Food Research International 155 (2022) 111095

Contents lists available at ScienceDirect

)(0)D)
RESEARCI
INTERNATIONAL

Food Research International

FI. SEVIER

journal homepage: www.elsevier.com/locate/foodres

t.)

Check for

Stearic acid prevent alcohol-induced liver damage by regulating the e
gut microbiota

Wen Nie ®", Feiran Xu™", Kai Zhou™ "™, Xiaoxiao Yang®", Hui Zhou™", Baocai Xu®""

@ School of Food and Biological Engineering, Hefei University of Technology, Hefei 230601, China
Y Engineering Research Center of Bio-process, Ministry of Education, Hefei University of Technology, Hefei 230601, China
¢ Anhui QiangWang Flavouring Food Co., Ltd, Fuyang 236500, Anhui, China

ARTICLE INFO ABSTRACT

Keywords: The pathological characteristics of alcohol-associated liver damage (ALD) mainly include liver lipid accumula-
Jinhua ham tion, which subsequently leads to alcohol-associated steatohepatitis, fibrosis and cirrhosis. Dietary factors such as
Fatty acids

alcohol and fat may contribute to the development of ALD. A chronic alcohol-fed mouse model was used to
investigate the effect of fatty acids in Jinhua ham on ALD. The fatty acids in Jinhua ham could prevent the
occurrence of ALD from chronic alcohol consumption. In addition, the fatty acids in Jinhua ham with liver
protective activity were long-chain saturated fatty acids (LCSFAs), including palmitic acid and stearic acid. In
contrast, long-chain polyunsaturated fatty acids aggravated the pathogenesis of ALD. Furthermore, the mecha-
nism underlying the prevention of ALD by fatty acids in Jinhua ham was ascribed to increasing relative abun-
dances of Akkermansia muciniphila and Lactobacillus in the gut, which were beneficial to regulating intestinal
homeostasis, ameliorating intestinal barrier dysfunction and reducing alcohol-associated hepatitis and oxidative
stress damage. This study demonstrated that dietary supplementation with saturated fatty acids could prevent or
mitigate ALD by regulating the gut microbiota (GM) and improving the intestinal barrier, while provided a more
affordable dietary intervention strategy for the prevention of ALD.

Gut microbiota
Alcohol-associated liver damage
Intestinal barrier

1. Introduction 2012). Due to a lack of pharmacologic options for managing ALD,

treatment of ALD remains a major health problem worldwide.

Alcohol-associated liver damage (ALD) is one of the most prevalent
and preventable chronic diseases and is associated with severe
morbidity and mortality worldwide. It includes a spectrum of the
pathological characteristics of liver lipid accumulation, which subse-
quently leads to alcohol-associated steatohepatitis, alcohol fibrosis and
cirrhosis (Gao & Bataller, 2011). The mortality from ALD count reaches
approximately 2.5 million annually, with a mortality rate of 4%
worldwide (Room, Babor, & Rehm, 2005). In Europe, ALD accounts for
more than 75% of cirrhosis cases (Rehm, Shield, Rehm, Gmel, & Frick,

Alcohol is generally considered a highly diffusible small-molecule
compound, with over 90% of alcohol being absorbed in blood circula-
tion through the stomach and intestines after intake and subsequently
being metabolized in the liver (Massey & Arteel, 2012; Norberg et al.,
2003). Many toxic metabolites of alcohol are produced and accumulated
in the liver, such as acetaldehyde and reactive oxygen species (ROS),
which are responsible for disrupting intestinal barrier function and
oxidative stress-mediated damage of hepatocytes (Arthur, 2006).
Moreover, excessive alcohol consumption contributes to abnormal lipid
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cytochrome P4502E1; ELISA, enzyme-linked immunosorbent assay; EtOH + JHF, sample group; EtOH, ethanol group; FAS, fatty acid synthase; GM, gut microbiota;
GSH-Px, glutathione peroxidase; HE, hematoxylin and eosin; HO-1, heme oxygenase 1; IL-1B, interleukin-1f; IL-6, interleukin-6; JHF, fat in Jinhua ham; LPS,
lipopolysaccharide; MCP-1, monocyte chemoattractant protein-1; MD-2, myeloid differential protein-2; MDA, malondialdehyde; MyD88, myeloid differentiation
primary response 88; NF-kB, nuclear factor-k-gene binding; NQO1, (NAD(P)H:quinone oxidoreductase 1; NRF2, nuclear factor E2; PBS, phosphate-buffered saline;
PPAR-«, peroxisome proliferators-activated receptors; ROS, reactive oxygen species; SCD1, stearoyl-CoA desaturase 1; SOD, superoxide dismutase; SREBPIc, sterol
regulatory element binding protein 1c; TG, triglyceride; TLR-4, toll-like receptor 4; TNF-a, tumor necrosis factor o; RT-PCR, reverse transcription-polymerase chain

reaction.

* Corresponding author at: School of Food and Biological Engineering, Hefei University of Technology, Hefei 230601, China.

