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Purpose: Endoplasmic reticulum (ER) stress has a prominent role in the pathogenesis of high-fat diet-induced non-alcohol related
fatty liver disease (NAFLD). The aim of this study is to investigate the effects of 6-G on the reduction of ER stress-induced NAFLD in
metabolic syndrome (MetS) rats.

Methods: Twenty-five male Sprague-Dawley rats were fed with a high-fat high-fructose (HFHF) diet for 16 weeks. The rats were
treated orally with 6-G (50,100, and 200 mg/kgBW) once daily for eight weeks. At Week 16, all animals were sacrificed, and serum
and liver tissue were harvested for biochemical and structural analysis.

Results: NAFLD liver rats were shown to have elevated protein expression of GRP78, and ER-associated apoptotic protein, such as
IRE1, TRAF2, p-JNK, and p-NF-kB, which were considerably reduced by the 6-G at three doses treatment. Furthermore, a significant
increase in liver apoptosis and non-alcoholic steatohepatitis (NAS) score were observed in the NAFLD rat liver and which were also
attenuated by the 6-G treatment at three doses. 6-G treatment also reduced ALT, AST, and ALP serum levels.

Conclusion: Considering all the findings, it is suggested that the 6-G treatment could be a potential candidate therapy in treating ER
stress-induced NAFLD in rats.
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Introduction
Nonalcoholic fatty liver disease (NAFLD) is the hepatic manifestation of metabolic syndrome (MetS). NAFLD is the
most common liver disease since its prevalence is estimated to 32.16% in the global population, especially the prevalence
in the overweight population is 69.99%.' NAFLD includes a spectrum of liver damage, ranging from simple fatty liver
disease (NAFL) to nonalcoholic steatohepatitis (NASH), which may progress to cirrhosis.> The definitive method for
diagnosing NAFLD has relied on liver biopsy, and NAFL is primarily linked to simple steatosis. The primary
pathological characteristics of NASH encompass steatosis, hepatocyte ballooning, inflammation, and fibrosis.
Therefore, NASH is a progressive form of NAFLD.?

The incidence of NAFLD has been shown to be closely correlated with lifestyle. As compared to patients without
NAFLD, previous studies showed that patients with NAFLD consumed more foods high in fructose, carbohydrates, and
saturated fats. Put another way, the Western diet, which is characterized by a high intake of foods rich in trans fatty acids,
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saturated fatty acids, and soft drinks, represents a diet model that is closely related to the incidence of MetS, obesity,
hypertension, and type 2 diabetes mellitus.*® A recent study by Im et al has shown that high-fat, high-fructose diets in
laboratory animals most strongly mimic the human phenotype of NAFLD.” Furthermore, Rohman et al have shown that
administering a low dose of streptozotocin (STZ) injection alongside high-fat, high-sucrose diet for 8 weeks in rats can
generate MetS that parallels human criteria for the condition.®

Endoplasmic reticulum stress has been associated with many liver disorders. This encompasses metabolic disorders
including insulin resistance and hepatic steatosis, along with symptoms arising from the interaction of inflammation and
metabolic disorders, including steatohepatitis, fibrosis, and cirrhosis.” In fact, the ER is crucial for the synthesis,
processing, and metabolism of lipids and sterols, serving as the primary organelle for maintaining hepatic lipid
homeostasis.'® Lipid, as a stimulatory signal, is likely to disrupt ER activity. When lipid accumulation, due to excessive
intake of high-fat, high-carbohydrate diets, surpasses the metabolic capacity of the endoplasmic reticulum, it triggers
a stress response known as ER stress. Endoplasmic reticulum stress induces the activation of the unfolded protein
response (UPR), which is facilitated by the transmembrane protein inositol-requiring enzyme 1 alpha (IRE-1a), protein
kinase R (PKR)-like ER kinase (PERK), and activating transcription factor 6 (ATF6)."! In a normal condition, these three
transmembrane proteins are associated with B-cell immunoglobulin binding protein/glucose-regulated protein 78 (BIP/
GRP78) without exposure, making it a crucial regulator of ER homeostasis and stress responses.'>'? In the context of ER
stress, the IRE-1a pathway functions as the primary mechanism regulating lipogenesis and lipid metabolism by recruiting
tumor necrosis factor receptor associated factor 2 (TRAF2) to form IRE-10/TRAF2 complex, resulting in the activation
of NF-xB signaling.'* Previous study has demonstrated that GRP78 deletion led to liver lipid accumulation and
steatosis.!> Moreover, it has been shown that IRE-10, the most conserved UPR sensor, protects animals from ER stress-
induced hepatic steatosis. In fact, sustained interaction between IRE-1a and TRAF2 leads to activation of JNK and NF-
kB, which in turn causes excessive apoptosis and increased inflammatory processes.'®

