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Purpose: Obesity and metabolic syndrome are acknowledged as key factors contributing to the development of non-alcoholic fatty
liver disease (NAFLD). Vitamin D (VitD) is a multifaceted secosteroid hormone known for its anti-fibrotic and anti-inflammatory
properties, with its deficiency often linked to obesity. Our study aimed to investigate whether VitD supplementation could mitigate
the liver pathology associated with NAFLD.

Materials and Methods: The NAFLD model was developed by subjecting male C57BL/6 mice to a high-fat diet (HFD) for 14 weeks.
These mice were supplemented with VitD through intraperitoneal injection at a dosage of 7 pg/kg, administered three times per
week for 7 weeks.

Results: HFD resulted in VitD deficiency, insulin resistance, and increased liver weight. It elevated serum levels of liver amino-
transferases and triglyceride, ultimately leading to steatohepatitis with fibrosis. This model exhibited increased levels of transform-
ing growth factor (TGF)-B1, pro-inflammatory cytokines, HNF4a transcription factors, reactive oxygen species (ROS), renin-angio-
tensin system activity, and epithelial-mesenchymal transitions (EMT) within the liver. Supplementation with VitD resulted in the
recovery of liver weight, improvement in histologic features associated with steatohepatitis, and reduction in alanine aminotrans-
ferases and triglyceride levels induced by the HFD. Additionally, it mitigated the HFD-induced over-expressions of TGF-f1 and fi-
brosis-related genes, along with pro-inflammatory cytokines and ROS. Notably, no adverse effect was found due to VitD supple-
mentation in this model.

Conclusion: VitD ameliorates steatohepatitis within obesity-induced NAFLD through its multifaceted pathways. VitD supple-
mentation emerges as a potentially safe, cost-effective, and direct treatment approach for NAFLD patients dealing with obesity or
metabolic dysfunction.
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INTRODUCTION

Obesity and metabolic dysfunction stand as the primary patho-

Received: March 22, 2024 Revised: July 15, 2024

Accepted: August 9, 2024 Published online: December 4, 2024
Corresponding author: Jung-\Won Park, MD, PhD, Division of Allergy and Immunol-
ogy, Department of Internal Medicine, Institute of Allergy, Severance Hospital, Yonsei
University College of Medicine, 50-1 Yonsei-ro, Seodaemun-gu, Seoul 03722, Korea.
E-mail: parkjw@yuhs.ac

«The authors have no potential conflicts of interest to disclose.

© Copyright: Yonsei University College of Medicine 2025

This is an Open Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (https://creativecommons.org/licenses/

by-nc/4.0) which permits unrestricted non-commercial use, distribution, and repro-
duction in any medium, provided the original work is properly cited.

www.eymj.org

genic contributors to non-alcoholic fatty liver disease (NAFLD),
intertwined with heightened insulin resistance, elevated se-
rum triglycerides, intracellular lipid metabolites, and a multi-
tude of systemic pro-inflammatory mediators, such as C-re-
active protein, tumor necrosis factor-a (TNF-a), transforming
growth factor-p (TGF-B), leptin, interleukin (IL)-6, and reactive
oxygen species (ROS). These factors collectively underscore
the critical mechanisms driving the progression of NAFLD.'
As obesity and metabolic syndrome prevalence escalates,
NAFLD’s incidence surges, making it the foremost cause of liver
cirrhosis in developed nations.**

Currently, the absence of direct pharmacotherapy for NAFLD
necessitates a reliance on diet control and exercise for its man-
agement.* Intriguingly, epidemiological studies consistently
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report reduced vitamin D (VitD) level in obesity, metabolic
syndrome,*” and NAFLD patients,*® hinting at the potential of
VitD supplementation as a direct therapeutic avenue for these
conditions, NAFLD included. While traditionally recognized
for its role in calcium and bone metabolism, VitD serves as a
multifaceted secosteroid hormone capable of modulating over
250 genes, exerting both up-regulatory and down-regulatory ef-
fects. It has demonstrated a capacity to mitigate pro-inflam-
matory and pro-fibrotic gene expressions.'” Moreover, VitD de-
ficiency heightens renin-angiotensin system (RAS) activity,
implicated in inducing fibrosis across various organs, including
the liver."! Given the multifaceted nature of NAFLD’s pathogen-
esis, VitD has emerged as a potentially safe and cost-effective
treatment approach for this disease. However, existing random-
ized clinical trials (RCTs) investigating VitD supplements for
NAFLD have shown inconclusive results.®'>"?

