
Article

Inhibitory Effect of Gardenoside on Free Fatty
Acid-Induced Steatosis in HepG2 Hepatocytes

Huiqing Liang 1,2, Limin Zhang 1, Hongguo Wang 1, Jinmo Tang 2, Jiaen Yang 2, Chuncheng Wu 2

and Shaodong Chen 1,*

Received: 28 September 2015 ; Accepted: 16 November 2015 ; Published: 20 November 2015
Academic Editor: Rolf Teschke

1 Department of Traditional Chinese Medicine, Medical College of Xiamen University, 422 S. Siming RD,
Xiamen 361005, China; 13850005898@163.com (H.L.); 124520141153580@stu.xmu.edu.cn (L.Z.);
24520131153546@stu.xmu.edu.cn (H.W.)

2 Xiamen Hospital of Traditional Chinese Medicine, 1739 Xianyue RD, Xiamen 361009, China;
13850085858@163.com (J.T.); yje1977@yeah.net (J.Y.); wccxmtcm@yeah.net (C.W.)

* Correspondence: adong@xmu.edu.cn; Tel.: +86-137-7995-9154; Fax: +86-592-218-3069

Abstract: Gardenoside is one of the most important effective extractions of a herb for its
hepatoprotective properties. The aim of this study was to address the mechanism of Gardenoside
on HepG2 cellular steatosis induced by free fatty acids (FFAs). The model of HepG2 steatosis
was duplicated by oleic and palmitic acid at the proportion of 2:1 (FFAs mixture) for 24 h, then
lipid toxicity was induced. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were used to detect cell viability and Oil Red O staining method was used to judge the lipid
accumulation respectively. Inflammatory cytokines TNF-α, IL-1β, IL-6 and intracellular NFκB were
measured after 24 h. The steatosis was significantly decreased after Gardenoside treatment without
cytotoxicity. TNF-α, IL-1β, IL-6 were modulated to HepG2 cells by treatment of Gardenoside. In the
meantime, the activation of NFκB was inhibited by Gardenoside. Gardenoside has a protective
effect on FFA-induced cellular steatosis in HepG2 cells which indicates that Gardenoside might
be a potential therapeutic herb against NASH by suppressed supernatant inflammatory cytokine
production and intracellular NFkB activity.
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1. Background

Non-alcoholic fatty liver disease (NAFLD) has four stages: simple steatosis, non-alcoholic
steatohepatitis (NASH), fibrosis and liver cirrhosis, which cannot be explained by alcohol
consumption [1,2].

As we know, the “two-hit hypothesis” is the most important pathogenesis of NAFLD [3]. The
first hit is the development of hepatic steatosis via accumulation of triglycerides in hepatocytes, and
the “second hit” involves hepatic injury, inflammation, which are closely associated with oxidative
stress in the liver [4–6]. To study hepatic steatosis in vitro, a cellular hepatic model was previously
established by treating human HepG2 cells with free fatty acids (FFAs) [7]. In the human body, the
main fatty acids include the palmitic acid (PA) and oleic acid (OA) [8]. PA and OA are widely used to
induce steatosis in vitro [9].

The goal of managing NAFLD is to treat steatosis. To date, no standard treatment is recognized;
the most efficacious treatment for NAFLD is represented by an adjusted diet and physical exercise.
It was reported that increased physical activity and improvements in diet are good for weight
management to treat NAFLD. Therefore, lifestyle modification should be the first step for NAFLD
patients when developing a treatment plan for them [10].
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It is reported that Traditional Chinese Medicine (TCM) plays an important role in treating
NAFLD [11]. However, the mechanisms of TCM for treating NAFLD still remain somewhat unclear.
Recently, extraction from herbs is increasingly becoming the effective way to solve the problems of
TCM [12]. Gardenoside is the main effective extraction of Gardenia jasminoides Ellis, which is an
indigenous medicinal herb widely used for hepatoprotective, analgesic, and antipyretic drug [13].
As is known, obesity and NAFLD have been major public health problems; relevant approaches to
the therapeutic activities of Gardenoside are noteworthy. In our previous study, Gardenoside was
applied for treatment on NASH [14,15]. However, the mechanism is still somewhat unclear.

In this study, the hepaticlipotoxicity model of HepG2 cell steatosis and TNF-α secretion induced
with FFAs, which has been reported by Feldstein [15], was duplicated to observe the effect and
mechanism of Gardenoside on NASH.

