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Abstract 

Vitamin D (VD) has been used to prevent nonalcoholic fatty liver disease (NAFLD), a condition of lipotoxicity associated with a defective metabolism and 

function of this vitamin. Different forms of VD are available and can be used for this scope, but their effects on liver cell lipotoxicity remain unexplored. 

In this study we compared a natural formulation rich in VD2 (Shiitake Mushroom extract or SM-VD2) with a synthetic formulation containing pure VD3 

(SV-VD3) and the bioactive metabolite 1,25(OH) 2 -D3. These were investigated in chemoprevention mode in human HepaRG liver cells supplemented with 

oleic and palmitic acid to induce lipotoxicity. All the different forms of VD showed similar efficacy in reducing the levels of lipotoxicity and the changes 

that lipotoxicity induced on the cellular transcriptome. However, the three forms of VD generated different gene fingerprints suggesting diverse, even if 

functionally convergent, cytoprotective mechanisms. Main differences were (1) the number of differentially expressed genes (SV-VD3 > 1,25[OH] 2 -D3 > 

SM-VD2), (2) their identity that demonstrated significant gene homology between SM-VD2 and 1,25(OH) 2 -D3, and (3) the number and type of biological 

functions identified by ingenuity pathway analysis as relevant to liver metabolism and cytoprotection annotations. Immunoblot confirmed a different re- 

sponse of VDR and other VDR-related proteins to natural and synthetic VD formulations, including FXR, PXR, PPAR γ /PGC-1 α, and CYP3A4 and CYP24A1. 

In conclusion, different responses of the cellular transcriptome drive the cytoprotective effect of natural and synthetic formulations of VD in the free fatty 

acid-induced lipotoxicity of human hepatocytes. 

© 2023 The Authors. Published by Elsevier Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

Vitamin D (VD) is the term used to define a group of fat-

soluble secosteroids and an essential micronutrient and endoge-

nous product of cholesterol metabolism with important role in the

intestinal transport of calcium and in the control of calcium and

phosphate levels [1] (Supplementary Fig. S1). Two main forms are

found in food, namely VD2 (ergocalciferol) and VD3 (cholecalcif-

erol); VD2 is mainly of plant origin and is usually used as food

ingredient or to prepare natural products rich in VD [2] , whereas

VD3 is found in animal-based food items, such as fish oils, beef,

liver, and eggs [1] . Also, VD3 can be synthetized in skin by sun-

light exposure, representing approx. 80 % of the endogenous VD.
Abbreviations: VD, Vitamin D; FFA, free fatty acids; SM-VD2, Shitake mush  

NAFLD, non alcoholic fatty liver disease. 
∗ Corresponding author at: Department of Pharmaceutical Sciences, Universi

E-mail address: francesco.galli@unipg.it (F. Galli) . 

https://doi.org/10.1016/j.jnutbio.2023.109319 

0955-2863/© 2023 The Authors. Published by Elsevier Inc. This is an open access article un
room extract rich in vitamin D2; SV-VD3, Synthetic VD as colecalciferol;

ty of Perugia, Pole of Via del Giochetto, Building B, 06126 Perugia, Italy. 

The two forms have the same metabolism and act as prohormones

generating bioactive metabolites (Supplementary Fig. S1), namely

25(OH)-D and 1,25(OH) 2 -D, or calcitriol; among the different VD

analogs and metabolites, 1,25(OH) 2 -D is the most potent VD recep-

tor (VDR) agonist active in the regulation of bone metabolism and

PTH secretion [3] . In addition to calcium/phosphate metabolism

and bone homeostasis regulation, VD has other, or “extra-skeletal,”

functions including immunomodulation and anti-inflammatory ef-

fects, cell metabolism regulation and cytoprotective effects that

have been demonstrated in the vascular epithelium, neuronal cells,

and many other cell types and tissues. This pleiotropic activity of

VD is the consequence of the ubiquitous expression of VDR and VD

metabolic enzymes in human tissues [ 4 , 5 ]. 
der the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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According to international endocrinology guidelines and experts

panel opinions that recently defined the strategy to assess the VD

status and its reference values [6–8] , suboptimal levels of this vita-

min ( i.e. , levels of 25(OH)-D below the bone health safety threshold

of 5 0 nM) are very frequent, even in apparently healthy subjects,

and more than one billion of people worldwide present deficient

levels (those associated with increase the risk of skeletal symp-

toms, i.e. , 25(OH)-D < 30 nM or 12 ng/mL) [9] . Also, VD deficiency

is a common feature of chronic (extra-skeletal) diseases, possibly

by the effect of disease mechanisms, comorbidity and drug ther-

apies [10] . These include chronic liver disease, being the liver tis-

sue the site for the hydroxylation of the provitamin generated in

the skin by sunlight exposure to form 25(OH)D, a stable circulating

form of VD and the precursor of the active metabolite 1,25(OH) 2 -

D that is formed by a second hydroxylation in the kidney. Given

that VD undergoes this important biotransformation in the liver,

an abnormal VD metabolism and reduced levels of 25(OH)-D are

expected in chronic liver disease [11] . 

On the other hand, low levels of 25(OH)-D have been associ-

ated with an increased risk of chronic liver disease, including non-

alcoholic fatty liver disease (NAFLD) and nonalcoholic steatohep-

atitis (NASH) [11] , that are becoming the leading cause of liver

transplantation in rich and developing regions [12] . NAFLD derives

from processes of lipotoxicity and oxidative stress of the liver cells,

and it is considered the hepatic manifestation of metabolic syn-

drome (MS), leading to insulin resistance and alterations of hepato-

metabolic indicators as liver enzymes, fasting glucose, triglycerides,

and cholesterol levels [ 13 , 14 ]. In this respect, VD deficiency ap-

pears to sustain insulin resistance and hepatic inflammation, thus

representing a risk factor for MS [ 15 , 16 ]. At the same time, VD

is demonstrated to contribute important antiproliferative, anti-

inflammatory and antifibrotic effects in the liver tissue, thus hold-

ing potential both in the prevention and therapy of NAFLD, also

preventing its progression to NASH and eventually to cirrhosis and

hepatocarcinoma [ 11 , 15 ]. 