This study aimed to assess the protective role of VitD supple-
mentation in mitigating NAFLD liver pathology within a high-
fat diet (HFD)-induced obesity mouse model.

MATERIALS AND METHODS

Mice model and experimental design

Male C57BL/6 mice, purchased from Japan-SLC (Hamamatsu-
shi, Shizuoka, Japan), were used for this study. The study
scheme was approved by the Institutional Animal Care and Use
Committee (IACUC) of Yonsei University College of Medicine
(TACUC number: 2017-0349). Each group consisted of six mice
maintained in conventional animal facilities under standard
conditions (room temperature of 21-24°C, relative humidity
45%-70%, 12-hour light/dark cycle), which have been approved
by the Association for Assessment and Accreditation of Labora-
tory Animal Care International. All mice were randomly allo-
cated to each group, fed a normal diet (ND) or HFD for 14 weeks,
and sacrificed. The ND (D12450B; Research Diets Inc., New
Brunswick, NJ, USA) contained 10% kcal from fat and 10 gm of
vitamin mixture in 773.85 gm of diet. HFD (D12492; Research
Diets Inc.) contained 60% kcal from fat and 10 gm of vitamin
mixture in 1055.05 gm of diet. Mice were weighed weekly. VitD
(Kwangdong Pharma, Seoul, Korea; 7 pg/kg, approximately
280 IU/kg) was injected three times per week for 7 weeks (Sup-
plementary Fig. 1, only online). All measurement were done by
researchers who were blinded to the groups.

Oral glucose tolerance test and insulin tolerance test

Oral glucose tolerance test (OGTT) and insulin tolerance test
(ITT) were performed at the 14th week after HFD or ND feed-
ing. Food was withheld overnight for OGTT and for 4 hours for
ITT. OGTT was performed by oral administration of glucose
(2 g/kg body weight; Sigma Aldrich, St. Louis, MO, USA). For
ITT, mice were administered insulin (0.75 IU/kg; Sigma Aldrich)
by intraperitoneally injection. Blood glucose from the tail vein
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was measured at 0, 30, 60, 90, and 120 minutes after glucose
or insulin injection using blood glucose strips and the Accu-
Check glucometer (Roche, Mannheim, Germany).

Liver harvest and serum biochemical assays

Mice were deeply anesthetized by intraperitoneal injection of
pentobarbital (50 mg/kg; Hanlim Pharm, Seoul, Korea). A mid-
line laparotomy incision was performed, and the maximum
amount of blood possible was collected from the heart. The liv-
er was then harvested, and pieces of extracted liver were im-
mersed in 10% neutral-buffered formalin. The remainder of the
liver was snap-frozen in liquid nitrogen. Serum was harvested
following centrifugation of clotted blood samples and exam-
ined for biochemical parameters: serum triglyceride, calcium,
alanine aminotransferase (ALT), and alkaline phosphatase
(ALP) levels using an automated clinical chemistry analyzer
(Dri-Chem 4000i; Fujifilm, Tokyo, Japan).

Histopathologic examination

Liver specimens embedded in paraffin blocks were sectioned
into 4-um thickness slices. Each slice was treated with xylene
and dehydrated by immersion in a graded alcohol series. Slices
were then stained with hematoxylin & eosin (H&E) and Mas-
son’s trichrome. Liver specimens embedded in OCT compound
blocks were cryo-sectioned into 5-pm thickness slices. Slices
were stained with Oil Red O solution. Tissue sections were ex-
amined using an Olympus BX40 microscope in conjunction
with an Olympus U-TV0.63XC digital camera (Olympus BX53F
Center Valley, PA, USA).

