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Reducing fat deposits in hepatocytes is a direct treatment for nonalcoholic fatty liver disease (NAFLD) and
the fatty acid metabolic processes mediated by fatty acid -oxidation are important for the prevention of
NAFLD. In this study, we established high-fat-diet models in vitro and in vivo to investigate the mechanism
by which hesperidin (HDN) prevents NAFLD by modulating fatty acid § oxidation. Based on LC-MS screen-
ing of differential metabolites, many metabolites involved in phospholipid and lipid metabolism were
found to be significantly altered and closely associated with fatty acid f-oxidation. The results from COIP
experiments indicated that HDN increased the deacetylation of PGCla by SIRTL. In addition, the results of
CETSA and molecular docking experiments suggest that HDN targeting of SIRT1 plays an important role
in their stable binding. Meanwhile, it was found that HDN reduced fatty acid uptake and synthesis and pro-
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moted the expression of SIRT1/PGCla and fatty acid p-oxidation, and the latter process was inhibited after
transfection to knockdown SIRT1. The results suggest that HDN improves NAFLD by promoting fatty acid
B-oxidation through activating SIRT1/PGCla. Thus, the findings indicate that HDN may be a potential drug

Published on 01 December 2023. Downloaded by Fail Open on 5/7/2025 8:39:56 AM.

rsc.li/food-function for the treatment of NAFLD.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a pathological syn-
drome characterized by the excessive deposition of fat in hep-
atocytes” and is not caused by alcohol or other definite factors,
but it is closely associated with metabolic syndromes, such as
obesity,”> dyslipidemia,® hypertension, and cardiovascular cir-
culatory diseases.” NAFLD first presents simple hepatic steato-
sis, then gradually develops into nonalcoholic steatohepatitis
and cirrhosis and eventually into hepatocellular carcinoma,’
thus posing a great threat to human health. Many kinds of
research have shown that NAFLD influences the fatty acid
transport, synthesis,*” and p-oxidation process®® in hepato-
cytes, making it impossible to completely break down and
metabolize excessive fat; therefore, a large amount of fat
accumulates in hepatocytes, which causes liver damage."
Therefore, reducing hepatic fat deposition is an effective treat-
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ment for NAFLD,*'"'? and it is important to investigate the
mechanism.

Peroxisome proliferator-activated receptor gamma activator-
1a (PGCla), a member of the peroxisome proliferator-activated
receptor gamma cofactor-1 family, plays an important role in
regulating mitochondrial function,"® lipid metabolism,'* and
fatty acid p-oxidation™ by interacting with peroxisome prolif-
erator-activated receptor o (PPARa). Silent mating-type infor-
mation regulation 2 homolog 1 (SIRT1) is a nicotinamide
adenine dinucleotide-dependent deacetylase that is involved in
regulating various physiological functions by deacetylating a
number of transcriptional regulators.'®'” Many reports have
shown that PGCla is deacetylated by SIRT1,'®' affecting
various PGCla-mediated biological processes. Therefore, we
suggest that liver injury caused by fat deposition in NAFLD
hepatocytes may be associated with changes in SIRT1/PGCla
expression, investigating which may provide a potential
method for pharmacological intervention to improve NAFLD
treatment.

Hesperidin (C,gH3,4045, HDN) is a flavonoid that is widely
found in nature and is an effective component of the tra-
ditional Chinese medicine Chen Pi, which is widely available
and can be isolated in large quantities from the peels of some
citrus fruits.”®> HDN positively impacts various sites, such as
the nerves,>" cardiovascular system,** heart,> and liver. Many
studies have reported that flavonoids, such as quercetin,*
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galangin,® and naringenin,*® can treat liver diseases through
the SIRT1 pathway. It is speculated that HDN, also a flavonoid,
may improve NAFLD by activating SIRT1. Excessive fatty acid
transport to the liver increases the burden of fatty acid beta-
oxidation, while excessive fat deposition in the liver leads to
liver damage. SIRT1/PGCla has been reported to improve
NAFLD by regulating autophagy,*” fibrosis,”® endoplasmic reti-
culum stress,”® oxidative stress,®® and apoptotic®® pathways.
Therefore, we speculated that HDN improves NAFLD by activat-
ing SIRT1/PGCla by promoting fatty acid p oxidation. In this
study, we established the NAFLD model by feeding a high-fat
diet (HFD) to mice and palmitic (PA) and oleic acid (OA)
complex (PO) to induce AML12 lipid accumulation, and then
measured the aspartate transaminase (AST), alanine trans-
aminase (ALT), total cholesterol (TC), triglyceride (TG), high-
density lipoprotein (HDL), and low-density lipoprotein (LDL)
levels to clarify the mechanism of the effect of HDN in redu-
cing liver and cellular lipid deposition to improve NAFLD, with
an aim to provide new clinical ideas to improve NAFLD.