Despite such potential, little is known about the effects of VD

on a fundamental pathogenic process of NAFLD, namely liver lipo-

toxicity. This is a reversible process consisting in the hepatocel-

lular accumulation of exogenous (dietary) and/or endogenous fats,

with consequent induction of a pro-oxidant and cytopathic effects

[ 14 , 17 ]. Lipotoxicity presents as the excess of sequestration of neu-

tral lipids into lipid droplets. These are highly regulated subcellular

compartments that respond to the transcriptional control of spe-

cific groups of genes including the PPAR family of nuclear recep-

tors and inducible and constitutive isoforms of perlipin, as PLIN2

[18] . 

Even greater is the lack of information on the efficacy and

mechanism of action of the different forms or formulations of VD

that could be used to treat lipotoxicity. Therefore, more preclinical

investigation is needed to fill this gap of knowledge starting from

studying these aspects in in vitro models of hepatocellular lipotox-

icity. 

On these bases, we compared the cytoprotective activity of dif-

ferent forms of VD in human liver cells exposed to free fatty acids

(FFA)-induced steatosis, a well-established in vitro model of lipo-

toxicity that recapitulates the earliest steps in the cell pathobiology

of NAFLD [ 19 , 20 ]. The forms of VD compared in this study were a

nutraceutical formulation rich in VD2 (Shitake mushroom extract;

SM-VD2), a synthetic formulation containing pure VD3 (SV-VD3),

and the bioactive metabolite 1,25(OH) 2 -D3 that was used as refer-

ence molecule. A gene microarray platform and immunoblot were

used to explore the effects of these VD formulations on molecular

and biological pathways relevant to VD metabolism and lipotoxic-

ity prevention. 

 

. Materials and methods 

2.1. Chemicals 

LC/MS grade absolute methanol was from Biosolve (Dieuze, France). Ultrahigh

purified water was prepared using a Avidity Ultra water purification system (Ma-

son Technology, Ireland). Formic acid 98–100% for LC-MS LiChropur, sodium hydrox-

ide solution 50% w/w, ethanol absolute, sodium chloride, sodium sulfate, petroleum

ether, and diethyl ether were from Sigma-Aldrich (St. Louis, MO) and were analyt-

ical grade. The high-purity external standards used for the preparation of calibra-

tion curves were from Sigma-Aldrich (St. Louis, MO, USA) or LGC Standards S.r.l.

(Milan, Italy). The Vitamin D3-d3 internal standard was from Sigma-Aldrich (St.

Louis, MO, USA). The internal lock masses [purine and HP-0921, hexakis 1H,1H,3H-

tetrafluoropropoxy] phosphazine) and tune mix for calibrating the qToF-MS (ESI-

low concentration tuning mix) were from Agilent Technologies (Santa Clara, CA,

USA). Reagents for cell culture experiments and cell biology and biochemistry as-

says are described later in the specific subsections. 

2.2. Shitake mushroom extract preparation 

A freeze-dried extract of Shitake mushroom (cod ABO-AR-2017-691) was pre-

pared in a round bottom flask combining 0.5 g of crude sample with 30 mL of

ethanol and 5 mL of an aqueous solution containing 50% of NaOH. After overnight

stirring, the sample was transferred to a 150 mL falcon and then centrifuged at

4.0 0 0 rpm for 5 minutes. The supernatant was transferred to a separating funnel

and extracted with two aliquots (60 mL each one) of diethyl ether: petroleum ether

1:1. The organic layer was purified by washing with two aliquots (50 mL each)

of water containing 0.26 mg/mL NaCl. The sample was then freeze-dried trough

sodium sulfate using a rotavapor system. The final dried sample was solubilized in

5 mL of methanol and filtered with a 0.22 µm syringe filter (Millipore) before anal-

ysis of VD2 levels ( Section 2.3 ) that in the batches of Shitake extract prepared for

this study corresponded to 1352 mg/kg. 

2.3. LC-QTOF analysis of vitamin D 

Ergocalciferol (VD2) levels were assessed in Shitake mushroom extract by us-

ing a 1,290 Infinity ultrahigh performance liquid chromatography (UHPLC) system

coupled to a 6,545-quadrupole time-of-flight (qToF) high resolution (2 GHz) mass

spectrometer equipped with a Dual AJS ESI electrospray ionization source (Agilent

Technologies, Santa Clara, CA, USA). The analytical column was a Cortecs C18 col-

umn (100 × 2.1 mm, 1.6 μm particle size) protected by a Cortecs C18 VanGuard

precolumn (5 × 2.1 mm, 1.6 µm) both supplied by Waters (Milford, MA, USA). The

column oven was maintained at 15 °C. The chromatographic analysis was performed

at flow rate of 0.3 mL/min using H2O + 0.1% HCO 2 H (v/v) as mobile phase A and

CH 3 OH + 0.1% HCO 2 H (v/v) as mobile phase B and the following elution gradient:

0.0–6.0 min A/B 5:95; 6.0–12.0 min A/B 4:96; 12.0–16.0 min A/B 4:96. Post run

conditioning was performed with A/B 7:93 with a post-time set at 2.0 min. Needle

wash parameters: wash needle with methanol for 5 s, wash needle with water for

5 s, wash needle with two-propanol: water 50:50 for 5 s. The injected volume was

5 µL. Mass spectrometry was performed in positive ionization and AIF mode with

a scan range from 50–1700 m/z. The system was calibrated and tuned according

to the protocols recommended by the manufacturer. Nitrogen (purity > 99.999%)

was used as a sheath gas and drying gas at a flow of 12 and 11 L/min, respec-

tively. The sheath and drying gas temperatures were set at 350 °C and 325 °C, re-

spectively, with the nebulizer pressure at 35 psig and capillary voltage at 3500 V.