E-mail address: baocaixu@163.com (B. Xu).

https://doi.org/10.1016/j.foodres.2022.111095

Received 12 January 2022; Received in revised form 1 March 2022; Accepted 2 March 2022

Available online 5 March 2022
0963-9969/© 2022 Published by Elsevier Ltd.


mailto:baocaixu@163.com
www.sciencedirect.com/science/journal/09639969
https://www.elsevier.com/locate/foodres
https://doi.org/10.1016/j.foodres.2022.111095
https://doi.org/10.1016/j.foodres.2022.111095
https://doi.org/10.1016/j.foodres.2022.111095
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foodres.2022.111095&domain=pdf

W. Nie et al.

metabolism in the liver by activating the signaling pathways of SREBP1c
and PPAR-a (Crabb & Liangpunsakul, 2006). SREBPIc is a pivotal nu-
clear transcription factor in liver lipid metabolism, regulating liver lipid
synthesis by regulating the expression of enzymes related to lipid
metabolism, such as fatty acid synthase and stearoyl-CoA desaturase
(You, 2002). The accumulation of acetaldehyde and TNF can upregulate
the expression of the SREBPIc gene and accelerate its maturation in
hepatocytes (Endo, Masaki, & Seike, 2007). Conversely, PPAR-a plays a
beneficial role in preventing and ameliorating alcohol-induced lipid
accumulation in the liver by promoting fatty acid p oxidation and export
(Nakajima, Kamijo, Tanaka, Sugiyama, & Aoyama, 2010). AMPK plays a
central role in alcohol-induced liver lipid metabolism abnormalities
because it directly regulates the expression of the SREBP1c and PPAR-a
genes (Brice, Julien, & Pedro, 2013; Molina, 2008).

The gut microbiota (GM) contributing to the pathogenesis of ALD has
been clearly established (Albillos, de Gottardi, & Rescigno, 2020).
Alcohol and its metabolite acetaldehyde can directly damage the in-
testinal barrier and disrupt intestinal homeostasis (gut bacterial over-
growth and dysbiosis), which worsens ALD (Yan et al., 2011). Intestinal
barrier dysfunction leads to increased intestinal permeability, which
promotes bacterial translocation and lipopolysaccharide (LPS) absorp-
tion (Sarin, Pande, & Schnabl, 2019). LPS, as an innate immunomodu-
lator, participates in signaling with TLR4 and its coreceptors to stimulate
the release of inflammatory cytokines by Kupffer cells, leading to hep-
atitis and scarring of liver tissue (Louvet & Mathurin, 2015).

Recent evidence has indicated that alcohol and the type of dietary fat
are directly associated with the development of ALD (Irina, Matthew,
Matthew, Swati, & Craig, 2016; Nanji & French, 1986). A large amount
of experimental evidences suggested that dietary tuna fish oil, a-lino-
lenic acid, eicosapentaenoic acid and docosahexaenoic acid exhibit po-
tential therapeutic efficacy against ALD (Huang et al., 2013; Pawlosky,
Flynn, & Salem, 1997; Pawlosky & Salem, 2004; Song, Moon, Olsson, &
Salem, 2008; Wada, Yamazaki, Kawano, Miura, & Ezaki, 2008). How-
ever, several studies have demonstrated that dietary alcohol with corn
oil resulted in more severe ALD than alcohol alone in experimental
animals (Nanji et al., 1989, 1995). Moreover, dietary alcohol with
menhaden fish oil aggravated the pathology of liver lipid accumulation
and hepatitis to a greater extent than alcohol with corn oil (Nanji et al.,
1994). Simultaneously, several investigators have indicated that treat-
ment with palm oil and beef fat but not fish oil was associated with a
marked improvement in ALD (Feng, Ma, & Wang, 2020; Nanji, Sadr-
zadeh, & Yang, 2010). The results regarding the role of specific types of
dietary fat in ALD are still inconsistent and controversial.

Our previous study confirmed that dry-cured hams can prevent ALD,
which is related to the bioactive peptides in dry-cured hams (Nie et al.,
2020). However, the effect of the fat in dry-cured hams on ALD remains
unclear. Therefore, the aim of the present study was to investigate the
probable impacts of dry-cured ham fat on ALD and clarify the mecha-
nism underlying the potentiation or attenuation of ALD. Clarifying the
impact of the types of dietary fat on ALD and understanding the mo-
lecular mechanisms underlying the prevention of ALD development may
help to provide a more affordable dietary intervention strategy for the
prevention of alcohol-associated liver injury.

2. Materials and methods
2.1. Materials and chemicals

Jinhua hams (36-month ripening period) were obtained from the
Jinzi Ham Food Company (Jinhua, Zhejiang, China). Casein 30 Mesh, L-
cystine, corn starch, maltodextrin, sucrose, t-butylhydroquinone, min-
eral mix S10022G, vitamin mix V10037, choline bitartrate, cellulose,
stearic acid (C18:0), palmitic acid (16:0), oleic acid (C18:1) and linoleic
acid (C18:2) were of food grade and obtained from Hefei Yili Co., Ltd.
(Hefei, Anhui, China). Corn oil was obtained from Yihai Kerry Golden
Arowana Grain, Oil and Foodstuffs Co., Ltd. All the water used in this
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study was deionized water. The primer sequences of the targeted genes
were showed in Supporting Information 1. Main antibodies TLR4, CD14,
MyD88, MD-2, NF-kB, SREBP1lc, SCD1, FAS, AMPK, PPAR-a, CPT1,
CYP2E1, AhR, NQO1, Claudin-1 and Occludin were bought from Abcam
(MA, USA), and antibodies against GAPDH were obtained from Sigma-
Aldrich (USA). The secondary anti-rabbit IgG (H + L) and anti-mouse
IgG (H + L) were obtained from Cell Signaling Technology (Beverly,
MA, USA).