2. Materials and methods

2.1 Animals and diet treatments

Male C57BL/6] mice (8 weeks old) were purchased from
Changsheng Biological Technology (Changchun, China). All
the animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of
Northeast Agricultural University and approved by the Animal
Ethics Committee of Northeast Agricultural University. After
acclimation for 1 week, the mice were divided into 5 groups
(n = 8) at random, including the control group (CON), HDN
group (300 mg kg~" d~" HDN), high-fat-diet group (HFD), HDN
low-dose-treatment groups (HFD + 150 mg kg™* d~' HDN,
DHL), and HDN high-dose-treatment groups (HFD + 300 mg
kg™' d~' HDN, DHH). The doses administered to the mice
were selected with reference to Makan Cheraghpour’s
research®” and were converted according to the body surface
area method.

The C57BL/6 mice were fed a normal chow diet (CON; 10%
keal fat, 70% carbohydrates, 20% protein) or a high-fat diet
(HFD; 60% kcal fat, 20% carbohydrates, 20% protein) for 16
weeks. Meanwhile, the HFD group, DHL group, and DHH
group were orally administered with HDN (150, 300 mg kg™"
d™") or vehicle once per day for 16 weeks. HDN was dissolved
in 0.5% CMC-Na (Sigma-Aldrich, Germany), and the 0.5%
CMC-Na was used as a vehicle for the CON group.

2.2 Intraperitoneal glucose tolerance and insulin tolerance
test

The intraperitoneal glucose tolerance test (IPGTT) was per-
formed at week 15. The mice were fasted for 12 h and then
injected intraperitoneally with glucose (1 g kg™'). Blood
samples were collected from the tail vein of the mice, and
blood glucose was measured using a glucometer (Yuwell,
China) at 0 min before glucose injection, and at 15, 30, 60, 90,
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and 120 min after glucose injection in each group of mice. The
intraperitoneal insulin tolerance test (IPITT) was performed
three days after the IPGTT test and blood was taken before
insulin injection to measure the plasma insulin levels accord-
ing to the ELISA kit (AD3184Mo, Chenglin Biological, China)
instructions. The mice were fasted for 6 h and then injected
intraperitoneally with insulin (1 U kg™"). Blood samples were
collected from the tail vein of the mice, and blood glucose was
measured. The area under the blood glucose curve (AUC) for
IPGTT and IPITT was calculated.

2.3 Liquid chromatography tandem mass spectrometry
(LM-MS)

Tissues (100 mg) were individually ground with liquid nitrogen
and the homogenate was resuspended with prechilled 80%
methanol by good vortexing. The samples were incubated on
ice for 5 min and were then centrifuged at 15 000g and 4 °C for
20 min. Some of supernatant was diluted to a final concen-
tration containing 53% methanol by LC-MS grade water. The
samples were subsequently transferred to a fresh Eppendorf
tube and were then centrifuged at 15 000g and 4 °C for 20 min.
Finally, the supernatant was injected into the LC-MS/MS
system for analysis.

We used univariate analysis (¢-test) to calculate the statisti-
cal significance (P-value), and metabolites with VIP > 1 and
P-value < 0.05, fold change > 2, or FC < 0.5 were considered
differential metabolites. Partial least-squares discriminant
analysis (PLSDA) was performed using R version 4.0.3. For the
clustering heat maps, the data were normalized using Z-scores
of the intensity areas of the differential metabolites and were
plotted using the pheatmap package in R language.

2.4 Immunohistochemical staining (IHC)

Paraffin sections of liver tissue were deparaffinized and de-
hydrated with gradient alcohol. After antigen repair, endogen-
ous catalase was blocked with 3% H,0, and then incubated
overnight at 4 °C with a primary antibody after sealing with
serum. The next day, the secondary antibody was incubated at
room temperature for 1 h. After incubation, the color was
developed with DAB (Beyotime, China) and the nuclei were
stained with hematoxylin (Biosharp, China). Sections were de-
hydrated and visualized under a light microscope. Positive
areas were counted using Image J Fiji.

2.5 AML12 cell viability analysis and in vitro intervention
assay

AML12 cells were cultured in 10% FBS, 1% penicillin-strepto-
mycin, and 1% ITS (Beyotime, China) containing DMEM/F12
(Gibco, USA) medium in a 5% CO, humidified incubator at
37 °C. The cultural medium was changed every other day.
AML12 cells were seeded at 2 x 10° cells per well in 96-well
dishes. The cells were stimulated as described in the figure
legend (Fig. 6A). AML12 cells were incubated with DMEM/F12
and treated with different HDN (>98%, Yuanye, China) concen-
trations for 24 h. Then, the cell viability was measured by the
CCK-8 assay (Biosharp, China), then the liquid in the dishes

Food Funct, 2024, 15, 372-386 | 373


https://doi.org/10.1039/d3fo04348g

Published on 01 December 2023. Downloaded by Fail Open on 5/7/2025 8:39:56 AM.

Paper

was changed to DMEM/F12 with 1% penicillin-streptomycin
solution and 1% ITS without HDN, and CCK-8 was added to
each well, and then incubated for 3 h at 37 °C. Finally, the cell
viability was analyzed at a wavelength of 450 nm.