Fragmentor voltage was 100 V, Skimmer voltage was 65 V and Oct RF Vpp was

750 V. An internal lock mass mixture (Agilent Technologies) was prepared at a final

concentration of 4.5 µM purine (C 5 H 4 N 4 ) and 0.125 µM HP-0921 (C 18 H 18 O 6 N 3 P 3 F 24 )

by appropriate dilution in methanol/water (95:5, v/v). MassHunter software version

B.09 (Agilent Technologies, Santa Clara, CA, USA) was used for data acquisition and

processing. The internal lock mass mixture was constantly infused at a flow rate

of 0.05 mL/min using an isocratic pump together with the LC eluent for constant

mass correction (positive ionization mode: purine [m/z 121.0509], HP-0921 [m/z

922.0098]) to obtain accurate mass time-of-flight data (mass accuracy < 5 ppm). A

data processing method for targeted screening was produced with the Agilent qToF

“Quantitative analysis” software using precursor and product ion information, and

the identification of Ergocalciferol present in samples was performed by compari-

son of MS/MS spectra of the pure reference standard. Compound identification was

scored using the high-resolution mass, isotope abundance, the isotope spacing and

retention time. Product ions (from 20, 30, and/or 40 eV) were chosen as qualifier in

the following order of priority: (1) the most abundant and (2) the most character-

istic. A quantifier ion (precursor ion), qualifier ion(s) (product ions), and RTs were

merged in the data processing method accepting a retention time shift of 0.3 min. 

For sample analysis, calibration curves were prepared by diluting the Shitake

extract prepared as described earlier with methanol (from 1:2–1:10 0 0 vol/vol) to

obtain aliquots with a final volume of 200 µL. Ten micriliter of internal standard

(concentration 0.004 mg/mL) were added to each dilution aliquot. Quantitative data

were obtained using a regression curve of pure Ergocalciferol (external standard
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Fig. 1. Study protocol. The chart shows the experimental design of this in vitro study performed in HepaRG human liver cells. This included three control tests and one 

treatment test that were set to assess separate or combined the effect of the 24-h pretreatment step with VD formulations and of the 48-h treatment with FFA to induce 

lipotoxicity. Further details are reported in the text. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

method) monitoring the precursor ion m/z 397.3465. The acquisition of the calibra-

tion curves and the acquisition of the sample under investigation were performed

in AIF mode acquiring a single high-resolution full scan in three sequential experi-

ments at CE 20, 30, and 40 eV. The data acquisition rate was 2 scans/s and the time

was 500 ms/spectrum. 

2.4. Cell line and treatments 

HepaRG, human progenitor hepatic cells (Thermo Fisher Scientific) were main-

tained in culture following manufacturer’s recommendations. The cells were grown

in William’s E medium (Thermo Fisher Scientific) supplemented with Glutamax

(Gibco), 5 μg/mL human insulin (Lonza) and 50 μM hydrocortisone hemisuccinate

(Sigma-Aldrich). Cells were seeded at a density of 10,0 0 0 cells/well and kept at

37 ̊C in a humidified 5% CO 2 incubator and were used between passage two and

ten (passages were implemented by trypsin-EDTA, Euroclone). Cell treatments were

as described in Fig. 1 and included a 24-h pretreatment phase with the VD formu-

lations and a 48-h treatment phase with FFA to induce steatosis and lipotoxicity

(described later in more detail); considering control treatments with the vehicle

DMSO, the following test combinations are obtained: 

1. Control test one– this is to assess the effect of the vehicle DMSO; the cells were

pretreated and then treated with the vehicle. 

2. Control test two – this test verifies the effect of VD formulations only; the cells

were pretreated with the different VD formulations and then treated with the

vehicle DMSO. 

3. Control test three – this is to verify the effect of lipotoxicity; the cells were

pretreated with the vehicle DMSO and then treated with FFA. 

4. treatment test – this is the experimental test designed to assess the cytoprotec-

tive effect of the VD formulations on the lipotoxicity effect of FFA (assessed in

the control test three); the cells were pretreated with the VD formulations and

then treated with FFA. 

Therefore, to assess biochemistry and microarray data, the different datasets

were first normalized for control test one, and the resulting data were used to as-

sess statistical differences between the datasets of treatment test four and control

test three. 

2.4.1. Pretreatments with vitamin D formulations 

HepaRG cells at 70% confluence were incubated for 24 h with either the vehi-

cle (DMSO, Sigma-Aldrich; final concentration in the cell culture medium of 0.001%

vol/vol) or VD that was used under three different forms: 

1. Shitake mushroom extract rich in vitamin D2 (SM-VD2) prepared and evaluated

as described in the Sections 2.2 and 2.3 . 

2. Synthetic VD as colecalciferol (SV-VD3) (ABIOGEN PHARMA S.p.A, Pisa). 
3. 1,25-(OH) 2 -D3 (Cayman Chemical, CAS No.32222-06-3).  
Pretreatments with VD formulations were preliminarily investigated for their

intrinsic cytotoxicity and induction of steatosis (not shown), and a final concentra-

tion of 10 nM VD in the cell culture medium (as VD2 or VD3 in the case of SM-DV2

and SV-VD3 formulation, respectively) was selected to avoid these drawbacks. 

2.4.2. Treatment with FFA 

After pretreatment with VD formulations, steatosis was induced by the incuba-

tion of HepaRG cells for 48 h with a cocktail of oleic acid (OA; Sigma-Aldrich, prod-

uct number: O1383) and palmitic acid (PA, Sigma-Aldrich, product number P0500)

both used at the final concentration of 200 µM in the culture medium. Stock so-

lutions (200 mM) of OA and PA were prepared in ethanol and isopropanol, respec-

tively, and were diluted in William E complete medium containing 10% FBS to pre-

pare the working solutions. The latter were gently shaken at 40 °C for 20 min before

being filtered through a 20- μm membrane for the supplementation in the culture

media. 

2.5. Cell viability 

Cell viability was assessed by MTT test (Sigma-Aldrich) according to [21] in 96-

well plates. Briefly, after pretreatment with VD formulations and treatment with

OA and PA, the cells were incubated for 3 h at 37 °C with fresh medium containing

the MTT solution. Then, the formazan crystals were dissolved in MTT solubiliza-

tion solution (10% Triton X-100 plus 0.1 N HCl in anhydrous isopropanol) and the

absorbance was recorded at 570 nm in a microplate reader (DTX880, Multimode

Detector Beckman Coulter). Other details and calculation of cell viability data were

made according to [22] . 

