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Abstract

BACKGROUND

Non-alcoholic fatty liver disease (NAFLD), which is a significant liver condition
associated with metabolic syndrome, is the leading cause of liver diseases globally and
its prevalence is on the rise in most nations. The protective impact of vitamin D on

NAFLD and its specific mechanism remains unclear.

M
The aim of this study is to examine the role of vitamin D in NAFLD and how vitamin D
affects the polarization of hepatic macrophages in NAFLD through the vitamin D

receptor (VDR)-peroxisome proliferator activated receptor (PPAR)y pathway.

METHODS

Wild-type C57BL/6 mice were provided with a high-fat (HF) diet to trigger NAFLD
model and administered 1,25(0OH):D3 supplementation. 1,25(0OH):D3 was given to
RAW264.7 macrophages that had been treated with lipid, and a co-culture with AML12
hepatocytes was set up. Lipid accumulation, lipid metabolism enzymes, M1/M2
phenotype markers, proinflammatory cytokines and VDR-PPARy pathway were

determined.

RESULTS

Supplementation with 1,25(OH).D3 relieved hepatic steatosis and decreased the
proinflammatory M1 polarization of hepatic macrophages in NAFLD. Administration
of 1,25(0OH)2D3 suppressed the proinflammatory M1 polarization of macrophages
induced by fatty acids, thereby directly relieving lipid accumulation and metabolism in
hepatocytes. The VDR-PPARy pathway had a notable impact on reversing lipid-
induced proinflammatory M1 polarization of macrophages regulated by the

administration of 1,25(0OH),D3.




CONCLUSION

Supplementation with 1,25(OH):D3 improved hepatic steatosis and lipid metabolism in
NAFLD, linked to its capacity to reverse the proinflammatory M1 polarization of
hepatic macrophages, partially by regulating the VDR-PPARy pathway. The
involvement of 1,25(OH);D3 in inhibiting fatty-acid-induced proinflammatory M1
polarization of macrophages played a direct role in relieving lipid accumulation and

metabolism in hepatocytes.
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Core Tip: Supplementation with 1,25(OH),D3 improved hepatic steatosis and lipid
metabolism in NAFLD, linked to its capacity to reverse the proinflammatory M1
polarization of hepatic macrophages, partially by regulating the VDR-PPARy pathway.
The involvement of 1,25(OH)2D3 in inhibiting fatty-acid-induced proinflammatory M1
polarization of macrophages played a direct role in relieving lipid accumulation and

metabolism in hepatocytes.

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is a common chronic liver condition, affecting
25%-45% of the population worldwide[1,2]. It is a key manifestation of metabolic
syndrome and progrﬁ%es through stages, beginning with simple fat accumulation
(steatosis), advancing to nonalcoholic steatohepatitis (NASH), fibrosis, and potentially
leading to cirrhosis and liver cancer (hepatocellular carcinoma)[3]. The accumulation of
excess fatty acids, driven by insulin resistance and increased fat production in the liver,
is the primary trigger for NAFLD. This predisposes the liver to further damage, known
as multiple-hit injuries. These include mitochondrial dysfunction, stress in the
endoplasmic reticulum, inflammation from endotoxins, activation of inflammasomes,

iron overload, and vitamin D deficiency[3-5].




Vitamin D, a steroid hormone, has various functions beyond regulating calcium,
phosphate metabolism, and bone health. It also influences ilTElLlI"le, inflammatory, and
metabolic processes. The connection between its active form, 1,25-dihydroxy-vitamin D
(1,25(0OH)2D3), and the vitamin D receptor (VDR) has been widely recognized in
relation to insulin resistance and related conditions[6-9]. Recent observational studies
show a strong link between low vitamin D levels and NAFLD. Vitamin D deficiency has
been associated with liver fat accumulation, inflammation, fibrosis, and disease
progression. Another study found that healthy men with higher vitamin D levels had a
reduced risk of developing NAFLD[10-12].