The optimal dosing concentrations of HDN were selected
for the subsequent experiments. The experiment was divided
into five groups: control group (CON), HDN group (200 pM
HDN), model group (PO), HDN low-dose-treatment groups (PO
+ 100 pM HDN, PHL), and HDN high-dose-treatment groups
(PO + 200 uM HDN, PHH).

First, 0.5 mM PO (PA:OA = 1:2) was prepared to induce
lipid accumulation in AML12 cells. Also, the AML12 cells were
incubated with PO and treated with different concentrations of
HDN for 24 h.

2.6 Biochemical analyses

Serum biochemical indexes of TC, TG, HDL, LDL, AST, and
ALT were measured using an automatic biochemical analyzer
(Mindray, Shenzhen, China). TG (A110-1-1), TC (A111-1-1),
HDL (A112-1-1), and LDL (A113-1-1) in the liver tissue homo-
genates and TG, TC in the AML12 cell lysates were measured
using commercial kits (Nanjing Jiancheng, China).

2.7 Hematoxylin-eosin and Oil Red O staining

Liver tissues were fixed using 4% paraformaldehyde and then
embedded in paraffin to make wax blocks. The wax blocks
were cut to a thickness of 5 pm for the hematoxylin and eosin
(H&E) staining (Solarbio, China), and frozen liver tissues were
embedded in OCT to make frozen sections, which were then
sliced at 10 pm, followed by 0.5% Oil Red O (Solarbio, China)
staining. AML12 cells were fixed in 4% paraformaldehyde for
30 min, rinsed with PBS, stained with Oil Red O for 30 min,
and then isopropyl alcohol was used to wash away the floating
color. The sections and cells were observed under a micro-
scope (Nikon, Tokyo, Japan).

2.8 Immunofluorescence staining (IF)

Paraffin sections of liver tissue were dewaxed and then de-
hydrated with gradient alcohol. After antigen repair, the sec-
tions were blocked with secondary antibody homologous
serum (Beyotime, China) for 30 min and then the sections
were incubated with primary antibody overnight. The next day,
the sections were washed with PBS and incubated with the sec-
ondary antibodies Alexa Fluor 488 (green) and Alexa Fluor 594
(red) (Bioss, China) for 1 h and DAPI (blue) (Biosharp, China)
for 5 min.

AML12 cells were fixed with 4% paraformaldehyde
(Biosharp, China) at 4 °C for 3-6 h. The cells were then per-
meabilized with 0.25% Triton X-100 for 20 min and blocked
with secondary antibody homologous serum for 30 min. After
blocking, the cells were incubated with primary antibody over-
night at 4 °C and the next day incubated with secondary anti-
body for 1 h and stained with DAPI for 5 min.

The sections and cells were observed under fluorescence
microscopy (Nikon, Tokyo, Japan).
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2.9 Cellular thermal shift assay (CETSA)

The CON blank control group and HDN-H (200 pM) drug
control group were set up, and the cells were treated with
HDN-H for 6 h. The cell lysate was collected, and the protein
concentration was measured using the BCA Kkit. Next, it was
heated to at 37-67 °C for 3 min, then loading buffer was
added followed by heating at 100 °C for 10 min, and finally
storage at —80 °C for subsequent western blot experiments.

2.10 siRNA transfection

AML12 cells were seeded at 1 x 10* cells per well in 24-well
dishes to achieve a cell density of 30%-50% at the time of
transfection. Two hours before transfection, the medium was
changed (to without 1% penicillin-streptomycin). The AML12
cells were transfected with 50 nM of SIRT1 siRNA and negative
control siRNA using riboFECT™ CP reagent (Ribo, China).
The cells were incubated with riboFECTTM CP reagent-siRNA
complex for 6 h and then replaced with fresh experimental
medium after incubating the cells for 24 h for subsequent
experiments.

2.11 RNA preparation and qRT-PCR of the cells

We used the qRT-PCR method to detect the mRNA level of
SIRT1 after transfection. Total RNA was isolated from cells
using Trizol. The RNA concentration reached the test require-
ment when the A260/A280 of the total RNA was between 1.9
and 2.1. We used the master hiSensi ¢DNA first-strand syn-
thesis kit (Bioer, China) and qRT-PCR kit (Bioer, China) for
reverse transcription and fluorescence quantification of the
total RNA from the AML12 cells. The primers for quantifi-
cation were designed by Shenggong (Shanghai, China). The
sequences were Forward 5-CGCTGTGGCAGATTGTTATTAA-3’
and reverse 5-TTGATCTGAAGTCAGGAATCCC-3' for mouse
SIRT1; forward 5-CTACCTCATGAAGATCCTGACC-3' and
Reverse 5-CACAGCTTCTCTTTGATGTCAC-3' for p-actin, which
was used as a standardized endogenous control.

2.12 Co-immunoprecipitation (COIP)

The interaction between endogenous SIRT1 and PGCla
protein and the degree of acetylation of PGCla were detected
by COIP. We extracted the total cellular protein lysate and
quantified the protein concentration to 1 pg pL™" using the
BCA kit, and then aspirated some of the lysate as the input
group. The remaining lysate was combined with anti-SIRT1
antibody (1:200, Proteintech, China), anti-PGCla antibody
(1:200, Proteintech, China), or control IgG antibody (1 : 100,
Abclonal, China) by rotating at 4 °C overnight. The next day,
the lysate was supplemented with protein A/G-Agarose
(Abmart, China), followed by rotating at 4 °C for 2 h, and then
subjected to western blot analysis.