2.6. Cellular reactive oxygen species 

Cellular levels of reactive oxygen species (ROS) were measured by the oxidative

conversion of the intracellular probe 2 ́,7 ́-dichlorofluorescein-diacetate (DCFH-DA;

Sigma-Aldrich) to the fluorescent derivative 2 ́,7 ́-dichlorofluorescein (DCF) [23] . Ex-

tracellular H2O2 was determined with a microplate assay procedure utilizing the

Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen). Briefly, 100 µL

cell supernatant were incubated in a humidified atmosphere and 5% CO2 at 37 °C,

with HRP (1 U/mL) and Amplex Red for 10 min. Then, the fluorescence was mea-

sured using a DTX880 multimode detector microplate reader (Beckman Coulter).

The assay was calibrated with authentic H 2 O 2 and with quality control samples as

described in [24] . Data were mean ± SD of three independent experiments run in

six replicates. 

2.7. Oil Red O staining 

Cellular lipids were measured by Oil Red O (ORO) staining according to [25] .

After the treatments the HepaRG cells were fixed in 4% paraformaldehyde (PFA,

Leica) for 15 min at room temperature, and then were washed three times with

phosphate-buffered saline (PBS, Sigma-Aldrich). Cells were stained with 0.5% ORO
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solution (Sigma-Aldrich) for 5 min and then with hematoxylin solution (Sigma-

Aldrich) f or 1 min. Slides were rinsed with distilled water and then analyzed by

optical microscopy. To quantify the cellular content of ORO, the cell pellet was incu-

bated for 10 min with 100 μl of isopropanol and the absorbance of the extract was

assessed at 510 nm using a DTX880, Multimode Detector Beckman Coulter reader. 

2.8. Lipid droplet assay 

Quantitative analysis of cellular lipid droplets (LD) was performed by LipidSpot

610 Lipid Droplet Stain kit (Biotium). The HepaRG cells were fixed with a

formaldehyde-based fixative for 10 min at room temperature, and then washed

three times with phosphate-buffered saline (PBS, Sigma-Aldrich). Incubation with

LipidSpot Lipid Droplet Stain 1X diluted in PBS, was carried out in fixed cells pro-

tected from light and maintained at room temperature for 10 min. Imaging analy-

sis was performed using the microplate confocal microscopy system Operetta CLS

(Perkin Elmer). 

2.9. Gene expression studies 

The cellular transcriptome was evaluated using a Human Clariom GO Screen mi-

croarray assay and a GeneTitan MC instrument (applied biosystems, Thermo Fisher

Scientific). Total RNA was extracted from cells lysates using a QIAsymphony RNA Kit

on a QIAsymphony SP instrument (Qiagen). The quality and quantity of RNA were

determined with a Nanodrop 2,0 0 0 spectrophotometer (Thermo Fisher Scientific) at

260 nm/280 nm absorbance. Integrity of RNA was checked using an RNA 6,0 0 0 Pico

Kit (Agilent) and all samples had RIN > 9.6. Six nanogram of total RNA were used

to generate cDNA, then fragmented and labeled cDNA was hybridized to a Human

Clariom GoScreen 384-array plate for 17 h at 45 °C. Arrays were washed, stained and

then scanned using the GeneTitan MC Instrument and CEL Intensity files were gen-

erated by Affymetrix GeneChip Command Console Software (AGCC, Thermo Fisher

Scientific). 

Gene expression analysis was performed using Transcriptomic Analysis Console

Software (Thermo Fisher Scientific) that provides quality control analysis, and data

normalization and summarization based on the Signal Space Transformation-Robust

Multi-Chip Analysis (SST-RMA) algorithm. This provides a list of significant differen-

tially expressed genes ( P -value ≤ .05); significance was calculated using an Anova

with eBayes correction of variance on Limma Bioconductor package (Version 3.15)

[26] . 

Microarray data were used to define the effect of FFA treatment and to compare

the effects of VD formulations using the following data-matching strategy (control

and experimental groups are as in Fig. 1 ): 

1. [Control test three (FFA treatment) vs. Control test one (vehicle DMSO)] to de-

termine the effect of steatosis and lipotoxicity on the cellular transcriptome; 

2. [Control test two (VD pretreatment) corrected for Control test three (FFA treat-

ment) vs. Control test one (vehicle DMSO)] to discern the protective effect of

VD formulations on the FFA-induced lipotoxicity. 

2.10. Ingenuity pathway analysis (IPA) 

Ingenuity Pathways Analysis (QIAGEN Inc., https://www.qiagenbioinformatics.

com/products/ingenuitypathway-analysis ) was used to interpret gene expression

patterns associated with the response to lipotoxicity and VD formulations. IPA is

an aggregator of scientific references that allows searching relevant information on

biological and molecular associations between genes/proteins thus identifying their

allocation in specific networks of interaction and functional domains. 

The “IPA Comparison Core analysis” module was used to interpret the gene ex-

pression patterns generated during the cellular treatments considering a gene fold-

change cut-off of two (absolute value) [27] and filtering the datasets by selected

anatomical and histopathological annotations, namely “liver tissue” and “hepatic

cell lines.” An IPA activation Z-score > 1.7 or < -1.7 was arbitrarily chosen to cap-

ture biological events that significantly match gene patterns described in literature

for the selected annotations, and to return significant correlations with biofunction

(BF) or cellular effects. Statistical significance ( P -value ≤ .05) of Z-score data in the

different treatments was evaluated using Fisher’s Exact Test, right-tailed ( P -value ≤
.05). The graphical representation of gene networks associated to BFs was obtained

using the “IPA Molecule Activity Predictor” tool (MAP). 

