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Modulation of Inflammatory Markers by
Vitamin D and Pioglitazone to Combat
Renal Dysfunction in Type 2 Diabetic Rats
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Department of Pharmacy, Sumandeep Vidyapeeth Deemed to be University, Vadodara, Gujarat, India

Abstract

Aim: This study is designed to assess the outcomes of Vitamin D (Vit D) and Pioglitazone (PIO) on metabolic
control, kidney function, inflammatory markers, and histopathology in rats with streptozotocin-nicotinamide-
induced diabetes. Materials and Methods: Rats were randomly assigned to five groups: Normal control, diabetic
control (DC), Vit D-treated, PIO-treated, and combined Vit D + PIO-treated, with treatments administered
orally for 8 weeks. Blood samples were analyzed for glucose, insulin, homeostasis model assessment of insulin
resistance (HOMA-IR), blood urea nitrogen (BUN), creatinine, and inflammatory markers, and kidney tissues were
assessed histopathologically after euthanasia. Results: Both Vit D and PIO treatments reduced glucose, insulin,
and HOMA-IR levels, with the combined treatment showing the most significant improvements, suggesting a
synergistic effect. Both Vit D and PIO also reduced serum creatinine and BUN levels, with the combination
therapy leading to a more substantial reduction in creatinine, although no significant improvement in BUN was
observed compared to Vit D alone. The combination therapy significantly reduced C-reactive protein, monocyte
chemoattractant protein-1, and interleukin-6 levels compared to the DC, though no additional benefits were
observed for tumor necrosis factor-alpha, cystatin-C, and transforming growth factor-beta 1. Histopathological
analysis revealed mild degenerative changes in the DC group, while the combined Vit D + PIO treatment
restored kidney structure to near normal, with minimal vascular congestion. Conclusion: Overall, both Vit D
and PIO positively impacted glucose regulation, kidney function, and inflammatory markers in diabetic rats, with
combination therapy showing superior efficacy, particularly in improving metabolic control and kidney histology.
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INTRODUCTION

enal dysfunction is a prevalent
Rsetback of type?2 diabetes mellitus

(T2DM) and significantly contributes
to the advancement of chronic kidney
disease.l! Diabetic nephropathy (DN) is a
chronic, progressive disorder marked by
kidney inflammation, fibrosis, and reduced
glomerular filtration capacity. The development
of DN involves a complex interplay of various
biological pathways, including the activation of
pro-inflammatory factors and growth factors that
contribute to kidney injury.” Key inflammatory
markers, such as monocyte chemoattractant
protein-1 (MCP-1), interleukin-6 (IL-6),
tumor necrosis factor-alpha (TNF-o), and
transforming growth factor-beta 1 (TGF-P1),
have been well-known as critical players in the
onset and progression of DN.B# Furthermore,
higher levels of biomarkers such as C-reactive
protein (CRP) and cystatin-C are commonly
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linked to kidney dysfunction and are frequently used in
clinical practice to monitor renal damage.[>!

Vitamin D (Vit D) deficiency has been allied with a pre-
eminent risk of kidney disease and various metabolic
disorders, including diabetes.” Studies indicate that
Vit D plays an essential role in controlling immune
responses, alleviating inflammation, and boosting endothelial
function.’®”) Moreover, experimental evidence suggests that
Vit D supplementation can slow the progression of DN by
suppressing inflammatory pathways and preserving kidney
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function.'""l In addition to Vit D, pioglitazone (PIO)
helps reduce hepatic damage by modulating inflammation,
apoptosis, and oxidative stress.!'

This study seeks to explore the combined effects of Vit D and
PIO on renal dysfunction and inflammatory pathways in a rat
model of T2DM. We hypothesize that the dual treatment will
mitigate diabetes-induced inflammation and kidney damage,
as reflected by alterations in above-mentioned key biomarkers.
The findings from this research could offer valuable insights
into novel therapeutic approaches for managing DN,
emphasizing the role of Vit D and PIO in regulating critical
inflammatory pathways involved in renal impairment.

MATERIALS AND METHODS
Drugs and chemicals

PIO was acquired from Bharat Parenteral Limited in
Vadodara, India, and Vit D was purchased from local markets.
Streptozotocin (STZ) and nicotinamide (NA) were acquired
from HiMedia, Mumbeai, India. The diagnostic kits utilized
in the research were sourced from a reliable supplier, and all
other reagents and chemicals utilized were of high analytical-
grade quality.

