Annals of Clinical and Analytical Medicine

Original Research
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Abstract

Aim: This study investigated the role of Semaphorin 3G (Sema3Q) in early diabetic nephropathy (DN) and evaluated the effects of pioglitazone on renal
Sema3G expression in a diabetic rat model.

Materials and Methods: DN was induced in rats using a high-fructose, high-fat diet for 3 weeks followed by intraperitoneal streptozotocin (40 mg/kg). One
week after diabetes confirmation, pioglitazone (10 mg/kg/day) was administered intragastrically. Renal Sema3G gene expression was analyzed at 4, 7, and 10
weeks post-induction, alongside functional and histopathological assessments.

Results: Diabetic rats exhibited significant renal dysfunction and structural damage, coinciding with progressive upregulation of Sema3G expression (peak at
7-10 weeks; P < 0.05). Pioglitazone treatment attenuated these alterations, improving renal function and morphology while significantly suppressing Sema3G
overexpression.

Discussion: Sema3G upregulation may contribute to DN progression. Pioglitazone treatment appeared to confer a reno-protective effect in diabetic rats,
along with a trend indicating delayed modulation of Semaphorin 3G gene expression. These findings suggest Sema3G as a potential therapeutic target in DN.
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Introduction

Diabetes mellitus (DM) is one of the most common chronic
diseases worldwide. One of the primary microvascular
complications, affecting about one-third of diabetic patients,
is diabetic nephropathy (DN), a major contributor to end-
stage renal disease [1]. Hyperglycemia can lead to glomerular
hypertrophy, increased mesangial matrix, hypoxia,
and podocyte injury, all of which can progress to glomerular
sclerosis and tubulointerstitial damage [2].

Semaphorins are largely classified into eight classes: only class

renal

3 Semaphorins are secreted, whereas the rest of the classes
are transmembrane proteins. Semaphorin 3G (Sema3(Q) is
primarily expressed in vascular endothelial cells and regulates
vascular functions through paracrine or autocrine signaling
[3]. Additionally, Sema3G has been identified as a glomerulus-
specific transcript [4]. Previous studies have shown that
Sema3G is positively correlated with circulating leptin and
adipokines and promotes insulin resistance in obese patients
[5]. The relationship between Sema3G and diabetes remains
controversial. Sema3G knockout mice exhibited increased and
prolonged albuminuria under conditions of both acute kidney
inflammation and diabetes [4]. In this regard, our study aimed to
clarify the relationship between hyperglycemia, renal Sema3G
expression, and the development of DN.

Peroxisome proliferator-activated receptors (PPARs) are
nuclear transcription factors that are involved in insulin
sensitivity, lipid metabolism, and inflammation. Specifically,
PPAR-y is crucial for renal physiology, as it is expressed in the
renal microvasculature, as well as glomerular, mesangial, and
tubular segments [6]. Emerging evidence from in vitro studies
has shown a direct link between Peroxisome proliferator-
activated receptor-gamma (PPARy) agonists and Sema3G
expression [7]. Thiazolidinediones (TZDs), which are PPARy
agonists, are widely used as insulin-sensitizing agents for the
treatment of type 2 diabetes (T2D). Pioglitazone, a TZD, has
demonstrated significantly better renoprotection than insulin in
diabetic rats [8]. In this context, we aimed to determine whether
the reno-protective effect of pioglitazone in diabetes could
be linked to Sema3G modulation. Thus, we explored Sema3G
gene expression levels in the kidneys of diabetic rats, with and
without pioglitazone treatment, and assessed their relationship
with functional and histological renal changes.

Materials and Methods

Experimental Animals

Ninety male Albino Wistar rats (12-14 weeks and 150-200
g) were procured from the Physiology Department Animal
Breeding Facility, Faculty of Medicine, Alexandria University.
Animals were kept under a controlled light-dark cycle (12-h
light and 12-h dark cycle; 7 p.m.—-7 a.m.), with free access to
standard lab chow and sterilized water.

Study Design

After a one-week acclimatization period, 90 rats were randomly
allocated into three groups based on the study duration: 4
weeks, 7 weeks, and 10 weeks. Each group was further divided
into three subgroups: control (n=8), diabetic nephropathy (DN;
n=11), or diabetic nephropathy with pioglitazone treatment

(DN+Pio; n=11). Control rats (n=24) received standard chow
and normal drinking water. Pioglitazone (Osaka-Japan) was
administered orally at 10 mg/kg/day, suspended in Tml of 0.5 %
carboxy methyl cellulose (CMC) (Lanxess, Turkey), starting one
week after confirmation of the disease model and continuing
until the end of the experiment. Control and DN groups were
given an equivalent volume of the drug vehicle (0.5% CMC) for
the same duration.

