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Abstract

Background and Objective: Diabetes mellitus, characterized by chronic hyperglycemia, disrupts multiple physiological systems.
Streptozotocin (STZ)-induced diabetic models replicate these disturbances, including elevated glucose, liverand kidney dysfunction, and
altered lipid profiles. Vitamin D, known for its role in bone metabolism, also modulates biochemical and inflammatory pathways,
potentially offering protective effects against diabetes-induced metabolic changes. This study aimed to evaluate the effects of vitamin
D supplementation on biochemical parameters in STZ-induced diabetic Wistar rats. Materials and Methods: Male Wistar rats were divided
into four groups: control (non-diabetic), non-diabetic+vitamin D, diabetic, and diabetic+vitamin D. Diabetes was induced by
intraperitoneal administration of STZ (35 mg/kg). After the confirmation of hyperglycemia (>250 mg/dL), the supplemented groups
received vitamin D (cholecalciferol, 80 1U/day) for 30 days. Glucose, urea, creatinine, amylase, total cholesterol, HDL-cholesterol,
triglycerides, AST, ALT, and total bilirubin and fractions were evaluated. Differences were considered statistically significant when p < 0.05.
Results: The diabetic group exhibited a significantincrease (p < 0.05) in glucose, urea, creatinine, triglycerides, AST, ALT, and total bilirubin
and fractions, as well as a reduction in HDL-cholesterol, when compared to the control group. Vitamin D supplementation promoted a
reduction in glucose, urea, creatinine, triglyceride, and AST levels and an increase in HDL-cholesterol in the diabetic+vitamin D group.
Conclusion: Vitamin D showed potential as a modulator of biochemical parameters altered by STZ, indicating a hepatorenal protective
effect and improvement of lipid and glycemic profiles.
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INTRODUCTION

Diabetes mellitus is an endocrine disease resulting from
the insufficient supply of insulin by pancreatic beta-cells. It is
amultifactorial metabolic syndrome characterized by elevated
blood glucose levels (hyperglycemia) that compromise
carbohydrate, lipid, and protein metabolism’. The disease can
be divided into type 1 and type 2 diabetes? according to its
pathogenesis. Prolonged maintenance of hyperglycemia
induces dysfunction of multiple organs and systems, including
the liver, kidneys, pancreas, and vascular system, which is
reflected in altered serum biochemical parameters?. Recent
metabolism studies have shown that the experimental model
of diabetes induced by streptozotocin (STZ) triggers profound
changes in metabolic pathways of metabolites such as amino
acids, organic acids, sugars, and lipids, reinforcing the
applicability of this model to investigate the biochemical
mechanisms underlying experimental diabetes”.

The STZ-induced experimental model is widely used to
mimic type 1 diabetes in rodents since this agent promotes
selective destruction of pancreatic beta-cells, decreasing
insulin  production and thereby causing sustained
hyperglycemia'**. The mechanisms of STZ toxicity include the
formation of reactive oxygen species, cell necrosis, and
associated renal and hepatic dysfunction, impacting markers
such as urea, creatinine, Aspartate Aminotransferase (AST),
and Alanine Aminotransferase (ALT)®”. In addition to glycemic
alterations, the administration of STZ results in imbalances in
lipid and protein metabolism such as increases in total
cholesterol and triglyceride levels and a decrease in HDL-
cholesterol, events that reflect compromised metabolic
responsiveness and secondary organ dysfunction'®%,

Vitamin D is a prohormone that is synthesized in the
epidermisin response to UV-Birradiation or obtained through
diet and subsequently biotransformed in two essential
enzymatic steps®®. The first step consists of hepatic
25-hydroxylation, which is  mainly mediated by
cytochrome P450 (CYP2R1)°. This step is followed by renal
la-hydroxylation, which is catalyzed by CYP27B1 and
culminates in the generation of the biologically active form,
1a,25-dihydroxyvitamin D [1a,25(0H) D]'o",

Although classically associated with phosphocalcium
balance, vitamin D has emerged as a pleiotropic modulator of
immunometabolic pathways'!'2, Recent evidence shows that
vitamin D regulates the transcription of genes involved in
glucose and lipid homeostasis, in addition to exerting
anti-inflammatory and antioxidant effects through activation
of the vitamin D receptor (VDR) in target tissues such as liver,
adipose tissue, and kidney. In experimental models of
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diabetes, vitamin D  supplementation  promoted
improvementsin glycemic control, in the pancreatic secretion
of insulin, and in the activity of antioxidant enzymes®'13,