Experimental animals

The research design was permitted by the Institutional Animal
Ethics Committee and adhered the standards guidelines of
the Committee for Control and Supervision of Experiments
on Animals. It involved healthy adult Wistar rats, ranging in
weight from 200 to 250 g and of both genders. They were
retained in polypropylene cages in a precise setting (12-h
light/dark cycle, 24°C temperature, and 35-60% humidity)
and were served a normal diet, with access to purified
drinking water.

Experimental design

Diabetes was persuaded in the rats by administering a
mixture of STZ and NA.I"" The rats were randomly allotted
to five groups, each holding six animals. Group I acted as
the normal control (NC), while Group II, the diabetic control
(DC), received no treatment. Group III was treated with
Vit D (400 1U/kg/day),!"¥] Group IV with PIO (20 mg/kg),!'*!
and Group V received both Vit D and PIO. All treatments
were given orally once a day for 8 weeks. Upon completion
of the study, blood was drawn from the retro-orbital plexus
using glass capillaries under light ether anesthesia. The
samples were stored either with or without disodium
ethylenediaminetetraacetate for subsequent biochemical
analysis. The blood was permitted to clot for 15 min, sample
was centrifuged at 5000 rpm for 20 min to isolate the serum,
which was subsequently stored at —20°C for future analysis.
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Biochemical markers such as glucose, gamma-glutamyl
transferase, insulin, homeostasis model assessment of insulin
resistance (HOMA-IR), blood urea nitrogen (BUN), and
creatinine were assessed using standard kits. In addition,
serum levels of inflammatory markers were measured using
enzyme-linked immunosorbent assay.

Histopathology

After euthanasia, kidney tissues from each group were
promptly dissected, irrigated with saline, and fixed in 10%
phosphate-buffered formalin. The samples were subsequently
imbedded in paraffin and segmented into 5 um thick slices,
which were subjected to hematoxylin and eosin staining.
These sections were then viewed under a light microscope,
and images were captured with an Olympus DP12 camera
(Japan) to assess histopathological changes. The pathologist
performing the analysis was blinded to the group assignments.

Statistical analysis

All results are reported as mean + standard error of the mean.
Statistical changes between groups were assessed using one-way
analysis of variance, followed by the Bonferroni post hoc test
when applicable, using Prism software (GraphPad). A P < 0.05
was acknowledged as statistically meaningful for all analyses.

RESULTS

Effect of Vit D and PIO on glucose, insulin, and
HOMA-IR levels in STZ-NA-induced diabetes

In the DC rats, there was a major upturn in glucose,
insulin, and HOMA-IR levels when aligned with the NC
rats, indicating poor metabolic control typical of diabetes.
Treatment with Vit D, PIO, and their combination therapy
resulted in considerable reductions in glucose, insulin, and
HOMA-IR levels, equated to the untreated diabetic group.
This suggests that both Vit D and PIO have a positive
impact on regulating these metabolic parameters in diabetes.
Notably, the combined treatment of Vit D and PIO led to a
greater reduction in these parameters than either treatment
alone, with the combination therapy proving more effective
than Vit D monotherapy. This indicates a synergistic effect
between the two agents, enhancing their overall therapeutic
benefit in controlling glucose and insulin homeostasis in
diabetic rats [Figure 1].

Effect of Vit D and PIO on serum creatinine and
BUN levels in STZ-NA-induced diabetes

In the DC rats, serum creatinine and BUN levels were
significantly raised compared to the NC group, indicating
kidney stress and potential renal damage associated with




diabetes. However, treatment with Vit D, PIO, and their
combination led to significant reductions in both serum
creatinine and BUN levels compared to the untreated diabetic
group, suggesting a protective effect on kidney function.
Among the treatments, the combination of Vit D and PIO
resulted in the most substantial decrease in creatinine
levels, outperforming Vit D monotherapy. However, the
combination did not show a significant improvement in
BUN levels compared to Vit D alone, indicating that while
the combination therapy was effective in reducing creatinine,
its impact on BUN may be less pronounced. This highlights
a differential response between the two kidney function
markers, suggesting that the combination therapy may exert
specific protective effects on certain aspects of renal function
in diabetic rats [Figure 2].