2.13 Western blot

Following our previous protocol,® the expressions of the pro-
teins in the livers and AML12 cells were measured, and the
primary antibodies were SIRT1 (1:1000, Proteintech, China),
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PGC1la (1:5000, Proteintech, China), Acetylated-Lysine Mab
(1:500, Abmart, China), PPARa (1:500, Wanlei, China),
cluster of differentiation 36 (CD36) (1:500, Wanlei, China),
carnitine palmitoyltransferase 1A (CPT1) (1:1000, Abclonal,
China), acyl coenzyme A Oxidase 1 (ACOX1) (1: 1000, Abclonal,
China), enoyl coenzyme A (EHHADH) (1:1000, Abclonal,
China), stomatal cytokinesis-defective 1 (SCD1) (1:1000,
Abclonal, China), and fatty acid binding protein 1 (FABP1)
(1:1000, Abclonal, China), while the secondary antibodies
were goat anti-rabbit IgG (1:10000, Bioss, China), and goat
anti-mouse IgG (1:10 000, Bioss, China). Finally, the ECL kit
(Meilunbio, China) was used to visualize the bands on the
membrane by a Tanon 5200 system, and Image J Fiji was used
to quantify the protein bands.

2.14 Protein-protein interaction networks

The String database (https:/cn.string-db.org/) is a database of
both known and predicted protein-protein interactions. We
uploaded the proteins involved in our experiments to the
String database to predict their interactions.

2.15 Molecular docking

We used ZDOCK software to dock SIRT1 and PGC1la to analyze
the possible amino acid binding sites. The protein structure
files of SIRT1 (PDB ID: 5BTR) and PGC1a (PDB ID: 1HTR) were
downloaded from the PDB database (https:/www.rcsb.org/).
After importing the protein structure into PyMol 2.3.0 to
remove crystal water and small molecules, the protein struc-
ture file was uploaded to ZDOCK software for the calculations.
The generated results were sorted according to the ZDOCK
scores, with higher scores yielding better results. Finally,
PyMol 2.3.0 was applied to observe the interaction pattern of
the top-ranked docking model.

We downloaded the molecular structure of HDN from the
PubChem  database  (https:/pubchem.ncbi.nlm.nih.gov/).
Molecular docking of HDN and SIRT1 was performed using
AutoDockVina-1.1.2. Based on the position of the protein
ligand, the coordinates of the protein active site were
determined, and the conformation with the lowest docking
binding energy was selected for molecular docking binding
mode analysis to obtain the free energy of the molecular
docking binding, and the results were then graphed using
PyMol.

2.16 Statistical analysis

In the present study, we performed one-way ANOVA tests fol-
lowed by Tukey’s multiple range tests in GraphPad Prism 8.0
software to confirm whether there were differences between
each group, where ANOVA p-values less than 0.05 were con-
sidered statistically significant. Data were expressed as the
mean + standard error. *P < 0.05, **P < 0.01, ***P < 0.001, and
*¥***p < 0.0001.
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3. Results

3.1 HDN reduced the body weight and blood lipid levels in
high-fat-diet mice

It is known that HDN has a positive effect on hyperlipidemia
and alleviates hepatocyte fat deposition, and so to investigate
the effect of HDN on NAFLD, we established the NAFLD model
with HFD mice for 16 weeks (Fig. 1A and B). The results
showed that compared with the CON group, the body weight,
liver weight, and liver index of the HFD group were signifi-
cantly increased (P < 0.001). Interestingly, HDN supplemen-
tation in the HFD mice significantly reduced the body weight,
liver weight, and liver index (P < 0.01) (Fig. 1C-E). The serum
TG, TC, and LDL in the HFD group were significantly higher (P
< 0.01) while HDL was significantly lower than in the CON
group (P < 0.01). However, HDN intervention significantly
improved the lipid levels in the HFD mice (P < 0.05), but there
was no significant difference in TC (P > 0.05) (Fig. 1F-I). These
results suggest that HDN intervention reduces body weight
and lipid levels in high-fat-diet mice.

3.2 HDN improved hepatic lipid accumulation and liver
injury induced by the high-fat diet

To further investigate the effects of HDN on the liver of HFD
mice, we examined the liver function, and liver lipid levels and
observed the structural changes in the liver. By testing the liver
function and liver lipid levels we discovered that compared
with the CON group, the serum AST and ALT were significantly
increased in the HFD group (P < 0.001) (Fig. 2A and B); and
TG, TC, and LDL were significantly increased in the liver (P <
0.0001) (Fig. 2C, D and F), while HDL was significantly
decreased (P < 0.0001) (Fig. 2E). HDN intervention significantly
reversed the changes in these indices. We observed from the
H&E results that compared with the CON group, the hepato-
cytes in the HFD group were in steatosis as shown by the swell-
ing of the hepatocytes (black arrows) and vacuoles in the cyto-
plasm (red arrows). At the time of HDN intervention, hepato-
cellular steatosis was alleviated in the DHL group and even
approached the level of the CON group in the DHH group
(Fig. 2G). The above results suggest that HDN could signifi-
cantly improve liver structure and function and reduced liver
lipid levels in the HFD mice.