Many studies have proved the efficacy of natural products for treating liver disease, such as ginger (Zingiber officinale
Roscoe). 6-gingerol (6-G) is one of the major phenolic compounds in ginger, which has various biologic activities, such
as antioxidant, anti-inflammatory, anti-obese, antidiabetic, and can improve liver function.'” 2% Alsahli et al, have
demonstrated the effect of 6-G in lowering AST, ALT and ALP level and the production of pro-inflammatory cytokines
as well as oxidative stress in the liver of Diethylnitrosamine-induced liver injury in rats.>' Recent study demonstrated that
6-G could improve NAFLD through activation of the LKB1/AMPK pathway in high-fat diet-fed mice.”> We have also
shown the effect of 6-G in reducing lipid accumulation in hepatic tissue by inhibiting inflammation markers as well as
improving beta cell pancreas to increase insulin secretion.>** However, it is not yet known how the mechanism of
6-G improves and/or prevents the progression of NAFL to NASH. Therefore, the current study aims to explore the
mechanism of 6-G in overcoming the occurrence of NAFL and NASH through inhibiting ER stress in rats fed a high-fat,
high-fructose diet.

Materials and Methods

Reagents and Antibodies

6-gingerol (6-G) (CAS: 23513-14-6, HPLC 99.01%) was purchased from Actin Chemicals®, Chengdu, China.
Streptozotocin (CAS: 18883-66-4) was purchased from Santa Cruz Biotechnology, Texas, USA. Primary antibodies
against GRP78 (#3183), (IRE1) (#3294), INK (#9252), p-INK (#4668), TRAF2 (#4712), NF-xB (#8242), p-NF-xB
(#3033) and GAPDH (#5174) were obtained from Cell-Signaling Technology®, Massachusetts, USA. TUNEL Assay
Kit — HRP DAB (ab206386) was obtained from Abcam, USA. High-purity grades of all supplementary chemicals in this
study were obtained from commercial sources.

Animals

All the experimental procedures were treated following the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. This study was approved by the Institutional Animal Care and Use Committee of
Universitas Indonesia (approval number: KET-945/UN2.F1/ETIK/PPM.00.02/2021). Eight-week-old male Sprague-
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Dawley rats weighing between 180 and 220 grams were procured from the National Agency of Drug and Food Control,
Jakarta, Indonesia. The animals were housed in plastic cages in a controlled environment with 65-75% relative humidity
at 21 + 2°C and a 12 h light/dark cycle. One cage contains 5 rats. All rats were acclimatized for 1 week before the study.

