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Ginger essential oil prevents NASH progression by blocking the
NLRP3 inflammasome and remodeling the gut microbiota-LPS-

TLR4 pathway in mice
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BACKGROUND: Diet and gut microbiota contribute to non-alcoholic steatohepatitis (NASH) progression. High-fat diets (HFDs)
change gut microbiota compositions, induce gut dysbiosis, and intestinal barrier leakage, which facilitates portal influx of
pathogen-associated molecular patterns including lipopolysaccharides (LPS) to the liver and triggers inflammation in NASH. Current
therapeutic drugs for NASH have adverse side effects; however, several foods and herbs that exhibit hepatoprotection could be an

alternative method to prevent NASH.

METHODS: We investigated ginger essential oil (GEO) against palm oil-containing HFDs in LPS-injected murine NASH model.
RESULTS: GEO reduced plasma alanine aminotransferase levels and hepatic pro-inflammatory cytokine levels; and increased
antioxidant catalase, glutathione reductase, and glutathione levels to prevent NASH. GEO alleviated hepatic inflammation through
mediated NLR family pyrin domain-containing 3 (NLRP3) inflammasome and LPS/Toll-like receptor four (TLR4) signaling pathways.
GEO further increased beneficial bacterial abundance and reduced NASH-associated bacterial abundance.

CONCLUSION: This study demonstrated that GEO prevents NASH progression which is probably associated with the alterations of
gut microbiota and inhibition of the LPS/TLR4/NF-kB pathway. Hence, GEO may offer a promising application as a dietary

supplement for the prevention of NASH.

Nutrition and Diabetes (2024)14:65 ; https://doi.org/10.1038/s41387-024-00306-1

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) stands as the prevailing
chronic liver disease on a global scale, encompassing a broad
spectrum of liver conditions [1, 2]. Among these, non-alcoholic
steatohepatitis (NASH) represents a distinct entity characterized
by hepatic steatosis of at least 5%, accompanied by inflammation
and ballooned hepatocytes, with or without concurrent hepatic
fibrosis [3]. If left untreated, NASH can advance to liver cirrhosis
and, ultimately, hepatocellular carcinoma. The concept of the
multiple-hit hypothesis recognizes that environmental factors,
such as diet, lifestyle, and gut microbiota, can intricately interact
with genetic and epigenetic factors, collectively contributing to
the development of liver injury [4]. Typically, NAFLD pathogenesis
caused by a high-fat diet (HFD) involves increased hepatic fat
accumulation, oxidative stress, and inflammatory responses [5].
HFD intake results in the elevation of free fatty acid (FFA) levels
and stimulates the expression of sterol regulatory element-

binding protein-1c (SREBP1-c)-mediated de novo lipogenesis
and  3-hydroxy-3-methyl-glutaryl-CoA  reductase  (HMGCR)-
mediated cholesterol synthesis. Peroxisome proliferator-activated
receptor-a (PPARa), which regulates the oxidation of fatty acids, is
expressed at lower levels. These factors promote triglyceride and
cholesterol accumulation in the liver [6]. Excessive hepatic FFAs
lead to the upregulation of the expression of the cytochrome P450
isoform 2E1 (CYP2E1) and enhance the production of reactive
oxygen species (ROS) [7]. Various liver antioxidants and enzymes
can reduce oxidative stress, such as glutathione (GSH), catalase
(CAT), and superoxide dismutase (SOD) [8]. Oxidative stress can
also cause chronic hepatic inflammation. Several studies have
confirmed the activation of the NOD-, LRR-, and pyrin domain-
containing protein 3 (NLRP3) inflammasome (comprising NLRP3,
ASC, and pro-caspase-1) in HFD-induced hepatic steatosis, which
induces the production of cytokines interleukin (IL)-1B and -18
and leads to hepatic inflammation and cell death [9, 10].
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Diet and gut microbiota interactions play significant roles in the
pathogenesis of NASH [11, 12]. Many recent studies have
demonstrated that an unhealthy diet characterized by low fiber,
high fat, and high sugar content can induce gut microbiota shifts
resulting in gut microbiota dysbiosis and intestinal barrier leakage,
which facilitates the portal influx of pathogen-associated molecular
patterns (PAMPs) (e.g., lipopolysaccharides [LPS] or endotoxins) to
the liver [13, 14]. A previous study found that the administration of
LPS promoted hepatocarcinogenesis in mice [15]. Gut-derived
bacterial products activate several toll-like receptors (TLRs), includ-
ing TLR4, in different liver cell types, triggering downstream
inflammatory responses and cytokine generation to enhance NASH
progression [16]. LPS can activate the TLR4 signaling pathway,
leading to nuclear factor kappa B (NF-kB) intracellular signal
transduction and the production of inflammatory cytokines such
as tumor necrosis factor (TNF)-q, IL-6, and IL-1( [17].

Several rodent models for inducing NASH and liver fibrosis have
been validated including trans-fat-containing amylin liver NASH
(AMLN) [18-20]. Due to the detrimental impact of trans-fats on
health, the US Food and Drug Administration (FDA) has
implemented regulations prohibiting their use in the food industry
[21-23]. Consequently, the trans-fat animal model may not
accurately replicate human dietary patterns. The substitution of
trans-fat with palm oil in the diet, a palm oil-containing HFD (P-
HFD)-Gubra Amylin NASH (GAN) diet in a mouse model previously
confirmed that it leads to an identical phenotype to NASH
compared to trans-fat-induced NAFLD mice and demonstrates
excellent clinical translatability [24, 25]. Recently, we developed a
NASH C57BL/6 J mouse model using a P-HFD supplemented with
intraperitoneal injections of LPS to simulate gut dysbiosis and
endotoxemia. This animal model yielded an equivalent NASH
phenotype, intestinal leakage, and endotoxemia, but developed
more extra-intestinal microbiota dysbiosis by increasing patho-
genic bacteria and reducing beneficial microbiota [26].

