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Abstract. Garlic and its sulfur constituents have numerous 
biological functions, such as antioxidant, anti‑inflammatory, 
anti-microbial, anticancer, antidiabetic and cardioprotective 
effects. Fatty liver diseases, such as non‑alcoholic steatohepa-
titis, which is characterized by the accumulation of lipids and 
oxidative stress in hepatocytes and continual liver damage, has 
attracted much attention, and it is believed that it will become 
the leading etiology of liver cancer. We have previously reported 
that the growth-suppressive effects of arachidonic acid (AA), 
an unsaturated fatty acid known to be a pro‑inflammatory 
precursor, is accompanied by the production of reactive oxygen 
species followed by the nuclear accumulation and activation 
of the protein crosslinking enzyme, transglutaminase (TG)2. 
In this study, we examined the potential role of garlic extracts 
in preventing the growth-suppressive effects of AA on human 
hepatic cells. We also aimed to provide a mechanistic insight 
regarding the association between the hepatoprotective effects 
of garlic extract and the inhibition of the TG-related cross-
linking of nuclear proteins, which is not associated with hepatic 
lipid partitioning mediated by stearoyl‑CoA desaturase‑1. 
Given the critical roles of unsaturated fatty acids in the regula-
tion of cancer cell stemness and immune surveillance in the 
context of chronic injury, we propose that garlic extracts may 
serve as a therapeutic option for the prevention of chronic liver 
injury and inflammation, as well as for the prevention of the 
carcinogenesis of fatty livers.

Introduction

Garlic (Allium sativum L.) is known to play important roles 
in diet and traditional medicine for centuries (1). A number 
of in vitro and in vivo studies have demonstrated that garlic 
extracts have numerous biological functions, such as antioxi-
dant (1), anti‑inflammatory (2), antimicrobial (3), anticancer (4), 
antidiabetic (5) and cardioprotective effects (6). Additionally, 
garlic extracts have been shown to exert hepatoprotective 
effects against acute hepatic injury (7), non‑alcoholic steato-
hepatitis (NASH) (8) and hepatocellular carcinoma [HCC; 
International Classification of Diseases for Oncology (ICD‑O) 
code: 8170/3] (9), partly by targeting the LRP6/Wnt signaling 
pathway (9). Supplementation with allicin, a compound found 
in fresh aqueous extracts of garlic, has been shown to exert 
protective effects against alcoholic fatty liver disease by 
improving inflammatory conditions and exerting antioxidant 
effects (10).

Lipid‑associated inflammation, which leads to repeated 
liver injury and compensatory proliferation, has recently 
become the leading etiology of HCC (11). Non‑alcoholic fatty 
liver disease has been reported to contribute to 10-12% of HCC 
cases in Western populations and 1‑6% of HCC cases in Asian 
populations (12). We have previously reported that arachidonic 
acid (AA), an unsaturated fatty acid known to be a pro‑inflam-
matory precursor and the levels of which are increased during 
hepatic tumorigenesis, is a target for the chemoprevention of 
HCC by acyclic retinoid, a novel anticancer agent (13,14). On 
the other hand, we found that the nuclear accumulation of the 
protein crosslinking enzyme transglutaminase (TG)2 under 
conditions of oxidative stress plays a critical role in regulating 
cell death in the liver, partly by crosslinking and inactivating 
the transcription factor, Sp1 (15,16). Recently, a mechanistic 
study by our group revealed that the suppression of cell growth 
by AA accompanied the production of reactive oxygen species 
(ROS) followed by the activation of nuclear TG2 in hepatic 
cells, suggesting a critical role of the ROS‑mediated activation 
of nuclear TG2 by AA in chronic liver injury and inflamma-
tion (17).

In this study, we investigated the protective effect of garlic 
extracts against AA-induced cell death in hepatic cells and 
aimed to elucidate the underlying mechanism associated with 
ROS/TG2‑dependent signaling pathways.
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Materials and methods

Chemicals. Aged garlic extracts (AGEs) and the water-soluble 
compound, S‑allylmercaptocysteine (SAMC), were provided 
by Wakunaga Pharmaceutical Co., Ltd. AA (A9673) and 
the ROS inhibitor, N‑acetyl‑L‑cysteine (NAC; A7250), were 
obtained from Sigma-Aldrich. The irreversible TG inhibitor, 
Z‑DON‑Val‑Pro‑Leu‑OMe (ZDON; Z006), was purchased 
from Zedira, as previously described (17).