2. Results

2.1. Effects of Gardenoside on Cell Viability

To determine whether the treatment of Gardenoside on HepG2 cells has value for medical use
with no toxic effect, the cells were treated with different concentrations of Gardenoside (10, 20, 30,
40 and 50 µM) for 24 h and cell viability was evaluated by MTT assay. Quantities of 30, 40 and
50 µM of Gardenoside were significantly toxic to HepG2 cells (p < 0.05, p < 0.01). In contrast, 10 and
20 µM of Gardenoside showed no substantial decrease in cell viability, which were used for further
studies (Figure 1).
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Figure 1. Cell viability assay. After treatment of Gardenoside and free fatty acids (FFAs) on the HepG2 
cells, MTT assay was performed. Gardenoside was treated as 0, 10, 20, 30, 40 and 50 µM for 24 h. 10 
and 20 µM of Gardenoside showed no toxicity to HepG2 cells. All experiments were repeated at least 
three times. * p < 0.05, ** p < 0.01, compared to 0 µM Gardenoside group. 

2.2. Effect of Gardenoside on Steatosis 

HepG2 cells were incubated in the mixture with PA and OA for 24 h, which can lead to 
steatogenesis simultaneously in hepatocytes. Then cells were stained with Oil Red O solution for 30 
min, and the increased intracellular lipid contents dyed pink were visually observed by microscope 
(400×) (Figure 2A,B). Gardenoside can decrease the lipid droplets in HepG2 cells cultured with FFAs 
(Figure 2C,D). 

The HepG2 cells were treated with 0.5 mM concentration of FFAs for 24 h to induce hepatic 
steatosis. Cells treated with 5% BSA were used as control. TG was accumulated as lipid droplets in 
the FFAs treated cells and Gardenoside significantly decreased TG content by 36% (10 µM), and 46% 
(20 µM), as given in Figure 3. 
  

Figure 1. Cell viability assay. After treatment of Gardenoside and free fatty acids (FFAs) on the HepG2
cells, MTT assay was performed. Gardenoside was treated as 0, 10, 20, 30, 40 and 50 µM for 24 h. 10
and 20 µM of Gardenoside showed no toxicity to HepG2 cells. All experiments were repeated at least
three times. * p < 0.05, ** p < 0.01, compared to 0 µM Gardenoside group.

2.2. Effect of Gardenoside on Steatosis

HepG2 cells were incubated in the mixture with PA and OA for 24 h, which can lead to
steatogenesis simultaneously in hepatocytes. Then cells were stained with Oil Red O solution for
30 min, and the increased intracellular lipid contents dyed pink were visually observed by microscope
(400ˆ) (Figure 2A,B). Gardenoside can decrease the lipid droplets in HepG2 cells cultured with FFAs
(Figure 2C,D).

The HepG2 cells were treated with 0.5 mM concentration of FFAs for 24 h to induce hepatic
steatosis. Cells treated with 5% BSA were used as control. TG was accumulated as lipid droplets in
the FFAs treated cells and Gardenoside significantly decreased TG content by 36% (10 µM), and 46%
(20 µM), as given in Figure 3.
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Figure 2. Oil Red O staining. Lipid accumulation in HepG2 cells induced by FFAs for 24 h. Lipid 
droplets in HepG2 cells was observed by microscope (400×): the control cells treated with only 5% 
BSA (A); cells treated with FFAs for 24 h (B); cells pretreated with FFAs for 24 h and cultured with 
Gardenoside 10 µM for 24 h (C); cells pretreated with FFAs for 24 h and cultured with Gardenoside 
20 µM for 24 h (D). 

 
Figure 3. Effect of Gardenoside on triacylglycerol accumulation in FFAs induced hepatic steatosis in 
HepG2 cells. The Triglyceride (TG) level of the cells was measured by using TG assay kit. All 
experiments were repeated at least three times. ** p < 0.01, compared to control group, and ## p < 0.01, 
compared to FFAs group. 

2.3. Changes of Inflammatory Cytokines in Supernatant 

Chronic hepatic inflammation is closely associated with the pathogenesis of NAFLD. In fact, 
lipid peroxidation increases the production of inflammatory cytokines and activates increased levels 
of ROS, leading to oxidative stress. FFAs increased TNF-α, IL-6, IL-1β by 4.44-, 4.98-, 5.78-fold 
compared to control cells. Gardenoside significantly reverted the decreased TNF-α by 45.87% (10 
µM), 51.19% (20 µM), IL-6 by 24.05% (10 µM), 43.28% (20 µM), IL-1β by 45.22% (10 µM), 46.47% (20 
µM), compared to FFAs group in Table 1. 