Several approaches have been developed for NASH treatment
and prevention, including the use of medications. These NASH
therapeutic drugs are still being developed and have adverse side
effects [27]. Several foods and herbs have exhibited hepatopro-
tective function, and they can be used to prevent NASH [28]. Our
previous studies have demonstrated that a volatile oil from fresh
Zingiber officinale Roscoe (ginger), or ginger essential oil (GEO),
can potentially alleviate hepatic lipid accumulation, oxidative
stress, and pro-inflammatory cytokines against HFD-induced
NAFLD [6]. GEO exerts antibacterial and antifungal effects
[29, 30]. Moreover, GEO ameliorates atherosclerosis in ApoE ™~
mice by modulating trimethylamine-N-oxide and gut microbiota
[31]. However, the hepatoprotective effects of GEO against NASH
and its impact on the gut microbiota, its metabolites, the gut-liver
axis, and NLRP3 inflammasome pathway have not yet been
determined. Therefore, this study investigated the hepatoprotec-
tive effects of GEO through the NLRP3 inflammasome and gut
microbiota-LPS-TLR4 pathway using a P-HFD with LPS-induced
NASH, endotoxemia, and gut dysbiosis in mouse models.

METHODS
Ginger essential oil extraction and gas chromatography
analysis
Ginger was obtained from the Mingjian Township Farmers’ Association of
Nantou County (Taiwan). Raw aged ginger was washed and sliced into
small pieces. Distilled water was added to sliced ginger (1:3) and mixed
using a blender. The aged ginger puree was extracted by steam distillation
for approximately 6 h. The yellowish GEO was then collected. The GEO was
placed in a 20 °C freezer to exclude water content. The unfrozen liquid
was collected and repeatedly placed in the freezer until no frozen liquid
portion was detected. The yield of the GEO was 0.14% of the raw aged
ginger.

Gas chromatography (GC) was used to analyze the constitution of GEO
and its primary compound citral (Sigma-Aldrich Corp., MO, USA). GEO
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constitution was measured using a Thermo Scientific Focus GC equipped
with an Al 3000 Il autosampler, a flame ionization detector, and a Stabilwax
(crossbond Carbowax-PEG, Restek) column (60 m x 0.32 mm; 1 um) [6, 32].
The GC chromatogram demonstrated that citral is composed of a mixture
of geranial and neral geometric isomers. Citral was the main component of
GEO, comprising approximately 31% with 18.8% neral and 12.2% geranial
isomers (Supplementary Fig. 1).

Animal model

Animal experiments were performed according to the guidelines
established by the Institutional Animal Care and Use Committee of
National Taiwan University (IACUC) (Approval No: NTU-110-EL-00060). A
previous study established a P-HFD with LPS (PL)-induced NASH mouse
model in which the severity of gut microbiota dysbiosis was increased
compared to P-HFD alone [26]. Six-week-old male C57BL/6J mice were
purchased from Taiwan National Laboratory Animal Center and housed in
an alternate light/dark cycle (12 h) room at a temperature of 23 + 2 °C and
relative humidity of 50-70%. After 2 weeks of adaptive feeding, the mice
were randomly assigned to five groups (n=7-8/group): ® control diet
(Research Diets, Inc., NJ, USA; D12450K); @ P-HFD (Gubra-Amylin NASH
(GAN) diet; Research Diets, Inc., NJ, USA; D09100310) + intraperitoneal
injections of LPS (500 pg/kg bw/week; LPS from Escherichia coli O55:B5;
Sigma-Aldrich; L2880) (PL); ® PL + a low dose of GEO (12.5 mg/kg bw/day)
(PL 4+ GL); @ PL + a medium dose of GEO (62.5 mg/kg bw/day) (PL + GM);
and ® PL + a high dose of GEO (125 mg/kg bw/day) (PL 4+ GH). All mice for
each treatment were housed in separate cages (n =3-4 per cage). GEO
was administered to the mice through daily oral gavage. The control diet
contained fat (10 kcal%) and carbohydrates, principally corn starch. The
P-HFD contained 40 kcal% fat, mainly from palm oil; 20% fructose; and 2%
cholesterol [24, 25]. The dosages of GEO selected for this study were based
on relevant literature and our previous research, which demonstrated its
hepatoprotective effects against NAFLD and alcoholic fatty liver disease
[6, 32]. The dosage of 12.5mg/kg bw of GEO was considered as the 1X
dose in our current investigation. Higher dosages of 62.5 and 125 mg/kg
bw were chosen as the 5X and 10X doses, respectively, to evaluate efficacy
across different dosage levels. Body weight and food intake were recorded
every week. The mice were sacrificed by carbon dioxide asphyxiation after
12 weeks. Blood was then collected by cardiac punctures using a heparin-
coated syringe and transferred to a collection tube. The mice were
dissected to extract various specimens. The liver, spleen, kidney, cecum,
the visceral, subcutaneous, epididymal white adipose tissue (WAT) (eWAT),
inguinal WAT (iWAT), perirenal WAT (pWAT), mesenteric WAT (mWAT), and
inguinal subcutaneous white adipose tissue (isSWAT), and interscapular
brown adipose tissue (iBAT) were harvested, imaged, and weighed after
sacrificing the mice. The fecal contents of the colons were collected for
DNA sequencing.

Liver histopathological analysis

The largest right lobe of the liver was fixed in 10% neutral formalin.
Histopathological analyses were then performed using the formalin-fixed
paraffin-embedded (FFPE) method. Hepatic histological scoring was
performed by the College of Veterinary Medicine Animal Disease
Diagnostic Center (National Chung Hsing University, Taichung, Taiwan).
The NAFLD activity score (NAS) was calculated for steatosis, lobular
inflammation, and hepatocyte ballooning. Scores of 5-8 were recognized
as diagnostic for NASH [33].

Plasma biochemical analyses

Plasma was extracted by centrifuging the blood at 1000 x g for 15 min at
4°C. The biochemical parameters of the plasma, including the levels of
total cholesterol, total triglycerides, low-density lipoprotein (LDL), high-
density lipoprotein (HDL), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and glucose (TG), were analyzed using a Beckman
Colter AU 5800 (Beckman Colter Inc., USA).

Liver antioxidant capacity and inflammation analysis

In brief, 0.1 g of liver and 1T mL of homogenization buffer (8 mM KH,PO,,
12mM K;HPO,, 1.5% KCI, pH = 7.4) were homogenized, followed by
centrifugation at 10,000 x g for 30 min at 4°C. The supernatant was
collected and stored at —80°C. Liver homogenates were subjected to
assays for GSH, glutathione peroxidase (GPx), glutathione reductase (GRd),
superoxide dismutase (SOD), and CAT using commercial kits from Cayman
Chemical Co. (Ann Arbor, MI, USA). Inflammatory cytokine levels in the liver
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were quantified using enzyme-linked immunosorbent assay (ELISA) kits
specific for mouse TNF-g, IL-1B, and IL-6 (Invitrogen, USA) [26].