Hypovitaminosis D, a condition characterized by
reduced concentrations of 25-hydroxyvitamin D (25-OH-D), is
associated with a higher prevalence of metabolic disorders,
including type 1 diabetes. However, the underlying molecular
mechanisms have not yet been fully elucidated. Recent
studies have shown that both fasting and metabolic changes
can suppress the expression of CYP2R1, the main hepatic
25-hydroxylase responsible for the first step of vitamin D
activation'®'3,

Within this context, it is important to investigate how
vitamin D supplementation influences biochemical
parameters such as glucose, urea, creatinine, amylase, total
cholesterol and fractions, triglycerides, AST, ALT, and total
bilirubin and fractionsin STZ-induced diabetic Wistar rats. The
combined analysis of these markers would enable the
identification of possible protective effects of vitamin D on
hepatic and renal functions, as well as on the lipid profile,
whichisfrequently altered in hyperglycemic states. Therefore,
this study aimed to evaluate the influence of vitamin D on the
serum biochemical profile in this experimental model of
diabetes, contributing to the understanding of the modulating
effect of this vitamin and its possible potential as an adjuvant
intervention in metabolic disorders associated with diabetes.

MATERIALS AND METHODS

Ethics committee authorization: The experimental
methodology adhered to the National Research Council’s
criteria for the care and use of laboratory animals and
obtained clearance from the Animal Experimentation Ethics
Committee of the Jundiai Medical School, which approved all
experiments and protocols of the study (CEUA/FMJ protocol
number 05-2024).

Experimental design: Twenty-four male Wistar rats weighing
between 290 and 330 g were used. The animals were kept in
the Animal House at a controlled temperature (22+2°C)
under a 12 hrs light-dark cycle, with free access to water and
standard chow.

The animals were randomly divided into four groups of 6
animals each: Group 1 (NDG) consisting of non-diabetic
control rats; group 2 (ND-VDG) consisting of non-diabetic
control rats supplemented with vitamin D; group 3 (DG)
consisting of diabetic rats, and group 4 (D-VDG) consisting of
diabetic rats supplemented with vitamin D.
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Diabetes induction: Experimental diabetes was induced by
intraperitoneal injection of a single dose of STZ (35 mg/kg)
dissolved in 0.1 M citrate buffer, pH 4.5. After 72 hrs, animals
with blood glucose >300 mg/dL were considered diabetic.

Vitamin D Supplementation: The ND-VDG and D-VDG groups
received supplementation consisting of 1 mL of vitamin D
(80 1U/day), orally (gavage), for 30 consecutive days. The NDG
and DG groups were fed standard rat chow and water
ad libitum.

Sample collection and biochemical analysis: At the end of
the experimental period, the animals were anesthetized, and
blood was collected by cardiac puncture, properly stored, and
sent to the Laboratory of Biochemistry and Biophysics of the
Jundiai Medical School. The samples were centrifuged at 3000
rpm for 10 min and the serum obtained was used for analysis
of the following biochemical parameters using enzymatic
colorimetric methods: Glucose (mg/dL)-glucose-oxidase
method; urea (mg/dL)-urease enzymatic kinetic
method/GLDH; creatinine (mg/dL)-SsS colorimetric method
(Jaffé reaction with alkaline picrate); amylase (U/dL)-CNPG;
method; total cholesterol (mg/dL) and HDL-cholesterol
(mg/dL)-enzymatic method; triglycerides (mg/dL)-GPO-PAP
method; AST (U/L) and ALT (U/L)-kinetic method; total
bilirubin and fractions (mg/dL)—colorimetric diazo reaction.

These biochemical parameters were selected because
they are widely used to evaluate metabolic dysregulation,
renal and hepatic function, lipid profile, and pancreatic
alterations in streptozotocin-induced diabetic rat models,
as demonstrated in experimental studies assessing
hyperglycemia, hepatic and renal alterations, and associated
metabolic disturbances'™.