Cell culture. The human liver cancer cell line, JHH7 (also 
known as FLC7), was kindly supplied by Professor T. Matsuura 
of the Jikei University School of Medicine, Tokyo, Japan (18). 
The cells were maintained in Dulbecco's modified Eagle's 
medium (Wako Industries) containing 10% fetal bovine serum 
(Mediatech), 100 U/ml penicillin/streptomycin and 2 mmol/l 
L‑glutamine (Mediatech) and were grown at 37˚C in a humidi-
fied incubator under 5% CO2 as previously described (19). 
The cells were seeded at a concentration of 100,000 cells/ml 
and cultured in serum‑containing medium for 24 h prior to 
chemical treatment. H2O was used as the solvent control for 
SAMC. Ethanol (EtOH) was used as the solvent control for AA. 
The doses and treatment times of the chemical treatments are 
shown and explained in detail in the figures and figure legends.

Cellular ROS detection. Cellular ROS levels were determined 
using the chloromethyl derivative of 20,70‑dichlorodihydro-
fluorescein diacetate (CM-H2DCFDA; Life Technologies; 
Thermo Fisher Scientific), a general oxidative stress probe, as 
previously described (16). Following chemical treatment for 
16 h for AA treatment or 4 h for SAMC treatment, the cells 
were monitored for FITC fluorescence signals using a plate 
reader (ARVO MX; Perkin Elmer Inc.).

Determination of cell viability. The number of viable cells was 
determined using the Cell Counting Kit‑8 (Dojindo Molecular 
Technologies, Kumamoto, Japan) in a plate reader (ARVO MX; 
Perkin‑Elmer Inc.) at 450 nm as previously described (19).

Determination of cellular TG2 activity. The cellular 
activity of TG2 was measured based on the incorporation 
of 0.2 mM 5‑biotinamidopentylamine (5‑BAPA, 21345; 
Thermo Fisher Scientific) into the cells as previously 
described (16). The cells were then washed and stained with 
TRITC‑conjugated secondary antibody (1:500, 016‑020‑084; 
Jackson ImmunoResearch Laboratories) for 20 min at room 
temperature and cell nuclei were visualized using DAPI for 
20 min at room temperature. Images were captured using 
an ImageXpress Micro Confocal High-Content Imaging 
System (Molecular Devices). The morphological analysis 
was performed using MetaXpress Image Analysis software 
version 5.1 (Molecular Devices).

shRNA lentiviral particle transduction. Stearoyl‑CoA desatu-
rase‑1 (SCD1; sc‑36464‑V) and control (sc‑108080) short 
hairpin RNA (shRNA) lentiviral particles were obtained from 
Santa Cruz Biotechnology. The cells were transduced with 
lentiviral vectors expressing the shRNAs at approximately 
0.5 multiplicity of infection (MOI) using 5 µg/ml Polybrene 
(Santa Cruz Biotechnology) and then selected with 2 µg/ml 

puromycin‑containing culture medium for >1 month for further 
analysis.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was isolated from the cells using an RNeasy kit (Qiagen) 
and quantified using a NanoDrop spectrophotometer 
(NanoDrop Products) in accordance with the manufacturer's 
instructions. cDNA was synthesized using a PrimeScript RT 
Master Mix Kit (Takara Bio). The sequences of the primers 
used were as follows: Glyceraldehyde 3‑phosphate dehydroge-
nase (GAPDH) forward, CAATGACCCCTTCATTGACC and 
reverse, GACAAGCTTCCCGTTCTCAG; and SCD1 forward, 
GTACCGCTGGCACATCAACTT and reverse, TTGGAG 
ACTTTCTTCCGGTCAT. PCRs were performed using a 
combination of the Roche LightCycler 96 Real‑Time PCR 
System (Roche Diagnostic Co., Ltd.) and SYBR Premix 
ExTaq II (Takara Bio) under the following cycling conditions: 
95˚C for 10 min, followed by 40 cycles of 95˚C for 10 sec and 
60˚C for 10 sec. Relative gene expression analysis calculation 
was performed using the ΔΔCq method (20).

Statistical analysis. Quantitative data are expressed as the 
means ± SD of at least 3 replicates. The significance of the 
differences between the values was assessed using a Student's 
t‑test or analysis of variance (ANOVA) with the Bonferroni 
multiple comparison test. Values of P<0.05 were considered to 
indicate statistically significant differences.

Results and Discussion

Antioxidant and cytotoxic effects of SAMC on JHH7 cells. Both 
AGEs and their sulfur constituents, such as SAMC and S‑allyl 
cysteine (SAC), are recognized as potent antioxidants (21‑23). 
In this study, we first, we examined the antioxidant effects of 
SAMC on the hepatic cells used in this study. A dose‑depen-
dent decrease in cellular ROS levels in the JHH7 cells was 
observed upon SAMC treatment for 4 h, as detected using 
CM‑H2DCFDA (Fig. 1A and B), while no obvious cytotoxic 
effect was observed in the JHH7 cells treated with SAMC at 
concentrations as high as 0.5 mM for 24 h (Fig. 1C).