Western blot analysis

Protein (0.1 g) was extracted with 1 mL of cold lysis buffer (comprising 7 M
urea, 2 M thiourea, 2% CHAPS, 0.002% bromophenol blue, 60 mM DTT, and
a protease and phosphatase inhibitor cocktail), followed by centrifugation
at 17500 x g for 30 min 4 °C [34]. The supernatants were collected, and the
protein concentration was determined using the Bio-Rad protein assay.
Sample buffer (comprising 62.5 mM Tris-HCI, 10% glycerol, 2% SDS, and
0.01% bromophenol blue) was added to the protein samples for protein
dilution and boiled at 95°C for 10min. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed to separate
the proteins, which were then transferred onto polyvinylidene difluoride
(PVDF) membranes (Millipore Corp., Bedford, MA, USA). The membranes
were blocked with 5% bovine serum albumin in Tris-buffered saline with
Tween 20 (TBST) buffer (20 mM Tris-base, 150 mM NaCl, and 0.05% Tween
20) for 1 h and washed three times with TBST buffer for 5 min each. The
membranes were incubated overnight at 4°C with primary antibodies
against SREBP-1c, HMGCR, PPARa, CYP2E1, GAPDH (GeneTex, San Antonio,
TX, USA), NLRP3, ASC (Abcam, Cambridge, England), Caspase-1 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), TLR4, and NF-kB (Cell Signaling
Technology, Beverly, MA, USA). After removing the unbound primary
antibodies with TBST buffer, the membranes were incubated with a
horseradish peroxidase-conjugated secondary antibody (GeneTex) at room
temperature for 2 h, then washed. An enhanced chemiluminescence (ECL)
substrate (PerkinElmer Life Sciences, Boston, MA, USA) was added to the
membranes to detect the enzyme-conjugated antibodies. The signals were
captured using a UVP BioSpectrum AC imaging system (UVP, Upland, CA,
USA). Protein expression was quantified by densitometry using the ImageJ
software (version 1.47; NIH, Bethesda, MD, USA). The density of each
protein band was normalized to that of the control GAPDH protein.

Fecal DNA extraction, 16 S rRNA amplicon sequencing, and
sequencing analyses

Mouse fecal samples were removed from the colons during the sacrifices,
snap-frozen using liquid N,, and stored at —80°C before use. Genomic
DNA from the feces was extracted using the QIAmp Power Fecal Pro DNA
Kit (QIAGEN, Netherlands) and quantified using a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific). The V3-V4 hypervariable
region of the 16S rRNA gene was amplified using the following primer
pair: forward: 5’-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG CCT
ACG GGN GGC WGC AG-3’ and reverse: 5'-GTC TCG TGG GCT CGG AGA TGT
GTA TAA GAG ACA GGA CTA CHV GGG TAT CTA ATC C3. PCR
amplification was carried out in a 25-pL reaction mixture containing 5 ng
of DNA template, 0.2 uM of forward and reverse primers, and 12.5 pL of 2x
Taq Master Mix (KAPA HiFi HotStart ReadyMix, Roche, Switzerland). The
PCR conditions included a cycle at 95 °C for 3 min, followed by 25 cycles at
95°C for 30s, 55°C for 30s, 72 °C for 30's, and a final extension at 72 °C for
5min. The PCR products were visualized using 2% agarose gel electro-
phoresis. Dual index and lllumina sequencing adapters were joined via PCR
using a Nextera XT Index Kit. PCR product cleanup was performed using
AMPure XP beads to purify the amplicons. The sizes of the PCR products
were confirmed using a Bioanalyzer DNA 1000 Chip. Library quantification
was performed for quality control before sequencing using the Agilent
Technologies 2100 Bioanalyzer. Pooled libraries were subjected to paired-
end sequencing (2 x 300bp) using the lllumina MiSeq platform. Raw
sequences were processed according to the QIIME2 pipeline [35].
Demultiplexed sequences from each sample were quality filtered and
trimmed, de-noised, and merged. The chimeric sequences were then
identified and removed using the QIIME2 dada2 plugin. The QIIME2
feature-classifier plugin was then used to align amplicon sequence variant
(ASV) sequences against the SILVA database (version 132). The vegan
package in R was used to calculate the alpha diversity, including the
observed ASVs and Shannon and Simpson indices. A principal coordinate
analysis (PCoA) was performed using the Bray-Curtis distance. An analysis
of variance (ANOVA) using distance matrices (Adonis) was performed to
determine the heterogeneity of fecal microbiota among the groups. A
heatmap was plotted using the heatmap3 package in R.

Lipopolysaccharide quantification
Plasma and hepatic LPS levels were quantified using a cell-based
colorimetric assay for the detection of biologically active endotoxins.
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Plasma samples and liver homogenates (10 uL) were added to murine
TLR4/NF-kB/secreted embryonic alkaline phosphatase (SEAP) reporter
HEK293 cells and incubated for 24 h. After incubation, the medium was
removed, and the HEK-Blue™ LPS Detection Kit (InvivoGen, USA) was used
to detect TLR4 and an NF-kB-inducible SEAP. The abundances were then
measured with a spectrophotometer at 620 nm [26].

Intestinal permeability analysis

Intestinal barrier permeability was examined by gavage with fluorescein
isothiocyanate-dextran (FITC-dextran; average molecular weight of 4,000;
Sigma-Aldrich, 46944) as an intestinal permeability probe. Fifteen
milligrams of FITC-dextran in 0.2 mL of phosphate-buffered saline were
gavaged to mice 3 h before sacrifice. Plasma FITC-dextran measurements
were taken using a fluorometer at excitation and emission wavelengths of
485 and 538 nm (Fluoroskan Ascent FL, Thermo Fisher Scientific, USA),
respectively, in black 96-well plates [36].

Statistical analysis

Data are presented as the mean + standard deviation (SD). A one-way
ANOVA with Dunnett’s multiple comparison test was used to compare
group means against the PL group. The Wilcoxon signed-rank test,
Kruskal-Wallis test with Dunn’s multiple comparison test, and ANOVA with
Dunnett’'s multiple comparison test were used to analyze the fecal
microbiome dataset. All statistical analyses were performed using
GraphPad Prism (version 9.1.2), R (version 3.6.1), or R Studio (version
1.2.5001).