Statistical analysis: Data were expressed as Mean= Standard
Deviation. Normality and homogeneity of variances were
checked using the Shapiro-Wilkand Levene tests, respectively.
The four groups (NDG, ND-VDG, DG, D-VDG) were compared
by One-way Analysis of Variance (ANOVA), followed by the
Tukey test. Differences were considered statistically significant
when p<0.05. The analyses were performed using the
GraphPad Prism 10.0 software.

RESULTS

Overall effects of diabetes induction: After STZ
administration, a significant reduction in body weight was
observed, with the DG group showing a decrease from
321.4%2.7 g at baseline to 278.7£4.3 g at the end of the
experimental period (p<0.05), along with an increase in water
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intake (polydipsia), from 76.1+8.5 to 265.3+18.3 mL, and
food intake (polyphagia), from 32.1+4.6 to 89.1£8.2 g, as
well as signs of increased urinary volume (polyuria), in
diabetic rats compared to non-diabetic animals, which
showed a slight physiological increase in body weight
(2982£1.1 to 309.4%3.9 g). There was a statistically
significant difference (p<0.05) in the demonstrated results
between the initial experimental period and the final
experimental period of the DG group. Analysis of the animals
in the D-VDG group also showed a significant difference
(p<0.05) between baseline and final values, with a final body
weight of 301.1£5.8 g, food intake of 68.2+6.3 g, and water
intake of 203.8£15.5 mL. Comparison of the studied groups
revealed a significant difference (p<0.05) in the parameters
between the DG and D-VDG groups. Overall, although some
findings did not reach statistical significance, the results
indicate that vitamin D attenuated the deleterious effects of
STZ on the evaluated parameters (Table 1).

Biochemical parameters: The results of the serum
biochemical parameters are presented in Table 2 as mean
values*standard deviation for each experimental group.

Statistical analysis and comparison of results: Overall
comparison of the data in Table 2 shows that DG exhibited
altered values for practically all metabolic, hepatic, and renal
parameters, compatible with the diabetic condition, with
glucose levels increasing from 112.5%2.1 mg/dL in NDG to
681.0£4.4 mg/dL in DG, triglycerides from 74.57£7.4 mg/dL
t0 197.2+12.9 mg/dL, and total cholesterol from 72.5£4.9 to
145.4£8.6 mg/dL, while HDL-cholesterol decreased from
59.1+4.1 to 31.2+4.1 mg/dL. The ANOVA followed by the
Tukey test indicated significant changes in ND-VDG and
D-VDG compared with the non-supplemented groups, with
statistically significant differences observed in glucose,
triglycerides, total cholesterol, and HDL-cholesterol,
suggesting an effect of the intervention. There was no
statistical significance for AST (88.5111.2 vs. 70.6£16.0 U/L),
ALT (91.0£5.7 vs.80.6+9.8 U/L), urea (60.819.4vs.51.6+9.9
mg/dL), creatinine (0.52%0.1 vs. 0.31%0.1 mg/dL), amylase
(581.2%£25.6 vs. 656.5£44.2 U/dL), or total bilirubin and
fractions (0.57£0.1vs.0.59£0.1 mg/dL); however, differences
between DG and D-VDG were observed.

Supplementation with vitamin D promoted significant
differences in glucose (681.0£4.4 vs. 529.0+2.0 mg/dL),
triglycerides (197.2%12.9 vs. 151.2£13.7 mg/dL), and total
cholesterol (145.4%8.6 vs. 118.1£7.4 mg/dL), as well as an
increase in HDL-cholesterol (31.2£4.1 vs. 42.3£2.0 mg/dL)
(p<0.05).
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Table 1: Body weight and water and feed intake of Wistar rats in the different groups studied

Parameter group Experimental period NDG DG ND-VDG D-VDG
Weight (g) Baseline 298.2+1.1 3214£2.7* 299.8+£0.8 332.1£0.5*
Final 309.4£3.9 **278.71£4.3* 311.8%£3.9 **301.1£5.8%
Feed intake (g) Baseline 33.2+0.5 32.1x4.6* 30.5+1.4 344+2.7*
Final 37.6+49 **89.1+8.2* 336+19 **68.2+6.3"
Water intake (mL) Baseline 7681133 76.1£8.5* 82.0%12.7 79.6x£11.5%
Final 86.8t11.9 **265.3118.3* 89.2+9.7 **203.8£15.5¢

Values are expressed as Mean=*Standard Deviation,*Represent values at significant difference of p<0.05 from group diabetic DG, ‘Represent values at significant
difference of p<0.05 from group diabetic D-VDG, **Represent values with a significant difference of p<0.05 in relation to the diabetic group (DG) when compared to

the diabetic group with vitamin D (D-VDG)

Table 2: Biochemical parameters of Wistar rats in the different groups studied.

