly 
compared to the control group (P<0.05). Administration of L-arginine to diabetic rats resulted in a 
significant reduction in TGF-β1 levels, with values approaching those observed in the control group 
(Figure 7). 
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Figure 7. TGF-β1 concentrations in renal tissue of rats in control and experimental groups (ng/L) 

Discussion and Conclusion 

Diabetic nephropathy is one of the reasons for end-stage renal disease all over the World. 
Furthermore, it is also a significant cause of morbidity and mortality in patients with Type 1 and Type 
2 diabetes (Hoogeveen, 2022). While diabetic nephropathy typically refers to advanced renal damage 
characterized by progressive albuminuria, hypertension, and reduced glomerular filtration rate (Yang 
and Xu, 2022), this study focuses on the early renal changes. The pathophysiological mechanisms 
underlying the development of diabetic nephropathy are multifactorial. Hyperglycemia is recognized 
as the primary initiating factor, triggering glomerular hyperfiltration and microalbuminuria, which are 
followed by glomerular hypertrophy, progressive mesangial matrix expansion, tubulointerstitial 
fibrosis, and ultimately, glomerulosclerosis and end-stage renal disease (Koszegi et al., 2022). 

To enhance understanding of the pathophysiology of DM, various diabetogenic agents such as 
STZ (Cakir et al., 2018; Roy et al., 2016; You et al., 2014) and alloxan (Ajiboye et al., 2020; Mistry et al., 
2023) are widely employed in experimental animal models. In the present study, a single 
intraperitoneal dose of 50 mg/kg STZ, whose diabetogenic mechanism is well characterized, was 
administered to induce an experimental model of diabetes (Cakir et al., 2018; Kaya et al., 2022). Blood 
glucose levels were measured after 72 hours post-STZ administration, and animals with levels 
exceeding 200 mg/dL were classified as diabetic. The most commonly reported pathological 
alterations in diabetic kidneys include cellular vacuolization, pyknotic nuclei, medullary congestion, 
hemorrhagic and hyaline cast deposits, apical blistering, glomerular hypertrophy, dilated and 
congested glomerular capillaries, and fragmentation of tubular epithelial cells (Adeva Andany et al., 
2023; Palsamy and Subramanian, 2011). In the present study, consistent with the literature, 
Malpighian corpuscles in the cortical region of kidneys from control rats exhibited normal histological 
architecture. In contrast, kidneys from the diabetic group demonstrated glomerular hypertrophy 
accompanied by a reduction in Bowman’s space, which is attributable to the enlarged glomeruli. This 
glomerular enlargement is likely the result of increased cell number and volume, as well as 
dysregulation of mesangial cell proliferation. 

Quantitative analysis of glomerular and Malpighian corpuscle dimensions using ImageJ software 
revealed a significant increase in glomerular diameter in the diabetic groups compared to the control 
groups. The observation of narrowing of Bowman’s space suggests an increase in both the number and 
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volume of mesangial cells. Consistently, Crossmon’s triple staining demonstrated thickening of the 
parietal layer of Bowman’s capsule in the STZ group, attributable to increased connective tissue 
deposition, accompanied by a corresponding expansion of connective tissue within the mesangium. 
Additionally, PAS staining demonstrated an increase in mesangial cells within the glomerular capillary 
basement membranes in kidneys from STZ-treated rats. PAS-positive granular structures were also 
observed in the cytoplasm of epithelial cells in both proximal and distal tubules. These PAS-positive, 
phagosome-like particles likely reflect enhanced phagocytic activity associated with the clearance of 
degenerated tubular epithelial cell debris. 

In addition, stasis observed in glomerulus capillaries and interstitium vessels in diabetic kidney 
tissues suggests distruption in microvascular function in T1DM. However, the precise mechanisms 
contributing to endothelial damage in T1DM remain insufficiently defined. L-arginine, the precursor 
for NO synthesis via nitric oxide synthase (NOS), is essential for regulating kidney function (Saleh and 
El-Demerdash, 2005). Since NO plays a critical role in the regulation of renal blood flow, glomerular 
filtration rate, and renin and angiotensin reabsorption and overall renal homeostasis, decreased NO 
bioavailability is thought to be an essential factor in DN (Chen et al., 1992). Consistently, reduced 
endothelial nitric oxide synthase (eNOS) expression has been reported to exacerbate DN (Wang et al., 
2011). Since diminished L-arginine bioavailability is closely linked to impaired eNOS activity, L-
arginine supplementation helps prevent endothelial dysfunction by addressing this deficiency. For this 
purpose, in the present study, L-arginine was administered via gavage to evaluate its potential 
protective effects against endothelial dysfunction in diabetic rats. No histopathological alterations 
were observed in the glomeruli and tubules of the kidneys of rats administered only L-arginine, 
suggesting that L-arginine does not exert adverse effects on renal morphology. However, in the 
experimental diabetes group induced by a single 50 mg/kg dose of STZ, L-arginine supplementation at 
the same dose used in the control group did not alter STZ-induced type 1 diabetes-associated renal 
damage based on histopathological assessment. Consistent with our findings, You et al. (2014) 
reported that although long-term L-arginine supplementation in drinking water effectively elevated 
circulating and renal L-arginine levels in type 1 diabetic mice, it did not lead to improvements in 
histological changes associated with type 1 diabetes. L-arginine did not significantly affect the 
histopathological alterations associated with renal damage, potentially due to compromised cellular 
uptake of L-arginine, particularly in eNOS-expressing renal cells. Consequently, further detailed 
molecular investigations, including evaluation of renal eNOS expression levels in STZ-induced type 1 
diabetic rats, will enhance our understanding of the mechanisms underlying type 1 diabetes-mediated 
renal pathology. 