Liver homogenate and enzyme-linked
immunosorbent assay

To analyze the protein levels, 100 mg of liver tissues were lysed
with RIPA buffer (Thermo Fisher Scientific Inc., Rockford, IL,
USA) using a TissueLyser II (Qiagen, Hilden, Germany). After
centrifugation, supernatants from liver homogenate were col-
lected to measure TGF-f1, IL-1B, TNF-o, renin, angiotensin-2,
angiotensin-2 receptor type 1 (AGTR1), and angiotensin-2 re-
ceptor type 2 (AGTR2) levels. Concentrations of each protein
in liver homogenate were measured using ELISA (TGF-p1, IL-
1B, TNF-q, renin, angiotensin-2: R&D Systems, San Diego, CA,
USA; AGTR1, AGTR2: MyBioSource, San Diego, CA, USA) ac-
cording to the manufacturer’s instructions. To evaluate the de-
gree of oxidative stress, TBARS assay for malondialdehyde
(MDA) in liver homogenate was performed (DoGenBio, Seoul,
Korea). The procedure was performed following the recom-
mended protocols of the manufacturers.

RNA purification, reverse transcription, and real-time
PCR amplification

Total RNA was isolated from extracted livers using TRIzol re-
agent (Invitrogen, Carlsbad, CA, USA). cDNA synthesis was
carried out with RNA to cDNA EcoDry premix kit (Takara Bio,
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Kusatsu, Japan). The procedure was performed following the
recommended protocols of the manufacturers. A polymerase
chain reaction (PCR) master mix (Power SYBR Green PCR
Master Mix: Applied Biosystems, Warrington, UK) was used,
and quantitative PCR performed on the StepOnePlus™ PCR
System (Applied Biosystems). The relative expression levels of
target genes were normalized to GAPDH levels.

Statistical analysis

All results are expressed as meantstandard error of mean.
Data were analyzed using one-way analysis of variance (ANO-
VA) followed by Bonferroni post-hoc test. Body weight, ITT
and OGTT were analyzed using repeated-measures ANOVA.
Statistical analyses were performed using SPSS statistical soft-
ware version 12.0 (SPSS Inc., Chicago, IL, USA), with p value
<0.05 considered statistically significant.

RESULTS

HFD triggers alternation in body and liver weights,
OGTT, ITT, and serum 25-OH-VitD levels

In the HFD groups, body weight exhibited a consistent increase
starting from the first week of feeding. By the 14th week, the
body weight had doubled in the HFD group compared to the
ND group (p=0.006) (Fig. 1A). Furthermore, the liver weight in
the HFD group was 2.4 times heavier than that in the ND group
(3.18+0.53 g vs. 1.33+0.30 g, p<0.001). While VitD supplemen-
tation did not impact the body weight of the HFD group, it no-
tably reduced the liver weight compared to the untreated HFD
group (2.48+0.42 g vs. 3.18+0.53 g, p=0.015) (Fig. 1B).

By the 14th week, the HFD group displayed impaired OGTT
(p<0.001) and ITT (p=0.018) compared to the ND group (Fig.
1C and D). Notably, VitD supplementation did not influence
these tolerance levels (OGTT: p=0.637, ITT: p=0.356). Intrigu-
ingly, serum 25-OH VitD levels, measured at week 14, were no-
tably lower in the HFD group in contrast to the ND group
(p=0.002), and VitD supplementation successfully increased
these levels as anticipated (p<0.001) (Fig. 1E).

Additionally, the mRNA expression of the VitD receptor
(VDR) was diminished in the HFD group (p<0.001), but was
restored by VitD supplementation (p<0.001) (Fig. 1F). More-
over, the mRNA expression of CYP2R1, a crucial 25-hydroxy-
lase of VitD in the liver, was reduced in the HFD group
(p=0.008), and this decline was reversed by VitD (p= 0.018)
(Fig. 1G). However, there were no discernible differences in
the levels of CYP27B1 (HFD: p=0.439, VitD: p=0.799), the VitD
la-hydroxylase responsible for converting 25-OH VitD3 to
calcitriol (Fig. 1H).