However, most clinical trials examining the effects of vitamin D supplementation on
NAFLD patients, involving different stages of liver damage, have been underpowered.
More research is needed to understand the underlying mechanisms between vitamin D
and NAFLD development[13,14]. Kupffer cells, located in the liver's sinusoids and
comprising 20%-25% of non-parenchymal liver cells, respond to various stimuli from
the bloodstream. Macrophages, including Kupffer cells, are highly adaptable, changing
their function and behavior based on environmental signals[15,16].

Macrophages typically undergo M1 activation when exposed to molecules like Toll-
like receptor ligands, lipopolysaccharide (LPS), and interferon-y, releasing
proinflammatory substances. Alternatively, when stimulated by interleukins (IL-4/IL-
13), they shift to the M2 state, producing anti-inflammatory factors, supporting tissue
repair, and regulating immune responses[17,18]. Extensive evidence confirms the
critical role of liver macrophages, particularly Kupffer cells, in the progression of
NAFLD and NASH. Our previous research demonstrated that in mice with high-fat
diet-induced NAFLD, Kupffer cells are predominantly polarized towards the M1
state[19]. Similarly, Maina and colleagues found that M1 macrophage activation
correlates with the severity of NASH[20]. Modulating the M1/M2 balance may offer a
new therapeutic approach for NAFLD.

The nuclear receptor PPARy, when activated by specific ligands, is known to drive

macrophage polarization, encouraging the development of anti-inflammatory M2




macrophages. Disruption of PPARy in myeloid cells impairs this alternative activation
and increases vulnerability to obesity and insulin resistance caused by a high-fat
diet[21-23]. In our earlier research, PPARy activation reversed M1 polarization of
Kupffer cells induced by a high-fat diet and improved liver fat accumulation in
NAFLDI[19]. Similarly, VDR, activated by 1,25(0H)2D3, is a transcription factor that,
like PPARY, plays a key role in regulating macrophage function[24,25].

The VDR and PPARy pathways are interconnected and influence various cell
functions, including growth, differentiation, and immune response. However, the exact
mechanisms behind their interaction are unclear. A recent study found that active
vitamin D promotes the conversion of M1 macrophages, induced by high glucose, into
the M2 state via the VDR-PPARy pathway[25-27]. This indicates that VDR-PPARy
signaling could be a target for vitamin D to shift macrophage polarization from the M1

to the M2 phenotype, potentially leading to new therapeutic approaches for NAFLD .

MATERIALS AND METHODS

Animal experiments

Male adult (aged 6-8 wk) wild-type C57BL/6 mice were acquired from the Vital River
Laboratory (CN). Mice were fed either a regular normal control (NC) diet (15%
kilocalories from fat) or HF diet (60% kilocalories from fat) for a period of 16 wk. For
1,25(0OH)2D3 supplementation, HF diet-fed mice received 1,25(OH):D3 (20 pg/kg,
MedChemExpress, US) or phosphate-buffered saline (PBS; Gibco, US) by oral gavage
every alternate day for 16 wk. All mice were kept in a temperature- and light-controlled
facility and permitted to consume water and pellet chow ad libitum. After being fed
diets for 16 wk, the mice were either anesthetized for in situ perfusion or sacrificed to
collect liver tissues through intraperitoneal injection of 0.3% pentobarbital sodium. The
humane treatment of laboratory animals was ensured in all animal experiments, which
were approved by the Ningbo University Animal Care and Use Committee according to

the criteria set by Ningbo University.




Kupffer cell isolation

Hepatic macrophages, also known as Kupffer cells, were obtained by perfusing the liver
in situ using the method previously described[19]. The cells were then isolated through
a centrifugation process using a density gradient of 25% and 50% Percoll (GE
Healthcare, US) at a speed of 800 g for 15 min. Cells that were separated were cultured
in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 12% fetal
bovine serum (FBS; Gibco), 100 U/ mL penicillin G (Gibco), and 100 U/mL streptomycin
sulfate (Gibco) at a temperature of 37°C in the presence of 5% COa. Cells that did not
adhere were eliminated following a 2 h period of culture. Kupffer cells exhibited a cell

viability of over 95% as determined by trypan blue exclusion.