2.11. Immunoblot 

Cells were harvested and suspended in a cell lysis buffer (Cell Signaling Tech-

nology) supplemented with protease inhibitor cocktail (Thermo Fisher Scientific)

for cellular proteins extraction that was performed by sonication in ice (three cy-

cles of 15 s each with 1 min intervals). After incubation in ice for 1 hr, proteins

were recovered by centrifugation of the extracts (12,0 0 0 rpm for 20 min at 4 °C)

and total proteins in the supernatants were quantified using a BCA protein assay

kit (Thermo Fisher Scientific). Then, 20 μg of proteins were loaded onto 4–12%
SDS–PAGE minigels (Novex WedgeWell Tris-Glycine gel, Invitrogen). After separa-

tion, these proteins were blotted and immobilized on a nitrocellulose membrane

(Millipore) that was incubated with 5% skim milk (Euroclone) in Tris buffer saline

(TBS; 20 mM Tris base, 150 mM NaCl, pH 7.4) and 0.1% Tween-20 for 1 h at room

temperature. The blots were incubated with primary antibodies at 4 °C overnight

under constant shaking and then washed twice with TBS. The primary antibod-

ies were: anti-PXR (1:1,0 0 0 dilution, ab192579, abcam), anti-CYP3A4 (1:1,0 0 0 dilu-

tion; TA324142, OriGene Technologies, Inc., Rockville, MD), anti-FXR (1:500, Santa

Cruz Biotechnology, Inc.); anti-CYP24A1 (1:1,0 0 0; Boster Bio Rabbit Monoclonal

Antibody catalog # M00343); anti-VDR (# 12,550;1:1,000), anti- β-actin (#3,700;

1:1,0 0 0), anti-GAPDH (#2,118; 1:2,0 0 0) and from Cell Signaling Technology. The sec-

ondary antibodies were anti-rabbit (#7,074) or anti-mouse (#7,076) IgG 1:2,0 0 0)

horseradish peroxidase-linked (Cell Signaling Technology). Protein bands were de-

tected using an ECL Clarity or ECL Clarity Max (BioRad). Quantification of bands

was performed with a ChemiDoc Imaging System, Biorad, and protein expression

levels were normalized against housekeeping proteins. 

2.12. Statistics and graphical representation 

Cell biology and biochemistry data were as mean ± S.D. One-way ANOVA was

used to assess the variance within groups of cell tests, and paired and unpaired

Student’s t test was used when appropriate to identify significant differences dur-

ing the comparison of treatments and phases of treatment ( Fig. 1 ). A probability of

error < .05 was considered significant. 

Gene data analysis was performed using R software version 4.1.2 (January

11, 2021), platform x86_64-w64-mingw32/x64 (64-bit) running under Windows

10 × 64 (build 19044). Multivariate analysis of normalized gene expression data

was performed by independent principal component analysis (IPCA) using the

mixOmics package WITH UNSUPERVISED. Results of Differential Expression Anal-

ysis (genes differentially expressed in at least one of the comparisons between cell

treatments, P -value < .05) were presented as heatmap and Volcano plot charts pre-

pared by Complex Heatmap package and ggplot2 package, respectively. 

3. Results 

3.1. Effects of VD formulations on liver cell steatosis and lipotoxicity 

The treatment of HepaRG cells with FFA ( Fig. 1 , control three)

was confirmed to induce cellular steatosis and LD formation

( Figs. 2 A and B). This resulted in increased levels of lipotoxicity as

determined by cellular ROS and H 2 O 2 efflux ( Fig. 2 C), and cell via-

bility ( Fig. 2 D) analysis. Conversely, the pretreatments with the dif-

ferent forms of VD when considered independently form FFA treat-

ment (control test two, Fig. 1 ) did not significantly affect these pa-

rameters ( Figs. 2 A–D). In the treatment test ( Fig. 1 ), all the three

forms of VD significantly reduced the levels steatosis ad lipotoxic-

ity of FFA treated cells ( Figs. 2 A–D). 

3.2. Transcriptomics 

Microarray data (available for consultation at https://www-

ncbi- nlm- nihgov.ezproxy.upec.fr/geo/browse/?view=series&search= 

GSE200765&tax=9606&suppl=CEL&display=20 ) showed that, to-

gether, the different forms of VD significantly modulated 2,043

genes in FFA-treated cells; the higher number of entries were

observed for SV-VD3 and 1,25(OH) 2 -D3, with 934 and 721 genes,

respectively, whereas SM-VD2 significantly modulated 388 genes

(Supplementary Table S1). Volcano plot and heatmap representa-

tions of differentially expressed genes ( Figs. 3 A and B, respectively)

demonstrated completely different gene fingerprints in the effect

of SM-VD2 and SV-VD3 pretreatments, as well as in the compar-

ison of SV-VD3 and 1,25(OH) 2 -D3, whereas commonalities were

observed between SM-VD2 and 1,25(OH) 2 -D3 in the top twenty

genes identified in the Volcano plot analysis (Supplementary Table

S2), which was confirmed by IPCA ( Fig. 3 C) and Venn diagram

representation ( Fig. 3 D and Supplementary Table S1). 

These differences were also highlighted by IPA ( Fig. 3 E) demon-

strating that all the three forms of VD are able to revert the ef-

fect of FFA treatment on lipid metabolism (mainly long-chain FA

oxidation) and cell viability BFs (upper panel of Fig. 3 E and Sup-

plementary Fig. S2), but each VD formulation produced a different

https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis
https://www-ncbi-nlm-nihgov.ezproxy.upec.fr/geo/browse/?view=series&search=GSE200765&tax=9606&suppl=CEL&display=20
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Fig. 2. Effects of vitamin D formulations on the FFA-induced steatosis and lipotoxicity of HepaRG cells. (A) Light microscopy identification of cellular lipids stained with ORO 

(B); levels of cellular lipids as determined by spectrophotometric analysis of ORO absorbance of cell lysates (upper panel) and lipids droplet quantification by LipidSpot staining 

and microplate confocal microscopy analysis (lower panel); (C) cellular ROS and extracellular H 2 O 2 levels measured by DCFA and Amplex Red fluorescent probes (upper and 

lower panel, respectively); (D) cell viability assessed by MTT test (E). One-WAY ANOVA or t-test: ∗P < .05, ∗∗ P < .01 and ∗∗∗ P < .001 vs. Control 1 test (Ctr); # P < .05, ## P 

< .01 and ### P < .001 vs. FFA treatment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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gene modulation pattern (shown in detail in Supplementary Table

S3) with different number and type of BFs identified in the se-

mantic categories “Metabolism” and “Cell viability” of liver tissue

and hepatic cell lines anatomical annotations (Supplementary Fig.