Experimental Protocol

The rats were randomly divided into five groups (n = 5 rats per group). Group I served as control-normal (ND) rats fed
with a standard pellet diet containing 20% of energy as proteins, 47% of energy as carbohydrates, 4% of energy as lipids,
and 29% of energy as minerals (304 kcal/100 g) and water ad libitum. The other groups of rats (group 1I-V) fed with
a high-fat high-fructose (HFHF) diet containing 21.31% of energy as proteins, 31.92% of energy as carbohydrates,
29.02% of energy as lipids, and 17.75% of energy as minerals (474 kcal/100 g), and 55% fructose by oral gavage 2 times
daily (1.5 mL/day), as previously reported [Munika et al, 2023; Gunawan et al, 2023]. To ensure that each rat in each
group received a uniform diet, the diet was weighed every day before administration, namely 20—30 g per animal per day,
and the remaining food was weighed again the next day. The composition of the high-fat, high-fructose diet used in our
study was established from a previous study that showed it causes MetS in rats [Mutiyani et al, 2014]. After consuming
the HFHF diet for eight weeks, streptozotocin (STZ) at a 22 mg/kgBW single dose was injected intraperitoneally after
8-hour fasting. The STZ dosage was determined by our preliminary study, which showed that the optimal dose to induce
hyperglycemia in rats without causing death was 22 mg/kgBW. STZ was prepared immediately before injection and
dissolved in 0.01 M citrate buffer with pH 4.5. The HFHF diet was continued until Week 16 and 6-G was given to HFHF
diet-fed rats after confirmation of the induction of diabetes and its related metabolic disorders, namely fasting plasma
glucose >250 mg/dL, plasma triglyceride >150 mg/dL, and obesity (Lee’s index > 300; the formula of Lee’s index = body
weight [g]%**/naso-anal length [cm] x 10°). Randomization of the HFHF diet-fed rats was carried out into four treatment
groups: HFHF group, 6-G treatment group 50 mg/kg, 100 mg/kg, and 200 mg/kg. 6-G was given by gavage for eight
weeks. The maximum dose of 6-G in this study was based on 1/10 of the LDs, value of ginger, namely 2000 mg/
kgBW,?* while the medium and minimum doses of 6-G were geometric series values of the maximum dose used. At the
end of the study (after 16 weeks), all rats were weighed, fasted for 8 hours, anesthetized with ketamine/xylazine
(100-2 mg/kg), and sacrificed by exsanguination. Blood from the ventricle was collected for analysis. The liver was
stored at —80°C until the subsequent analysis. The parts of the remaining excised liver were fixed in 10% formalin.

Measurement of Biochemical Parameters

The body weights of every animal in each of the five groups were measured once a week to monitor any changes in the
animal’s total weight, and the data was analyzed appropriately. The Autocheck® Glucare glucometer was used to measure
fasting serum glucose (Medical Technology Promedr, St. Ingbert, Germany). Triglycerides, total serum cholesterol, LDL
cholesterol, and HDL cholesterol, AST, ALT and ALP were measured using the colorimetric method (DiaSys
Diagnostic Systems GmbH, Holzheim, Germany). The absorbance of the colored solution was measured at 546 nm;
the results were, then, interpreted accordingly.

Western Blotting Analysis

The frozen liver tissues were weighed and homogenized in an ice-cold Tris buffer (50 mm Tris-HCI, pH 7.4; 200 mm
NaCl, 20 mm NaF, 1 mm Na3;VO,, 1 mm 2-mercaptoethanol; 0.01 mg/mL leupeptin; 0.01 mg/mL aprotinin). Then,
samples were centrifuged at 3000 rpm for 10 min at 4°C, and supernatants were collected and stored at —80°C until
analysis. The bicinchoninic acid (BCA) technique was used to assess the sample’s total protein content. Equal volumes of
protein extract (50 pg) were separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
(Bio-Rad, CA, USA) and electrophoretically transferred to nitrocellulose membranes for the purpose of determining the
protein levels of GRP78; IRE-1; TRAF2; p-JNK; and p-NF-«kB. The next step was blocking the membranes using 5%
non-fat skim milk in Tris buffered saline Tween (20 mm Tris pH 7.6, 137 mm NaCl, and 0.1% Tween 20). All the
antibodies were used at a dilution of 1:1000. The membrane was then incubated overnight at 4°C with the primary
antibody, and the bound antibody was visualized using the respective horse-radish peroxidase-conjugated secondary
antibodies (Cell Signaling Inc., Beverly, MA, USA) and chemiluminescence developing agents (Bio-Rad Laboratories
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Inc, Hercules, CA, USA). The level of GAPDH was estimated in every sample to ensure the equal protein loading of the
samples. The films were scanned, and the band densities were quantified with ImageJ analysis.