RAW264.7 macrophage culture and treatment

RAW264.7 murine macrophages (Cell Bank of the Chinese Academic of Sciences, CN)
were cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin G, and 100
U/mL streptomycin sulfate at a temperature of 37°C in the presence of 5% CO,. All the
treatments were performed on the third passage of cells. Palmitic acid (PA, 0.5 mmol/L;
Sigma Aldrich, US) was administered to RAW264.7 macrophages for a duration of 24 h.
To assess macrophage M1 or M2 polarization, LPS (100 ng/mL; Sigma-Aldrich) or IL-4
(5 ng/mL; PeproTech, US) treatment was used as a positive control, respectively.
DMEM was employed as the normal control. To carry out the impact of 1,25(0OH),D3,
RAW264.7 macrophages were incubated with 1,25(0OH).D3 (20 ng/mL) for an

additional 24 h in a sequential manner.

AML12 hepatocyte culture

AML12 murine hepatocytes (Cell Bank of the Chinese Academic of Sciences, CN) were
cultured in DMEM supplemented with 10% FBS, 100 U/mL penicillin G, and 100 U/mL
streptomycin sulfate at a temperature of 37°C in the presence of 5% CO.. All the

treatments were performed on the third passage of cells.




RAW264.7 macrophage and AML12 hepatocyte coculture system

Impurities were removed from the collected culture supernatants of RAW264.7
macrophages through centrifugation and filtration. The AML12 hepatocytes were
exposed to the prepared conditioned media (CMs) for 24 h in order to establish the

coculture system.

Liver histology, Oil Red O staining and immunohistochemistry analysis

To perform histological analysis, liver tissues were fixed in 10% formalin, then
embedded in paraffin, and finally stained using hematoxylin and eosin (HE). To
perform cytohistologic analysis, the AML12 hepatocytes were first fixed in 4%
paraformaldehyde, and then stained with Oil Red O and subsequently counterstained
with HE. To perform immunohistochemistry analysis, the liver sections were first
blocked in normal serum, then incubated with anti-mouse F4/80 antibody (1: 100;
GeneTex, US), anti-mouse CD11c antibody (1: 50; OriGene, US), and anti-mouse CD206
antibody (1: 100; Abcam, UK) at a temperature of 4°C overnight. Afterward, the sections
were incubated with secondary antibodies conjugated with horseradish-peroxidase.
Finally, the detection process involved the use of diaminobenzidine and hematoxylin as
the counter stain. Cells positive for F4/80, CD11c, and CD206 were quantified in three

randomly selected fields under an Olympus light microscope at a magnification of 200

X,

Total RNA isolation and real-time PCR

Total RNA was extracted from murine liver tissue, isolated Kupffer cells, RAW264.7
macrophages and AML12 hepatocytes using TRIzol reagent (Invitrogen, US). cDNA
was synthesized from 2 pg total RNA using Primescript RT Reagent kit (TaKaRa, JP). In
the real-time PCR assay, a 10-pL reaction mixture consisting of 10 ng template, each
murine primer (shown in Table 1, provided by Sangong Biotech, CN) and SYBR Green
PCR Master Mix (TaKaRa, JP) was used. The PCR thermocycling condition consisted of

an initial denaturation step at 95°C for 30 s, followed by 40 cycles of denaturation at




95°C for 5 s and annealing at 60°C for 30 s using the ABI Prism 7300 system (Applied
Biosystems, US). Each reaction was conducted three times. Quantification of the target

genes' expression levels was performed using the double-delta method (2744¢).