Table 1. Effect of Gardenoside on inflammatory cytokines in HepG2. 

Groups TNF-α (pg/mL) IL-6 (pg/mL) IL-1β (pg/mL) 
Control 23.32 ± 1.86 19.16 ± 1.15 15.76 ± 2.04 

FFAs 102.71 ± 6.89 ** 95.52 ± 10.65 ** 91.16 ± 6.93 ** 
10 µM Gardenoside 55.62 ± 6.74 ## 72.53 ± 7.71 # 49.93 ± 5.32 ## 
20 µM Gardenoside 50.13 ± 5.65 ## 54.16 ± 7.84 ## 48.82 ± 4.25 ## 

Effect of Gardenoside on inflammatory cytokines in HepG2. To determine the effect of Gardenoside 
on inflammatory cytokines, HepG2 cells were treated with Gardenoside in the presence of FFAs. The 
production and secretion of inflammatory cytokines TNFα, IL-6 and IL-1β were significantly 
increased after FFAs treatment. However, Gardenoside treatment at all 10 or 20 µM concentrations 
decreased the expression of these inflammatory cytokines. Three independent experiments were 
carried out in triplicate. ** p < 0.01, compared to control group, and # p < 0.05,## p < 0.01, compared to 
FFAs group. 

Figure 2. Oil Red O staining. Lipid accumulation in HepG2 cells induced by FFAs for 24 h. Lipid
droplets in HepG2 cells was observed by microscope (400ˆ): the control cells treated with only
5% BSA (A); cells treated with FFAs for 24 h (B); cells pretreated with FFAs for 24 h and cultured with
Gardenoside 10 µM for 24 h (C); cells pretreated with FFAs for 24 h and cultured with Gardenoside
20 µM for 24 h (D).
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2.3. Changes of Inflammatory Cytokines in Supernatant

Chronic hepatic inflammation is closely associated with the pathogenesis of NAFLD. In fact,
lipid peroxidation increases the production of inflammatory cytokines and activates increased levels
of ROS, leading to oxidative stress. FFAs increased TNF-α, IL-6, IL-1β by 4.44-, 4.98-, 5.78-fold
compared to control cells. Gardenoside significantly reverted the decreased TNF-α by 45.87%
(10 µM), 51.19% (20 µM), IL-6 by 24.05% (10 µM), 43.28% (20 µM), IL-1β by 45.22% (10 µM), 46.47%
(20 µM), compared to FFAs group in Table 1.

Table 1. Effect of Gardenoside on inflammatory cytokines in HepG2.

Groups TNF-α (pg/mL) IL-6 (pg/mL) IL-1β (pg/mL)

Control 23.32 ˘ 1.86 19.16 ˘ 1.15 15.76 ˘ 2.04
FFAs 102.71 ˘ 6.89 ** 95.52 ˘ 10.65 ** 91.16 ˘ 6.93 **

10 µM Gardenoside 55.62 ˘ 6.74 ## 72.53 ˘ 7.71 # 49.93 ˘ 5.32 ##

20 µM Gardenoside 50.13 ˘ 5.65 ## 54.16 ˘ 7.84 ## 48.82 ˘ 4.25 ##

Effect of Gardenoside on inflammatory cytokines in HepG2. To determine the effect of Gardenoside on
inflammatory cytokines, HepG2 cells were treated with Gardenoside in the presence of FFAs. The production
and secretion of inflammatory cytokines TNFα, IL-6 and IL-1β were significantly increased after FFAs
treatment. However, Gardenoside treatment at all 10 or 20 µM concentrations decreased the expression of
these inflammatory cytokines. Three independent experiments were carried out in triplicate. ** p < 0.01,
compared to control group, and # p < 0.05,## p < 0.01, compared to FFAs group.
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2.4. Changes of Phospho-NFkB Protein Expression

HepG2 cells treated with DMSO were used as control (A), cells were induced by FFAs (B),
cells were treated with Gardenoside 10 µM (C), 20 µM (D) for 24 h. FFAs indicates the activity
of Phospho-NFkB p65 in HepG2 cells. In contrast, this was reverted by Gardenoside as shown
in Figure 4.
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Figure 4. Changes of Phospho-NFκB p65 Protein Expression. NFκB p65 and Phospho-NFκB p65
protein expression was assessed using immunoblot analysis in HepG2 cells after incubation with or
without FFAs in the presence or absence of Gardenoside 10 or 20 µM. HepG2 cells treated with DMSO
were used as control (A), cells were induced by FFAs (B); cells were treated with Gardenoside 10 µM
(C); 20 µM (D) for 24 h. Immunoblots are representative of three different experiments. ** p < 0.01,
compared to control group, and # p < 0.05, ## p < 0.01, compared to FFAs group.