RESULTS

Chemical composition of ginger essential oil

GEO was obtained by steam distillation, and the extraction rate
was approximately 0.14% (w/w). The gas chromatography (GC)
analysis revealed that the GEO contained 18.8% neral and 12.2%
geranial isomers (Supplementary Fig. 1). Both neral and geranial
isomers are geometric isomers of citral. Our results, therefore,
confirmed that citral is the main component of GEO (approxi-
mately 31%). It was subsequently used for the animal studies.

Palm oil-containing HFD with LPS injection resulted in an
adverse effect on obesogenic and metabolic biomarkers.
Supplementation of GEO ameliorate lipidemia

The experimental design of this study is shown in Fig. 1a. Eight-
week-old C57BL/6 mice (n=7-8 per group) were fed a control
diet or P-HFD with LPS injection (PL) with or without GEO
supplementation via oral gavage. In this study, we supplemented
the mice daily with 12.5 (GL), 62.5 (GM), and 125 (GH) mg/kg for
12 weeks. The mice were sacrificed after 12 weeks to investigate
the effect of GEO on the prevention of obesogenic, metabolic, and
hepatic changes. The PL group exhibited an increased body
weight compared to the control (CON) group (p =0.0155) (Fig.
1b). We calculated the weight gain rate based on the increase in
body weight and time of feeding; the weight gain rate of the PL
group was similar to the body weights, which were higher than
those of the CON group (Fig. 1c). At 12 weeks, the body weights in
the PL group (30.8 +2.0) were significantly higher (p = 0.0028)
than those in the CON group (26.9 + 0.8) (Fig. 1d). The relative total
fat mass of the PL group was found to be heavily increased
compared to the control (p <0.0001), up to 195% of the CON
group (Fig. 1e). The relative fat mass in different body locations in
the PL group was also higher than that in the CON group. This
included the mass of the visceral, subcutaneous, epididymal white
adipose tissue (WAT) (eWAT), inguinal WAT (iWAT), mesenteric
WAT (mWAT), perirenal WAT (pWAT), and inguinal subcutaneous
white adipose tissue (isWAT), and interscapular brown adipose
tissue (iBAT) (Fig. 1e, Supplementary Fig. 2). GEO supplementation,
especially at medium and high doses, reduced body weight
changes (p <0.0001) (Fig. 1b) and tended to slightly lower final
body weight and area under the curve of body weight (Fig. 1¢, d).
No significant difference was observed in the average energy
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Palm oil-containing HFD with LPS i.p. (PL) resulted in an adverse effect on obesogenic and metabolic biomarkers.

Supplementation with GEO trended to prevent obesity and ameliorated lipidemia. a Experimental design, b body weight change,
c area under the curve of body weight, d body weight at 12 weeks, e relative total fat mass, f average energy intake, g plasma glucose,
h plasma total triglyceride, i total cholesterol, j high-density lipoprotein (HDL-C), and k low-density lipoprotein (LDL-C) in C57BL/6 mice, which
were treated with either control or a palm oil-containing HFD with LPS i.p. (PL) with or without ginger essential oil (GEO) (12.5 (GL), 62.5 (GM),
and 125 (GH) mg/kg bw) supplementation by daily oral gavage for 12 weeks. Each value was expressed as the mean + SD (n = 7-8). Statistical
analyses were performed by repeated measures ANOVA or one-way ANOVA with Dunnett’s multiple comparison test for comparing group

means against the PL group.

intake among the experimental groups, suggesting that diet type
was the primary factor regulating body weight gain (Fig. 1f). The
study examined the plasma levels of glucose and lipidemic
biomarkers, including fasting glucose, total triglyceride, total
cholesterol, high-density lipoprotein cholesterol (HDL-C), and
low-density lipoprotein cholesterol (LDL-C) (Fig. 1g-k). Compared
to the CON group, the PL group showed significant increases in
plasma glucose (p <0.0001), total cholesterol (p <0.0001), HDL-C
(p =0.0004), and LDL-C (p <0.0001) levels, indicating the impact
of PL on blood fasting glucose and lipid circulation. However,
plasma total triglyceride levels were reduced compared to the
CON group. Supplementation with GEO at medium dosage
reduced plasma glucose (p=0.0577) and total triglyceride
(p =0.0125) levels compared to the PL group. Additionally, low-
dose GEO trended to improve plasma HDL-C levels (p = 0.0666).
Both medium and high doses of GEO significantly reduced plasma
LDL-C levels (p =0.0312 and p = 0.0001, respectively). Collectively,
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supplementation of GEO, particularly at medium and high doses,
significantly improves lipidemia.

GEO prevents NASH with reduced hepatic damage and NAFLD
activity scores

AST and ALT are indicators of liver damage. We did not observe an
increase in AST levels in the PL group compared to the CON group
(Fig. 2a). The plasma ALT levels in the PL group were markedly
higher than those in the CON group (p =0.0208) (Fig. 2b). The
plasma AST levels trended to be lower in the PL+ GM and
PL 4+ GH groups. Remarkably, GEO supplementation in the PL 4
GM and PL+ GH groups significantly lowered the ALT levels
compared to the PL group (p =0.0104 and p =0.0044, respec-
tively). The liver weight in the PL group exhibited a significant
increase compared to the CON group (p=0.0006) (Fig. 2c).
However, treatment with GEO did not lead to a reduction in liver
weight. The representative image of the liver was shown in Fig. 2d,
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Fig. 2 GEO prevents NASH by improving plasma hepatic damage biomarkers and reversing the NAFLD activity and hepatocyte
ballooning scores. a Plasma aspartate aminotransferase (AST), b alanine aminotransferase (ALT), c liver weight, d representative image of liver
images (scale bar: 1 cm) and histopathological changes (400X magnification; scale bar: 100 um), e NAFLD activity score, f steatosis score,
g hepatocyte ballooning score, and h lobular inflammation score and their prevalence in C57BL/6 mice, which were treated with either control
or a palm oil-containing HFD with LPS i.p. (PL) with or without ginger essential oil (GEO) (12.5 (GL), 62.5 (GM), and 125 (GH) mg/kg bw)
supplementation by daily oral gavage for 12 weeks. Bar plots were expressed as the mean + SD (n = 7-8). Box plots display median and mean
(+), quartiles (boxes), and range (whiskers). Statistical analyses were performed by a one-way ANOVA with Dunnett’s multiple comparison test

for comparing group means against the PL group.