Induction of Diabetes

Diabetes was induced in 66 rats by feeding them a high-
fructose, high-fat diet (HFHF) for three weeks to promote
insulin resistance. The diet consisted of 58% calories from fat,
27.5% from carbohydrates, and 14.5% from proteins, with a
total caloric value of ~4,900 kcal/kg [9]. Rats were also given a
10% fructose solution as drinking water. After three weeks, the
rats were fasted overnight and injected intraperitoneally (I.P)
with freshly constituted streptozotocin (STZ) (Sigma Aldrich,
USA) (40 mg/kg dissolved in 0.1 M cold sodium citrate buffer,
pH 4.5) to induce diabetes [10]. Blood samples were taken from
the tail vein 72 hours after STZ administration, and non-fasting
blood glucose (NFBG) levels were measured using a portable
glucometer (OneTouch Select, USA). Rats with NFBG levels =
300 mg/dL were considered diabetic [11].

Animals Sacrifice

Before the experiment was terminated, 24-hour urine samples
were collected to measure urine volume and albumin excretion.
Each rat was placed individually in metabolic cages with free
access to standard chow and water. Rats were sacrificed using
I.P. anesthesia after the end of 4-weeks, 7-weeks, and 10-weeks.
Blood was collected by cardiac puncture. Then, the kidneys were
removed and weighed. One kidney from each rat was frozen in
liquid nitrogen and stored at -80°C for RNA extraction, while
the other was fixed in formalin for histological analysis.
Biochemical Analysis

Serum Parameters

Fasting serum glucose, total cholesterol, and triglycerides
were measured in terminal blood samples using colorimetric
enzymatic methods with reagent kits from BioSystems S.A.
(Barcelona, Spain). The analytical performance of these
methods was within the manufacturer’s specifications.

Serum urea was determined using the Berthelot enzymatic
method, and blood urea nitrogen (BUN) was calculated as
BUN (mg/dL) = urea (mg/dL) / 2.1428. Serum creatinine (SCr)
was measured by the Jaffe kinetic method Reagent kits from
Diamond Diagnostics (Hannover, Germany) were used following
the manufacturer’s guidelines. The estimated glomerular
filtration rate (eGFR) was calculated using the following
formula [12]:

eGFR = 5862 x W69 x C1:150 x U039 where eGFR is measured
in (UL/min), W is rat weight (g), C is creatinine concentration
(umol/L), and U is urea concentration (mmol/L)

Urinary Albumin Estimation

Urinary albumin levels were measured using a rat-specific
enzyme-linked immunosorbent assay (ELISA) kit (Fine Test,
Wuhan, China), following the manufacturer’s instructions [13].
The urinary albumin excretion rate (UAER) was calculated using
the following formula: UAER (pg/min) = albumin concentration
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in urine (pg/mL) x 24-hour urine volume (mL)

Quantitative reverse transcription PCR (QRT PCR) for Sema3G
Renal total RNA was extracted following the manufacturer’s
protocol of RNeasy Mini Kit (Qiagen, Germany). Complementary
DNA (cDNA) was synthesized using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, USA). Real-
time PCR was then performed with Maxima SYBR Green qPCR
Master Mix (Thermo Fisher Scientific, USA) and specific primers
for Sema3G and the reference gene B-actin (Thermo Fisher
Scientific, USA). Primers were designed using Primer Express
3.0 (Applied Biosystems, Carlsbad, CA, USA) and validated
for specificity using the NCBI Primer-BLAST tool. Relative
expression of the Sema3G gene was calculated using the 2-244¢T
method [5].

The primer sequences used for Sema3G gene amplification
were as follows: forward 5’-GGCCTCACTGCTGATTTCCT, reverse
5’-CCATCACAAACCGGGGATCA. The primer sequences used for
the amplification of the B-actin reference gene were as follows:
forward 5’-ACCCGCGAGTACAACCTTC,
5’-ATCGTCATCCATGGCGAACTG.

Histological Sections

One kidney from each rat was collected for histopathological
analysis, fixed in 10% neutral formaldehyde, and embedded
in paraffin. Serial cross-sections (4-6 pym) were prepared and
stained with hematoxylin and eosin (H&E) using standard
protocols to assess glomerular and tubular structural changes.
Samples were examined under a light microscope, and
representative images were captured at each time point using
a camera attached to an Olympus BX41 microscope at x200
magnification.