3. Methods

3.1. Cell Line and Culture

Human HepG2 cell line (purchased from the cell line bank, Shanghai Institute of cell
biology, Chinese Academy of Sciences, Shanghai, China) was maintained in Hyclone Dulbecco’s
Modified Eagle’s Medium (DMEM; Thermo Scientific, Rockford, IL, USA) supplemented with 10%
heat-inactivated Fetal Bovine Serum (FBS, Atlanta Biologics, GA, USA), 2 mM L-glutamine, 100 U/mL
penicillin, 100 µg/mL streptomycin, and 25 mM Hepes (all from Life Technologies, CA, USA). Cells
were cultured in 5% CO2 at 37 ˝C.

3.2. Modeling

After reaching 80% confluence, the HepG2 cells were cultured with fetal bovine serum-free
medium containing 5% bovine serum albumin (BSA) overnight in a 6-well plate. Sodium PA and OA
(Sigma, St. Louis, MO, USA) were conjugated to FFAs (OA:PA at 2:1). The concentration of 50 mM
stock solution of FFAs was dissolved in isopropanol. Final concentration of the FFAs was 500 µM.
HepG2 cells were treated with 200 µL of 500 µM FFAs or with different concentrations of Gardenoside
for 24 h. HepG2 cells cultured in a medium containing 5% BSA were used as a control [16].

3.3. Gardenoside Treatment

Gardenoside (Purity ě 98%, purchased from Zelang Medical Technology Co., Ltd., Nanjing,
China) came from Gardenia jasminoides Ellis, which was dissolved in double-distilled H2O (ddH2O),
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diluted in DMEM, and used to treat HepG2 cells. The final quantity of solvent did not exceed 0.1% of
culture media for all experiments.

3.4. Cell Cytotoxicity Detection

HepG2 cells were plated in 96-multiwell culture plates at 1 ˆ 105 cells per well. To study
cytotoxicity, 24 h after plating, the medium was discarded and fresh medium containing 0, 10, 20,
30, 40 and 50 µM Gardenoside were added. After 24 h of incubation, cell viability was determined
by colorimetry using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (USB
corporation, Cleveland, OH, USA; Sigma-Aldrich, Oakville, ON, Canada). Insoluble formazan
crystals were dissolved in DMSO and measured at 570 nm with a Bio-Rad model 680 microplate
reader (Bio-Rad, Hercules, CA, USA).

3.5. Triglyceride Colorimetric Assay (TG Assay)

To determine intracellular TG level, HepG2 cells were plated in 6-well plates at 1 ˆ 106 cells per
well, 10 and 20 µM Gardenoside and 500 µM FFAs were added at the same time for 24 h. The TG
level of the cells was measured by using TG assay kit (Dongou Bioengineering Co., Ltd., Wenzhou,
China). The cell lysate protein concentrations were measured using the BCA method.

3.6. Oil Red O Staining

HepG2 cells were washed three times with PBS, and then fixed with 10% formalin for 1 h.
Cells were washed with 60% isopropanol briefly and incubated with 60% filtered Oil Red O solution
(0.7 g per 200 mL of isopropanol, which was purchased from Sigma Chemical, St. Louis, MO, USA)
for 30 min at room temperature after washing three times with distilled water. Then, cells were
stained with hematoxylin (Sigma-Aldrich). Cells with Oil Red O Staining were observed under a
microscope (Nikon, Tokyo, Japan).

3.7. Cytokine Assay

Samples of supernatant of HepG2 cells were collected after incubated with Gardenoside and
FFAs for 24 h. The anti-inflammatory cytokines TNF-α, IL-6 and IL-1β were measured by enzyme
linked immunosorbant assay (ELISA) kits (Biolegend Inc., San Diego, CA, USA).