Western blotting

Protein from the murine liver tissues, RAW264.7 macrophages, and AML12 hepatocytes
were resolved using 8% SDS-PAGE. The samples were transferred to polyvinylidene
difluoride membranes (Bio-Rad, US) and left to incubate overnight at 4°C with
antibodies against VDR (1: 2000; Abcam), PPARy (1: 2000; Abcam), sterol-regulatory
element binding protein (SREBP)1C (1: 1000; Abcam), fatty acid synthase (FASN) (1:
1000; Abcam), acyl-CoA oxidase (ACOX)1 (1: 500; Abcam), carnitine
palmitoyltransferase (CPT)1A (1: 1000; Abcam), and the endogenous control GAPDH
(1: 3000; Bioworld, US). The blots were then incubated with secondary antibodies
conjugated with horseradish peroxidase at room temperature for 1 h. The bands
showing immunoreactivity were detected using the ECL Western Blotting Kit (Thermo
Scientific Pierce, US) and then exposed to films and developed. Image ] software
(National Institutes of Health, US) was used to measure the density of the immunoblots,

which was normalized using GAPDH.

ELISA

Tumor necrosis factor (TNF)a, IL-6, and IL-1p production were assessed by ELISA kit
(eBioscience, US) according to the manufacturer’s protocol with collecting and
analyzing the cell culture supernatants from isolated Kupffer cells and RAW264.7

macrophages.

Statistical analysis
All statistical analyses were conducted using GraphPad Prism 9. The data were
presented as mean + SEM. Statistical differences were determined using Student’s t test.

P <0.05 was considered statistically significant.




RESULTS

Supplementation with 1,25(0OH):D3 improves hepatic steatosis and lipid metabolism in
NAFLD.

The connection between vitamin D deficiency and the advancement of NAFLD is
becoming more evident through observational studies, but few studies have explored
the significant effect and mechanism of vitamin D supplementation on NAFLD. In a
murine model of NAFLD, supplementation with 1,25(OH):D3 improved hepatic
steatosis caused by a HF diet, leading to decreased weight in both the liver and body.
Additionally, it significantly lowered the expression of proinflammatory cytokines in
the liver (Figure 1A-D). The mRNA and protein levels of enzymes involved in liver
lipid synthesis, namely SREBP1C and FASN, as well as enzymes responsible for lipid
decomposition, ACOX1 and CPT1A, were elevated in mice fed a HF diet. However,
these levels were reduced in the group that received supplementation with
1,25(0OH)2D3 compared to the HF diet group (Figure 1E, F). As a result,
supplementation with 1,25(0OH):D3 alleviated hepatic steatosis, relieved the local
inflammatory response, and improved hepatic lipid metabolism in individuals with

NAFLD.

Supplementation with 1,25(0H):D3 decreases the proinflammatory M1 polarization of
hepatic macrophages in NAFLD.
In our previous study, we found that hepatic macrophages in mice with NAFLD
induced by a HF diet were predominantly polarized towards M1[19]. In this study, we
created a HF diet-induced NAFLD model with 1,25(OH):D3 supplementation.
Immunohistochemical staining revealed a decrease in M1-polarized (F4/80*CD11c*)
hepatic macrophages after supplementation with 1,25(0OH)2D3 in mice fed a HF diet
(Figure 2A). Supplementation with 1,25(OH)2D3 Led to a significant reduction in the
pression of M1 gene markers in hepatic macrophages, including inducible NO

synthase (iNOS)2, tumor necrosis factor (TNF)a, and interleukin (IL)-6. Additionally,




there was a moderate decrease in the expression of the M2 gene marker IL-10. These
changes were observed when comparing the 1,25(0OH)>D3 supplementation group with
the group fed a HF diet (Figure 2B). Supplementation with 1,25(0OH),D3 significantly
decreased the secretion of proinflammatory cytokines from hepatic macrophages, such
as TNFa, IL-6, and IL-1p, which showed a significant increase in the group fed with the
HF diet (Figure 2C). The findings indicated that supplementation with 1,25(OH).D3
decreased the proinflammatory M1 polarization of hepatic macrophages in individuals

with NAFLD.

Administration of 1,25(0OH):D3 inhibits the proinflammatory M1 polarization of
macrophages induced by fatty acid.