S2). More in detail, the differences between SM-VD2 and SV-VD3

consisted in the number of BF modulated for semantic fields (4

BF vs. 1 BF in each field, respectively; Supplementary Fig. S2). In

the case of SM-VD2, these included the inhibition of BF relevant to

long-chain FA oxidation, carbohydrate metabolism and synthesis,

hepatocyte damage and cell death ( Fig. 3 E and Supplementary Fig.

S2), whereas SV-VD3 modulated necrosis and phosphatidic acid

metabolism BFs ( Fig. 3 E and Supplementary Fig. S2). Again, SM-

D2, but not SV- VD3, shared with 1,25(OH) 2 -D3 the modulation of

relevant BFs in FFA-treated cells, including the inhibition of long-

chain FA oxidation, and carbohydrate metabolism and synthesis

BFs (Supplementary Fig. S2). Specific responses of hepatic BFs to

1,25(OH) 2 -D3 pretreatment in FFA-treated cells were the reduction

of lipid and D-glucose biosynthesis, and positive modulation of in-

sulin sensitivity, hypertriglyceridemia and glucose tolerance (lower

panel of Fig. 3 E and Supplementary Fig. S2). 

3.3. Immunoblot of VDR-related genes 

Immunoblot was used to verify whether VDR and other VD-

related genes can confirm, and eventually explain, the different re-
sponse of the cellular transcriptome to VD formulations. The list of

genes investigated by immunoblot, their functional interaction and

the corresponding crude microarray data are shown in Supplemen-

tary Fig. S4. 

The results showed that the pretreatment with VD formula-

tions, by itself (control test two, Fig. 1 ), had minor effects on VDR

protein expression ( Fig. 4 A, left side of the blot image and bar

chart). However, if VDR protein expression was investigated at a

shorter pretreatment time (6 h vs. the 24 h of the protocol de-

scribed in Fig. 1 ), a significant induction effect on VDR expression

was observed for both the natural and synthetic VD formulation

(Supplementary Fig. S3, right chart). This finding on VDR protein

expression corresponded to increased levels of the VDR transcript

measured by PCR analysis (Supplementary Fig. S3, left chart), thus

suggesting a rapid transcriptional response and protein turnover

for this NR in liver cells. 

When the FFA treatment was considered independently from

VD pretreatments (control test three, Fig. 1 ), VDR protein expres-

sion was markedly induced ( Fig. 4 A, first line on the right side of

the blot image and first bar of the right side of the bar chart).

Combining VD pretreatments with FFA treatment (treatment test,

Fig. 1 ), SV-VD3 produced a significant reduction of VDR protein ex-

pression, whereas SM-VD2 and 1,25(OH) 2 -D3 resulted in nonsignif-

icant reductions ( Fig. 4 A, right side of the bar charts). These find-

ings were coherent with microarray data on VDR expression (Sup-
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Fig. 3. Analysis of gene microarray data obtained in HepaRG cells pretreated with VD formulations and treated with FFA to induce lipotoxicity. (A) Volcano plot representation 

of fold change levels of whole genes investigated by microarray technique. Data were corrected for control test 1 (Fig. 1; cells pretreated and treated with the vehicle DMSO) 

and Fold-Change of each gene and its corresponding minus log10 of the P -value were represented in the x and y axis, respectively. The top-twenty up and down-regulated genes 

were identified for each comparison by their score value and were presented by the corresponding gene labels (see also Supplementary Table S2). The horizontal dashed grey 

line indicates the .05 significance of the P -value and the colour of the symbols indicates the significance of the difference with respect to control samples (grey dots represent 

nonsignificant genes, red dots represent up-regulated genes and blue dots represent down-regulated genes). (B) Heatmap chart of differentially expressed genes in the four 

groups of data compared in this study. Colours identify the Fold-Change (FC) levels and their significance with respect to control test 1 ( Fig. 1 ); black represents nonsignificant 

genes, orange represents up-regulated genes and blue represents down-regulated genes. (C) IPCA of matrices of differentially expressed genes in the four experimental groups 

considered in the study. The datasets corresponding to the different groups were identified by the colour of labels, and their clusterization and spatial distribution was 

described by ellipsoids that represent the 95% confidence level. (D) Venn Diagram of differentially expressed genes in the pretreatments with the three different forms of 

VD. Gene datasets were: natural VD2 formulation (SV-VD2), synthetic VD3 formulation (SM-VD3) and VD3 bioactive metabolite 1,25(OH) 2 -D3; the corresponding list of genes 

are reported in Supplementary Table S1. Gene expression data were corrected for the control test three (Fig. 1; cells pretreated with DMSO and then treated with FFA). (E) 

Ingenuity Pathway Analysis (IPA) was carried out by comparison core analysis on significantly modulated genes (fold change cut-off = 2) filtered by “liver tissue” and “hepatic 

cell lines” annotations. The transcriptional response to the VD pretreatments and FFA treatment was corrected for the response observed in control test 1 (Fig. 1; cells treated 

with the vehicle DMSO). Gene modulations and clusterization into specific biological functions identified by IPA are shown in Supplementary Table S3. (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

plementary Fig. S4 A), suggesting that the modulation of VDR, by

itself, is not sufficient to explain the effect of VD formulations on

the FFA-induced lipotoxicity of HepaRG cells. 

Indeed, the lipotoxicity process is expected to affect VDR ex-

pression and activity by influencing the complex series of molecu-
lar and functional interactions of this NR with other cellular pro-

teins. These include other nuclear receptors and transcriptional

proteins important in the hepatic metabolism and detoxification of

cellular lipids, including VD analogues and metabolites, as well as

in bile acid signaling, and in the regulation of energy metabolism
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Fig. 4. Immunoblot of VDR and other vitamin D-related proteins. The proteins investigated by immunoblot were: (A) VDR; (B) FXR and PXR; (C) PPAR γ and PGC-1 α tran- 

scriptional coactivator; (D) CYP24A1 and CYP3A4. Corresponding microarray data and functional interactions are shown in Supplementary Fig. S4A and S4B. One-WAY ANOVA 

or t-test: ∗ P < .05, ∗∗ P < .01 and ∗∗∗ P < .001. Statistical comparisons were: (symbols on top of error bars) vs. Control 1 test ( Fig. 1 , vehicle DMSO); (symbols on top of 

horizontal connectors) vs. Control test three ( Fig. 1 , FFA treatment presented in the first bar of the right side of the charts). 