Statistical Analysis

Data are expressed as mean = SD for normally distributed
variables and as median with interquartile range for non-
normally distributed data. Results at 4, 7, and 10 weeks were
analyzed separately using one-way ANOVA or the Kruskal-
Wallis test, followed by post-hoc pairwise comparisons without
adjustment for multiple comparisons. All statistical tests were
two-tailed, and p < 0.05 was considered significant. Analyses
were performed using PASW Statistics 20.0 (SPSS Inc., Chicago,
IL, USA). Associations between variables were assessed using
Spearman correlation.

Ethical Approval

This study was approved by the Ethics Committee of Alexandria
Faculty of Medicine (Date: 2020-12-17, No: 0201425).

reverse

Results

Terminal Body Weight and Kidney Weights of Diabetic Rats
DN rats showed significantly lower terminal body weights
compared to controls at 4 weeks (P=0.003), 7 weeks
(P<0.0001), and 10 weeks (P<0.0001). However, body weights
were significantly higher in pioglitazone-treated rats compared
to DN groups at all time points (P=0.012 at 4 weeks, P=0.046 at
7 weeks, and P<0.0001 at 10 weeks) (Figure TA-C). The kidney
weight-to-body weight ratios (left and right) were elevated
in diabetic rats across all time points relative to controls, but
pioglitazone partially reduced this ratio in the right kidney at 10
weeks (Figure 1A-C).

Effect of Pioglitazone on Fasting Blood Glucose and Lipid
Profile

Diabetic rats exhibited altered glucose and lipid metabolism
starting from 4 weeks post-STZ injection and continuing through
week 10. Fasting serum triglycerides and total cholesterol
levels were significantly higher in the diabetic groups compared
to controls at all time points. Pioglitazone treatment reduced
serum triglycerides at 7 and 10 weeks, while a modest reduction
in total cholesterol was observed only at 7 weeks (P < 0.05 vs.
diabetic rats; Figure (1D-E). Fasting blood glucose (FBG) was
significantly higher in diabetic rats compared to controls at 4
weeks (137%, P = 0.001), 7 weeks (496%, P = 0.0001), and 10
weeks (388%, P = 0.0006). This hyperglycemia was normalized
in pioglitazone-treated groups (Figure 1F).

Effects of Pioglitazone on Renal Function in DN Rats
Compared to controls, DN rats showed significant deterioration
of renal function. This decline became evident 4 weeks after
STZ injection and persisted through the 10-week timepoint.
Pioglitazone treatment significantly improved renal function in
diabetic rats (Table 1).

Effect of Pioglitazone on Sema3G Gene Expression in Renal
Tissue of Diabetic Rats

Sema3G relative gene expression was significantly elevated in
the renal tissue of diabetic rats at 7 and 10 weeks (232%, P =
0.045) (169%, P = 0.003), respectively, compared to controls.
Pioglitazone treatment did not significantly affect Sema3G
expression across the three-time points, although a non-
significant trend of reduction was observed at 10 weeks. (-38%,
P = 0.07) (Figure 2A).

Histopathological Assessment

H&E staining revealed normal renal structure in the control
group, with intact glomerular sacs and well-organized renal
tubules (Figure 3A, D, G). In contrast, the DN group showed
signs of glomerular atrophy, including expanded glomerular
cavities and shrunken glomeruli. Renal tubules were dilated
and disorganized and showed vacuolated epithelial cells (Figure
3B, E, H). Pioglitazone treatment significantly reduced these
degenerative changes across all time points, helping restore
renal tissue structure. The treatment mitigated glomerular
atrophy, vacuolation of tubular epithelial cells, and tubular
architecture (Figure 3C, F, I).

Discussion

Preventing DN remains a significant challenge in clinical
medicine. In our study, we observed an upregulation of the
Sema3G gene in the renal tissue of diabetic rats, with a tendency
toward reduced expression following prolonged treatment with
pioglitazone.