2.2. Extraction of fatty acid and preparation of the mouse diet

100 g Jinhua ham was homogenized with 500 mL petroleum ether by
a polytron homogenizer (IKA T25 digital ultraturrox, IKA, Germany; 4 S,
10 s each at 15,000 rpm with cooling in ice). Then, the mixture was
subjected to ultrasonic treatment for 1 h. The homogenate was centri-
fuged at 3500g for 20 min at 4 °C, and the filtered liquid was dried at
55 °C by a reduced pressure rotary evaporator. Finally, the fat retained
in the rotary steaming bottle was the fat of Jinhua ham and used to
prepare the mouse diet (Supporting Information 2 for the specific
formula).

2.3. Animal experiments

The male SPF C57BL/6 mice (8 weeks old, weight 20 + 2 g) used in
this study were provided by Changzhou Kavins Experimental Animal Co.
(license no.: SCXK (Su) 202106212). The mice were reared in a standard
environment with a 12-hour alternating darkness/light cycle, and ad
libitum to autoclaved food and distilled water. The ambient temperature
was 25 + 2 °C, and the relative humidity was 60 + 5%. Animal exper-
iments were performed according to the guidelines of the institutional
animal ethics committee and were approved by the biomedical ethics
committee of Hefei University of Technology (HFUT 20201026001). All
mice were fed one week in advance for acclimation to the experimental
environment.

The chronic alcohol-fed mouse model was established as previously
described (Bertola, Mathews, Ki, Wang, & Gao, 2013). The mice were
randomly divided into different groups (8 per group), including the
control group, alcohol group, and experimental group, and fed for 35
days. The alcohol group was fed an EtOH diet with daily oral gavage of
3.0 g/kg B.W. alcohol from the 1th to the 14th day and 5.0 g/kg B.W.
alcohol from the 15th to the 35th (EtOH group, n = 8). The control
group was fed the CTRL diet with oral gavage of 5.4 g/kg B.W. maltose
dextrin from the 1th to the 14th day and 9.0 g/kg B. W. maltose dextrin
from 15th to the 35th (CTRL group, n = 8). The control group mice were
fed an isocaloric amount of maltose dextrin instead of alcohol by oral
gavage to maintain the same caloric intake (1 g of ethanol = 7 kecal; 1 g
of maltose dextrin (Bio-serv) = 3.89 kcal). The experimental group was
fed a JHF/C16:0/C18:0/C18:1/C18:2/C18:3 diet (where JHF is the fat
in Jinhua ham) with oral gavage of 3.0 g/kg B.W. alcohol from the 1th to
the 14th day and 5.0 g/kg B.W. alcohol from the 15th to the 35th (JHF/
C16:0/ C18:0/C18:1/C18:2 + EtOH group, n = 8). The details of the
animal feeding strategy are described in Fig. 1. Nine hours after the final
gavage, all mice were euthanized in a CO, chamber, followed by
collection of serum, liver, colon and intestinal contents.

2.4. Fatty acid analysis

Fatty acid methyl esters were analyzed by gas chromatography
(Daglioglu, Tasan, & Tuncel, 2000). Approximately 10 g of sample was
weighed, and 25 mL of hexane was added to the centrifuge tube. Then,
the mixture was subjected to ultrasonic treatment for 20 min. The su-
pernatant was collected after centrifugation (3500¢ for 10 min at 4 °C).
The hexane was removed by rotary evaporation at 55 °C for 10 min, and
20 pL of the acquired oil, 400 pL of KOH/methanol (1 mol/L) and 2 mL
of hexane were added to a 10 mL centrifuge tube and lightly vortexed.
Then, 2 mL of ultrapure water was added, and the mixture was placed at
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Fig. 1. Experimental design for the protocol used for ALD in male C57BL/6J mice.

room temperature for separation. Finally, 1 mL of the supernatant was
collected and filtered through a 0.22-pm membrane filter. A gas chro-
matograph (Agilent Technologies, USA) with a DB-WAX capillary col-
umn (30 m x 0.25 mm x 0.25 um) was used to monitor the composition
of fatty acids with the following parameter settings: injector tempera-
ture: 270 °C; detector temperature: 280 °C; programmed temperature
conditions: initial temperature of 100 °C for 13 min, heating from 100 to
180 °C at 10 °C/min, holding for 6 min, heating from 180 to 200 °C at
1 °C/min, holding for 20 min, heating from 200 to 230 °C at 4 °C/min,
holding for 10.5 min; carrier gas: nitrogen; split ratio: 100:1; injection
volume: 1 pL.

2.5. Serum, feces and liver biochemical analysis

The blood supernatant in the anticoagulant tube was collected after
centrifugation (1500g for 10 min at 4 °C) as serum. The alanine trans-
aminase (ALT), aspartate transaminase (AST) and triglyceride (TG)
levels in serum were determined according to the kit instructions; 1 g of
feces was taken, and 2 mL of normal saline was added to homogenize the
samples in an ice bath environment. Then, the samples were centrifuged
at 3000g at 4 °C for 10 min, and the supernatant was taken to determine
the TG level; 1 g of liver tissue was taken and cut into pieces, and then, 5
mL of precooled normal saline was added to homogenize the liver tissue
in an ice bath environment. Then, the supernatant was centrifuged at
3000g at 4 °C for 10 min, and the levels of alcohol dehydrogenase
(ADH), acetaldehyde dehydrogenase (ALDH), malondialdehyde (MDA),
TG, superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px)
and protein were determined. The levels of all the above indicators were
determined according to commercial kits according to the manufac-
turer’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanj-
ing, China).