Light Microscopic Morphological Study

All the liver tissue samples were fixed in 10% neutral buffer formalin solution and paraffin embedded block was made.
After thin sectioning (4 um), the sections were mounted on slides. The hematoxylin and eosin (H&E) staining was
performed to examine the architecture of liver tissues. Histopathological examination was performed by using a light
microscope (Olympus, Tokyo, Japan) and the slides figures were shot accordingly. The histological findings were
performed by double-blinded histopathologist. For each animal, five sections were scored for steatosis, hepatocyte
ballooning, lobular inflammation, and NAS scores. The severity of steatosis was graded based on the percentage of
the total area affected into the following categories: 0 (<5%), 1 (5-33%), 2 (34—66%), and 3 (>66%). Likewise, the level
of hepatocyte ballooning was scored based on the percentage of the total area affected, into the following categories: 0
(<5%), 1 (5-33%), 2 (34-66%), and 3 (>66%). Lobular inflammation was evaluated by counting the number of
inflammatory foci per field and was categorized as follows: 0 (<0.5 foci), 1 (0.5-1.0 foci), 2 (1.0-2.0 foci), and 3
(>2.0 foci). Grading for NAS score was based on steatosis and inflammation as follows: 0 (steatosis <5% and
inflammation <0.5 foci/field), 1 (steatosis 5-33% and inflammation 0.5-1.0 foci/field), 2 (steatosis 33-66% and
inflammation 1.0-2.0 foci/field), and 3 (steatosis >66% and inflammation >2.0 foci/field).*®

Terminal Deoxynucleotidyl Transferase (TdT)-Mediated dUTP Nick-End-Labeling
(TUNEL) Staining

Formalin sections embedded in paraffin were stained with TUNEL using the TUNEL Assay Kit-HRP-DAB (Abcam;
ab206386) in accordance with the manufacturer’s instructions. Five sections were graded for apoptotic nuclei in each
animal. The nucleus’ brown color intensity was used to identify the apoptotic cells. The percentage of apoptotic cells
divided by the total number of cells in each field of view is known as the apoptotic index.

Statistical Analysis

Data are represented as the mean = SD. Multiple comparisons were performed by one-way ANOVA test and Tukey’s post
hoc test to ascertain control group and treatment groups. SPSS ver. 21 was used to perform the statistical analysis.
Differences were considered significant at p <0.05.

Results
6-Gingerol Administration Reduces Body Weight Gain and Liver Weight/Body Weight
Ratio in HFHF Diet-Fed Rats

A significant increase of liver size, body weight (BW), liver weight (LW), and LW/BW ratio were observed in rats after
HFHEF diet for 16 weeks when compared with ND rats (Figure 1A-D). The macroscopic features of the liver of HFHF
diet-fed rats showed that the edges were blunt, brittle, yellowish in color and had a nodular appearance (Figure 1A,
HFHF). Importantly, 6-G administration at three doses was associated with significantly reduced body weight (p < 0.05
for 6-G 100 and 6-G 200), LW/BW ratio (p < 0.01 for all three doses of 6-G) and improved smoother appearance of liver
without nodularity (Figure 1A-D).

Effect of 6-Gingerol on Liver Enzymes and Serum Lipid Profile

A significant increase in liver enzyme including ALT (p < 0.01), AST (p < 0.05), and ALP (p < 0.01) were shown in
HFHF diet-fed rats as compared to that of ND-fed rats (Table 1). The administration of 6-G at all three doses can
significantly lower AST, ALT, and ALP levels compared to the HFHF group, although the 6-G dose of 50 mg/kg/day
demonstrated a reduction in these levels approaching normal ranges. The levels of triglyceride, total cholesterol, and
LDL-C in the HFHF diet-fed rats showed a significant increase compared with the ND diet-fed rats after 16 weeks of
receiving HFD (p < 0.01) (Figure 2A-C), whereas there was no difference in the level of HDL-C in all groups
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Figure | The effect of HFHF alone or in combination with 6-gingerol doses of 50, 100, and 200 mg/kg/day on (A\) liver tissue morphology, (B) Body weight, (C) Liver weight,
and (D) Liver weight to body weight ratio. All values are presented as the mean % SD; n = 5; * < 0.01 vs ND, *p < 0.05 and *p < 0.01 vs HFHF.