The successful establishment of the DN model in this study
was confirmed by elevated albuminuria, decreased eGFR, and
increased serum creatinine and BUN levels. Histopathological
analysis revealed glomeruli-tubular ischemic and degenerative
changes starting at week 4 and worsening by weeks 7 and 10.
These findings are consistent with previous studies reporting
histopathological changes, such as glomerular basement
membrane thickening and mesangial cell proliferation, in
diabetic rats four weeks post-STZ injection [14]. The primary
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mechanisms underlying DN include abnormal metabolic
reprogramming, characterized by glucotoxicity, lipotoxicity,
inflammation, and fibrosis [15]. Hyperglycemia stimulates
inflammatory mediator expression in kidney cells, which
promotes macrophage recruitment, activation, and increased

prevalence of M1 pro-inflammatory macrophages over the

Table 1. Effects of pioglitazone on renal function in DN rats

4 weeks
Serum creatinine (mg/dl)
Control 0.77 +0.12
DN 1.2+024*
DN + PIO 0.95+0.14 #
BUN (mg/l)
Control 18.8+1.69
DN 48.8 +11.95*
DN + PIO 253 + 6.53 ##
eGFR (microliter /min)
Control 1960 + 329
DN 632.5 + 302**
DN + PIO 1095 + 280 **, #

Urine volume (ml/24h)

Control 42+32
DN 31 +87*
DN + PIO 192 £11.0% #
Albuminuria (mcg/24 h)

Control 222 +1
DN 16.4 + 415*
DN + PIO 5.7 +2.5 ##

anti-inflammatory M2 [16,17].

Sema3G Upregulation with Hyperglycemia and Its Potential
Role in DN Progression

In the present study, Sema3G gene expression was upregulated
in the renal tissue of diabetic rats from week 7 post-STZ, with a
positive correlation to hyperglycemia. Relevant to this finding, a

7 weeks 10 weeks
0.7 +0.15 0.73 + 0.09
1.1+015* 094 +0.15*
0.86 + 023 0.93 + 0.08 *
231+39 19.9 + 3.03
37.1 £2.99 ** 37.7 +10.8 **
29+83# 249 + 596 #
1945 + 351 1920 + 324
648 + 176 ** 858 + 322 **

1000 + 261 **, # 1241 + 166 **, #

6.8 +59 3412
30 +11.3* 30.1 +13.14**
17.7 +9.4 # 27.1 +15.3*
316+ 1.16 3621

16.3+ 6,55 ** 201 +62*
4.7 + 1.8 ## M5+77#

Data are expressed as Mean + SD. n = 6-10 per group. DN = Diabetic nephropathy group, DN + PIO= Pioglitazone treated group, BUN=Blood urea nitrogen, eGFR= estimated glomerular
filtration rate. P values are from one-way ANOVA. (*, **) indicates a significant difference versus the control group P <0.05 and P <0.001, respectively. (#, ##) indicates a significant difference

versus DN group P <0.05 and P <0.00T, respectively.
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Figure 1. Body weights, lipid profile, and fasting serum glucose.
Terminal body weight (A), right kidney weight/ total body weight
% (B), left kidney weight/ total body weight % (C) fasting serum
total triglycerides (D), fasting serum total cholesterol (E), and
fasting serum blood glucose (F) in control rats and in diabetic
rats with (DN+ Pio) or without (DN) pioglitazone treatment
at 4,7and 10 weeks post-STZ injection. Data are means + SD
except in the case of fasting serum blood glucose are medians
from n = 8-10 per group. P values are from one-way ANOVA,
except in the case of fasting serum blood glucose, Kruskal
Wallis test. *, ** P <0.05 and P <0.001 respectively relative to
control. ## significant difference between DN and DN+Pio rats
at P <0.05 and P <0.001 respectively
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Figure 2. Sema3G mRNA expression in the kidney and its
correlation with fasting blood glucose and renal functions. (A)
Sema3G mRNA expression in renal homogenate at each time-
point. Quantitative analysis of Sema3G mRNA expression in the
kidneys in control rats and in diabetic rats with (DN+Pio) or
without (DN) pioglitazone treatment. Data are meant +SD. (n=5
rats/ group). ¥, ** P <0.05, P <0.001 versus control. *# P <0.05
and P <0.001 respectively versus DN rats. Correlation analysis
of Sema3G mRNA expression in renal homogenate across all
experimental groups with (B) fasting blood glucose (r = 0.45,
P = 0.0019), (C) eGFR (r = -0.62, P < 0.001), (D) BUN (r = 0.48,
P = 0.0007) and (E) albuminuria (r = 0.34, P = 0.002). r is the
Spearman correlation coefficient (n=45 rats)
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Figure 3. Effect of pioglitazone on renal morphological changes
of the studied groups. Representative H&E photomicrography
of kidney sections. Architectural changes demonstrated as (a
=glomerular atrophy, b = mesangial matrix expansion & c=
tubular vacuolation of cytoplasm) from the kidney at 4 (A-B-C),
7 (D-E-F) and 10 weeks (G-H-1) in diabetic rats with (DN + Pio)
or without (DN) pioglitazone treatment vs control rats. (original
magnification x 200, n=4/group)