2.6. Histopathological analyses

Liver/colon tissue was immobilized in a 4% paraformaldehyde so-
lution. The fixed tissue was embedded in paraffin, sliced into 5-pm sli-
ces, and stained with hematoxylin-eosin/Alcian blue solution. Each
stained section was placed on a slide and observed under an optical
microscope.

2.7. Analysis of inflammatory cytokines in the liver

One gram of liver tissue was taken and cut into pieces, and then, 5 mL
of precooled normal saline was added to homogenize the liver tissue in
an ice bath environment. Then, the supernatant was centrifuged at
3000g at 4 °C for 10 min. The levels of LPS, TNF-a, IL-1p and IL-6 were
determined by enzyme-linked immunosorbent assay (ELISA) kits ob-
tained from Jiangsu Mei Biao Biological Technology Co., Ltd. (Yanchen,
Jiangsu, China), and the protein concentrations were determined by a

BCA protein assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).

2.8. Analysis of the GM

Bacterial metagenomes from colon content samples were extracted
using an Omega EZNA™ fecal genome extraction kit according to the
manufacturer’s instructions. The extracted total DNA samples were
quantitatively analyzed by a NanoDrop 1000 nucleic acid concentration
analyzer and qualitatively examined by 1% agarose gel electrophoresis.
Samples that met the sequencing requirements (DNA concentration >50
ng/pL, with clear bands) were stored in a —80 °C freezer for future use.
The structure of the GM was analyzed based on the V3-V4 variable re-
gion of the bacterial 16S rRNA gene according to the literature (Nie
et al., 2021). F338 (5'-ACTCCTACGGGAGGCAGCAGCAG-3') and R806
(5'-GGACTACHVGGGTWTCTAAT-3') were used as primers to amplify
the V3-V4 variable region of the 16S rRNA gene in the bacterial genome.
The amplicon libraries were built to the required data depth using the
library building kit, and then, on the Illumina MiSeq PE300 platform,
paired-end sequencing was performed at 2 x 300 bp by Suzhou BioNovo
Gene Co., Ltd. The original data have been submitted to the NCBI
database. The BioProject number is PRINA772101.

2.9. RNA extraction and real-time fluorescence quantitative PCR analysis

Total RNA was extracted from the liver and colon by TRIzol Reagent
(Invitrogen, Carlsbad, CA) and subjected to concentration determination
(NanoDrop 2000, Thermo Fisher, USA). Then, cDNA was synthesized by
using a high-capacity cDNA reverse transcription kit (Applied Bio-
systems, Foster City, CA). All primers for quantitative analysis of
expression were designed by Primer Premier 5 software according to the
gene sequence in NCBI. Real-time quantitative polymerase chain reac-
tion (RT-PCR) was performed on a Heal Force CG-02 thermocycler (Heal
Force, China) with PowerUp SYBR Green Master Mix (Applied Bio-
systems, Foster City, CA). All the samples were prepared in triplicate.
After standardization to the GAPDH expression level, duplicate samples
were measured to calculate the relative levels of target genes. Relative
mRNA expression was calculated using the 2722 method.

2.10. Western blot analysis

The liver or colon tissues were washed with cold PBS and cut into
fragments. Then, the fragments were homogenized with PMSF at a final
concentration of 1 mM to form a tissue homogenate. Then, with a ratio
of 200 pL of RIPA buffer per 60 mg of tissue, RIPA buffer was added to
the tissue homogenate for lysing cells in an ice bath environment for 15
min. The supernatant of the tissue homogenate was collected after
centrifugation (2000g for 5 min at 4 °C) as cytoplasmic protein. The
concentration of the nondenatured protein solution was measured with
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a BCA protein assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The 5x reduced gel sample loading buffer was added to
the protein solution at a ratio of 4:1, and the mixture was heated in a
boiling water bath for 15 min. Then, SDS-PAGE (concentrating gel
voltage: 75 V, separating gel voltage: 120 V) was performed until the
bromophenol blue indicator was approximately 1 cm from the bottom,
at which point the electrophoresis was terminated. The proteins on the
gel were transferred to polyvinylidene difluoride membranes (Service-
bio, Wuhan, China). The membranes were quickly washed in an incu-
bation tank filled with TBST and blocked with 5% skim milk at room
temperature for 30 min. Primary antibodies were added, and the
membranes were incubated at 4 °C in a shaker overnight. Then, the
membranes were washed with TBST (three times, 5 min each). The
secondary antibody was diluted with TBST at a ratio of 1:5000 and then
added to the membranes for incubation at room temperature for 30 min.
Finally, western blotting was performed by using an ECL chem-
iluminescence kit (Thermo Scientific, CA, USA). ImageJ software (NIH,
USA) was used for densitometric analysis of the bands.

2.11. Statistical analysis

All experiments were repeated at least three times. The results are
expressed as the mean + S.E.M. Significant differences among all groups
were calculated according to one-way ANOVA followed by the Bonfer-
roni post hoc test. The differences in species diversity between groups
were analyzed by a T-test. Linear discriminant analysis effect size
(LEfSe) was used to compare two or more groups and identify signifi-
cantly different biomarkers between groups.