3.8. Western Blot Analysis

Proteins were extracted from the cells using extraction buffer, which include 50 mM Tris
HCl, 0.5% sodium deoxycholate, pH 8.0, 1% Nonidet P-40, 5 mM EDTA, 0.1% SDS, 150 mM
NaCl, 1 mM PMSF, 1 mM NaVO4, 1 mM NaF, and protease inhibitor cocktail (Roche, Mannheim,
Germany). Protein extracts were separated on 10% polyacrylamide gels and electrophoretically
transferred onto polyvinylidene fluoride membrane (Gelman Laboratory, Ann Arbor, MI, USA).
After blocking, the membranes were incubated with a primary antibody, and then with horseradish
peroxidase-conjugated IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Blots were developed
using ECL Detection Kit (Amersharm Pharmacia, UK). Primary antibodies to Phospho-NFkB p65,
NFkB p65 were from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and β-actin was from Sigma
(St. Louis, MO, USA). Results of western blotting were normalized with those obtained for β-actin.
Protein bands were quantified using densitometry with accompanying software (ImageJ).

3.9. Data Analysis

All data represent at least three separate experiments and each experiment was performed in
triplicate. The significance of the data was analyzed with Prism 5 software (GraphPad Software,
La Jolla, CA, USA) with one-way ANOVA and Bonferroni’s post-hoc test to compare each set of
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data. Bars show the means ˘ SEMs. The differences between the means were considered significant
when p < 0.05.

4. Discussion

FFAs lead to an obvious accumulation of lipid droplet in the cytoplasm. Accumulation of lipid
droplets in cells can be toxic manifesting in apoptosis if high content are reached [17,18]. Some
investigations have been carried out in order to address FFAs’ induced lip toxicity in cells and
some interest has been developed showing insight toward lipid accumulation-induced lip toxicity
in cells [19]. In the present study, we found that FFAs increased TG content and lipid droplets in
cells indicating the lipid accumulation and liptoxicity in HepG2 cells by FFAs. We confirmed that
Gardenoside has function to decrease the intracellular TG content.

NFκB is an important regulator in inflammatory processes: NFκB activation has a close
relationship to obesity and insulin resistance in different diseases [20]. FFAs can boost NFκB activity
on cell surface receptor binding [21]. These ligand-receptor interactions trigger the recruitment
of adaptor proteins and receptor-proximal kinases intimately culminating in the activation of the
inhibitor of NFκB (IκB) kinase (IKK) complex. IKK subsequently phosphorylates IκB, which is then
downgraded by the proteasome. Decreased levels of IκB free NFκB, which enable cytosolic-nuclear
translocation and ultimately transcriptional induction of a large amount of genes involved in
immune function [22]. The NFκB family contains five members including RelA(p65), RelB, c-Rel,
p50/p105 (NFκB1) and p52/p100 (NFκB2), which form multifarious combinations of homodimers
or heterodimers. p65/p50 is also called “classical” NFκB activation [23]. Upon stimulation, via
a phosphorylation-dependent proteasome-mediated mechanism, IκB is degraded and the released
NFκB is translocated to the nucleus where it binds to the κB-sites and regulates the transcription of
target genes. This study shows that Gardenoside inhibits expression of Phospho-NFκB p65 protein,
suggesting the drug has function to inhibit the NFκB activation.

TNF-α is one of the most important pro-inflammatory cytokine, which involved in systemic
inflammation and is a member of cytokine family that stimulates acute inflammation. Various types
of cells in the body produce TNF-α. TNF-α is also major mediator in various physiological processes,
such as inflammation and cell proliferation [24]. It is reported that TNF-α is the most critical
inflammatory cytokine in the progression of fatty liver [25]. IL-1β is another potent proinflammatory
cytokine [26]. It was found that the levels of pro IL-1β increased significantly in the liver and
in the serum of patient with NAFLD [27,28]. As inactive pro-IL-1β in response to inflammatory
stimuli, IL-1β is produced, including both microbial products and endogenous danger-associated
molecules. The role of IL-6 in NAFLD is complex and not well understood. The previous opinion
is that when IL-6 released into the circulation, it was taken up by the liver, and then the resident
hepatocytes regarded the IL-6 as a stimulus to begin production of acute phase proteins. Similarly, a
principal hypothesis posted that in situ ations where an injury is inflicted directly upon the liver, it
is the resident immune cells, such as the Kupffer cells (hepatic macrophages), that primarily produce
the IL-6 used for stimulating acute phase protein production [29–31]. In both acute and chronic
inflammation, NFκB is considered a key factor in regulating the immune response to infection.
Activation of NFκB can induce the expression of TNF-α, IL-1β and IL-6, which increases the
expression of proinflammatory molecules [32,33]. The study showed that in non-cytotoxic dose
range (10 and 20 µM), Gardenoside does well in decreasing inflammatory cytokines secretion, such as
TNF-α, IL-1β and IL-6. In the mean time, the expression of NFκB p65 activation also was inhibited by
Gardenoside. These results suggest that Gardenoside has a direct, high-intensity intervention effect
for hepatic lip toxicity.