Effect of Vit D and PIO on CRP and MCP-1 levels in
STZ-NA-induced diabetes

In diabetic rats, there was a substantial elevation in CRP
and MCP-1 levels aligned to the NC group. Treatment with

Vit D or PIO did not result in any substantial changes in CRP
and MCP-1 levels compared to the untreated diabetic group.
However, the combined treatment of Vit D and PIO did lead
to a noticeable reduction in the levels of both markers when
matched with the DC group. It is important to highlight that
the combination therapy did not offer any additional benefit
over the individual treatments in terms of reducing these
inflammatory markers [Figure 3].

Effect of Vit D and PIO on TNF-a, Cystatin-C, IL-6,
and TGF-p1 levels in STZ-NA-induced diabetes

In DC rats, there was a marked increase in the levels
of inflammatory and fibrotic markers, such as TNF-q,
Cystatin-C, IL-6, and TGF-B1, when compared to normal
rats. Treatment with Vit D, PIO, or a combination of both
led to a considerable drop in these markers compared to the
untreated diabetic rats. Notably, the combination of Vit D and
PIO resulted in a significantly greater reduction in IL-6 levels
than Vit D treatment alone. Yet, there was no considerable
difference in the reduction of TNF-0,, cystatin-C, or TGF-31
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Figure 1: Impact of Vitamin D (Vit D) and pioglitazone (PIO) on (a) glucose (b) insulin and (c) homeostasis model assessment of
insulin resistance in experimentally induced diabetes. Values are stated as mean + standard error of the mean; n=6. ##P<0.001,
relative to normal control; ***P<0.001, relative to diabetic control; $¥¥P<0.001 relative to Vit D; ©@P<0.01 relative to PIO
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Figure 2: Impact of Vitamin D (Vit D) and pioglitazone on (a) creatinine and (b) Blood urea nitrogen in experimentally induced
diabetes. Values are stated as mean = + standard error of the mean; n=6. ##P<0.001, relative to normal control; *P<0.05,
**P<0.01, ***P<0.001 relative to diabetic control; *P<0.005 relative to Vit D
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levels between the combination therapy and the individual
treatments. These findings suggest that while both Vit D and
PIO are effective at reducing markers of inflammation and
fibrosis in diabetes, their combined effect may specifically
reduce IL-6 more efficiently, without providing additional
benefits for the other markers when compared to monotherapy
[Figure 4].

Histopathology study

The histomorphological analysis of renal tissue across
different groups revealed varying levels of changes. In the
NC group, the renal parenchyma appeared intact, with no
pathological alterations in the renal tubules and glomeruli,
apart from localized vascular congestion. In contrast, the
DC group displayed mild degenerative changes, including
swelling of the tubular epithelium, loss of some epithelial
cells, granular cytoplasm in degenerated tubules, atrophic
glomeruli, eosinophilic deposits in the tubule lumens, mild
vascular congestion, and occasional interstitial hemorrhages.
Both the Vit D and PIO treatment groups exhibited minimal
degenerative changes, such as cellular swelling, occasional

epithelial loss, and granular cytoplasm in degenerated
tubules, along with focal vascular congestion, but no signs of
inflammation. The combination of Vit D and PIO treatment
showed normal renal histomorphology, with intact renal
tubules and glomeruli, similar to the NC group, although
mild focal vascular congestion remained without any
inflammatory changes [Figure 5].

DISCUSSION

The results of this study indicate that both Vit D and PIO
have considerable effects on glucose metabolism, kidney
function, and inflammatory markers in STZ-NA-induced
diabetic rats. When administered separately or together,
both treatments led to significant improvements compared
to the untreated diabetic group, highlighting their potential
as therapeutic agents for managing diabetes and its
complications. The combination of Vit D and PIO was
particularly effective, especially in regulating glucose and
insulin levels, and improving renal function, although their
effects on inflammatory markers were more complex.
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Figure 3: Impact of Vitamin D and pioglitazone on (a) C-reactive protein and (b) monocyte chemoattractant protein-1 in
experimentally induced diabetes. Values are stated as mean + standard error of the mean; n=6. #P<0.01, ##P<0.001 relative to

normal control; *P<0.05, **P<0.01, relative to diabetic control
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Figure 4: Impact of Vitamin D (Vit D) and pioglitazone on (a) tumor necrosis factor-alpha (b) cystatin-C (c) interleukin-6, and
(d) transforming growth factor-beta 1 in experimentally induced diabetes. Values are stated as mean + standard error of the
mean; n=6. *#¥P<0.001 relative to normal control; ***P<0.001, relative to diabetic control; $P<0.005 relative to Vit D
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(P10O) and (e) Vit D + PIO