Alterations in serum biochemical markers and liver
pathology induced by HFD and VitD supplementation

Comparison of various serum biochemical parameters among
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the groups revealed significant elevations in ALT (p=0.003),
ALP (p=0.016), and serum triglyceride (p=0.003) levels due to
HFD, with subsequent improvements observed upon VitD
supplementation (ALT: p=0.027, ALP: p=0.019, triglyceride:
p=0.031) (Fig. 2A-C). However, no alterations were observed
in serum calcium levels following either HFD or VitD supple-
mentation (Fig. 2D).

Histopathological examination unveiled distinct differences
between the groups. HFD induced notable steatosis, confirmed
through H&E staining and Oil Red O staining, which was mark-
edly ameliorated by VitD supplementation. Additionally, liver
fibrosis, identified via Masson’s trichrome staining, displayed
more conspicuous collagen bands in hepatic sinusoids of the
HED group. These fibrotic features notably improved after VitD
supplementation (Fig. 3).

The assessment of epithelial-mesenchymal transitions
(EMT) markers in the liver revealed HFD-induced enhance-
ments in mRNA levels of collagen 1, collagen 3 (Fig. 4A and B),
and a-SMA (Fig. 4C). VitD supplementation attenuated colla-
gen 1 (p=0.002) and collagen 3 (p=0.026) and showed a trend
toward attenuation in a-SMA (p=0.095). E-cadherin was down-
regulated (p=0.039), and N-cadherin (p=0.036) displayed a
tendency to increase due to HFD, but VitD supplementation
did not fully reverse these changes. Other EMT markers, name-
ly fibronectin (p<0.001) (Fig. 4D), vimentin (p=0.006) (Fig. 4G),
and Twist (p<0.001) (Fig. 4H), were upregulated by HFD and
down-regulated by VitD supplementation. Conversely, mRNA
expression of Snail (p=0.150) and Slug (p=0.309) remained un-
changed due to HFD (Fig. 4 and J).

Alternation in gene expressions associated with
steatosis within the liver
In our investigation utilizing liver tissues and quantitative RT-
PCR, we aimed to assess the impact of VitD supplementation
on the expression of steatosis-related genes. As anticipated,
mRNA levels of various steatosis-related genes-ChREBP (p=
0.005) (Fig. 5A), SREBP-1 (p=0.006) (Fig. 5C), LPIN1 (p=0.004)
(Fig. 5D), and FASN (p=0.032) (Fig. 5E)-exhibited enhance-
ment due to HFD, whereas PEPCK (p=0.880) (Fig. 5B) and
leptin (p=0.113) (Fig. 5F) remained unaffected. Notably, the ele-
vations, particularly in ChREBP (p=0.040) and LPIN1 (p=0.029),
were significantly mitigated by VitD supplementation.
Furthermore, our investigation encompassed the examina-
tion of HNF4o expression in the liver using quantitative RT-PCR
analyses. The mRNA levels of HNF4a (p<0.001) (Fig. 5G) were
diminished by HFD and subsequently restored with VitD sup-
plementation (p=0.007).

Alterations in pro-fibrotic, pro-inflammatory
cytokines, and transcription factors within the liver
due to HFD and VitD supplementation

The impact of HFD and VitD supplementation on various pro-
inflammatory and pro-fibrotic cytokines in the liver was ob-
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served in our study. Notably, TGF-B1, a fibrogenic cytokine, dis-
played significant upregulation at both protein (p=0.021) and
mRNA and levels (p=0.017) due to HFD (Fig. 6A and E). Other
cytokines involved in mediating inflammation, such as IL-13
(Fig. 6B and F) and TNF-a (Fig. 6C and G), exhibited increased
mRNA and protein levels in the HFD liver, which were subse-
quently decreased by VitD. Additionally, the expression of NF-

80

kB, a crucial transcription factor, showed enhancement due
to HFD (p=0.012) and displayed a tendency toward reduction
with VitD supplementation (p=0.166) (Fig. 6D).

To explore whether VitD supplementation influences oxi-
dative stress, we assessed the liver's MDA level. We observed
an increase in MDA levels induced by HFD (p=0.033), which
significantly decreased upon VitD supplementation (p=
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0.048) (Fig. 6H).