recent in-vitro study has shown that hyperglycemia stimulates
Sema3G expression in proximal tubule cells [18]. Luo et al. [19]
also reported increased Sema3G expression in cultured human
endothelial cells exposed to high glucose, along with elevated
serum Sema3G levels in both T2DM patients and HFD-fed mice.
Recent findings suggest a connection between Sema3G and
M1 proinflammatory macrophages. Shoda et al. [20] linked
Sema3G to the pathogenesis of rheumatoid arthritis, a
condition characterized by chronic inflammation. Their research
demonstrated that Sema3G is expressed in inflamed joints
in both humans and mice, where it facilitates macrophage
relationship
between Sema3G and M1 macrophages may also be relevant

migration and proliferation. This consensual

in DN, providing a possible explanation for how Sema3G
contributes to its pathogenesis.

In our study, Sema3G renal expression was inversely related to
eGFR, indicating that higher Sema3G levels were associated
with function. Additionally,
positively correlated with elevated BUN and albuminuria,

reduced renal Sema3G was
further supporting its role in DN progression. These findings
align with previous studies that have associated Sema3G with
both diabetes and its complications [21]. However, there is
conflicting evidence regarding Sema3G’s role in kidney disease.
For instance, in vitro experiments showed that podocytes lacking
the Sema3G gene produced higher levels of inflammatory
mediators when stimulated with lipopolysaccharide (LPS) [4].
This discrepancy might be due to differences between in vitro
and in vivo models. Additionally, LPS-induced cell injury may not
mimic the physiological inflammatory pathways [22].

Pioglitazone Improves Hyperglycemia and Renal Function in
DN: Modulation of Sema3G Gene Expression

renal

Pioglitazone directly activates endogenous PPARYy,

which suppresses inflammatory molecules and reduces
collagen synthesis in cultured mesangial cells [23]. In this
study, pioglitazone treatment in diabetic rats effectively
reduced FBG levels, increased final body weight, and lowered
the kidney-to-body weight ratio. Additionally, pioglitazone
significantly decreased SCr, BUN, and albuminuria levels while
elevating eGFR, indicating improved renal function. Moreover,
Pioglitazone significantly decreased histological degenerative
changes at all time points, aiding in the restoration of renal
tissue structure by mitigating glomerular atrophy, mesangial
matrix expansion, and epithelial cell
vacuolation. These findings align with previous studies showing
that PPAR-y activation helps mitigate hyperglycemia, oxidative
stress, inflammation, fibrosis, and kidney injury in DN [6,24].
Emerging evidence suggests that Sema3G is a downstream
effector of PPAR-y [7]. However, it remains unclear whether
the modulation of Sema3G contributes to the reno-protective
effects of PPAR-y agonists in DN, highlighting the need for
further investigation. Our study found that pioglitazone showed
a non-significant trend of reducing Sema3G gene expression
in diabetic rats at the 10-week time point. Previous in vitro
studies have reported pioglitazone-induced stimulation of
Sema3G in human endothelial cells, but in vivo, other factors,
including hyperglycemia, may influence this relationship [7]. To
our knowledge, this is the first in vivo study exploring the effect
of pioglitazone on Sema3G expression in the renal tissue of
diabetic rats. By reducing blood glucose levels, pioglitazone may

tubular dilation,

indirectly contribute to lower Sema3G expression, suggesting
a complex interplay between hyperglycemia, Sema3G, and
PPAR-y.

Limitations

This study presents a few limitations. Although we observed
increased Sema3G gene expression in the renal tissue of
diabetic rats, we could not evaluate corresponding protein
expression changes. Furthermore, the molecular mechanism
driving the hyperglycemia-induced rise in renal Sema3G
expression in vivo is still unknown. Future research with longer
time points is necessary to examine the impact of pioglitazone
administration on the renal expression of the Sema3G gene.
Conclusion

To summarize, this study reported that renal Sema3G gene
expression is upregulated in DN. Sema3G levels positively
correlate with hyperglycemia, SCr, BUN, and albuminuria while
negatively correlating with eGFR, suggesting its potential role
in DN progression. Pioglitazone administration after diabetes
induction partially alleviated the metabolic and renal functional
decline as well as reduced glomerular atrophy and tubular
vacuolation. We propose that modulation of Sema3G may
contribute to the reno-protective effects of pioglitazone in DN,
as treatment resulted in a downregulation of renal Sema3G
expression in diabetic rats at the 10-week time point, but with
a non-significant trend.
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