(Figure 2D). After administering 6-G at all three doses, serum lipid profile, namely triglyceride, total cholesterol, and
LDL-C decreased significantly to the levels of the ND diet-fed rats.

Effect of 6-Gingerol on the ER Stress in the Liver of HFHF Diet-Fed Rats

The effect of 6-gingerol on the ER stress pathway was observed by Western blot analysis of the expression of NAFLD
liver rat proteins GRP78, IRE1, TRAF2, JNK, and NF-kB. The protein expression of GRP78, an indicator for the
induction of ER stress, in the HFHF diet-fed rats was significantly increased when compared with the ND diet-fed rats (p
< 0.01) (Figure 3A). These results align with the findings for the IRE1 and TRAF2 proteins, in which the protein
expression of IRE1 and TRAF2 were significantly increased in the HFHF-fed rats when compared to the ND diet-fed rats
(p < 0.01) (Figure 3B and C). In addition, the NAFLD liver’s rats were shown significant increment in the protein
expression of phosphorylation of JNK (p < 0.01) as well as NF-kB (p < 0.05) (Figure 3D and E). Interestingly,
6-G-treated rats at all three doses were found to have attenuated protein expression of GRP78, IRE1, TRAF2, p-JINK,
and p- NF-xB in NAFLD rats in comparison to HFHF diet-fed rats, mainly at a dose of 200 mg/kg/day (Figure 3A-E).

Effects of 6-Gingerol on Hepatic Steatosis

The HFHF diet-fed rats showed obvious hepatic steatosis, as demonstrated by the hematoxylin and eosin staining of
paraffin tissue sections (Figure 4A). This was in accordance with the results of quantitative analysis scoring of steatoses
(Figure 4B), hepatocyte ballooning (Figure 4C), lobular inflammation (Figure 4D), and NAS (Figure 4E). Administration
of 6-G at doses of 100 and 200 mg/kgBW/day for 8 weeks significantly improved the condition of hepatic steatosis, as

Table | Effect of 6-Gingerol on Hepatic Enzyme Function (n = 5 Rats/Group)

Parameters ND HFHF 6-G 50 6-G 100 6-G 200
AST (mg/dL) 60.49 + 13 84.11 + 19.7% 59.93 + 40.3 47.36 + 13.8* 66.19 + 155
ALT (mg/dL) 35+ 49 286.47 + 62.77 | 42,05 £ 12,7 | 44.77 £ 16.5% | 469 + 23.4%*
ALP (mg/dL) | 229.16 + 19.6 | 549.3 = 1554 | 291.36 + 57.9% | 35828 % 52* | 32229 + 75.6*

Notes: p < 0.05 vs ND. *p < 0.01 vs ND. *p < 0.05 vs HFHF. *p < 0.01 vs HFHF.
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Figure 2 The effect of HFHF alone or in combination with 6-gingerol doses of 50, 100, and 200 mg/kg/day on serum lipid profile. (A) Triglyceride, (B) Total cholesterol, (C)
LDL cholesterol, (D) HDL cholesterol. All values are presented as the mean + SD; n = 5; *p < 0.01 vs ND, #p < 0.05 and *p < 0.01 vs HFHF.

indicated by a reduction in steatosis, lobular inflammation, hepatocyte ballooning, and NAS scores in the 6-G-treated
HFHF diet-fed rats as compared to the HFHF diet-fed rats (Figure 4A-E).

Effects of 6-Gingerol on the Liver Apoptosis

To assess the liver apoptosis in HFHF diet-fed rats, we employed TUNEL assay, which revealed that the NAFLD rats
were found to have increased liver apoptotic nuclei, in comparison to ND diet-fed rats and administration of 6-G at all
three doses for 8 weeks were found to have less liver apoptotic nuclei in NAFLD rats (Figure 5A and B).