5. Conclusions

NAFLD is one of the most common liver diseases. Excessive FFAs are harmful to the liver,
which will induce over oxidative stress, inflammatory cytokine, hepatic steatosis and liptoxicity,
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and then contribute to disease progression. In this study, we provided evidence that Gardenoside
has a protective effect on FFA-induced cellular steatosis in HepG2 cells. Gardenoside significantly
suppressed supernatant inflammatory cytokine production and intracellular Phospho-NFkB p65
activity. Our results demonstrated that the effect mechanism of Gardenoside inhibits the hepatic
liptoxicity and has a close relationship with inhibition on inflammatory cytokine secretion.

Acknowledgments: This work was supported by the National Natural Science Foundation of China (No.
81274155, 81503529), the Natural Science Fund of Fujian (No. 2014J01374), Xiamen Science and Technology
Program Grant (No. 3502Z20133007, 3502Z20134020) and Fujian Provincial Higher Education Support Program
for New Century Excellent Talents.

Authors Contributions: Shaodong Chen designed the experiment. Huiqing Liang and Hongguo Wang
conducted the experiments. Limin Zhang conceived the idea and supplied reagents. Jinmo Tang, Jiaen Yang
and Chuncheng Wu designed the experiment, interpreted the experimental results, and wrote the manuscript.
All authors contributed to manuscript preparations and approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cohen, J. Understanding HIV latency to undo it. Science 2011, 332, 786. [CrossRef] [PubMed]
2. Michelotti, G.A.; Machado, M.V.; Diehl, A.M. NAFLD, NASH and liver cancer. Nat. Rev. Gastroenterol.

Hepatol. 2013, 10, 656–665. [CrossRef] [PubMed]
3. Day, C.P.; James, O.F. Steatohepatitis: A tale of two “hits”? Gastroenterology 1998, 114, 842–845. [CrossRef]
4. Sanyal, A.J.; Campbell-Sargent, C.; Mirshahi, F.; Rizzo, W.B.; Contos, M.J.; Sterling, R.K. Nonalcoholic

steatohepatitis: Association of insulin resistance and mitochondrial abnormalities. Gastroenterology 2001,
120, 1183–1192. [CrossRef] [PubMed]

5. Browning, J.D.; Horton, J.D. Molecular mediators of hepatic steatosis and liver injury. J. Clin. Investig. 2004,
114, 147–152. [CrossRef] [PubMed]

6. Lin, J.K.; Lin-Shiau, S.Y. Mechanisms of hypolipidemic and anti-obesity effects of tea and tea polyphenols.
Mol. Nutr. Food Res. 2006, 50, 211–217. [CrossRef] [PubMed]

7. Gomez-Lechon, M.J.; Donato, M.T.; Martinez-Romero, A.; Jimenez, N.; Castell, J.V.; O’Connor, J.E. A human
hepatocellular in vitro model to investigate steatosis. Chem. Biol. Interact. 2007, 165, 106–116. [CrossRef]
[PubMed]

8. Grishko, V.; Rachek, L.; Musiyenko, S.; Ledoux, S.P.; Wilson, G.L. Involvement of mtDNA damage in free
fatty acid-induced apoptosis. Free Radic. Biol. Med. 2005, 38, 755–762. [CrossRef] [PubMed]

9. Chiu, H.C.; Kovacs, A.; Ford, D.A.; Hsu, F.F.; Garcia, R.; Herrero, P.; Saffitz, J.E.; Schaffer, J.E. A novel mouse
model of lipotoxic cardiomyopathy. J. Clin. Investig. 2001, 107, 813–822. [CrossRef] [PubMed]

10. Thoma, C.; Day, C.P.; Trenell, M.I. Lifestyle interventions for the treatment of non-alcoholic fatty liver
disease in adults: A systematic review. J. Hepatol. 2012, 56, 255–266. [CrossRef] [PubMed]