Group NDG DG ND-VDG D-VDG
Glucose (mg/dL) 112.5£2.1 681.0+4.4* 96.0+2.6 529.0+2.0*
Triglycerides (mg/dL) 7457174 197.2£12.9* 79.4%6.5 151.2£13.7*
Cholesterol (mg/dL) 725+49 1454+8.6* 76.0+5.1 118.1+7.4*
HDL-cholesterol (mg/dL) 59.1%x4.1 31.2+4.1* 63.1+6.3 42.3+2.0*
AST (U/L) 67.6+59 88.5+11.2 62.4+39 70.6+16.0
ALT (U/L) 794+78 91.0%+5.7 81.6+3.4 80.6+9.8
Urea (mg/dL) 46.21£9.6 60.8+9.4 416+76 51.6%9.9
Creatinine (mg/dL) 0.25+0.1 0.52%0.1 0.20%0.1 031x0.1
Amylase (U/dL) 588.4+39.5 581.2+256 685.91+43.1 656.5+ 44.2
Total bilirubin (mg/dL) 0.63£0.1 0.57%+0.1 0.621£0.1 0.59+ 0.1
Direct bilirubin (mg/dL) 0.12£0.1 0.11£0.1 0.14%£0.1 0.12£ 0.1

Values are expressed as Mean = Standard Deviation, *Represent values with a significant difference of p<0.05 in relation to the diabetic group (DG) when compared

to the diabetic group with vitamin D (D-VDG)

Although some findings were not statistically confirmed,
the results indicate that vitamin D attenuated the deleterious
effects of STZ on hepatorenal metabolism and glycemic and
lipid profiles.

Biochemical interpretation of the findings: The results
demonstrate that STZ administration substantially
compromised carbohydrate, lipid, and protein metabolism,
with repercussions on the liver and mild effects on the
kidneys. The elevated ASTand ALT levels reflect hepatocellular
injury. Despite the lack of statistical significance, the urea and
creatinine values indicate interference with the glomerular
filtration rate, suggesting possible renal functional damage.
The lipid profile alterations found, i.e., triglyceride and total
cholesterol elevation accompanied by a decrease in HDL,
characterize the dyslipidemia typical of the diabetic state.

Supplementation with vitamin D partially restored these
parameters, demonstrating improvement in metabolic
homeostasis, possibly mediated by the activation of the VDR
and modulation of antioxidant and anti-inflammatory
pathways.

DISCUSSION

The results of this study show that induction of diabetes
by STZ caused biochemical alterations consistent with
hepatorenal injury and dyslipidemia's'”. Although not
statistically significant, we found slightly altered values of

urea, creatinine, AST, and ALT. As can be seen in Table 2, there
was a statistically significant increase in the levels of glucose,
triglycerides, and total cholesterol, associated with a reduction
in HDL'®2° Table 2 also shows that vitamin D supplementation
promoted partial and statistically significant attenuation of
these alterations, including a reduction in glucose?,
triglycerides and total cholesterol and an increase in HDL, as
well as mild improvement in urea, creatinine, AST, and ALT
levels?®?', These findings agree with experimental evidence
and reviews that attribute modulating effects on glucose
homeostasis??, liver function, lipid profile, and renal protection
to vitamin D in animal models of diabetes®®.

The action of vitamin D can be explained mechanistically
by multiple interconnected pathways. Activation of the VDR
regulates the expression of genesinvolved ininsulin signaling,
in the control of hepatic gluconeogenesis, and in the PI3K/Akt
pathway, favoring the uptake and utilization of glucose and
reducing hepatic glucose production (PEPCK, G6Pase)?'.
Studies using animal models have shown that VDR activation
improves Akt signaling and reduces the expression of
gluconeogenic enzymes, which may contribute to the
reduction in blood glucose observed in the supplemented
group?.