Studies have shown that the liver's lipid accumulation in NAFLD is largely attributed to
the provision of free fatty acids, which typically increase as the disease
progresses[28,29]. According to our previous research, it was found that PA, which is a
common saturated fatty acid in our diet, caused Kupffer cells/ macrophages to adopt a
predominantly M1 phenotype[19]. The administration of 1,25(0OH):D3 caused a
significant reduction in the expression of all markers associated with the M1 phenotype
(iNOS2, TNFa, and IL-6) and one marker associated with the M2 phenotype (IL-10),
which were found to be highly expressed in cells treated with PA (Figure 3A). The
secretion of proinflammatory cytokines from RAW264.7 macrophages, such as TNFaq,
IL-6, and IL-1pB, was significantly decreased by administration of 1,25(OH).D3. These
cytokines were notably elevated in macrophages treated with PA (Figure 3B). Overall,
administration of 1,25(0OH):D3 inhibited the proinflammatory M1 polarization of

macrophages in response to fatty acid in vitro.

Effect of VDR-PPARy pathway modulating 1,25(0OH):D3 administration on hepatic
macrophage polarization induced by a HF diet or fatty acid
In our murine model, it was observed that supplementation with 1,25(OH):D3

decreased the proinflammatory M1 polarization of hepatic macrophages induced by a




HF diet. According to our cell study, it was found that administration of 1,25(OH)2D3
suppressed the proinflammatory M1 polarization of macrophages induced by fatty
acid. In order to elucidate the molecular mechanism through which 1,25(0OH),D3
regulates the shift of macrophage M1/M2 polarization induced by lipid, our attention
was directed towards VDR and PPARY. Both of these individuals belong to the nuclear
receptor superfamily and have a significant impact on macrophage polarization, albeit
with contrasting outcomes[24-27]. In the in vivo model, the hepatic macrophages of
NAFLD mice fed with a HF diet exhibited an increase in the expression of VDR and
PPARy at the mRNA and protein levels. In 1,25(OH);D3-treated NAFLD mice, the
mRNA and protein levels of VDR showed a significant decrease, while no noticeable
alteration was observed in PPARY (Figure 4A, B). Supplementation with 1,25(OH)2D3
reduced HF diet-induced proinflammatory M1 polarization in hepatic macrophages
through inhibition of VDR. In the RAW264.7 macrophages in vitro, 1,25(0OH)2D3
administration significantly decreased VDR and PPAR expression at both the mRNA
and protein levels, which were highly expressed in PA-treated macrophages (Figure 4C,
D). Hence, administration of 1,25(OH):D3 diminished the fatty-acid-induced
proinflammatory M1 polarization of macrophages by inhibiting VDR and PPARy. To
summarize, the VDR-PPARY pathway played a crucial role in regulating 1,25(OH)2D3
administration alleviating the proinflammatory M1 polarization of macrophages

induced by lipid.

Administration of 1,25(0OH):D3 inhibiting the proinflammatory M1 polarization of
macrophages induced by fatty acid directly relieves lipid accumulation and metabolism
in hepatocytes.

The in vivo experiments showed that supplementation with 1,25(0OH)2D3 reduced the
proinflammatory M1 polarization of hepatic macrophages and improved hepatic lipid
metabolism in NAFLD. In order to investigate if the administration of 1,25(OH),D3 can
directly affect lipid metabolism in hepatocytes by inhibiting the proinflammatory M1

polarization of macrophages induced by fatty acid, a coculture system consisting of




RAW264.7 macrophages and AML12 hepatocytes was established. According to the
result of Oil Red O staining, lipid accumulation increased in hepatocytes incubated with
CMs from macrophages treated with LPS and PA, but decreased when those two were
combined with 1,25(0OH)2D3 administration (Figure 5A). Hepatocytes treated with
1,25(0OH):D3 showed a notable reduction in the expression of proinflammatory
cytokines compared to the results observed in CM-LPS- and CMPA-treated
hepatocytes (Figure 5B). M1-polarized macrophage CMs enhanced both mRNA and
protein expression of lipid-synthesis genes FASN and SREBP1C in hepatocytes, which
were markedly reduced after 1,25(0OH);D3 treatment (Figure 5C, D). The mRNA levels
of lipid-decomposition genes ACOX1 and CPT1A were elevated in hepatocytes treated
with CM-PA but declined following treatment with 1,25(OH),D3. A similar observation
for protein expression was only seen in one of the lipid-decomposition enzymes,
CPT1A (Figure 5C, D). Collectively, administration of 1,25(0OH)2D3 inhibited the
proinflammatory M1 polarization of macrophages induced by fatty acid, thereby

directly contributing to the relief of lipid accumulation and metabolism in hepatocytes.

