=
-
@)
=
=
<
-
<
Z
o)
<
~
)

The Dual Action of Vitamin D and
Atorvastatin in Rebalancing Metabolic
Functions and Adipocytokine Expression
in Metabolic Syndrome Rats
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Abstract

Aims: This research explored the impact of Vitamin D (Vit D) and Atorvastatin (AT) on metabolic syndrome (MS)
triggered by a high-fat diet (HFD) in Wistar rats. Materials and Methods: Over the course of 8 weeks, the rats
were placed on an HFD and divided into five groups: Normal control, HFD only, HFD + Vit D, HFD + AT, and HFD
+ Vit D + AT. The treatments were administered daily throughout the duration of the experiment. The study assessed
changes in body weight, lipid profiles, liver function, and adipokine levels. Results: The HFD led to weight gain
and metabolic disruptions, but the administration of Vit D, AT, or their combination helped mitigate these effects,
with the combined treatment showing the most pronounced improvements. Both Vit D and AT improved lipid
levels and liver enzyme activity, while also causing significant shifts in adipokine levels. Histopathological analysis
revealed a reduction in liver damage. Conclusion: These outcomes propose that the co-administration of Vit D with
AT may work synergistically to alleviate metabolic disturbances associated with MS.
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INTRODUCTION

etabolic syndrome (MS) refers to
Ma cluster of interconnected health

issues, including dyslipidemia, insulin
resistance, hypertension, and obesity, that
significantly increase the likelihood of developing
cardiovascular disease and diabetes."? The
mechanisms driving MS involve disruptions in
lipid profiles, liver function, and adipocytokine
production, all of which lead to the syndrome’s
beginning and progression. In individuals
with MS, lipid imbalances, such as elevated
low-density lipoprotein cholesterol (LDL-C),
triglycerides (TG), total cholesterol (TC), and
reduced high-density lipoprotein cholesterol
(HDL-C), are common, raising the risk of
cardiovascular diseases.’) Indicators of liver
function, comprising alanine aminotransferase
(ALT) and aspartate aminotransferase (AST)
are often found at elevated levels in those with
metabolic abnormalities, indicating possible liver
damage or dysfunction. Increased AST and ALT
levels are ordinarily allied with non-alcoholic
fatty liver disease, a condition frequently
observed in MS and often linked to insulin
resistance.! Adipocytokines, such as adiponectin
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and resistin, play significant roles in regulating insulin
sensitivity, inflammation, and lipid metabolism.*¢! Adiponectin
is typically present at higher levels in individuals with normal
metabolic function and exerts anti-inflammatory and insulin-
sensitizing effects. Conversely, resistin is elevated in obese
individuals, contributing to insulin resistance and promoting
inflammation. The balance of these adipocytokines is essential
for metabolic regulation, and their imbalance is a hallmark of
MS.7

Present reports have highlighted the role of Vitamin D
(Vit D) not only in bone health but also in metabolic
regulation, suggesting that deficiency may contribute to
the pathophysiology of MS.E! Besides its role in calcium
regulation, Vit D also offers anti-inflammatory and insulin-
sensitizing benefits, which may help improve lipid profiles.”
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atorvastatin in metabolic syndrome

Atorvastatin (AT), a widely prescribed medication for lowering
LDL-C and reducing cardiovascular risk, has also been shown
to influence broader metabolic processes, such as modulating
adipocytokine levels and liver enzyme activity.!'®!") This study
intentions to examine the combined impacts of Vit D and AT
on lipid profiles, liver function, and adipocytokine expression
in rats with MS. By investigating these interactions, the
research seeks to uncover potential therapeutic strategies for
managing MS and its related complications.

MATERIALS AND METHODS
Drugs and chemicals

AT was sourced from Bharat Parenteral Limited in Vadodara,
India, while Vit D and a high-fat diet (HFD) were purchased
from local suppliers. The kits used in the study were obtained
from a reputable supplier, and all other chemicals and
reagents were of analytical grade.

Laboratory animals

Ethical clearance for the protocol was granted by the
Institutional Animal Ethics Committee and followed the
guidelines set by the Committee for Control and Supervision
of Experiments on Animals. The study involved healthy adult
Wistar rats, both male and female, weighing between 200 and
250 g. The rats were housed in polypropylene cages under a
diurnal cycle of 12 h light and 12 h dark, temperature controlled
at 24°C, with humidity maintained between 35% and 60% and
were provided with HFD and purified drinking water.