and hepatomegaly was observed prominently in the PL group. We
performed liver histological analyses to determine the impact of
PL on NASH progression and the effect of GEO on NASH
prevention. Hematoxylin and eosin (H&E) staining of the liver
sections showed that the lipid droplets in the PL group were
numerous compared to those in the CON group. Based on the
NAS, mouse liver sections were examined for steatosis, hepatocyte
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ballooning, and lobular inflammation scores (Fig. 2d-h). ANAS > 5
was considered to be indicative of NASH. PL induced the NASH
phenotype by increasing the NAS (median = 5) compared to the
CON group (median = 0) (p < 0.0001), resulting in a prevalence of
85.7% for NASH. GEO at low, medium, and high dosages reduced
the prevalence of NASH to 50%, 0%, and 0%, respectively, with
respective NAS of 4.5, 4, and 3.5. PL-treated mice exhibited

SPRINGER NATURE
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Fig. 3 GEO improves hepatic antioxidant enzyme activities. a Cytochrome P450 2E1 (CYP2E1) protein expression, b hepatic superoxide
dismutase (SOD), ¢ catalase (CAT), d glutathione (GSH), e glutathione peroxidase (GPx), and f glutathione reductase (GRd) in C57BL/6 mice,
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(GM), and 125 (GH) mg/kg bw) supplementation by daily oral gavage for 12 weeks. Each value was expressed as the mean +SD (n = 7-8).
Statistical analyses were performed by a one-way ANOVA with Dunnett’s multiple comparison test for comparing group means against the

PL group.

increased levels and prevalence of hepatic steatosis, hepatocyte
ballooning, and lobular inflammation. GEO exhibited a potential
effect on NASH prevention by reversing these scores. The PL + GM
and PL+GH groups showed a reduction in the hepatocyte
ballooning score compared with the PL group (p = 0.0499). Based
on the histopathological analysis of liver biopsy results, it was
evident that GEO supplementation led to an overall improvement
in liver inflammation. The primary mechanism by which GEO
reduced the severity of NASH was primarily through the reduction
of hepatocyte ballooning. Medium and high doses of GEO were
more effective for NASH prevention in PL-treated mice. Overall,
these data suggest that GEO can potentially prevent NASH.

GEO improves hepatic antioxidant enzyme activities

A HFD increases fat uptake, and excess fat can accumulate in the
liver by increasing ROS and lipid peroxidation, which further
causes liver cell damage. Several hepatic antioxidants and
enzymes have been found to eliminate ROS. CYP2E1 further
increases hepatic oxidative stress. Our data revealed that the PL
group exhibited increased CYP2E1 protein expression (Fig. 3a).
GEO supplementation trended to reduce CYP2E1 expression. In
NASH patients, impaired glutathione metabolism and reduced
enzyme activities in the blood support a consistent role of free
radical cytotoxicity in the pathophysiology of the disease [37]. PL
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resulted in the reduction of SOD and GSH levels. Interestingly, GEO
supplementation enhanced CAT, GSH, and GRd levels. GPx
trended to increase in the GEO-supplemented group (Fig. 3b-f).
The overall antioxidant capacity of a high dose of GEO (GH) was
more beneficial than that of low and medium doses of GEO. GEO
may, therefore, suppress oxidative stress in PL-induced NASH by
improving antioxidant and antioxidant enzyme activities.

GEO decreases hepatic inflammation by suppressing pro-
inflammatory cytokines and mediating the NLRP3/ACS/
caspase-1 pathway

According to the histopathological analysis of the liver biopsy
results, GEO alleviated the NAS mainly by reversing steatosis and
the hepatocyte ballooning score. We measured the levels of
hepatic pro-inflammatory cytokines. PL induced an increase in
TNF-a, IL-1B8, and IL-6 levels. GEO at medium and high doses
significantly reduced hepatic IL-1B (p =0.0013 and p <0.0001,
respectively) and IL-6 levels (p <0.0001 and p <0.0001, respec-
tively). In addition, a high dose of GEO significantly decreased
TNF-a levels (p = 0.0012) (Fig. 4a—c). To investigate the role of GEO
in hepatic fatty acid synthesis and B-oxidation, we measured
SREBP-1, PPARa, and HMGCR protein expression. PL increased
SREBP-1 and HMGCR levels. GEO further favored the reduction of
these biomarkers. An increase in PPARa expression was also
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Fig. 4 GEO reduces hepatic inflammation by suppressing inflammatory cytokines and the NLRP3/ASC pathways. a Liver TNF-o, b IL-16,
c IL-6, d representative image of NLRP3, ASC, caspase-1 protein expression, e NLRP3, f ASC, and g caspase-1 in C57BL/6 mice, which were
treated with either control or a palm oil-containing HFD with LPS i.p. (PL) with or without ginger essential oil (GEO) (12.5 (GL), 62.5 (GM), and
125 (GH) mg/kg bw) supplementation by daily oral gavage for 12 weeks. Each value was expressed as the mean +SD (n = 7-8), protein
expression (n = 3). Statistical analyses were performed by a one-way ANOVA with Dunnett’s multiple comparison test for comparing group

means against the PL group.

observed in the GEO supplemented group (Supplementary Fig. 3).
Although the hepatic lipid regulation-related protein expression
did not show a significant difference, alteration trends were
observed, suggesting that GEO partially exerts a beneficial effect
against fatty synthesis and lipid oxidation to prevent NASH.
Several studies have further suggested that the NLRP3 inflamma-
some plays a crucial role in NASH progression. Therefore, we
investigated the expression of NLRP3 and its downstream proteins
in the liver. The hepatic NLRP3, ACS, and caspase-1 protein levels
are shown in Fig. 4d. PL intervention for 12 weeks induced an
increase in hepatic NLRP3 and ASC expression compared to
control mice (p =0.0012 and p =0.0011, respectively) (Fig. 4e-f).
All doses of GEO significantly suppressed NLRP3 and ASC protein
expression compared to the PL group (p < 0.05). In addition, the
hepatic protein expression of caspase-1 trended to increase in the
PL group, but was reduced in the GEO-supplemented group (Fig.
4g). These results suggest that GEO mediates the NLRP3/ASC/

Nutrition and Diabetes (2024)14:65

caspase-1 pathway, resulting in the reduction of pro-inflammatory
cytokine production to prevent NASH.