3. Results and discussion
3.1. The effect of JHF on alcohol-induced liver damage

ALT, AST and MDA were identified as the main biomarkers of
alcohol-introduced liver damage (Saravanan, Viswanathan, & Puga-
lendi, 2006). As shown in Fig. 2A-C, the levels of ALT, AST and MDA
were 20.86 U/L, 98.49 U/L and 45.35 mmol/mL, respectively, in the
CTRL group. After absolute alcohol treatment, the levels of ALT (130.19
U/L), AST (353.87 U/L) and MDA (203.02 mmol/mL) were significantly
higher than those in the CTRL group (P < 0.05). The results demon-
strated that the mouse model of alcohol-induced liver damage was
successfully developed. When alcohol and JHF were administered
simultaneously, the levels of ALT (63.18 U/L), AST (190.79 U/L) and
MDA (122.28 mmol/mL) were significantly lower than those in the
EtOH group (P < 0.05). These results indicated that JHF effectively
ameliorated liver damage caused by alcohol consumption.

3.2. Effect of JHF characteristics on alcohol-induced liver damage

JHF is a complex containing a variety of fatty acids with different
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characteristics. To further identify the functional factors in JHF for ALD
prevention, the differences in the fatty acid compositions of dietary
lipids were compared and evaluated in this study. The percentages of
palmitic (C16:0), stearic acid (C18:0) and oleic acid (C18:1) in JHF were
significantly (P < 0.05) higher than those in corn oil, but the percentages
of linoleic acid (C18:2) and linolenic acid (C18:3) in JHF were signifi-
cantly (P < 0.05) lower than those in corn oil (Table 1). This may be the
reason for the prevention of ALD by JHF. To further verify our hy-
pothesis, the effects of individual fatty acids in JHF on ALD were sepa-
rately investigated. The results showed that saturated fatty acids (C16:0
and C18:0) significantly ameliorated ALD, while unsaturated fatty acids,
especially polyunsaturated fatty acids (C18:2 and C18:3), promoted the
development of experimental ALD (Fig. 3A-C). We verified that dietary
supplementation with palmitic acid (C16:0) and stearic acid (C18:0),
which are saturated LCFAs, could prevent the development of ALD in
mice. In addition, the group that received dietary supplementation with
stearic acid (C18:0) showed stronger liver protection activity than the
group that received dietary supplementation with palmitic acid (C16:0).
In summary, the prevention of ALD by JHF was mainly attributed to it
being rich in long-chain saturated fatty acids (LCSFAs), especially stearic
acid. Interestingly, we found that with the same carbon chain, the
greater the carbon double-bond content in fatty acids was, the more the
development of ALD was promoted. The carbon chain length of fatty
acids may also affect the course of ALD, but this part of the research is
ongoing and will not be described here.

3.3. Effects of stearic acid on lipid absorption and alcohol metabolism

To further clarify the mechanism underlying the preventive effect of
stearic acid on ALD, the effect of stearic acid on lipid absorption was
investigated in this study. As shown in Fig. 4A, the levels of fecal TG in
CTRL group, EtOH group and EtOH + stearic acid (C18:0) group were
not significant difference between any two groups (P > 0.05). This
suggested that the prevention of ALD by stearic acid was not associated

Table 1
Fatty acid compositions of corn oil and JHF.

Fatty acid Percentage (%)

Corn oil JHF
C14:0 trace trace
Cl16:0 10.13 + 1.24° 32.17 £ 1.472
Cleé:1 trace trace
C18:0 2.17 + 0.25° 19.97 + 1.44°
C18:1 26.73 + 2.82° 39.50 + 1.73%
C18:2 60.50 + 2.27% 8.36 + 1.24°
C18:3 0.74 £ 0.12 trace
>"SFA 12.3 + 0.99° 52.13 + 2.78%
S"USFA 87.7 + 3.83% 47.87 +1.65°
SFA/USFA 0.139 + 0.01° 1.09 £+ 0.12%

Different letters (a, b) in the same line indicate significant differences (P < 0.05).
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Fig. 2. Effects of JHF on serum concentrations of ALT (A), AST (B) and MDA (C) in male mice fed a control diet or an ethanol-containing diet with or without JHF for
35 days. Values are means + S.E.M; n = 8. Samples designated with different lower cases letters (a, b, ¢) were significantly different (P < 0.05) when compared

different treatment group.
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Fig. 4. (A) Effects of stearic acid (C18:0) on feces concentrations of TG; (B) Effects of stearic acid (C18:0) on plasma concentrations of ethanol; (C) Effects of stearic
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lower cases letters (a, b) were significantly different (P < 0.05) when compared different treatment group.

with lipid absorption. The absorption of alcohol in the intestine and
metabolism of alcohol in the liver are important factors for ALD. The
absorption of alcohol was investigated by measuring the concentration
of ethanol in plasma. As shown in Fig. 4B, the concentration of ethanol
in plasma was significantly increased after alcohol consumption
compared with that in the CTRL group (P < 0.05). However, the con-
centration of ethanol in plasma was similar between the EtOH + C18:0
group and EtOH group (P > 0.05) (Fig. 4B). This suggested that the
prevention of ALD by stearic acid is not associated with the absorption of
alcohol. ADH and ALDH are the main hepatic enzymes responsible for
metabolizing alcohol. ADH is responsible for the dehydrogenation of
alcohol to acetaldehyde, and ALDH converts acetaldehyde to acetic acid,
which is finally broken down to CO5 and H3O for elimination (Xiao,
Zhou, Zhao, Su, & Sun, 2018). In the CTRL group, the activities of ADH
and ALDH were 10.62 U/mg prot and 6.49 U/mg prot, respectively.
After alcohol administration, the activities of ADH (4.49 U/mg prot) and
ALDH (3.91 U/mg prot) decreased significantly compared with those in
the CTRL group (P < 0.05). However, stearic acid pretreatment did not
significantly reverse this trend (P > 0.05). (Fig. 4C-D) This demonstrated

that the mechanism underlying the preventive effect of stearic acid
(C18:0) on ALD is not associated with hepatic metabolism of alcohol. A
previous study found that alcohol consumption reduced the capacity of
the GM to synthesize LCSFAs, resulting in a lack of LCSFAs in the gut
(Peng, Torralba, Tan, Embree, & Schnabl, 2014). Therefore, it is
reasonable to speculate that the mechanism underlying the preventive
effect of stearic acid on ALD is related to the GM. However, the effects of
saturated fatty acids on the composition of the GM and the molecular
patterns associated with pathogens remain unclear.