Experimental design

MS was induced in rats by feeding them a HFD for 8 weeks. In
a randomized manner, the rats were assigned to five sets, each
containing six rats. Group I served as the normal control (NC),
while Group II was fed only the HFD."! Group III received both
the HFD and Vit D (400 IU/kg/day),!"? Group IV was given
the HFD and AT (10 mg/kg),l""" and Group V was treated with
both Vit D and AT along with the HFD. These treatments were
administered orally every day for 8 weeks, starting on the 1% day
of the diet. Upon finalization of the experimental period, blood
collection was carried out through the retro-orbital route under
anesthetized conditions, employing glass capillaries. Samples
were left to clot at room temperature for 15 min, then centrifuged
(5000 rpm, 20 min) to obtain serum, which was stored at —20°C
for subsequent evaluation. Biochemical parameters, such as
glucose levels, lipid profiles, liver function tests (LFTs), calcium,
and Vit D levels were assessed using standard kits. In addition,
enzyme-linked immunosorbent assay kits were employed to
assess serum levels of adiponectin and resistin.

Histopathology

Post-euthanasia, hepatic tissues were rapidly harvested,
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washed in saline solution, and fixed in 10% phosphate-
buffered formalin. The fixed tissues were embedded in
paraffin, sectioned at 5 wm, and stained with hematoxylin
and eosin. Histological evaluation was carried out using light
microscopy (Olympus BX10, Tokyo, Japan), and images
were captured using an Olympus DP12 camera (Japan) to
assess histopathological changes. The pathologist performing
the analysis was unaware of the treatment group allocations.

Statistical evaluation

Results are expressed as mean + standard error of the mean
(SEM). A one-way analysis of variance was used to evaluate
differences between groups, with Bonferroni post hoc tests
applied as necessary, using Prism software (GraphPad).
A P <0.05 was considered significant.

RESULTS

Effect of Vit D and AT on body weight in
HFD-induced MS

In rats on a HFD, body weight was expressively higher
related to the NC group, reflecting the negative impact of a
HFD on overall health and metabolism. This increased body
weight is commonly linked to various metabolic disorders
and a higher risk of developing conditions, such as obesity
and insulin resistance. However, treatment with Vit D, AT,
and their combination resulted in significant reductions in
body weight compared to the HFD group. This suggests that
both Vit D and AT may play key roles in managing weight
and improving metabolic health. In addition, rats receiving
the combined treatment of Vit D and AT experienced even
greater weight loss than those treated with Vit D alone.
This suggests that combining these two treatments could
have synergistic effects, offering a promising strategy for
addressing weight-related issues associated with HFDs
[Figure 1].
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Figure 1: Impact of Vit D and AT on body weight in HFD-
induced MS. Values are reported as mean + standard error
of the mean, with n = 6 for each group. ##P < 0.001, versus
normal control, ***P < 0.001, versus HFD, %P < 0.001, versus
Vit D.




Effect of Vit D and AT on Vit D or calcium levels in
HFD-induced MS

In rats on a HFD, Vit D and calcium levels were meaningfully
lower related to the NC group, reflecting the detrimental
effects of HFD on nutrient absorption and metabolism. This
deficiency can contribute to various health problems. Treatment
with Vit D, either alone or in combination with AT, led to a
noteworthy surge in Vit D levels linked to the HFD group,
proposing that supplementation can help restore these levels.
The combination treatment resulted in greater improvements
than Vit D alone, indicating potential synergistic effects.
Similarly, Vit D, AT, and the combination of Vit D plus AT all
elevated calcium levels in the treated rats, which is essential
for normal physiological functions. However, the combination
therapy did not provide any significant additional benefit over
the individual treatments in terms of calcium levels [Figure 2].

Effect of Vit D and AT on lipid profile in
HFD-induced MS

In rats on a HFD, TC, TG, and LDL levels were markedly
elevated, while HDL levels were considerably lower

compared to the NC group. This imbalance in lipid levels
underscores the harmful effects of a HFD on cardiovascular
health. However, treatment with Vit D, AT, and their
combination caused in substantial falls in TC, TG, and LDL
levels, alongside an increase in HDL levels when compared
to the HFD group. These results propose that both Vit D and
AT, individually or in combination, may help correct lipid
imbalances and improve cardiovascular health affected by a
HFD [Figure 3].