Regarding glucose metabolism, the induction of diabetes in
rats resulted in significantly higher levels of glucose, insulin,
and HOMA-IR, which is consistent with prior studies that
report poor metabolic control in diabetic models.!> Treatment
with Vit D, P10, and their combination resulted in significant
reductions in these parameters, indicating enhanced glucose
regulation, which is consistent with findings from previous
studies.'*'"! The combination of Vit D and PIO was
particularly effective, producing greater reductions than
Vit D alone, supporting the idea that Vit D may enhance
PIO’s effects, as has been observed in other studies.!'”!

As for kidney function, elevated serum creatinine and
BUN levels, common markers of kidney dysfunction in
diabetes,!'*1] were significantly reduced by both Vit D and
PIO treatments. These findings align with previous studies
that suggest nephroprotective properties of both agents.2%2!!
Interestingly, while the combination treatment showed the
most significant reduction in creatinine, it did not further
decrease BUN levels compared to Vit D alone, indicating
that Vit D and PIO may act through distinct mechanisms
to influence kidney function. This difference in the effects
on creatinine and BUN levels may reflect the distinct roles;
these markers play in assessing renal damage.

In our findings, CRP and MCP-1 levels did not show
significant changes with either Vit D or PIO monotherapy,
which contrasts with earlier studies that reported notable
anti-inflammatory effects of these treatments, marked by
significant alterations in these biomarkers.?>>! However,
the combined treatment led to a noticeable reduction in both
markers, though it did not offer significant additional benefits
over individual treatments. This could be due to the specificity
of the inflammatory indicators measured; while CRP and
MCP-1 are general markers of systemic inflammation. Vit
D and PIO may more effectively target other inflammatory
cytokines, such as TNF-o and IL-6, in different experimental
models.?*?7 Thus, Vit D or PIO may be more pronounced
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on specific inflammatory pathways rather than the general
inflammatory markers assessed here.

Regarding other inflammatory and fibrotic markers, the
combination therapy resulted in a significant reduction in IL-6
levels, which supports previous findings that Vit D and PIO
can reduce inflammatory cytokines associated with hepatic
damage.!"” However, no additional benefit was observed for
TNF-q, Cystatin-C, or TGF-P1 levels with the combination
treatment than monotherapy, suggesting that these markers
may not be as responsive to the synergistic effects of Vit D
and PIO. TGF-B1, a key marker of fibrosis, has been shown
to be reduced by both agents in DN,®28 but the current study
did not find significant differences between monotherapy and
combination therapy, possibly due to the specific timing of
treatment or the need for longer treatment periods in later
stages of DN.

Histopathological examination revealed that both Vit D
and PIO treatments provided partial protection against
renal damage, such as tubular degeneration and glomerular
atrophy, with the combination therapy showing near-normal
renal structure. This is consistent with other studies that
report protective effects of Vit D and PIO on DN by alteration
in histological characteristics.?*?!) The absence of significant
inflammation in the combination treatment group suggests
that the two agents may work synergistically to preserve
renal tissue integrity, potentially through the modulation of
inflammatory pathways.

CONCLUSION

The combination of Vit D and PIO demonstrated enhanced
therapeutic benefits in STZ-NA-induced diabetic rats,
improving metabolic control, kidney function, and
inflammatory markers. The synergistic effect of Vit D and
PIO resulted in greater reductions in glucose, insulin, and




HOMA-IR levels compared to monotherapy, suggesting
superior metabolic regulation. While both treatments
effectively reduced serum creatinine and BUN levels, the
combination notably lowered creatinine more significantly,
offering robust renal protection. Inflammatory markers such
as CRP, MCP-1, and IL-6 were reduced with the combination
therapy, although no additional benefit was seen over
individual treatments for other markers. Histopathologically,
the combination therapy restored kidney structure to near
normal, with minimal vascular congestion. These findings
highlight the potential of combined Vit D and PIO therapy
as a more effective strategy for treating diabetes and related
kidney issues.
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