3.4. Stearic acid changed the profiles of the GM in alcohol-treated mice

To verify the above conjecture, the effects of alcohol consumption
and dietary supplementation with stearic acid on the profiles of the GM
were investigated in this study. As shown in Fig. 5A, the GM consisted
mainly of Firmicutes, Verrucomicrobia and Bacteroidetes at the phylum
level. At the genus level, the proportions of Akkermansia and Lactoba-
cillus were markedly decreased and that of Lachnospiraceae NK4A136
was significantly increased in the EtOH group, while stearic acid
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pretreatment significantly reversed these trends (Fig. 5B-D). The pres-
ently recognized pathogenic factors connecting intestinal dysbiosis and
ALD appear to be bacterial and metabolite (e.g., LPS) translocation
caused by increased intestinal permeability (Kirpich et al., 2013; Yan &
Arthur, 2012). The factors behind the pathogenesis of the increased
intestinal permeability are exposure to ethanol and acetaldehyde, which
causes gut epithelial cell tight junction (TJ) disruption (Tremaroli &
Backhed, 2012). Previous studies had confirmed that Akkermansia and
Lactobacillus had the capacity to ameliorate alcohol-induced epithelial
barrier function for preventing ALD by promoting intestinal mucosal
wound regeneration and redox-mediated intestinal epithelial cell pro-
liferation and migration (Hsieh, Chen, Kuo, & Ho, 2021; Liu et al., 2020;
Macchione et al., 2019; Neyrinck et al., 2016; Xia et al., 2020). In this
study, stearic acid pretreatment could prevent ALD by promoting the
relative abundance of Akkermansia and Lactobacillus in the gut, which
might improve alcohol-induced intestinal barrier dysfunction, enhance
gut epithelial cell tight junction (TJ) and reduce the leakage of LPS.

3.5. Stearic acid improved intestinal epithelial barrier function in alcohol-
treated mice

To further confirm above hypothesis, we investigated the effects of
stearic acid and metabolites of gut microbiota (Akkermansia and Lacto-
bacillus) on alcohol-induced intestinal barrier dysfunction. Mucus is an
essential part of maintaining the health and functional integrity of the
gastrointestinal tract. It represents both a first barrier that protects the
epithelial surface, preventing penetration by bacteria or LPS, an excel-
lent substrate and lubricant for bacterial growth, adhesion and

metabolic processes (Cone, 2009). As shown in Fig. 6A, stearic acid
(C18:0) alleviated alcohol-mediated deformation of enterocytes and
reduction of intestinal mucous layer thickness, according to histopath-
ological analysis of the colon. Moreover, the epithelial TJ protein is
essential for maintaining the integrity of the intestinal barrier and
influencing intestinal epithelial leakage (Grander et al., 2018). As shown
in Fig. 6B-C, stearic acid ameliorated the alcohol-mediated reductions in
the mRNA and protein expression levels of claudin-1 and occludin.
Reduced mucous layer formation and increased intestinal permeability
are markers of intestinal barrier dysfunction, which results in LPS
leaking into the liver through portal venous circulation, activating liver
Kupffer cells and other immune cells to produce a large number of
proinflammatory factors, leading to liver inflammation and damage
(Szabo, 2015). These results demonstrated that stearic acid could
ameliorate alcohol-mediated intestinal barrier dysfunction by
increasing the thickness of the mucous layer and the epithelial TJ of the
intestine.

However, whether stearic acid plays a direct role in ameliorating
alcohol-induced intestinal epithelial barrier dysfunction is a question
worthy of further investigation. Therefore, we investigated the effect of
stearic acid on an alcohol-induced Caco-2 cell injury model in vitro
(Supporting Information 3-4). With the increase of alcohol treatment
concentration, the viability of Caco-2 cell were significantly (P < 0.05)
lower than that of CTRL group (Fig. 6D). The viability of Caco-2 cell was
about 47.38 + 5.77% at the alcohol concentration of 300 mmol/L,
which was the semi-lethal concentration of alcohol for Caco-2 cell
(IC50). This result implied that the model of alcohol-induced Caco-2 cell
damage had been established successfully. As demonstrated in Fig. 6E-G,
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the viability of Caco-2 cell was not significantly decreased (P > 0.05)
with the concentration of stearic acid (C18:0), MS and SGMC increasing,
which confirmed that stearic acid (C18:0), MS and SGMC were not
cytotoxic for Caco-2 cell. Therefore, the concentrations of alcohol (300
mmol/L), MS (5 mg/mL) and SGMC (5 mg/mL) were chosen for sub-
sequent experiments. As shown in Fig. 6H, absolute stearic acid pre-
treatment could not protect the polarized Caco-2 cell monolayers from
alcohol-induced damage. The results suggested that stearic acid could
not improve intestinal TJs through direct interaction with intestinal
epithelial cells. It is reasonable to speculate that the improvement in
intestinal TJs is due to changes in the GM. To test this hypothesis, we
investigated the effect of the supernatant from GM cultures (SGMC) on
an alcohol-induced Caco-2 cell injury model in vitro. As shown in Fig. 61-
K, the absolute supernatant from cultures of the pretreated GM protected
the polarized Caco-2 cell monolayers from alcohol-induced damage,
which implied stearic acid ameliorates alcohol-induced intestinal bar-
rier function disruption by altering the GM.