Recent studies indicate a key effect of vitamin D that
explains the improvement in hepatic and renal markers: The
modulation of oxidative stress and inflammation?*. Vitamin D
has been associated with the activation of the Nrf2/Keap1
pathway, induction of antioxidant enzymes (e.g., SOD, Gpx),
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and reduction of lipid peroxidation, as well as with the
suppression of proinflammatory pathways mediated by
NF-kB%*26, This dual antioxidant and anti-inflammatory activity
protects hepatocytes and nephrons against damage induced
by hyperglycemia and reactive oxygen species generated in
the STZ model?*, which is consistent with studies reporting a
reduction in malondialdehyde and recovery of antioxidant
markers after vitamin D supplementation®.

The favorable effects on the lipid profile (reduction in
triglycerides and total cholesterol, increase in HDL) observed
here are also supported by meta-analyses and recent
experimental studies that report lipid profile improvement
after vitamin D supplementation, possibly as a result of a
direct effect on lipogenic gene expression and of improved
insulin sensitivity, which secondarily reduce lipolysis and
circulating VLDL-triglycerides®'®, However, the magnitude and
consistency of these effects vary across models (dose,
duration, baseline vitamin D status) and clinical reviews
indicate heterogeneity, a fact that reinforces the need to
define optimal dose/time protocols in preclinical and clinical
studies?'.

Regarding renal function, the decrease in urea and
creatinine observed in D-VDG suggests a nephroprotective
effect of vitamin D in STZ-induced hyperglycemia®'®. The
reported mechanisms include the regulation of pro-fibrogenic
pathways (TGF-B), a reduction of oxidative stress via Nrf2, and
the preservation of glomerular architecture through
modulation of VDR in the tubular cell and renal interstitium.
Recent experimental reviews and studies using the STZ
model indicate a beneficial role of vitamin D in reducing
the progression of diabetic nephropathy, although long-
term studies performing detailed histological analysis are
needed to confirm structural effects beyond biochemical
markers®.

Limitations and experimental variables that influence the
observed effects must be discussed, including the dose and
administration route of vitamin D, the duration of
supplementation (30 days in the present study), the baseline
vitamin D status of the animals, the severity of the diabetic
model (STZ dose), and inter-laboratory variability in
biochemical methods. Studies have shown that the pleiotropic
effects of vitamin D (on glucose levels, lipids, and organs) are
dose dependent and, in some contexts, synergistic with
interventions such as aerobic exercise or metformin, which
may enhance the metabolic recovery observed? Thus, the
present data indicate a protective effect but do not allow us to
draw conclusions regarding complete reversal of the
pathology or the optimal dose in translational terms.
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Our results reinforce the hypothesis that vitamin D,
throughits receptor (VDR) and modulation of antioxidant and
anti-inflammatory pathways, plays a promising adjuvant role
in the control of biochemical parameters associated with
diabetes®'"'®, However, new trials are needed that stratify
dose/intervention duration and concomitant therapy by
baseline 25(0OH)D status. Further studies using hepatic and
renal histological markers should be conducted to confirmthe
observed protective role of vitamin D.

CONCLUSION

The present study showed that STZ-induced diabetes in
Wistar rats causes significant alterations in multiple serum
biochemical parameters, which reflect the hepatic, renal, and
metabolic dysfunctions characteristic of the hyperglycemic
state. Supplementation with vitamin D exerted a modulating
effect on these dysfunctions, improving the results at the end
of the experimental period. These findings demonstrate that
vitamin D exerts a protective and regulatory effect on
biochemical parameters altered by STZ, possibly mediated by
the activation of the VDR and the modulation of antioxidant
and anti-inflammatory pathways. The results reinforce the
hypothesis that vitamin D acts as a potential coadjuvant in
the prevention and attenuation of metabolic disorders
associated with diabetes.

Taken together, the present results confirm that
vitamin D is capable of reducing the deleterious effects
induced by experimental hyperglycemia, highlighting its
biochemical and therapeutic importance in the context of
diabetes mellitus.

SIGNIFICANCE STATEMENT

This study highlights the protective role of vitamin D in
STZ-induced diabetic Wistar rats. By improving glycemic
control, lipid profiles, and liver and kidney function, vitamin D
demonstrates potential as a supportive therapeutic strategy
to mitigate diabetes-related biochemical disturbances. These
findings provide insights into its hepatorenal and metabolic
benefits, supporting future translational research for diabetes
management.
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