11. Normile, D. Asian medicine. The new face of traditional Chinese medicine. Science 2003, 299, 188–190.
[CrossRef] [PubMed]

12. Liang, X.; Li, H.; Li, S.A. Novel network pharmacology approach to analyse traditional herbal formulae:
The Liu-Wei-Di-Huang pill as a case study. Mol. Biosyst. 2014, 10, 1014–1022. [CrossRef] [PubMed]

13. Farzinebrahimi, R.; Taha, R.M.; Rashid, K.; Yaacob, J.S. The effect of various media and hormones
via suspension culture on secondary metabolic activities of (Cape jasmine) Gardenia jasminoides ellis.
Sci. World J. 2014, 2014, 407284. [CrossRef] [PubMed]

14. Chen, S.D.; Li, J.; Zhou, H.H.; Lin, M.T.; Liu, Y.H.; Zhang, Y.M.; Zhao, Z.X.; Li, G.H.; Liu, J. Study on effects
of Zhi Zi (Fructus gardeniae) on non-alcoholic fatty liver disease in the rat. J. Tradit. Chin. Med. 2012, 32,
82–86. [CrossRef]

15. Chen, S.D.; Zhou, H.H.; Li, X.M.; Lin, J.P.; Fan, Y.; Xu, W.J. Study on effective Chinese medical herbs in Yin
Chen Hao Decoction against fatty toxic action of free fatty acids on HepG2 cells. Chin. J. Tradit. Chin. Med.
Pharm. 2010, 25, 1381–1384.

16. Feldstein, A.E.; Werneburg, N.W.; Canbay, A.; Guicciardi, M.E.; Bronk, S.F.; Rydzewski, R.; Burgart, L.J.;
Gores, G.J. Free fatty acids promote hepatic lipotoxicity by stimulating TNF-α expression via a lysosomal
pathway. Hepatology 2004, 40, 185–194. [CrossRef] [PubMed]

27755

http://dx.doi.org/10.1126/science.332.6031.786
http://www.ncbi.nlm.nih.gov/pubmed/21566174
http://dx.doi.org/10.1038/nrgastro.2013.183
http://www.ncbi.nlm.nih.gov/pubmed/24080776
http://dx.doi.org/10.1016/S0016-5085(98)70599-2
http://dx.doi.org/10.1053/gast.2001.23256
http://www.ncbi.nlm.nih.gov/pubmed/11266382
http://dx.doi.org/10.1172/JCI200422422
http://www.ncbi.nlm.nih.gov/pubmed/15254578
http://dx.doi.org/10.1002/mnfr.200500138
http://www.ncbi.nlm.nih.gov/pubmed/16404708
http://dx.doi.org/10.1016/j.cbi.2006.11.004
http://www.ncbi.nlm.nih.gov/pubmed/17188672
http://dx.doi.org/10.1016/j.freeradbiomed.2004.11.023
http://www.ncbi.nlm.nih.gov/pubmed/15721986
http://dx.doi.org/10.1172/JCI10947
http://www.ncbi.nlm.nih.gov/pubmed/11285300
http://dx.doi.org/10.1016/j.jhep.2011.06.010
http://www.ncbi.nlm.nih.gov/pubmed/21723839
http://dx.doi.org/10.1126/science.299.5604.188
http://www.ncbi.nlm.nih.gov/pubmed/12522228
http://dx.doi.org/10.1039/c3mb70507b
http://www.ncbi.nlm.nih.gov/pubmed/24492828
http://dx.doi.org/10.1155/2014/407284
http://www.ncbi.nlm.nih.gov/pubmed/24967432
http://dx.doi.org/10.1016/S0254-6272(12)60037-5
http://dx.doi.org/10.1002/hep.20283
http://www.ncbi.nlm.nih.gov/pubmed/15239102


Int. J. Mol. Sci. 2015, 16, 27749–27756

17. Malhi, H.; Bronk, S.F.; Werneburg, N.W.; Gores, G.J. Free fatty acids induce JNK-dependent hepatocyte
lipoapoptosis. J. Biol. Chem. 2006, 281, 12093–12101. [CrossRef] [PubMed]

18. Malhi, H.; Gores, G.J.; Lemasters, J.J. Apoptosis and necrosis in the liver: A tale of two deaths? Hepatology
2006, 43, S31–S44. [CrossRef] [PubMed]