3.6. Stearic acid ameliorated inflammatory responses in the livers of
alcohol-treated mice

LPS-mediated endotoxemia is considered to be an important factor in
hepatitis caused by alcohol consumption (Leclercq, Matamoros, Cani, &
Neyrinck, 2014). As shown in Fig. 7A, the levels of LPS in plasma were
markedly increased after alcohol consumption, while stearic acid
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pretreatment significantly restrained this trend (P < 0.05). After alcohol
consumption, the levels of the proinflammatory cytokines TNF-a, IL-1§
and IL-6 were significantly (P < 0.05) increased in the liver and were
associated with increased concentrations of LPS in the plasma (Fig. 7B).
However, stearic acid pretreatment mitigated the increase in LPS-
mediated proinflammatory cytokine levels. As shown in Fig. 7D, the
levels of receptors (TLR4), coreceptors (CD14 and MD-2) and adaptor
molecules (MyD88) were significantly (P < 0.05) increased after alcohol
consumption. Compared with the levels in the EtOH group, the levels of
receptors (TLR4), coreceptors (CD14 and MD-2) and adaptor molecules
(MyD88) were significantly (P < 0.05) decreased in the stearic acid
pretreatment group. p-NF-kB/NF-kB represents the phosphorylation
level of NF-kB and is a marker of activation of the NF-kB signaling
pathway. After alcohol consumption, the level of p-NF-kB/NF-kB was
significantly (P < 0.05) increased, which indicated that the NF-kB
signaling pathway was activated (Fig. 7C).

As a component of the cell wall of gram-negative bacteria, LPS is
exposed to the gut when gram-negative bacteria die or dissolve (Hell-
man et al., 2000). Dysfunction of the intestinal barrier results in excess
LPS being absorbed into the bloodstream and then, through portal vein
circulation, being transported to the liver (Szabo, 2015). LPS is a major
activator of Kupffer cells in the liver. When LPS binds to the TLR4 re-
ceptor and coreceptors (CD14 and MD-2), it recruits the connector
molecule MyD88, which subsequently activates downstream signaling
pathways. The TLR4-MyD88 complex activates NF-kB, accelerates the
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phosphorylation of NF-kB, and increases the production of proin-
flammatory cytokines, including IL-6, TNF-a, and IL-1, leading to liver
inflammation (Cani, 2018). In this study, we found that stearic acid
could enhance intestinal tight junction for reducing LPS leakage by
regulating the abundance of Akkermansia and Lactobacillus, thereby
inhibiting the expression of LPS-TRL4 signaling pathway to prevent liver
inflammation.

3.7. Stearic acid ameliorated oxidative stress in the livers of alcohol-
treated mice

ROS-mediated oxidative stress is one of the important pathways of
alcohol-induced liver damage (Zhu, Jia, Misra, & Li, 2012). In this study,
the antioxidant enzymes (SOD and GSH-Px), oxidative stress factor
(ROSs) and related signaling pathways (CYP2E1, NRF2, HO-1, AhR and
NQO1) were investigated to determine whether the preventive effect of
stearic acid is involved in the oxidative stress response. As shown in
Fig. 8A, the oxidative stress factors ROS were significantly enriched after
alcohol consumption compared with the level in the CTRL group (P <
0.05). However, stearic acid (C18:0) pretreatment significantly pre-
vented the alcohol-induced increase in ROS levels (P < 0.05). Compared
with the CTRL group, the activity of antioxidant enzymes (SOD (162.85
U/mg prot) and GSH-Px (46.31 U/mg prot)) were significantly
decreased in the EtOH group (P < 0.05). Nevertheless, this trend was not
reversed by stearic acid pretreatment (Fig. 8B). This confirmed that
stearic acid prevented ROS production and was not involved in antiox-
idant enzyme (SOD and GSH-Px) activity. CYP2E] is an N-demethylase
found mainly in the liver and has been confirmed to be key to promoting
alcohol-induced oxidative stress by promoting ROS production (Nie
et al., 2020). In contrast, the oxidation defense system of NRF2/HO-1
and AhR/NQO1 were verified to play a key role in resisting ROS-
mediated oxidative stress damage (Dong et al., 2021; Nie et al., 2020).
As shown in Fig. 8C, the mRNA expression level of CYP2EI was signif-
icantly increased with alcohol treatment, whereas HO-1, NRF2, AhR and
NQO1 showed the opposite trend (P < 0.05). However, the mRNA
expression level of CYP2E1 was significantly (P < 0.05) decreased by
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stearic acid pretreatment but had no significant (P > 0.05) effect on
NRF2/HO-1. Simultaneously, the mRNA expression level of AhR and
NQOI1 were significantly increased with stearic acid pretreatment (P <
0.05). To confirm the regulatory mechanisms, changes in the proteins in
the signaling pathway, including AhR, NQO1 and CYP2E1, were assessed
using western blot technique. Protein expression levels of CYP2E1 were
broadly raised, while in the alcohol-treated samples, the expression of
AhR and NQOI1 decreased with alcohol-treated samples, which was
similar to that of mRNA expression data. Nevertheless, this trend was
reversed by stearic acid pretreatment (Fig. 8D). These results suggested
that stearic acid ameliorated alcohol-induced oxidative stress damage
mainly by inhibiting the expression of CYP2EI and activating AhR/
NQOL1 signaling pathway to reduce the production of ROS but was not
involved in the antioxidant defense system of NRF2/HO-1. Moreover,
the accumulation of ROS is exacerbated by the translocation of LPS and
the release of proinflammatory cytokines (Bala & Szabo, 2012). This is
consistent with the results of this study.