PL and GEO remodel the fecal microbiota composition, and
GEO reverses gut microbiota dysbiosis that may benefit NASH
amelioration

The gut microbiota plays an important role in the pathogenesis of
NASH and its metabolites. To understand the effect of PL and GEO,
we sequenced the gene encoding the bacterial V3-V4 16 S rRNA
amplicons obtained from feces sampled from the colon. The
amplicon sequence variant (ASV) table was generated using the
QIIME2 pipeline against the SILVA database (version 132). A total
of 1093 ASVs were obtained and assigned to taxonomies at the
species level (140 species). We calculated the a-diversity based on
the observed ASVs and Shannon and Simpson indices from the
ASV table. The observed ASV of the PL group trended to decrease,
but the Shannon and Simpson diversity indices significantly

SPRINGER NATURE
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Fig. 5 PL and GEO remodel the composition of fecal microbiota. a o-diversity indices, observed ASVs, Shannon index, and Simpson diversity
index, b principal coordinate analysis (PCoA) plot based on Bray—Curtis dissimilarity with biomarker vector, ¢ heatmap of the relative abundances at
genera level, and d Spearman’s correlation analysis between gut microbiota components and NASH-related parameters in C57BL/6 mice, which were
treated with either control or a palm oil-containing HFD with LPS i.p. (PL) with or without ginger essential oil (GEO) (12.5 (GL), 62.5 (GM), and 125 (GH)
mg/kg bw) supplementation by daily oral gavage for 12 weeks. Each value was expressed as the mean +SD (n=7). Statistical analyses were
performed by a one-way ANOVA with Dunnett’s multiple comparison test for comparing group means against the PL group. Analysis of variance
using distance matrices (Adonis) were calculated to determine the heterogeneity of the feces microbiota among the groups in PCoA. Vectors in the
PCoA plot indicated a significant effect of biomarkers (p < 0.05), and its length shows the strength of the correlation.

increased (Fig. 5a). GEO did not cause a shift in a-diversity. The
B-diversity based on the Bray—Curtis distance (PC1: 35.95% and
PC2: 11.31%) demonstrated that both PL intervention and GEO
significantly impact gut microbiota remodeling (Adonis, p < 0.001).
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PL intervention was a primary factor in the shift in the gut
microbiota in PCoA1 (Fig. 5b). GEO further played a secondary role
in gut microbiota remodeling in a dose-dependent manner in
PCoA2. Among the GEO-treated groups, the gut microbiota
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shifted from that of the PL group in a dose-dependent manner. A
high dose of GEO (PL 4+ GH group) shifted outward from the PL
group, suggesting that a higher dosage of GEO exhibits a more
substantial effect on gut microbiota remodeling. We further
assessed the association between NASH-related features and gut
microbiota composition using the envfit function of the vegan R
package. The results are shown in Fig. 5b as red vectors. The
direction of the vectors from the centroid was opposite to that of
the control group and encountered NASH-phenotype mice. NASH-
and obesity-related parameters exhibited a significant association
with the gut microbiota of NASH mice (p < 0.05), including NASH
activity scores, hepatocyte ballooning, steatosis scores, body
weights, LDLs, TNF-g, and IL-1B. The heatmap showed 42 different
significant genera based on the Kruskal-Wallis test with an FDR-
adjusted p-value (p<0.05), as presented in Fig. 5c. Heatmap
hierarchical clustering displayed two main clusters, indicating that
PL intervention was the main factor that altered the gut
microbiota at the genus level. Spearman’s correlation analysis
was then performed to assess NASH and obesity biomarkers. The
results demonstrated that 16 genera were positively correlated
with NASH and obesity biomarkers; conversely, 12 genera were
negatively correlated (Fig. 5d). Among them, the NASH-related
microbiota, including Tyzzerella and Blautia, showed a positive
correlation. In contrast, beneficial bacteria, such as Lactobacillus,
Alistipes, Olsenella, and Bifidobacterium, exhibited a negative
correlation. However, the correlation between GEO and NASH-
related microbiota was reduced, suggesting that GEO supple-
mentation may protect against the dysbiosis of gut microbiota.
The NASH-related microbiota, including Blautia and Tyzzerella,
trended to be suppressed by GEO, especially at high doses
(p=0.1216 and p.=0.0756, respectively) (Supplementary Fig.
4a, b). Beneficial genera, including Alitipes, Bifidobacterium,
Lactobacillus, and Olsenella, were depleted in the PL group. GEO
at a high dose trended to recover Alistpes and Lactobacillus, and
the low dose resulted in the enrichment of Olsenella (Supplemen-
tary Fig. 4c—f). GEO supplementation in PL may therefore reverse
gut microbiota dysbiosis and ameliorate NASH.

GEO alleviates NASH by modulating the LPS/TLR4/NF-kB
signaling pathway

Unhealthy diets, low in fiber and high in fat and sugar, can lead to
gut microbiota dysbiosis and intestinal barrier leakage. This
compromised barrier facilitates the translocation of gut
microbiota-derived metabolites, such as LPS, into the liver [13,
14]. GEO resulted in favorable gut microbiota remodeling, as
described in the previous section. To understand the beneficial
effect of GEO on intestinal permeability, we administered
fluorescein isothiocyanate (FITC)-dextran to the mice and detected
the fluorescence intensity in the plasma. PL trended to increase
the fluorescence intensity in the plasma, suggesting that PL
intervention results in intestinal leakage. GEO supplementation
trended to reduce intestinal permeability (Fig. 6a). The dysfunction
of the intestinal barrier allows gut microbial LPS to enter the liver
and circulatory system through the portal vein and lymphatic
system, thereby promoting inflammation. The murine TLR4/NF-kB/
SEAP reporter HEK293 cell assay was used to detect LPS levels. The
results demonstrated no significant differences in plasma LPS
levels among the control, PL-, and GEO-treated groups (Fig. 6b).
Interestingly, hepatic LPS levels were markedly elevated
(p<0.0001) compared to those in the CON group. GEO
supplementation in PL intervention at low, medium, and high
doses significantly reduced hepatic LPS levels (p<0.0001,
p =0.0001, and p < 0.0001, respectively) (Fig. 6¢c). Mechanistically,
gut-derived LPS activated the TLR4/NF-kB pathway and triggered
hepatic inflammation. We further examined the hepatic protein
expression of TLR4 and NF-kB. Both hepatic TLR4 and NF-kB levels
were higher in the PL group than in the CON group (p =0.0141
and p =0.0022, respectively) (Fig. 6d, e). Low, medium, and high
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doses of GEO trended to reduced TLR4 (p =0.1142, p = 0.0448,
and p=0.0029, respectively) and NF-kB protein expression
(p=0.0053, p=0.0025, and p < 0.0001, respectively) (Fig. 6e, f),
thereby resulting in the reduction of the pro-inflammatory
cytokines TNF-q, IL-1B, and IL-6, and the NAS (Fig. 4a-c and Fig.
2e). Collectively, these results demonstrate the potential protec-
tive effect of GEO against NASH via modulating the gut microbiota
and its metabolite-liver axis through the LPS/TLR4/NF-kB signal-
ing pathway.