Impact of VitD supplementation on RAS in both
serum and liver

The serum levels of renin (p=0.024) and angiotensin-2 (p=0.005)
exhibited an increase due to HFD, and these levels notably de-
creased upon VitD supplementation (renin: p=0.010, angioten-
sin-2: p=0.016) (Fig. 7A and D). Similarly, in liver tissue, ELISA
measurements revealed elevated renin (p=0.005) (Fig. 7B) and
angiotensin-2 (p=0.019) (Fig. 7E) levels following HFD, which
consistently decreased with VitD supplementation (renin: p=
0.022, angiotensin-2: p=0.003) (Fig. 7B and E). Furthermore,
the heightened mRNA expression of renin and angiotensino-
gen observed in the liver due to HFD was also notably attenu-
ated by VitD (renin: p=0.002, angiotensinogen: p=0.018) (Fig.
7C and F). Angiotensin-2 plays a pivotal role in liver fibrogen-
esis, acting via two primary receptors, AGTR1 and AGTR2. To
explore this, we measured the expression levels of AGTR1 and
AGTR2 in the liver using ELISA and quantitative RT-PCR. In-
triguingly, both the protein (p=0.022) and mRNA (p=0.049) ex-
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pression levels of AGTR1 were significantly elevated by HFD,
and these levels were normalized with VitD supplementation
(protein: p=0.020, mRNA: p=0.056) (Fig. 7G and I). Conversely,
the protein (HFD: p=0.321, VitD: p=0.902) and mRNA (HFD:
p=0.169, VitD: p=0.895) levels of AGTR2 remained unaltered
by both HFD and VitD (Fig. 7H and J).

DISCUSSION

The pathogenesis of NAFLD remains multifaceted and com-
plex, with multiple factors potentially contributing to its devel-
opment. The “multiple parallel hits” theory offers insight into
this intricate process. It suggests that several simultaneous fac-
tors play a role in the onset and progression of NAFLD. Factors
such as fat accumulation within hepatocytes, activation of he-
patic macrophages and stellate cells, and the release of pro-fi-
brotic and pro-inflammatory cytokines from visceral adipose
tissue all contribute to the development of NAFLD.' Moreover,
increased intracellular lipid metabolites might induce cell inju-
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and G) were measured by ELISA and qPCR. NF-«B (D) was measured by qPCR, and MDA as ROS marker (H) was measured by TBARS assay. All figures
were analyzed with one-way ANOVA with Bonferroni correction. *p<0.05; **p<0.01. ND, normal diet; VitD, vitamin D; HFD, high-fat diet; TNF, tumor necro-
sis factor; TGF, transforming growth factor; IL, interleukin; MDA, malondialdehyde; ROS, reactive oxygen species; ANOVA, analysis of variance.

ry and insulin resistance, rendering hepatocytes more suscepti-
ble to inflammation. Our data aligned with this theory, dem-
onstrating how obesity leads to heightened levels of pro-
fibrotic and pro-inflammatory cytokines, increased ROS,
elevated RAS activity, upregulated transcription factors asso-
ciated with lipogenesis in liver tissues, heightened serum tri-
glycerides, and insulin resistance. Together, these factors may
collectively contribute to the development and progression of
NAFLD, reflecting the multifaceted nature of this condition and
the interplay among various pathways and mechanisms.

The restorative effects of VitD supplementation on HFD-in-
duced metabolic alterations, steatosis, and liver fibrosis in mice
indeed come as a surprise, yet they align with the diverse hor-
monal actions associated with VitD. The pleiotropic mecha-
nisms of VitD suggest its potential in reversing these changes.