3.8. Stearic acid ameliorated abnormal lipid metabolism in the livers of
alcohol-treated mice

Abnormal lipid metabolism in the liver is one of the important
characteristics of ALD (Crabb & Liangpunsakul, 2006). As shown in
Fig. 9A-B, compared with the CTRL group, the levels of TG in plasma and
liver were significantly increased after alcohol consumption. However,
this trend was reversed by stearic acid pretreatment (P < 0.05). In
addition, this result was further confirmed by histopathological exami-
nation of the liver (Fig. 9C). Hepatic transcriptional regulators are
generally considered to be key factors regulating hepatic lipid synthesis
(SREBPIc, FAS and SCD1) and output (AMPK, PPARa and CPT1) (Crabb
& Liangpunsakul, 2006). As shown in Fig. 9D-E, the mRNA and protein
expression levels of SREBPIc, FAS and SCD1 were significantly increased
after alcohol consumption, whereas the transcriptional regulators of
AMPK, PPARa and CPT1 showed the opposite trend (P < 0.05). Stearic
acid pretreatment significantly (P < 0.05) inhibited alcohol-mediated
elevation of SREBPIc, FAS and SCDI gene and protein expression
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expression levels of CYP2E1, AhR and NQO1 in liver. Samples designated with different lower cases letters (a, b, ¢) were significantly different (P < 0.05) when

compared different treatment group (same enzyme or gene).



Food Research International 155 (2022) 111095

EtOH

EtOH+CI18:0

F CTRL EtOH EtOH+C18:0
e~ p-AMPK

— v e AMPK

-_— e PPAR-a

SN e GAPDH

W. Nie et al.
A
a7 a C CTRL
-
2 6
5
£, b
23 =
o] C
£ 2
v
81
& 0.
CTRL  EOH EtOH+CIS0
B " a
3 2
230 c B
= (S
£25 G
520 d
= H
§ 10
3
" CTRL EOH  EOH+CIS0
D E CTRL EtOH EtOH+C18:0
3'5 CTRL
=1 —
S 30 2 g SN @m=S SREBP Ic
172
Q »n2s
a2
5§20
g "5 1.5
g w0 - - SCD1
2 05
0.0
\C P,s 0\ ?(0 '(\ -
¢ @ (O 8 C— —
«® ® FAS
G a
7 1.0
s b
2 D EE» .\rDH
% 05
S c
<
[=9
0.0
CTRL EtOH EtOH+C18:0

Fig. 9. (A) Effects of stearic acid (C18:0) on the levels of TG in plasma. (B) Effects of stearic acid (C18:0) on the levels of TG in liver. (C) Representative HE and Oil
red staining of liver sections. (D) The expression levels of SREBPI1c, SCD1 and FAS genes in liver; (E-F) The mRNA and protein expression levels of SREBPIc, SCD1,
FAS, p-AMPK, AMPK, PPAR-a and CPT1 in liver. (G) The levels of p-AMPK/AMPK in liver. Samples designated with different lower cases letters (a, b, c) were

significantly different (P < 0.05) when compared different treatment group.

(Fig. 9D-E). This suggests that stearic acid can inhibit alcohol-mediated
liver lipid synthesis. Previous studies have confirmed that AMPK, CPT1
and PPARa may function as central modulators of hepatic fat oxidation
of the output, especially because AMPK activity is subject to the effects
of ethanol (Tang, Lin, Lee, & Wang, 2014). After alcohol consumption,
the p-AMPK/AMPK levels were significantly (P < 0.05) reduced, sug-
gesting that alcohol significantly inhibited AMPK phosphorylation. In
turn, the expression of PPAR-a and CPTI in downstream signaling
pathways was significantly (P < 0.05) decreased, and liver lipid oxida-
tion of the output was reduced (Fig. 9 D and F-G). This result is
consistent with the above studies. However, stearic acid pretreatment
significantly reversed this trend (P < 0.05). These results suggested that
stearic acid pretreatment could significantly promote AMPK phosphor-
ylation, activate the AMPK signaling pathway, promote the expression
of the downstream PPAR-a and CPT1 signaling pathways, and increase
lipid oxidation in hepatocytes.

4. Conclusion

In conclusion, the mechanism underlying the prevention of ALD by
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stearic acid was ascribed to increasing relative abundances of Akker-
mansia muciniphila and Lactobacillus in the gut, which were beneficial to
regulating intestinal homeostasis and ameliorating intestinal barrier
dysfunction to reduce ROS-mediated oxidative stress damage and the
LPS-mediated alcohol-associated hepatitis. This study demonstrated
that dietary supplementation with saturated fatty acids could prevent or
mitigate ALD by regulating the gut microbiota (GM) to reduce lipid
synthesis and promote lipid oxidation output of liver. This study pro-
vides a more affordable dietary intervention strategy for the prevention
of ALD.
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