Discussion
In the current investigation, rats were fed a high-fat high-fructose diet (HFHF) for 16 weeks, which is a well-established
model for the development of non-alcoholic related fatty liver disease (NAFLD).?” This is also related to clinical study in
which poor dietary habits were the primary problem in NAFLD.?® Long-term studies have shown that the rising of ER
stress is correlated with the occurrence of NAFLD, namely the downregulation of IRE1, ATF6, and EIF2S1 protein
expression.’ The data reported in this study revealed that HFHF diet for 16 weeks caused elevation in lipid plasma,
hepatocyte steatosis, hepatocyte ballooning, lobular inflammation, NAS score, and liver apoptosis as well as elevation of
ER stress-associated protein markers, such as GRP78, IRE1, TRAF2, p-JNK, and p-NF-«B. In addition to preventing
HFHF-induced NAFLD, treatment with 6-G at doses of 50, 100, and 200 mg/kg/day for 8 weeks ameliorated ER stress in
the liver of HFHF diet-fed rats.

Excessive intake of fat and carbohydrate causes lipid accumulation in liver, leading to NAFLD.?° Endoplasmic
reticulum is an important organelle for metabolizing hepatic lipids, including synthesis, storage, and export of lipids. The
UPR, a highly conserved pathway in ER, monitors protein synthesis, lipid metabolism, and maintain ER homeostasis.”'
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Figure 3 The effect of HFHF alone or in combination with 6-gingerol doses of 50, 100, and 200 mg/kg/day on the liver expression of (A) GRP78, (B) IREI, (C) TRAF2, (D)
p-JNK, and (E) p-NF-kB in rats. A representative Western blot showing specific bands for each protein parameter of ER stress with GAPDH as an internal control was

quantified using densitometric analysis. An equal amount of protein sample obtained from liver homogenate was applied to each lane. All values are presented as the mean *
SD; n = 5; *p < 0.05 and **p < 0.01 vs ND, #p < 0.05 and *#p < 0.0 vs HFHF.

Notably, lipid overload causes ER stress in the liver, not only in humans but also in experimental animals, which in turn
causes chronic activation of UPR, oxidative stress, apoptosis, and inflammation.”*> It has been reported that hepatic
steatosis and insulin resistance in obese mice are closely related to ER stress, and GRP78 plays a crucial role in the
control of ER homeostasis and stress responses, because it interacts and sequesters all key UPR sensors.** In this study,
we have found that the NAFLD liver rats had significant increase in the protein expression of GRP78 in comparison to
standard diet-fed rats and 6-G treatment at three doses significantly attenuated those protein expression level in NAFLD
liver rats. In line with our study, Yun and Lee (2022) have demonstrated that gingerol administration in tunicamycin-
induced HepG2 cells decreased the mRNA expression of ER stress markers, including GRP78 and IRE1.*® Conversely,
previous studies have suggested that overexpression of GRP78 inhibited ER stress-induced steatosis in the liver and
deletion of GRP78 led to ER stress and apoptosis.'>*® The reason for these contradictory results is poorly understood.

IRE1, one of the UPR sensors, is an important pathway in the upregulation of inflammation, apoptosis, and tissue
remodelling.*”*® In fact, IRE1 and TRAF2 interaction activates JNK pathways, which are important for the upregulation
of apoptosis.® 6-G administration, mainly at doses of 100 and 200 mg/kg/day leads to a lower protein expression of
IRE1, TRAF2, and p-JNK significantly as compared to the HFHF diet-fed rats. Moreover, 6-G significantly reduced the
number of apoptotic cells in the liver tissues of HFHF diet-fed rats. Our results are consistent with those of Yi et al,
where 6-shogaol, one of the bioactive compounds of ginger other than 6-gingerol, reduced the levels of apoptotic cells in
the liver of diabetic mice.*” In addition, Ma and Lee (2022) have also shown that ginger extract inhibits apoptosis in
diabetic retinopathy rats.*' Conversely, in tumor cells, 6-gingerol has been reported to induce apoptosis, exhibit cell-cycle
arrest and enzyme-coupled cell signaling receptor degeneration in cancer cells.'®***® This suggests that 6-gingerol can
act as antiapoptotic and apoptotic in non-tumor cells and tumor cells, respectively.