3.3 HDN improved insulin resistance caused by the high-fat
diet

Insulin resistance has been recognized as a key risk factor for
NAFLD. To investigate whether HDN plays a role in altering
insulin resistance, we performed IPGTT and IPITT on each
group of mice to assess their glucose homeostasis and insulin
sensitivity. Compared with the CON group, the HFD group had
significantly increased fasting glucose and insulin levels at
baseline (P < 0.0001) and significantly decreased glucose and
insulin levels after the HDN intervention (P < 0.01). After the
intraperitoneal administration of glucose to the mice, the
reduced response to glucose loading in HDN-treated HFD
group mice was reversed, which suggested that HDN had an
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Fig. 1 The effect of HDN on body weight, liver weight, liver index, and lipid levels in high-fat-diet mice. (A) Flow chart of the animal model estab-
lishment. (B) Chemical structure of HDN. (C) Whole-body weight gain curves after 16 weeks of HDN administration in high-fat-diet mice. (D) Liver
weight of the mice. (E) Liver index (mice’s liver weight/body weight at week 16). (F) The level of TG in the mice serum. (G) The level of TC in the mice
serum. (H) The level of HDL in the mice serum. (l) The level of LDL in the mice serum. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

effect on improving glucose tolerance (Fig. 2H). Similarly, the
HDN-treated HFD group mice had a significantly faster
glucose response to insulin loading (Fig. 2I). Therefore, HDN
intervention significantly improved insulin sensitivity and
glucose tolerance in the HFD mice.

3.4 HDN regulated the expression of lipid-related
metabolites

To further investigate the effect of HDN on the HFD mice, we
analyzed the metabolites by untargeted metabolomics. We
found that many metabolites associated with the lipid, amino
acid, and energy metabolic pathways showed significant
changes in the HFD mice, and HDN intervention reversed
these changes (Fig. 3A and B). At the same time, we screened
the common differential metabolites in HFD vs. CON, HFD-H
vs. HFD (Fig. 3C) for analysis, which showed few intra-group
and significant inter-group differences (Fig. 3D), and then we
chose the metabolites that had significant differences and
were of interest to us for analysis (Fig. 3E). Compared with the

376 | Food Funct, 2024,15, 372-386

CON group, taurochenodeoxycholic acid (sodium salt), gly-
coursodeoxycholic acid, and hypotaurine were significantly
reduced in the HFD group, while 9-KODE and acetoacetate
were significantly increased, and HDN intervention reversed
the expression of these metabolites, all of which were related
to lipid formation and lipid lowering, suggesting that HDN
intervention affected the synthesis and metabolism of the
lipids. Compared with the CON group, metabolites of phos-
phatidylcholine, such as LPC 16:1 and cytidine 5'-diphospho-
choline, were significantly decreased in the HFD group. The
high-fat diet affected phospholipid metabolism in the mice.
Meanwhile, compared with the CON group, the HFD group
had significantly decreased levels of 13-OxoODE and nicotina-
mide, while 5-aminoimidazole-4-carboxamide-1-beta-p-ribofur-
anosyl 5-monophosphate was significantly increased, and
HDN intervention reversed the expression of 13-OxoODE, and
nicotinamide, and the changes in these metabolites related to
fatty acid p-oxidation suggested that fatty acid p-oxidation was
inhibited in the HFD mice, and that fatty acid p-oxidation was

This journal is © The Royal Society of Chemistry 2024
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mitigated after HDN intervention. Therefore, HDN may allevi-
ate lipid metabolism abnormalities induced by a high-fat diet
through a fatty acid p-oxidation process.

3.5 HDN improved hepatic lipid accumulation by activating
SIRT1/PGC1lo

According to the above results, we found that HDN could
improve HFD-induced NAFLD in mice, so we further investi-
gated the mechanism by which HDN improved NAFLD. The
obtained results showed that compared with the CON group,
the expression levels of SIRT1 and PGC1la proteins were signifi-
cantly decreased in the HFD group (Fig. 4A), and the IF
double-staining and IHC results of SIRT1 and PGC1la showed
the same changes (P < 0.05) (Fig. 5A and B). Also, the
expression levels of proteins related to fatty acid transport syn-
thesis of CD36, SCD1, and FABP1 were significantly increased
(P < 0.05) (Fig. 4B); while the expression levels of proteins

This journal is © The Royal Society of Chemistry 2024

related to fatty acid p-oxidation PPARa, CPT1, ACOX1, and
EHHADH were significantly reduced (P < 0.05) (Fig. 4C). HDN
intervention significantly reversed the expression of these pro-
teins. The PPI protein interaction network results showed that
the above proteins were closely related and regulated by each
other (Fig. 4D). The results of the Oil Red O staining showed
that liver lipid droplets were significantly increased in the HFD
group compared with in the CON group (P < 0.001) and signifi-
cantly decreased after HDN intervention (P < 0.05) (Fig. 4E).
These results suggest that HDN promoted fatty acid
f-oxidation through the activation of SIRT1/PGCla, thereby
ameliorating hepatic lipid accumulation in NAFLD.