DISCUSSION

Insulin resistance leads to a notable rise in the risk of NAFLD due to systemic low-
grade inflammation[30]. The properties of Vitamin D, including its ability to inhibit cell
proliferation, reduce inflammation, and prevent fibrosis, could potentially impact the
development of NAFLD[31]. Nevertheless, the understanding of vitamin D's
involvement in NAFLD development is still in its early stage and remains partially
unexplored. Growing evidence indicates that the proinflammatory activation of hepatic
macrophages/Kupffer cells is crucial in the development of NAFLDI[32]. In this study,
we created a murine model of NAFLD induced by a HF diet to demonstrate that
supplementation with 1,25(OH)2D3 improved hepatic steatosis, which was linked to a
decrease in proinflammatory M1 polarization of hepatic macrophages in NAFLD. Our
cell study was shown that administration of 1,25(OH)2D3 suppressed the

proinflammatory M1 polarization of macrophages induced by fatty acid, which directly




relieved lipid accumulation and metabolism in hepatocytes. The modulation of
macrophage polarization shift by 1,25(0OH)2D3 administration was found to be critically
influenced by the VDR-PPARY pathway in both in vivo and in vitro settings.

Clinical researches have provided increasing evidences that a deficiency in vitamin D
is closely linked to metabolic syndrome features, including NAFLD[11,33]. While 55%
of patients with NAFLD experienced a lack of vitamin D[34], various patient cohorts
have demonstrated conflicting results regarding the efficacy of vitamin D
supplementation[35-37]. In this study, we verified that supplementation with
1,25(0OH)2D3 in vivo improved hepatic steatosis and decreased local inflammatory
response in NAFLD. Altered lipid homeostasis is thought to be one of the main
characteristics of NAFLD[38]. In order to determine the precise effect of
supplementation with 1,25(OH)2D3 on lipid metabolism in NAFLD, we examined
hepatic enzymes involved in lipid anabolism and catabolism. Our findings
demonstrated that supplementation with 1,25(OH)2D3 improved both lipid synthesis
and decomposition in NAFLD, which may help explain the conflicting clinical results of
vitamin D supplementation in NAFLD patients. Supplementation with 1,25(OH)2D3
effectively relieved hepatic steatosis and improved lipid metabolism, indicating a
potential treatment choice for NAFLD.

Macrophages control proinflammatory and anti-inflammatory responses through two
primary phenotypes, namely classical M1 and alternative M2, as indicated by previous
studies[17,18]. Earlier research indicated that obesity caused by a HF diet resulted in a
transformation of macrophages in adipose tissue to a proinflammatory M1 state, which
played a role in the development of insulin resistance[39]. According to our previous
investigation, the development of NAFLD caused by a HF diet was strongly linked to
the dominance of M1-polarized hepatic macrophages[19]. In this study, we showed that
supplementation with 1,25(OH)2D3 in vivo significantly decreased the proinflammatory
M1 polarization of hepatic macrophages in NAFLD induced by a HF diet. The in vitro
experiments further supported this conclusion, as we evaluated the impact of

1,25(0OH)2D3 administration on macrophage polarization induced by fatty acid. The




initial and vital step in NAFLD is acknowledged as the lipid accumulation in the
liver[40]. Free fatty acid supply to the liver is considered to account for almost two-
thirds of lipid accumulation in NAFLDI[28]. In our prior investigation, it was
demonstrated that saturated fatty acid caused Kupffer cells/macrophages to adopt a
predominant M1 phenotype[19]. In this current research, the administration of
1,25(0OH)2D3 effectively suppressed the proinflammatory M1 polarization of
macrophages induced by saturated fatty acid. Our suggestion is that the ability of
1,25(0OH)2D3 to relieve hepatic steatosis in NAFLD is strongly linked to its capacity to
reverse the proinflammatory M1 polarization of hepatic macrophages.