NAFLD involves a range of conditions associated with the accumulation of triglycerides in hepatocytes, ranging from
isolated hepatic steatosis to progressive non-alcoholic steatohepatitis (NASH), which may result in cirrhosis and
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Figure 4 (A) Histopathology of the liver from ND diet-fed rats, HFHF diet-fed rats or in combination with 6-gingerol doses 50, 100, and 200 mg/kg/day. ND rats showed normal architecture of hepatocytes. HFHF diet-fed rats caused
macrovesicular steatosis (black arrow), microvesicular steatosis (yellow arrow), lobular inflammation (blue arrow), and hypertrophied cells (red circle). 6-gingerol-treated HFHF-challenged rat at all three doses showed improvement of
architecture of hepatocytes almost similar to ND rats. Magnification x 200. Semi-quantitative analysis of liver steatosis score (B), hepatocyte ballooning score (C), lobular inflammation score (D), and NAS score (E) in each group. All
values are presented as the mean  SD; n = 5; *p < 0.01 vs ND, *p < 0.0l vs HFHF.
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No. of apoptotic cells/100 cells

Figure 5 (A) Representative TUNEL-stained image of liver tissue from each group. (B) Semi-quantitative bar graphs of percentage of liver apoptotic nuclei in the HFHF
alone or in combination with 6-gingerol doses of 50, 100, and 200 mg/kg/day. Magnification x 400. All values are presented as the mean % SD; n = 5; ¥*p < 0.01 vs ND, #p <
0.0l vs HFHF.

progressive liver damage.** One of the mechanisms proposed that underlying the progression from isolated hepatic
steatosis to NASH is ER stress and dysregulated of UPR proteins.'®*>*® In fact, NASH is associated with increased IRE1
and its interactions with TRAF2 to promote NF-kB activation and inflammatory response.*” In the current study, we have
shown that the administration of 6-gingerol at all three doses reduced liver NF-xB protein expression, although only at
a dose of 200 mg/kg/day showed a statistically significant difference compared to HFHF diet-fed rats, which further
inhibited lobular inflammation and hepatocyte ballooning as well as prevented the progression of NAFL to NASH. Our
findings were in line with Wong et al*® and Tzeng et al** who found the same results in metabolic syndrome rat model.
Recent study also showed that 6-G improved HFD-induced NAFLD in rats through increasing the activity of the LKB1/
AMPK pathway.?? Furthermore, gingerol contained in kimchi can suppress ER stress in tunicamycin-induced mice and
in vitro by increasing AMPK activity.>> This suggests that 6-G can ameliorate ER stress through its synergistic effects
with other pathways.

In our study, we also observed that 6-G at a dose of 200 mg/kg/day for 8 weeks was able to improve all NAFLD-
related parameters induced by the HFHF diet, with no apparent dose-dependency of 6-G in any of the parameters
examined. In contrast, Sampath et al demonstrated that 6-G intraperitoneally at dosage of 25 mg/kg/day and 75 mg/kg/
day resulted in dose-dependency reductions in insulin, AST, ALT, and blood glucose levels in obese mice.** Therefore, to
prove whether there is dose-dependence of 6-G requires further research.

Conclusion

Based on the above results, it is concluded that prolonged consumption of the HFHF diet appears to be promoting the
development of NAFLD and raising the possibility that it may advance to NASH via the up regulation of ER stress and UPR
activation. 6-G, mainly at a dose of 200 mg/kg/day, decreased ER stress-related NAFLD and prevented the progression of
NAFLD into NASH (Figure 6). These results were followed by improvements in lipid serum, including decreased
triglyceride, total cholesterol, and LDL cholesterol. Therefore, 6-G is a promising drug candidate for further development
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Figure 6 Proposed mechanism of action of é-gingerol in ameliorating non-alcoholic related fatty liver disease in rats.

as a therapy to treat NAFLD. Nevertheless, this study presents certain limitations: firstly, we administered 6-G for a duration
of up to 8 weeks, which restricts our understanding of the dose-dependency of potential long-term effects and outcomes.
The second limitation is that toxicity studies have not been conducted to determine the LDs, of the 6-G currently used;
understanding the kinetic relationship between the blood level produced and the administered dose of 6-G is crucial for
identifying the safe dose range and dose-dependency. However, this study may serve as a reference for future research on
humans with metabolic syndrome, a condition that presently necessitates multiple pharmacological interventions.
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