Effect of Vit D and AT on liver enzymes levels in
HFD-induced MS

In rats on a HFD, the levels of ALT and AST were pointedly
greater verses NC rats, showing liver stress and potential
injury produced by the HFD. However, treatment with Vit
D, AT, and their combination led to significant reductions
in these liver enzyme levels compared to the HFD group,
demonstrating their protective effects on liver function.
The combination therapy resulted in particularly notable
improvements in both AST and ALT levels compared to
the Vit D-only group, highlighting the enhanced efficacy
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Figure 2: Impact of Vit D and AT on (a) Vit D and (b) Calcium levels in HFD-induced MS. Values are reported as mean
+ standard error of the mean, with n = 6 for each group. *#P < 0.001, versus normal control, *P<0.05, **P<0.01,
***P<0.001, versus HFD, %¥P < 0.001 versus Vit D, @@¢P < 0.001 versus AT
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Figure 3: Impact of Vit D and AT on (a) Cholesterol, (b) Triglycerides, (c) low-density lipoprotein, and (d) high-density lipoprotein
levels in HFD-induced MS. Values are reported as mean =+ standard error of the mean, with n = 6 for each group. *#P < 0.001,
versus normal control, ***P < 0.001, versus HFD, %P < 0.001 versus Vit D, ©©2P < 0.001 versus AT
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of combining these treatments. Interestingly, while the
combination therapy also caused a significant reduction in
AST levels, it showed a more pronounced effect on AST
compared to AT alone. Overall, these results suggest that both
individual treatments and their combination can effectively
reduce liver enzyme elevations associated with a HFD
[Figure 4].

Effect of Vit D and AT on adiponectin and resistin
levels in HFD-induced MS

In rats on a HFD, adiponectin levels were significantly
reduced, while resistin levels were elevated compared to NC
rats, indicating an imbalance in adipokine levels that may
contribute to metabolic dysfunction. Treatment with Vit D,
AT, or their combination resulted in significant changes in both
adiponectin and resistin levels compared to the HFD group,
suggesting that these treatments can effectively modulate
these key biomarkers. The combination therapy notably
caused a considerable rise in adiponectin levels verses the
Vit D-only group, emphasizing its enhanced effectiveness.
However, it is worth noting that no noteworthy alterations
in adiponectin and resistin levels were noticed between the
combination treatment and AT monotherapy, suggesting that
while both treatments are beneficial, the combination may
not offer additional advantages over AT alone in this context
[Figure 5].

Histopathology study

The histopathological analysis of liver tissue from NC rats
revealed healthy hepatocyte structure, with intact nuclei and
clear cell boundaries. The hepatocytes were organized in
uniform strands within the hepatic parenchyma, and the blood
vessels, including the central vein, hepatic artery, and portal vein
in the portal triad, exhibited normal histological characteristics.
The bile duct also showed normal cellular structure with intact
epithelium. In contrast, the HFD group displayed mild to moderate
degenerative changes in hepatocytes, especially around the
central vein, with multiple areas of hepatic degeneration, cellular
swelling, enlarged nuclei, and granular changes in the cytoplasm.
Fatty droplets were present in the cytoplasm of hepatocytes. The
Vit D group exhibited minimal, focal degenerative changes with
granular alterations in the cytoplasm, while the hepatocytes
maintained a uniform arrangement in strands. The blood vessels
remained normal, with focal accumulation of fatty droplets.
The AT group exhibited mild degenerative changes, including
vacuolar changes in the cytoplasm, alongside multifocal areas of
cellular swelling, enlarged nuclei, granular cytoplasm, and fatty
droplet accumulation in hepatocytes. Focal vascular congestion
in the hepatic parenchyma was also observed. Finally, the
combined Vit D and AT group showed minimal and focal
degenerative changes with granular cytoplasmic alterations,
maintaining the normal arrangement of hepatocytes. The blood
vessels and portal triad had normal histological features, with
only minimal fatty droplet accumulation in the hepatocyte

cytoplasm [Figure 6].
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Figure 4: Impact of Vit D and AT on (a) AST and (b) ALT levels in HFD-induced MS. Values are reported as mean + standard
error of the mean, with n = 6 for each group. #*P < 0.001, versus normal control, **P < 0.01, ***P < 0.001, versus HFD, %P <

0.001 versus Vit D, ®®2P<0.01 versus AT
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Figure 5: Impact of Vit D and AT on (a) Adiponectin and (b) Resistin levels in HFD-induced MS. Values are reported as mean +
standard error of the mean, with n = 6 for each group. #*P < 0.001, versus normal control, **P < 0.01, ***P < 0.001 versus HFD,

$3P < 0.001 versus Vit D
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Figure 6: Light microscopy of liver tissue from rats (a) norm

DISCUSSION

This study investigates the effects of Vit D alone and in
combination with AT on parameters related to MS, including
lipid profiles, liver function, and adipocytokines, along
with calcium and Vit D levels. The results show significant
improvements in these areas, demonstrating the effectiveness
of these treatments in addressing the complexities of MS.
These findings support previous research suggesting the
potential benefits of Vit D and AT therapies for managing
MS. Overall, the study highlights the value of combined
therapeutic approaches to improve metabolic health and
reduce MS-related risks.