 

 

 

 

 

 

 

 

 

 

 

 

V  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and inflammatory pathways ( Fig. 4 and Supplementary Fig. S4)

[ 28 , 29 ]. Assessing the expression of some of these VDR-interacting

proteins, namely FXR, PXR, PPAR γ and PGC-1 α, and that of their

reporter genes involved in VD metabolism, namely the CYP450

isoenzymes 24A1 and 3A4 ( Fig. 4 ), the response to SM-VD2 and

SV-VD3 pretreatments in FFA-treated hepatocytes was markedly

different and apparently unrelated to a single-gene or target-

specific effect. 

More in detail, when the VD pretreatments were studied inde-

pendently from FFA treatment (control 2, Fig. 1 ), 1,25(OH) 2 -D3 was

observed to inhibit FXR expression ( Fig. 4 B, left side of immunoblot

images and bar charts), whereas the expression of all the other

proteins was induced with the pecking order 1,25(OH) 2 -D3 > SV-

D3 > SM- VD2 ( Figs. 4 B and C); all the VD formulations enhanced

the expression of CYP24A1 whereas CYP3A4 levels increased with

the order SM-VD2 > SV-VD3 > 1,25(OH) 2 -D3 ( Fig. 4 D). 

Likewise to VDR protein, the receptor proteins FXR and PPAR γ ,

and the transcriptional coactivator PGC-1 α were significantly up-

regulated in FFA-treated cells (treatment test, Fig. 1 ); these find-

ings are shown in Figs. 4 B and C (first line of the blots and first

bar of the charts on the right side). 1,25(OH) 2 -D3 almost com-

pletely ablated this effect of FFA on FXR protein expression (right

side of Fig. 4 B) also reducing PGC-1 α expression (right side of

Fig. 4 C); SV-VD3 pretreatment significantly decreased FXR expres-

sion, whereas SM-VD2 markedly induced PXR expression ( Fig. 4 B).

All the VD pretreatments, and especially SM-VD2, induced CYP3A4

expression of FFA-treated cells ( Fig. 4 C, right bar chart) whereas

 

1,25(OH) 2 -D3 enhanced, and SV-D3 reduced, CYP24A1 protein ex-

pression ( Fig. 4 D, left). 

4. Discussion 

Vitamin D shows antiproliferative, anti-inflammatory and antifi-

brotic properties that have demonstrated to help preventing NAFLD

in a plethora of in vitro and in vivo studies (recently reviewed

in [11] ). A growing body of evidence suggests a causal relation-

ship between vitamin D deficiency and NAFLD, with low levels of

25(OH)D that are associated with hepatic inflammation, severity of

NAFLD and its progression to NASH [ 15 , 16 ]. At the same time, VD

deficiency could be a consequence of NAFLD and NASH, since liver

dysfunction may directly interfere with the hepatic metabolism of

VD to form 25(OH)-D3 or 25(OH)-D2 [30] . These pieces of evi-

dence support the notion that VD supplementation may help to

prevent NAFLD and its progression to NASH. In fact, VD has been

listed among the nutraceuticals that, if well dosed and adminis-

tered for a sufficient time and in association to lifestyle changes,

could have beneficial effects on NAFLD and NAFLD-related param-

eters [15] . Several VD formulations are available for this purpose

that appear to be safe over a wide range of dosages up to mega-

doses [9] . However, no specific indication on the form of VD to

use is present in literature, and these include natural VD formula-

tions [2] developed by food and pharmaceutical companies to re-

spond to the increased demand of natural nutrients and supple-

ments [31] . However, the efficacy of specific formulations to pre-
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vent or cure NAFLD and NASH, remains poorly characterized. This

lack of knowledge is compounded by the paucity of studies on

the effect that VD may have on liver cell lipotoxicity, the actual

pathogenic instigator of NAFLD [14] . Therefore, these aspects are

worth investigating at the preclinical level. 

In this study we compared natural (VD2-containing Shitake ex-

tract) and synthetic (pure VD3) formulations of VD in protect-

ing human liver cells against FFA-induced lipotoxicity [ 25 , 32 ]. We

found that both the two formulations and their bioactive analogue

1,25(OH) 2 -D3, prevent FFA-induced lipotoxicity of human liver cells

reducing at the same time lipid synthesis and sequestration (lipid

droplets levels), and the ROS generating response of these cells

( Fig. 2 ). 

Gene microarray data unequivocally demonstrated that the cy-

toprotective properties of the different VD formulations were asso-

ciated with the modulation of different groups of genes all impor-

tant to restore the metabolic homeostasis and to confer increased

resistance to the cytopathic effects of lipotoxicity by necrotic and

apoptotic cell death. These findings are in agreement with tran-

scriptomics data obtained in a recent study performed in human

microvascular endothelial cells in which a low-dose VD treatment

was identified to prevent palmitate lipotoxicity modulating groups

of genes involved in the same cytoprotective processes, including

the cellular stress response, cell cycle regulation, and DNA replica-

tion and repair [33] . 

Important was the finding that gene microarray fingerprints

of 1,25(OH) 2 -D3 and SM-VD2 and their biological interpretation

by IPA, showed some similarities, suggesting VD-like activity for

this natural formulation. Conversely, the response to SV-VD3 in

FFA-treated cells was completely different from that of 1,25(OH) 2 -

D3. These differences were observed in the identity of signifi-

cantly modulated genes ( Figs. 3 A–C and Supplementary Table S2),

as well as in their number (934 in SV-VD3 vs. 388 of SM-VD2

and 721 of 1,25(OH) 2 -D3 pretreatment; Fig. 3 D and Supplemen-

tary Table S1), and in the number and identity of affected BFs

retrieved by IPA among liver tissue and hepatic cell annotations.

In the case of SV-VD3 these were restricted to cellular necrosis

and phosphatidic acid metabolism, whereas in the case of SM-

VD2 these included necrotic cell death, long-chain fatty acid oxida-

tion, and carbohydrate metabolism and synthesis. Essentially, the

gene homology between SM-VD2 and 1,25(OH) 2 -D3 pretreatment

regarded metabolic BFs ( Fig. 3 E and Supplementary Table S2). Also,

1,25(OH) 2 -D3 was found to affect other hepato-metabolic BFs with

key role in NAFLD [34] , as insulin sensitivity, glucose tolerance,

dysglycemia and hypertriglyceridemia. 