3.6 HDN improved PO-induced lipid accumulation in AML12
cells

To further investigate the effect of HDN on high lipid-induced
lipid accumulation, we induced a high lipid model in AML12
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cells by PO in vitro. First, we conducted the CCK8 assay to
select the optimal drug concentration for HDN application to
AML12 cells. Based on the results of the CCKS8 assay, we
observed a significant decrease in cell viability at a HDN con-
centration of 400 pM compared to the CON group (P < 0.001)
(Fig. 6A), so we selected two drug concentrations of 100 pM
and 200 pM HDN for the subsequent experiments. After that,

378 | Food Funct, 2024,15, 372-386

we induced AML12 lipid accumulation with PO and performed
HDN intervention. The obtained results showed that compared
with the CON group, TC and TG were significantly increased in
the PO group (P < 0.01) and significantly decreased in the
HDN intervention groups (P < 0.05) (Fig. 6B and C). The results
of Oil Red O staining showed that compared with the CON
group, the lipid droplets significantly increased in the PO

This journal is © The Royal Society of Chemistry 2024
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group (P < 0.001) and significantly decreased in the HDN inter-
vention groups (P < 0.05) (Fig. 6D and E), which was consistent
with the results obtained for TC and TG. The above results
suggest that HDN attenuated PO-induced AML12 lipid
accumulation in vitro.

3.7 HDN promoted the deacetylation of PGC1a by SIRT1

To confirm the specific interaction between SIRT1 and PGCla
and the effect of HDN on this interaction, we detected the
binding of SIRT1 to PGC1la and the acetylation level of PGCla
using COIP and IF assays. To initially confirm whether there
was a relationship between SIRT1 and PGC1a, we first analyzed
the relationship between the interaction of SIRT1 and PGCla
by ZDOCK. According to the ZDOCK results, the Z-scores =
1429.480, and ARG-179, ARG-181, LYS-233, HIS-457, and
PRO-456 of SIRT1, respectively, formed hydrogen bonds with
TYR-292, GLU-241, TYR-244, TYR-283, and ASN-281 of PGCla«
(Fig. 7D). The above results showed that SIRT1 was able to
bind tightly to PGC1a and formed stable protein-protein com-
plexes. The results of IF showed that the SIRT1 and PGCla
protein expression levels were significantly reduced after PO
treatment, while HDN promoted SIRT1 and PGC1la expression.
SIRT1 and PGC1la were strongly correlated (Fig. S11), and HDN
increased the co-localization of SIRT1 and PGCla. (Fig. 7C).
According to the COIP results, SIRT1 interacted directly with
PGC1la (Fig. 7A); PO induced a significantly increased acetyl-
ation of PGCla (P < 0.001), while HDN inhibited the increase
in the acetylation of PGCla induced by PO (P < 0.001)
(Fig. 7B). In summary, according to the above results, we dis-
covered that HDN promoted the interaction of SIRT1 with
PGC1la and increased the deacetylation of PGCla by SIRT1.
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3.8 HDN improved PO-induced lipid accumulation in AML12
cells via activating SIRT1

After successfully establishing the cellular high-fat model, we
further explored the mechanism of HDN to improve lipid
accumulation in vitro. According to the results, compared with
the control group, the protein expression levels of SIRT1 and
PGC1la were significantly decreased in the HFD group (P <
0.01) (Fig. 8A), and the IF results of SIRT1 showed the same
changes (P < 0.001) (Fig. 8D); while the protein expression
levels of CD36, SCD1, and FABP1 related to fatty acid transport
synthesis were significantly increased (P < 0.001) (Fig. 8B); and
the protein expression levels of PPARa, CPT1, ACOX1, and
EHHADH related to fatty acid p-oxidation were significantly
decreased (P < 0.05) (Fig. 8C). HDN intervention significantly
reversed the expression of these proteins (P < 0.05).

In order to determine the targeting relationship between
HDN and SIRT1, we performed CETSA and molecular docking.
The CETSA results showed that compared with CON, when
HDN intervened, the SIRT1 expression increased with increas-
ing temperature, while molecular docking with the free energy
of binding of —9.1 kcal mol™" showed the binding energy was
lower, indicating a good binding ability. These results suggest
a targeting relationship between HDN and SIRT1 (Fig. 9A). To
further determine that HDN regulated lipid accumulation in
AML12 cells via activating SIRT1, we performed transfection
experiments in vitro to knock down SIRT1 expression with a
good transfection efficiency (Fig. S21). After transfection,
gRT-PCR and western blot were performed and the results
showed that the mRNA and protein expression of SIRT1 were
significantly decreased in the siSIRT1 group compared to the
CON group (P < 0.05), and there was no significant difference