Notably, VitD deficiency is a well-documented phenomenon
in obesity. Several proposed mechanisms attempt to explain
the decreased levels of VitD in individuals dealing with obesity.
These mechanisms span various aspects, including altered dis-
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tribution and sequestration of VitD in adipose tissue'*'* and re-
duced sunlight exposure due to lifestyle changes or decreased
outdoor activity. However, decreased expression of CYP2R1,
hepatic 25-hydroxylase in liver, was recently reported as a pos-
sible mechanism for 25-OH VitD deficiency in obese mice,'
and our study confirmed the decreased expression of hepatic
CYP2R1 in this HFD-induced obesity model. This feature was
consistent with many epidemiology studies which showed in-
verse correlation of VitD concentration and body mass in-
dex.l7—19

The association of VitD deficiency with fibrosis in major or-
gans, including the lungs, heart, and kidneys, has been well-
documented. In our previous study, we demonstrated how
obesity-induced VitD deficiency contributes to lung fibrosis
and airway hyperresponsiveness.” This association between
VitD levels and fibrotic conditions across various vital organs
underscores the broader impact of VitD deficiency on multiple
physiological systems and its potential implications for various
health conditions.
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The consistent findings across multiple rodent experiments
investigating NAFLD have indeed reported the attenuation of
both steatosis and liver fibrosis through VitD supplementa-
tion.”** This robust body of evidence further underscores the
potential therapeutic role of VitD in mitigating the pathological

changes associated with NAFLD.

https://doi.org/10.3349/ym].2024.0038

The widespread expression of VDR across various cell types
involved in liver function, including adipocyte,* stellate
cells,*"* hepatocyte,* and Kupffer cells,* highlights the po-
tential for VitD supplementation to exert its effects through
multiple pathways. By targeting these diverse cell types, VitD

supplementation could indeed play a role in suppressing the
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expression of adipokines, pro-inflammatory cytokines, pro-fi-
brotic mediators, and transcription factors associated with he-
patic lipogenesis. Hepatic stellate cells are widely acknowl-
edged as a pivotal source of pro-fibrotic factors, particularly
TGF-1, in various models of liver fibrosis, including thioacet-
amide-induced liver fibrosis models and in vitro studies in-
volving human stellate cells.” Numerous studies have high-
lighted the strong association between VitD deficiency and
increased translational expression of TGF-B1.2?%* These in-
vestigations have consistently shown that VitD supplementa-
tion effectively attenuates the expression of TGF-f1 in liver
cells.”* Ding, et al’s® study demonstrating the spontaneous
development of liver fibrosis in VDR knockout mice offered
crucial insights into the role of VDR in liver health. Their re-
search unveiled an intriguing mechanism where the VDR bind-
ing cistron coincides with the SMAD3 binding site on DNA,
leading to co-occupancy. They found that the addition of VDR
ligands effectively inhibited the binding of SMAD to these co-
regulatory gene sites. This study underscores the intricate in-
terplay between VDR signaling and the regulation of fibrotic
pathways, shedding light on potential strategies for preventing
or managing liver fibrosis through VDR modulation.

The high expression of VDR in hepatic macrophages ob-
served in the HFD-induced steatohepatitis model suggests its
potential involvement in the inflammatory processes. Addi-
tionally, in vitro studies have indicated that these macrophages,
characterized by their elevated VDR expression, also produce
pro-inflammatory cytokines, such as IL-1p, IL-6, and TNF-o.?*
Chronic exposure to pro-inflammatory cytokines and ROS plays
a significant role in inducing hepatic injury, setting the stage
for conditions like steatohepatitis and fibrosis.! VitD has been
demonstrated to exert anti-inflammatory effects by suppress-
ing the production of pro-inflammatory cytokines. One of the
mechanisms through which VitD achieves anti-inflammatory
properties is by inhibiting the NF-xB and MAPK signaling
pathways.?>*® NF-kB and MAPK pathways are key regulators of
inflammatory responses, orchestrating the expression of vari-
ous pro-inflammatory genes, including cytokines such as IL-
1B, IL-6, and TNF-o.

The RAS plays a significant role in the development and pro-
gression of liver fibrosis.*** Close relationship between RAS
and TGF-B1 pathway has been well-documented. There exists
a cross-talk between RAS and TGF-f1 signaling, often operat-
ing through an autocrine mechanism.*** Hirose, et al.* showed
that AGTR1 blocker inhibited fibrosis in a rat NASH model.
AGTRI1 blocker reduced the activation of hepatic stellate cells,
oxidative stress, expression of TGF-f1, and expression of fibro-
sis-related genes, such as collagen.