19. Yao, H.R.; Liu, J.; Plumeri, D.; Cao, Y.B.; He, T.; Lin, L.; Li, Y.; Jiang, Y.Y.; Li, J.; Shang, J. Lipotoxicity in
HepG2 cells triggered by free fatty acids. Am. J. Transl. Res. 2011, 3, 284–291. [PubMed]

20. Arkan, M.C.; Hevener, A.L.; Greten, F.R.; Maeda, S.; Li, Z.W.; Long, J.M.; Wynshaw-Boris, A.; Poli, G.;
Olefsky, J.; Karin, M. IKK-β links inflammation to obesity-induced insulin resistance. Nat. Med. 2005, 11,
191–198. [CrossRef] [PubMed]

21. Shi, H.; Kokoeva, M.V.; Inouye, K.; Tzameli, I.; Yin, H.; Flier, J.S. TLR4 links innate immunity and fatty
acid-induced insulin resistance. J. Clin. Investig. 2006, 116, 3015–3025. [CrossRef] [PubMed]

22. Ghosh, S.; Hayden, M.S. New regulators of NFκB in inflammation. Nat. Rev. Immunol. 2008, 8, 837–848.
[CrossRef] [PubMed]

23. Buss, H.; Dörrie, A.; Schmitz, M.L.; Hoffmann, E.; Resch, K.; Kracht, M. Constitutive and
interleukin-1-inducible phosphorylation of p65 NFκB at serine 536 is mediated by multiple protein kinases
including IκB kinase (IKK)-α, IKKβ, IKKε, TRAF family member-associated (TANK)-binding kinase 1
(TBK1), and an unknown kinase and couples p65 to TATA-binding protein-associated factor II31-mediated
interleukin-8 transcription. J. Biol. Chem. 2004, 279, 55633–55643. [PubMed]

24. McClain, C.J.; Song, Z.; Barve, S.S.; Hill, D.B.; Deaciuc, I. Recent advances in alcoholic liver disease. IV.
Dysregulated cytokine metabolism in alcoholic liver disease. Am. J. Physiol. 2004, 287, 497–502. [CrossRef]
[PubMed]

25. Kitazawa, T.; Nakatani, Y.; Fujimoto, M.; Tamura, N.; Uemura, M.; Fukui, H. The production of tumor
necrosis factor-α by macrophages in rats with acute alcohol loading. Alcoholism 2003, 27, 72S–75S.
[CrossRef] [PubMed]

26. Dinarello, C.A. Interleukin-1β and the autoinlammatory diseases. N. Engl. J. Med. 2009, 360, 2467–2470.
[CrossRef] [PubMed]

27. Petrasek, J.; Bala, S.; Csak, T.; Lippai, D.; Kodys, K.; Menashy, V.; Barrieau, M.; Min, S.Y.; Kurt-Jones, E.A.;
Szabo, G. IL-1 receptor antagonist ameliorates inlammasome-dependent alcoholic steatohepatitis in mice.
J. Clin. Investig. 2012, 122, 3476–3489. [CrossRef] [PubMed]

28. Tilg, H.; Wilmer, A.; Vogel, W.; Herold, M.; Nölchen, B.; Judmaier, G.; Huber, C. Serum levels of cytokines
in chronic liver diseases. Gastroenterology 1992, 103, 264–274. [PubMed]

29. Sheron, N.; Bird, G.; Goka, J.; Alexander, G.; Williams, R. Elevated plasma interleukin-6 and increased
severity and mortality in alcoholic hepatitis. Clin. Exp. Immunol. 1991, 84, 449–453. [PubMed]

30. Hong, F.; Kim, W.-H.; Tian, Z.; Jaruga, B.; Ishac, E.; Shen, X.; Gao, B. Elevated interleukin-6 during ethanol
consumption acts as a potential endogenous protective cytokine against ethanol-induced apoptosis in the
liver involvement of induction of Bcl-2 and Bcl-xL proteins. Oncogene 2002, 21, 32–43. [CrossRef] [PubMed]

31. Gao, B. Cytokines, STATs and liver disease. Cell. Mol. Immunol. 2005, 2, 92–100. [PubMed]
32. Nanji, A.A.; Jokelainen, K.; Rahemtulla, A.; Miao, L.; Fogt, F.; Matsumoto, H.; Tahan, S.R.; Su, G.L.

Activation of nuclear factor κB and cytokine imbalance in experimental alcoholic liver disease in the rat.
Hepatology 1999, 30, 934–943. [CrossRef] [PubMed]
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