Co-locatlization

Fig. 7 Effect of HDN on the interaction between SIRT1 and PGCla. (A) COIP detected the interaction of SIRT1 with PGC1la. (B) COIP detected the
degree of PGCla acetylation and the ratio of acetylated PGCla to total PGCla. (C) Results of IF double-staining and the co-localization quantifi-
cation of AML12 cells. SIRT1 (red), PGCla (green), and DAPI (blue). (D) Protein—protein interaction analysis. ****P < 0.0001.
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between the siNC and the CON group (P > 0.05) (Fig. 9C and D).
Subsequent experiments were performed after determining the
successful knockdown of SIRT1. The obtained results showed
that SIRT1 protein expression was significantly decreased in
AML12 cells after PO and siSIRT1 treatment, and SIRT1
expression was further decreased when siSIRT1 and PO were
treated together, and the SIRT1 IF results also showed the same
changes (Fig. 8B); meanwhile, its downstream proteins PGCla,
PPARq, CPT1, ACOX1, and EHHADH expressions were signifi-
cantly decreased (Fig. 9C and H), while CD36, SCD1, and FABP1
were significantly increased (Fig. 9G). SIRT1 expression was sig-
nificantly increased and reversed the expression of its down-
stream proteins when HDN intervened. The above results
suggest that HDN promoted fatty acid f-oxidation and improved
lipid accumulation in AML12 cells in vitro by activating SIRT1.

4. Discussion

NAFLD is a complex disease that begins with an abnormal
accumulation of TG in the liver developing into liver injury,
which leads to liver damage through multiple pathways, such
as autophagy,'’** mitochondrial stress,®* oxidative stress,®

This journal is © The Royal Society of Chemistry 2024

and apoptosis.’” The pathogenesis of NAFLD is a complex and
multifactorial process. NAFLD affects not only physiological
changes in the liver but also the structural functions of other
body systems, such as the heart,’® kidney,*® and cardiovascular
system.”® NAFLD is a serious threat to life and health. There is
no definite treatment for NAFLD. Therefore, it is important to
find a safe and effective treatment drug. HDN is a natural phe-
nolic compound with a wide range of biological effects, includ-
ing anti-inflammatory,*' antioxidant,** and anti-cancer*?® pro-
perties. In this study, we investigated the mechanism by which
HDN ameliorated lipid accumulation in nonalcoholic fatty
liver by establishing a high-fat model in vitro and in vivo. The
results showed that HDN ameliorated the HFD-induced
reduction in SIRT1 expression, inhibited the acetylation of
PGC1a, and promoted fatty acid p-oxidation.

The inhibition of lipid accumulation in the liver is the key
to improving NAFLD. In the present study, we found hepato-
cyte steatosis, hepatocellular enlargement, and cytoplasmic
vacuolization in the high-fat-diet NAFLD mice, which is con-
sistent with previous studies.**™*° In the in vitro experiments,
AML12 cells were induced by PO with increased TC and TG
contents and lipid droplet quantities. Our current data
suggested that HDN improved the increase in blood lipids,
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liver lipids (TC, TG, HDL, LDL), and liver injury (AST, ALT)
caused by a high-fat diet and reduced lipid accumulation
in vivo and in vitro, as well as improved insulin resistance.
These results show that HDN could effectively improve NAFLD
induced by a high-fat diet.

As a result of analytical screening based on the results of
LC-MS analysis, we found that taurochenodeoxycholic acid
(sodium salt), glycoursodeoxycholic acid, and hypotaurine
were significantly decreased and 9-KODE and acetoacetate
were significantly increased in the high-fat-diet mice. It has
been shown that taurochenodeoxycholic acid (sodium salt) is
negatively correlated with PPARy,”” which is known to be a
major regulator of adipogenesis and insulin resistance,*® and
that changes in the taurochenodeoxycholic acid (sodium salt)
content are closely related to PPARy, affecting adipogenesis
and insulin resistance., and our results also showed that HFD
affected glucose tolerance and insulin resistance, and could
significantly increase the expression of PPARy (Fig. S3Aft);
while glycoursodeoxycholic acid could improve HFD-induced
insulin resistance and hepatic steatosis,*® and hypotaurine, a
precursor of taurine, promoted fat metabolism and reduces fat
accumulation.®® Further, 9-KODE is a derivative of linoleic
acid; while acetoacetate stimulates triacylglycerol synthesis,
and these changes in metabolites responding to lipid syn-
thesis and metabolism are consistent with the embodiment of
our present findings. When phospholipid metabolism is
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abnormal, it usually affects fat metabolism as well, and the
two interact to play important roles. Metabolites related to
phospholipid metabolism, such as LPC 16:1 and cytidine
5'-diphosphocholine, were significantly reduced and phospho-
lipid metabolism was aberrant under the high-fat diet. HDN
intervention reversed the expression of the above metabolites.
In addition, compared with CON, 5-aminoimidazole-4-carboxa-
mide-1-beta-p-ribofuranosyl 5-monophosphate was increased
in the high-fat-diet mice, and AICARiboside (an AMPK activa-
tor) was its precursor,”’ and interestingly we found a signifi-
cant decrease in AICARiboside from the results of the HFD vs.
CON metabolite analysis, and HDN intervention slowed down
AICAR and its metabolism. To investigate the effect of HDN on
AMPK and the relationship between AMPK and SIRT1, we per-
formed the in vivo detection of AMPK and SIRT1 expression by
western blot, and both were found to be significantly reduced
in the HFD group compared with CON, which was reversed
after HDN intervention. We used AICAR and Compound C
(AMPK inhibitor) in vitro and found that when AMPK was acti-
vated or inhibited, SIRT1 underwent the same changes
(Fig. S4A, B and Cft), suggesting that AMPK is the upstream
protein of SIRT1 and is positively correlated with it. It has
been shown that 13-OxoODE is an activator of PPARa >> and
can affect PPARa expression; while nicotinamide affects lipid
metabolism by increasing fatty acid p-oxidation activity.>?
Here, 13-OxoODE and nicotinamide were significantly
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decreased in the HFD group, and both were significantly
increased after HDN intervention. From the analysis of the
LC-MS results, we concluded that HDN affects the fatty acid
p-oxidation process and thus improves lipid metabolism.