DISCUSSION

A trans-fat-containing HFD is an excellent model for inducing
NASH in animals [24]. Due to the prohibition of using trans-fats in
the food supply chain and food industry [23], however, trans-fat-
containing HFDs may not be suitable for mimicking NASH
progression in humans. The replacement of trans-fat with palm
oil in a HFD exhibits advantages and the potential for inducing
NASH with human NASH phenotype translatability [25]. P-HFD-fed
rodents manifest morphological features analogous to those of
human NASH, including macrosteatosis, lobular inflammation,
hepatocyte ballooning degeneration, and periportal/perisinusoi-
dal fibrosis [25]. Furthermore, we developed a P-HFD supplemen-
ted with an intraperitoneal injection of LPS (PL) to mimic the
conditions of gut dysbiosis and endotoxemia. PL causes NASH,
intestinal leakage, endotoxemia, and dysbiosis of the intestinal
microbiota by increasing pathogenic bacteria and reducing
beneficial microbiota [26]. Therefore, a PL mouse model was used
in this study. Our results demonstrated that PL intervention for 12
weeks negatively affected obesogenic and metabolic biomarkers
in mice, including body weight, the area under the curve (AUC) of
body weight gain, total fat mass, plasma glucose, total cholesterol,
and LDL-C (Fig. 1). The average energy intake of the mice among
the groups was not significantly different, suggesting that the
adverse obesogenic and metabolic consequences were due to the
P-HFDs and LPS injections. The P-HFD diet comprised a large
amount of palm oil, fat, fructose, and cholesterol. A previous study
found that dietary saturated fat and fructose intake are associated
with intrahepatic lipid accumulation, lipogenesis, insulin resis-
tance, oxidative stress, and inflammation [38, 39]. Palm oil
contains a large amount of saturated fatty palmitic acid (C16:0)
[40]. Palm oil in normocaloric and normolipidic diets can adversely
interfere with and exacerbate metabolic and glucose homeostasis
and induce inflammation in the liver and white adipose tissue. The
consequence is more acute in mice administered interesterified
palm oil [41]. Injections of LPS in choline-deficient l-amino-acid-
defined (CDAA)-fed mice for 16 weeks have been found to
intensify hepatic inflammation and pericellular fibrosis via the
TLR4/NF-B signaling pathway [42]. This study demonstrated that
the use of PL could be more advantageous than the CDAA diet as
PL can mimic the human diet and endotoxemia, whereas the
CDAA diet is not practical in humans. In this study, the level of
plasma TG declined in the PL group compared to the CON group,
which is consistent with previous studies [24, 25] and was likely
due to blood cholesterol in the P-HFD inhibiting lipoprotein
synthesis, thereby reducing triglyceride secretion from the liver to
the circulation [43, 44]. In this study, GEO supplementation
prevented the obesogenic metabolic phenotype and ameliorated
lipidemia by reducing the body weight and plasma glucose, total
triglycerides, and LDL-C, and by increasing HDL-C. GEO further
alleviated the NASH phenotype by attenuating the plasma hepatic
damage biomarkers AST, ALT, and NAS, mainly by reducing the
hepatocyte ballooning score. Hepatocyte ballooning is generally
considered to be a form of apoptosis related to fibrosis and
cytoskeletal damage [45]. In this study, medium and high doses of
GEO (62.5 and 125mg/kg bw) exhibited a more substantial
hepatoprotective effect. GEO displays an anti-hyperlipidemic
effect by reducing serum FFA, triglycerides, and total cholesterol
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Fig. 6 GEO reduces liver inflammation by suppressing the gut-derived LPS/TLR4/NF-kB signaling pathway. a Intestinal permeability based
on plasma FITC-dextran intensity, b plasma LPS, ¢ hepatic LPS, d representative image of TLR4 and NF-kB protein expression, e TLR4 protein
expression, and f NF-kB protein expression in C57BL/6 mice, which were treated with either control or a palm oil-containing HFD with LPS i.p.
(PL) with or without ginger essential oil (GEO) (12.5 (GL), 62.5 (GM), and 125 (GH) mg/kg bw) supplementation by daily oral gavage for
12 weeks. Each value was expressed as the mean + SD (n = 7-8), protein expression (n = 3). Statistical analyses were performed by a one-way
ANOVA with Dunnett’s multiple comparison test for comparing group means against the PL group.

levels in mice, previously reported [6]. GEO exhibits hepatopro-
tective properties against alcoholic fatty liver disease and can
change particular metabolites in the blood [32].

HFD intake is associated with increased oxidative stress in the
liver, which is one of the pathogeneses of NASH [46]. NASH
patients have been found to exhibit increased CYP2E1, which
promotes ROS generation and hepatic oxidative stress [47].
Several studies have further demonstrated that ginger exerts
antioxidant activity [6, 32, 48]. In this study, GEO supplementation
trended to lower hepatic CYP2E1 protein expression and
significantly enhanced the hepatic antioxidant enzyme capacity,
including CAT, GRd, and GSH. These results demonstrate that GEO
alleviates hepatic oxidative stress in mice with PL-induced NASH.
HFD consumption interferes with homeostasis by impairing lipid
metabolism, resulting in imbalanced lipid uptake and storage and
leading to hepatic steatosis [7, 49]. The PL-induced NASH mouse
group showed a trended to increase in the hepatic protein
expression of SREBP-1 and HMGCR compared to the control mice.
Both of these transcription factors play essential roles in the
regulation of hepatic lipid biosynthesis. The elevation of SREBP-1c
promotes triglyceride synthesis, and HMGCR is a key enzyme in
cholesterol synthesis [50]. In addition, PPARq, a regulator of fatty
acid B-oxidation, decreased in PL-induced NASH mice. The effect
of GEO on these lipid-regulating proteins exhibited a substantial

SPRINGER NATURE

improve, but it did not reach statistical significance, which was
consistent with the histopathological data. The different forms of
diet-induced NASH models could induce different degrees of
NASH severity. PL-induced NASH showed substantial severity
compared to our previous study, in which HFD induced simple
hepatic steatosis [6, 51].