Angiotensin-2, the primary effector of RAS, exerts its fibrotic
effects mainly through the action of AGTR1, which is expressed
on activated hepatic stellate cells—the key players in fibrosis
progression. Animal studies have highlighted the efficacy of
angiotensin-2 receptor blockers in attenuating hepatic fibrosis,
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emphasizing the therapeutic potential of targeting the RAS
pathway to mitigate fibrotic processes within the liver.*** In-
deed, Powell, et al’s* findings were compelling, demonstrat-
ing a significant association between high TGF-B1 and angio-
tensinogen-producing genotypes. This association correlated
with a higher risk of hepatic fibrosis in a chronic hepatitis C
model. The genetic predisposition linked to increased produc-
tion of both TGF-B1 and angiotensinogen underscores the intri-
cate interplay between these factors and their impact on fibrotic
processes within the liver. Our findings indicating increased
levels of renin and angiotensin-2 in the HFD-induced obesity
model, subsequently decreased with VitD supplementation,
aligned with the broader understanding of the RAS in metabolic
disorders, such as obesity, and its potential modulation by VitD.
This interplay between RAS, AGTR1, and TGF-f1 signaling
pathways represents a significant area of interest in under-
standing and managing liver fibrosis.

The liver-specific transcription factor, HNF4o, plays pivotal
roles in regulating various metabolic pathways within hepato-
cytes, encompassing glycolysis, lipogenesis, fatty acid oxidation,
and gluconeogenesis.*”* Notably, in individuals with NAFLD,
hepatic HNF4o, protein levels are markedly diminished.* Recent
studies, such as the one conducted by Yang, et al.,* have dem-
onstrated that administering HNF4a mRNA transfection can
potentially mitigate liver fibrosis, as evidenced in both in vivo
and in vitro experiments. Interestingly, our study revealed
reduced levels of HNF4a. mRNA in the HFD-induced NAFLD
model, with an intriguing twist—VitD supplementation ele-
vated the HNF4o mRNA level. Further supporting this finding,
Zhang, et al.” reported on the beneficial effects of VitD in
NAFLD pathology, suggesting a mechanism involving the in-
teraction between the VDR and HNF4o.

The data from RCTs assessing the impact of VitD supple-
mentation on NAFLD presented inconsistent findings.'>*-*
While some trials conducted liver biopsies* or MRI studies”
to evaluate liver histology or fat content before and after VitD
supplementation, they failed to show significant differences in
NASH or NAFLD patients, contrasting with the outcomes ob-
served in preclinical studies.

However, there have been some studies, like the one con-
ducted by Geier, et al.,** that demonstrated a beneficial effect
of VitD supplementation on biochemical liver damage mark-
ers in NASH. Moreover, a recent meta-analysis of RCTs focus-
ing on NAFLD suggested that VitD supplements might have
modest beneficial effects on ITT and ALT levels, although no
significant impact was observed on AST and triglyceride lev-
els.” These findings come with certain limitations, including
variations in disease severity among enrolled patients, short-
term interventions, and relatively small sample sizes. To validate
and ascertain the precise role of VitD supplementation in
NAFLD, there is a consensus that well-designed, large-scale
RCTs are necessary. Such trials need to carefully consider fac-
tors such as disease severity, duration of intervention, and the
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number of enrolled patients to provide more conclusive evi-
dence regarding the effectiveness of VitD supplementation in
managing NAFLD.

In conclusion, our study highlights that the significant met-
abolic changes induced by HFD contribute to the develop-
ment of steatohepatitis and liver fibrosis. Moreover, this study
underscores the potential of VitD to mitigate obesity-associat-
ed steatohepatitis and liver fibrosis through diverse pathways,
as depicted in the graphic abstract. VitD suppresses pro-fi-
brotic and pro-inflammatory cytokines, reduces ROS produc-
tion, modulates RAS activities, and influences the HNF4a
transcript factor associated with steatosis in the liver. By ad-
dressing these multifaceted factors, VitD supplementation
emerges as a potentially safe, cost-effective, and direct treat-
ment approach for individuals with NAFLD linked to obesity
or metabolic dysfunction.
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