Recently, SIRT1 has been identified as an important regula-
tor of mitochondrial biogenesis®® and fatty acid oxidation,®
which regulates the mitochondrial state by targeting PGCla
interactions.’® It has been reported that changes in SIRT1/
PGC1la expression enhance hepatic antioxidant capacity, and
regulate oxidative stress and lipid peroxidation and thus
improve NAFLD induced by a high-fat diet.>” Fatty acid
B-oxidation is one of the important processes that occur in
mitochondria involved in lipid metabolism.>® SIRT1 increases
the transcriptional activity of PGC1a by deacetylating PGC1a.>®
On the other hand, PGCla binds and co-activates PPARq,®°
which induces many genes that are important for fatty acid
metabolism, including CPT1, ACOX1, EHHADH, CD36, SCD1,
and FABP1. The results of this study showed that HDN pro-
moted the deacetylation of PGCla by SIRT1 and increased the
expressions of PGCla and PPARa. The interaction of SIRT1
with PGC1la was verified in AML12 cells by performing forward
and reverse pull by COIP. When SIRT1 was knocked down, the
SIRT1/PGCla expression and fatty acid p-oxidation process
were inhibited, showing that HDN improved NAFLD mainly
through SIRT1/PGCla. The above results suggest that HDN
activates SIRT1 to increase the deacetylation of PGCla as a key
to regulating fatty acid f-oxidation.

The liver is one of the most active tissues for fatty acid oxi-
dation,®* which includes p-oxidation, propionate oxidation,
a-oxidation, o-oxidation, and unsaturated fatty acid oxi-
dation,®” with the most important being p-oxidation. Fatty acid
p-oxidation is one of the main pathways of TG metabolism.®
PPAR« is highly expressed in the liver and is a target protein
that regulates the process of fatty acid p-oxidation,** while hep-
atocyte-specific PPARa knockdown impairs fatty acid metabolic
catabolism and leads to hepatic lipid accumulation, and
PPAR« is essential for systemic fatty acid homeostasis.®® CPT1
is the rate-limiting enzyme for fatty acids to enter the mito-
chondria for f-oxidation, which transports fatty acids to the
mitochondria to participate in fatty acid p-oxidation,®® and
then catalyzes the desaturation of acyl CoAs to 2-trans-enoyl-
CoAs in the first step of P-oxidation under the action of
ACOX1,”” while EHHADH mediates the dehydrogenation of
hydroxy acyl CoAs to ketoacyl CoAs in the third step of
B-oxidation.’® In addition, the change of PPARa expression
level affects the expression level of the downstream protein
CPT1,%® which in turn affects fatty acid transport into the mito-
chondria. Consequently, fatty acids that have already entered
the cell cannot enter the p-oxidation process, causing a large
number of fatty acids to be deposited in the cytoplasm. In this
study in vitro and in vivo, we observed that the high-fat diet
induced significantly decreased expression levels of PPARa,
CPT1, ACOX1, and EHHADH, while the fatty acid uptake syn-
thesis-related proteins CD36, SCD1, and FABP1 were signifi-
cantly increased and also differentially regulated by PPARa.
This phenomenon was reversed after HDN intervention. These

This journal is © The Royal Society of Chemistry 2024
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results suggested that HDN promotes fatty acid p-oxidation
processes, reduces fatty acid uptake and synthesis, and attenu-
ates intracellular lipid accumulation.

5. Conclusions

In summary, our study found that the protective effect of HDN
on NAFLD was related to fatty acid B-oxidation. HDN was con-
cluded to improve hepatic fat accumulation and liver injury by
activating SIRT1/PGCla. Also, in the SIRT1/PGCla process,
SIRT1 interacts directly with PGC1a and promotes the deacety-
lation of PGC1a, which in turn promotes fatty acid p-oxidation.
In addition, these results further revealed the mechanism of
HDN in the prevention of NAFLD and provide new ideas for
the prevention and treatment of NAFLD.
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