GEO alleviated the NASH phenotype and pro-inflammatory
cytokines TNF-a, IL-6, and IL-1B. Therefore, we investigated the
underlying mechanisms of inflammation. The NLRP3 inflamma-
some plays an essential role in the hepatic inflammatory response
[52]. NASH patients and animal models have exhibited increases in
the activation of the NLRP3 inflammasome [17, 52]. Blocking the
NLRP3 inflammasome attenuates hepatic steatosis, inflammation,
and fibrosis in mice [17]. In our study, the expression levels of
NLRP3 and ASC were increased in PL-induced mice, whereas they
were reduced with GEO supplementation. Caspase-1 protein
expression was trended to suppressed by GEO. The activation of
the NLRP3 inflammasome is stimulated by danger-associated
molecular patterns and PAMPs such as LPS [53]. The LPS-mediated
TLR4/NF-kB pathway can activate the NLRP3 inflammasome by
enhancing the expression of NLRP3 [54]. In in vitro experiments,
geranial and neral isomers of citral in GEO suppressed the
production of the NLRP3 inflammasome and pro-IL-13 [55].
Therefore, GEO exhibited anti-inflammatory activity by reducing
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NLRP3 inflammasome activation, which may be caused by citral
and its isomers.

Diet is a primary factor in modifying the composition of gut
microbiota [56]. PL intervention is a prime factor in modifying
the fecal microbiota composition of mice. GEO has less influence
on a-diversity. Similarly, PCoA B-diversity based revealed that
diet is the principal factor that shapes the gut microbiota. GEO
plays a secondary role in modifying gut microbiota bacterial
diversity. A high dose of GEO resulted in the gut microbiota
shifting outward from the PL-treated group. GEO reduced the
relative abundance of NASH-associated bacteria, including
Blautia and Tyzzerella, which are considered potentially harmful.
Compared to healthy individuals, Blautia abundance increased in
NASH patients and was positively correlated with LPS levels [57].
Tyzzerella has been reported to be enriched after 12 weeks of
HFD intervention and is positively associated with liver
dysfunction-associated parameters [58]. In contrast, GEO sup-
plementation in PL mice enhanced the relative abundance of
Lactobacillus, Alistipes, and Olsenella, which are considered
beneficial bacteria. A previous study reported a lower relative
abundance of Lactobacillus in GAN ob/ob-NASH mice [24].
Lactobacillus may be used as a probiotic to improve steatohe-
patitis through the gut microbiota-liver axis by modulating gut
microbiota composition and the inflammatory pathway in
NAFLD [59]. Alistipes, which are potential SCFA-producing
bacteria that reduce hepatic fibrotic conditions through cytokine
modulation, have been found at lower levels in the guts of NASH
and NASH-cirrhosis patients [60, 61]. Olsenella, an SCFA
producer, is associated with tight junction improvement
[62, 63]. Thus, GEO supplementation can remodel gut microbiota
composition and reverse gut microbiota dysbiosis, which may
contribute to ameliorating NASH. This study has a limitation in
that all mice for each treatment were housed in separate cages,
and the mice did not receive the same microbiomes from the
start. Given that mice are coprophagic, this may introduce a
potential cage effect. To mitigate these confounding factors,
future studies should consider co-housing the mice and
ensuring they receive the same microbiomes from the begin-
ning. This approach would allow for a more precise assessment
of the effects of diet and dietary supplements on the gut
microbiota.

The elevated localization of LPS in hepatocytes has been
reported in NAFLD and may cause liver inflammation via a
TLR4-related pathway [64]. This study found no significant
changes in intestinal permeability or plasma LPS levels in PL-
induced mice, whereas hepatic LPS levels were noted to
increase. Although we observed increased intestinal perme-
ability of PL mice, the lack of statistical significance may be due
to individual variations in gut permeability within the PL group.
Based on our experimental design, we administered P-HFD
mice with weekly intraperitoneal injections of LPS. The low-
dose, weekly intraperitoneal injection of LPS in our study is
unlikely to have substantially affected plasma and hepatic LPS
levels, as the observed levels were relatively low compared to
the injection dose. Additionally, LPS in the circulation was
found at a level similar to that in the control group, these data
suggested that the elevation of hepatic LPS levels in the liver
was derived from the gut and not the extra injection of LPS.
LPS is a risk factor for inducing hepatic inflammation and
NASH. The upregulation of the LPS-TLR4 pathway leads to NF-
KB activation and inflammatory cytokine production, which
play key roles in NASH progression and development [42]. PL-
induced NASH mice exhibited a higher expression of TLR4 and
NF-kB, which resulted in a more severe inflammatory condition
than mice supplemented with GEO. In addition to the TLR4/NF-
kB pathway, LPS is also involved in activating the NLRP3
inflammasome [65].
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We also conducted a dosage translation of GEO from mice to
humans and compared it with the dosage achievable from natural
ginger (Supplementary Fig. 5). Our analysis indicates that the
dosage used in the study can be obtained from natural ginger,
suggesting the potential development of GEO as a functional food
or food supplement. Nevertheless, further investigation through
human studies is required to comprehensively evaluate its
potential applications. Histological analysis of kidney, spleen,
and ileum sections in the GEO-treated group did not reveal any
significant findings, as shown in Supplementary Fig. 6. These
results indicate the safety of GEO under our experimental
conditions. Moreover, a subchronic toxicity study conducted on
Wistar rats for a duration of 13 weeks reported no observed
adverse effect level (NOAEL) of 500 mg/kg body weight [66]. When
extrapolated to mouse dosage [67], this corresponds to 1000 mg/
kg body weight. Importantly, it should be noted that the dosages
utilized in our study were relatively lower than the NOAEL
reported in the literature, providing further evidence of the safety
profile of GEO at the selected dosages.

Collectively, the results of our study demonstrated that GEO
exhibits a potential hepatoprotective effect by preventing NASH
progression in a PL-induced NASH mouse model. The mechanisms
of action of GEO may include reducing liver steatosis and
oxidative stress, blocking the NLRP3 inflammasome pathway,
and remodeling the LPS/TLR4/NF-kB pathway which could be
modulated by changes in gut microbiota. GEO, therefore, may be
used as a dietary supplement to prevent NASH.
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