Both as transcription factors and members of the nuclear receptor superfamily, VDR
and PPARy, play a role in lipid metabolism and macrophage polarization, but no
consensus has been reached[24-27]. According to Xu ef al, the overexpression of VDR in
adipose tissue resulted in an elevation of fat mass and serum lipid levels. However, this
effect was improved in VDR-knockout mice[41], suggesting that VDR plays a crucial
role in lipid accumulation. Consistently, our current investigation revealed that
macrophage expression of VDR was induced by a HF diet in vivo and fatty acid in vitro,
but inhibited by 1,25(OH)2D3 supplementation. The impact and expression level of
VDR contradict those of 1,25(0OH)2D3, the VDR ligand, likely due to the feedback-
induced elevation of 1,25(0H)2D3[42,43]. Interestingly, the deletion of macrophage
VDR in mice was verified to be enough to trigger insulin resistance by encouraging a
shift in macrophage polarization from M1 to M2 in the liver[44]. Our suggestion is that
supplementation with 1,25(OH)2D3 helps alleviate hepatic steatosis in NAFLD by
decreasing the proinflammatory M1 polarization of hepatic macrophages through the
inhibition of VDR. The findings from our study showed that the HF diet led to an
increase in PPARYy expression in macrophages in NAFLD, similarly to our previous
investigation[19]. However, there was no notable alteration observed after
supplementation with 1,25(OH)2D3 in vivo, possibly due to the uncertain interaction
between VDR and PPARy[25,26]. During our in vitro tests, the administration of

1,25(OH)2D3 inhibited the expression of PPARy in macrophages caused by fatty acid,




aligning with the results for VDR. This suggests a homogeneous behavior of VDR and
PPARy in the process of 1,25(0OH)2D3 administration for macrophage polarization
induced by fatty acid.

Earlier research indicated that hepatic lipid accumulation in NAFLD was initiated by
Kupffer cells through the generation of proinflammatory cytokines. Conversely, the
depletion of Kupffer cells mitigated the progression of hepatic steatosis[45-47],
suggesting that the inflammatory activation of Kupffer cells played a vital role in
disrupting the equilibrium of hepatic lipid homeostasis. Nevertheless, is it possible for
polarized macrophages to directly control lipid metabolism in hepatocytes? According
to a recent investigation, there is evidence indicating that lipid-induced M1-polarized
macrophages play a role in enhancing lipid synthesis in hepatocytes [48,49]. In this in
vivo study, it was shown that supplementation with 1,25(0OH)2D3 improved hepatic
steatosis and lipid metabolism in NAFLD, which was linked to its capacity to reverse
the proinflammatory M1 polarization of hepatic macrophages. Moreover, the in vitro
coculture study revealed that the suppression of fatty-acid-induced proinflammatory
M1 polarization of macrophages by 1,25(0OH)2D3 had a direct impact on relieving lipid
accumulation and metabolism in hepatocytes. We hypothesized that supplementation
with 1,25(OH)2D3 could relieve hepatic steatosis, showing as decreased lipid
accumulation and inhibition of lipid metabolism in hepatocytes, which may be achieved
by reducing proinflammatory M1 polarization of hepatic macrophages. This played an

important role in the improvement of NAFLD.

CONCLUSION

To summarize, supplementation with 1,25(OH)2D3 improved hepatic steatosis and
lipid metabolism in NAFLD, which was linked to its capacity to reverse the
proinflammatory M1 polarization of hepatic macrophages, partially by regulating the
VDR-PPARy pathway. The involvement of 1,25(OH)2D3 in inhibiting fatty-acid-
induced proinflammatory M1 polarization of macrophages played a direct role in

relieving lipid accumulation and metabolism in hepatocytes. The results of our study




indicate that supplementation with 1,25(OH)2D3 could be a novel approach to combat
the progression of NAFLD.
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