Dysregulation of the TGF-β pathway, particularly TGF-β1, is recognized as a key contributor to 
the development and progression of T1DM complications (Heydarpour et al., 2020). Studies have 
shown that TGF-β1 levels are increased in the kidneys of animals with T1DM in both the early and late 
stages of the disease (Hill et al., 2000; Sharma and Ziyadeh, 1994). In a recent study, L-arginine was 
demonstrated to effectively modulate the fibrotic response and reduce profibrotic factor levels in the 
testes of diabetic rats (Sayed et al., 2023). Additionally, it has been reported that the TGF-β signaling 
pathway is involved in mediating diabetes-induced inflammatory and fibrotic alterations in the lung 
(Talakatta et al., 2018). In the present study, we investigated the effects of L-arginine on TGF-β1 
localization and renal tissue levels in STZ induced diabetic rats. Our results revealed that in both 
control and L-arginine-treated non-diabetic groups, TGF-β1 immunoreactivity was primarily localized 
to the vascular media of renal blood vessels and to the epithelial cells of the proximal tubules, while 
distal tubules exhibited minimal expression. In contrast, diabetic rats displayed more intense renal 
TGF-β1 immunoreactivity compared with controls. Additionally, its localization was observed in the 
glomerular mesangium. Similarly, these findings are consistent with previous reports indicating that 
experimental diabetes induced with 50 mg/kg STZ in male Wistar rats leads to elevated TGF-β1 
expression in the kidney, particularly within the glomeruli and mesangial regions (Roy et al., 2016).  

Furthermore, our study demonstrated that renal TGF-β1 levels were high in diabetic rats. The 
increase in TGF-β1, a key profibrotic cytokine, suggests enhanced mesangial cell activation and 
expansion of mesangial matrix, likely due to excessive production and deposition of extracellular 
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matrix proteins. Dietary L-arginine supplementation has been shown to recover renal hemodynamics 
and reduce matrix expansion in various models of hypertensive kidney disease (Noris and Remuzzi, 
1999). These effects have been attributed to increased endogenous NO production, suggesting that 
dietary L-arginine may enhance NO synthesis. However, limited studies have specifically investigated 
the potential protective effects of L-arginine on renal tissue in experimentally induced diabetes. 
Therefore, the present study provides valuable insight into the possible renoprotective role of L-
arginine in STZ-induced diabetic rats. 

In the kidneys of diabetic rats treated with L-arginine, TGF-β1 was strongly immunolocalized in 
mesangial cells, the vascular media, and both proximal and distal tubules, exhibiting a pattern similar 
to that observed in untreated diabetic rats. While L-arginine administration did not alter the increased 
TGF-β1 immunolocalization associated with diabetes, it significantly reduced total renal TGF-β1 levels. 
These findings suggest that total renal TGF-β1 levels decreased without changes in its 
immunolocalization. This difference can be attributed to methodological differences between the two 
techniques; while ELISA provides quantitative measurements of total tissue protein levels, 
immunohistochemistry primarily reflects protein localization and qualitative staining intensity. 
Consequently, qualitative immunohistochemical findings may not fully correlate with quantitative 
ELISA results, particularly during early-stage diabetic kidney changes where subtle decreases in total 
protein levels may not be easily detected by visual assessment. However, since this study represents 
an early stage of diabetic renal injury rather than advanced diabetic nephropathy, the observed 
changes reflect initial alterations in renal structure and TGF-β1 expression.  

In conclusion, this study demonstrates that L-arginine administration reduces the increase in 
TGF-β1 levels in the kidneys associated with diabetes and partially improves early renal structural 
changes in an STZ-induced diabetic rat model. These findings indicate the potential protective role of 
L-arginine in the early stages of diabetic kidney damage. Further experimental studies, involving 
varying doses and treatment durations, along with detailed molecular analyses- including kidney 
histomorphometric analyses, receptor-binding studies, and detailed profiling of pro- and anti-
inflammatory cytokines- are necessary to fully elucidate the protective effects and mechanisms of L-
arginine against diabetic renal damage. 
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