In terms of lipid profiles, our study found noteworthy declines
in TC, TG, and LDL levels, along with a rise in HDL in the
treated animals. These outcomes are steady with conclusions
from Firdous et al. (2021) and Mostafa et al. (2016) who
showed that both Vit D and statin therapies effectively lower
TC, TG, and LDL while potentially increasing HDL.3!!
Notably, our combination therapy had a synergistic effect
on lipid profiles, except for TG, compared to Vit D alone,
suggesting thatthe combination offers better lipid management
than either treatment on its own. This aligns with previous
studies indicating that Vit D supplementation can improve
serum lipid levels in patients with hypercholesterolemia on
statin therapy, further highlighting its potential as an effective
adjunct treatment.!'¥) However, it is important to note that the
results of our study did not show any significant differences
in lipid changes between the combination therapy and AT
monotherapy groups, except for LDL levels. This suggests
that while the combination therapy may provide additional
benefits, AT alone is also effective in managing lipid
profiles in this context. Overall, these findings emphasize
the importance of investigating combination therapies for
optimizing lipid management in patients at risk of MS.
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LFTs are essential for evaluating the effects of HFD-induced
MS on liver health. In individuals on a HFD, common
changes in LFT parameters include elevated serum levels
of ALT and AST, which are indicators of liver cell damage
or inflammation. In our study, we observed elevated AST
and ALT levels in rats with HFD-induced MS, which aligns
with previous research. Significantly, treatment with Vit D,
AT, or their combination resulted in marked improvements in
LFTs compared to the HFD control group, demonstrating the
effectiveness of these treatments. Findings from Sneha ez al.
and Firdous et al. further support our results, emphasizing the
protective roles of Vit D and AT against liver inflammation and
damage."" These results highlight the potential benefits of
combining these therapies, suggesting that this approach may
improve liver health and reduce the negative effects of HFDs.
Overall, our study emphasizes the importance of monitoring
liver function in MS and the promising therapeutic strategies
for improving liver health.

A HFD can significantly impact the levels of adiponectin
and resistin, two important adipokines involved in metabolic
regulation. Adiponectin typically has anti-inflammatory
and insulin-sensitizing effects, but its levels often decrease
in individuals on HFDs. On the other hand, resistin, which
is allied with inflammation and insulin resistance, tends to
increase under these conditions. This imbalance can lead to
a diversity of metabolic issues, such as obesity and type 2
diabetes, highlighting the importance of diet in maintaining
metabolic health.['"2) In our study, rats on a HFD revealed a
substantial decline in adiponectin levels and an increase in
resistin levels, which is consistent with previous research.
Treatment with Vit D, AT, or their combination led to a
noteworthy surge in adiponectin levels verses the HFD group,
with the combination therapy proving more effective than Vit
D alone. Furthermore, these treatments resulted in significant
reductions in resistin levels compared to the HFD group,




although no substantial alterations were observed between
the combination treatment and the individual therapies. These
findings are consistent with earlier studies that showed Vit
D’s ability to influence adiponectin and resistin levels.!>!4
However, one study showed that long-term AT treatment
in MS patients did not affect the secretion of adiponectin,
leptin, or resistin by adipose tissue.”! The observed increase
in adiponectin, which is known for its insulin-sensitizing
effects, along with the reduction in resistin, is in line with the
metabolic benefits seen in our study.

The histopathological findings also support the beneficial
effects of treatment, as evidenced by the reduced liver
damage observed in the Vit D and combination groups
compared to the HFD group. While the HFD group showed
significant hepatocyte degeneration, including cellular
swelling, enlarged nuclei, and fatty droplet deposition,
both the Vit D and its combination with AT exhibited only
minimal, focal degenerative changes and maintained normal
hepatocyte arrangement. These results suggest that Vit D
and its combination with AT treatment may help mitigate
liver damage and fatty accumulation persuaded by a HFD,
supporting their potential therapeutic effects for liver health.

CONCLUSION

The outcomes of this study emphasize the significant role that
Vit D and AT play in influencing key metabolic parameters
in Wistar rats fed a HFD, which induced MS. Both Vit D and
AT, whether used individually or in combination, effectively
mitigated the adverse effects of the HFD, improving body
weight and various metabolic health markers, such as
lipid profiles and liver enzyme function. Furthermore, the
treatments had a positive impact on adipokine levels, which
are crucial in the development of MS. These findings suggest
that combining Vit D and AT could be an effective approach
for managing weight and addressing metabolic disturbances
linked to poor dietary habits, particularly HFDs. Future
research might offer deeper insights into the mechanisms
behind these synergistic effects and explore the potential for
applying this strategy in clinical settings to treat metabolic
disorders.
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