These differences between SM-VD2 and SV-VD3 are difficult to

explain on the bases of the form of VD present in these formula-

tions, namely ergocalciferol and cholecalciferol, and their VD activ-

ity. In fact, the actual bioactive metabolite of D2 and D3, namely

1,25(OH) 2 -D, cannot form to significant levels in liver cells (Sup-

plementary Fig. 1 A); these mainly express 25-hydroxylase enzy-

matic activity by CYP2R1 [30] and other CYP450 isoforms, such as

CYP3A4 that has been identified as a human microsomial vitamin

D 25-hydroxylase [35] . However, even if the bioactive metabolites

of D2 and D3 are formed to some extent in liver cells, these have

similar VDR binding affinity and molecular responses [36] , which is

opposite to the type of response observed for SM-VD2 and SV-VD3

in the present study. Therefore, under the experimental conditions

of this study, it is unlikely that SMVD2 and SV-VD3 may act on the

liver cell transcriptome by means of the transformation of their vi-

tamers to the corresponding 1,25(OH) 2 metabolites; the compari-

son of gene array data of 1,25(OH) 2 -D3 with those of SM-VD2 and

SV-VD3 pretreatments, confirms this assumption. 

To shed further light on these aspects, we measured the ex-

pression of VDR and other proteins that interact with this NR
in order to control the molecular and metabolic response to VD.

These include nuclear receptors that transactivate via RXR/RAR

heterodimerization, such as FXR, PXR and PPAR γ , the PPAR γ tran-

scriptional coactivator PGC-1 α and two reporter genes of these re-

ceptors with proven role in VD metabolism, namely CYP24A1 and

CYP3A4. VDR and FXR are both activated by bile acids and their in-

teraction plays important roles in the control of the gut-liver axis,

hepatic inflammation and insulin function [29] ; PXR is a member

of the VDR-like group of NR, important in the transcriptional regu-

lation of lipid metabolism and detoxification genes of the liver cell

as well as of other cell types including intestinal and neuronal cells

[ 37 , 38 ]. The transactivation of these NR controls CYP450 isoen-

zymes important in the catabolism of VD, as CYP24A1 [39] , and in

the pleiotropic response of the human liver to a broad spectrum of

lipophilic xenobiotics and lipid metabolites, including 1,25(OH)2-

D3 [28] . In this respect, this network of NR is known to control the

expression of CYP3A4 and other CYP3A isoenzymes with vitamin D

25 hydroxylase activity [ 28 , 35 , 40 ]. Also, VDR, its homologues of the

NR1I family, such as PXR, and FXR interact to control the response

to nutrients in the liver cell, regulating the insulin signaling and

the transcriptional activity of PGC-1 α on PPAR γ . The latter is a key

homeostatic player of the liver and adipose tissue, regulating the

flux of long-chain FA towards energy accumulation by the biosyn-

thesis and sequestration of triglycerides, or energy production by

lipid oxidation processes [ 25 , 32 , 41 ]; also, PPAR γ is a pharmacolog-

ical target for hepatic lipotoxicity, inflammation and liver cell death

associated with NAFLD [42] . 

Immunoblot data on this array of VDR-related proteins con-

firmed the different response to SM-VD2 and SV-VD3 formulations

in FFA-treated cells. SM-VD2 was characterized by a marked induc-

tion of PXR and CYP3A4 expression ( Figs. 4 B and D), pointing to

an increased detoxification potential and 25-hydroxylase activity of

liver cells. Conversely, SV-VD3 significantly reduced VDR ( Fig. 4 A)

and FXR expression ( Fig. 4 B) that was markedly upregulated by

FFA treatment to sustain lipogenesis and lipotoxicity mechanisms

[43] . SV-VD3 also reduced the expression of the VD catabolism

protein CYP24A1 ( Fig. 4 D), which may have therapeutic relevance

in VD deficiency states [44] . Commonalities between 1,25(OH) 2 -D3

and SV-VD3 were the inhibition of FXR expression, and between

1,25(OH) 2 -D3 and SM-VD2 the absence of a significant inhibition

of VDR. At the same time, all the three forms of VD activated the

expression of CYP3A4, which may represent a converging detoxifi-

cation response for these forms to prevent FFA-induced lipotoxic-

ity. 

Furthermore, the fact that only 1,25(OH) 2 -D3 activated protein

expression and reduced gene transcription of CYP24A1 ( Fig. 4 D

and Supplementary Table S2), confirms that the expression of this

CYP450 isoforms marks VD activity in human liver cells. Other

characteristic responses to 1,25(OH) 2 -D3 pretreatment included the

complete inhibition of FXR and the significant reduction of PGC1a

protein expression ( Figs. 4 B and C), which may explain the con-

vergence of all gene modulation effects of this VD metabolite on

metabolic BFs of FFA-treated cells ( Fig. 3 E and Supplementary Fig.

S2). Again, these findings highlight that metabolic BFs in common

between 1,25(OH) 2 -D3 and SM-VD2, and identified by IPA as rel-

evant to liver cell protection, can be activated through different

and apparently VDR-independent pathways that include FXR/PGC-

1a inhibition and PXR activation, respectively. 

Altogether these findings demonstrate that natural and syn-

thetic formulations of VD prevent lipotoxicity of human liver cells

activating different networks of genes and VDR-related proteins.

Gene fingerprints suggest that the natural formulation SM-VD2 and

the bioactive metabolite 1,25(OH) 2 -D3 have in common the expres-

sion of a significant number of genes useful in preventing hep-

atic lipotoxicity; such commonalities highlight VD-like properties
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for SM-VD2 that are apparently independent from VDR activity and

absent in the synthetic formulation containing pure VD3. It is con-

ceivable to imagine that these differences can be the consequence

of the biological complexity of the natural extract [45] that in ad-

dition to ergocalciferol include other components of Shitake raw

material. These components are worth investigating further at the

preclinical and clinical level as far as their functional complexity

and biological impact on lipotoxicity are regarded. 
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