Garlic extracts suppressed the AA‑induced cellular activa‑
tion of TG2 in JHH7 cells. We have previously reported that 
the AA-induced suppression of cell growth accompanies 
the production of ROS followed by the activation of nuclear 
TG2 in hepatic cells (17). In this study, we examined the 
effects of garlic extracts on the activation of TG2 induced by 
AA (Fig. 2). In accordance with a previous study (17), AA 
treatment at a concentration of 10 µM for 24 h significantly 
increased the nuclear activation of TG2 in the JHH7 cells. 
As the positive control, TG2 activation induced by AA was 
significantly blocked by the irreversible TG2 inhibitor, ZDON. 
Notably, co‑treatment with AA and either SMAC or AGEs 
almost completely inhibited the activity of nuclear TG2 to 
basal levels.

Garlic extracts prevent the AA‑induced suppression of the 
growth of JHH7 cells. Finally, we examined whether the 
growth‑suppressive effects of AA on hepatic cells may be 
prevented by garlic extracts (Fig. 3). AA treatment for 24 h 
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suppressed the viability of the JHH7 cells in a dose‑dependent 
manner. Co‑treatment with SMAC, AGEs and ZDON signifi-
cantly prevented the growth‑suppressive effects of AA on 
the JHH7 cells. Fatty acids are critical constituents of the 
membrane and serve as energy sources and signal mediators 
of transduction signals (24). Increasing attention has been paid 
to the critical roles of unsaturated fatty acids in promoting 
liver damage and tumorigenesis. SCD1 is a rate-limiting lipid 

desaturase responsible for generating monounsaturated fatty 
acids, such as palmitoleic acid and oleic acid. Recently, we 
reported that the upregulation of SCD1 levels is observed in 
cancer stem cell (CSC)‑like populations compared to non‑CSC 
liver populations within human liver cancer cell lines (25). 
SCD1‑mediated ceramide synthesis has been reported to 
induce mitochondrial dysfunction, ROS generation and cell 
apoptosis (26). The protective effects of SCD1 inhibition has 

Figure 1. Antioxidant and cytotoxic effects of SAMC on hepatic cells. (A) Representative images of the CM‑H2DCFDA staining of JHH7 cells treated with 
EtOH or 10 µM AA for 16 h. (B) A dose‑dependent decrease in cellular ROS levels, as measured by CM‑H2DCFDA staining, following SAMC treatment for 
4 h in JHH7 cells. (C) No cytotoxic effect of SAMC treatment for 24 h was observed on the JHH7 cells. The data are presented as the means ± SD; *P<0.05, 
ANOVA with the Bonferroni multiple comparisons test. Ctl, H2O. SAMC, S‑allylmercaptocysteine; CM‑H2DCFDA, chloromethyl derivative of 20,70‑dichlo-
rodihydrofluorescein diacetate; AA, arachidonic acid; ROS, reactive oxygen species.

Figure 2. Effect of garlic extracts on AA‑induced cellular TG2 activation in hepatic cells. (A) Quantitative data and (B) representative images of the nuclear 
activity of TG2 in JHH7 cells treated with 20 µM AA in the absence or presence of 0.5 mg/ml AGEs, 0.25 mM SAMC, or 50 µM ZDON for 24 h. The cellular 
activity of TG2 was measured based on the fluorescence intensity resulting from the TRITC‑based incorporation of 5‑BAPA. White arrows indicated the cells 
with nuclear activation of TG2. The data are presented as the means ± SD; *P<0.05, Student's t-test. AA, arachidonic acid; TG2, transglutaminase 2; SAMC, 
S‑allylmercaptocysteine; AGE, aged garlic extract; ZDON, Z‑DON‑Val‑Pro‑Leu‑OMe; 5‑BAPA, 5‑biotinamidopentylamine.
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been reported to ameliorate ethanol‑induced liver injury (27). 
A SCD1 inhibitor has also been developed to attenuate lipid 
accumulation and liver injury in a rat model of NASH (28). 
Therefore, in this study, we examined whether the knockdown 
of SCD1 prevents the growth-suppressive effect of AA on 
hepatic cells. For this purpose, the cells were transduced with 
SCD1 shRNA lentiviral particles, and endogenous SCD1 was 
stably knocked down by 60% (Fig. 4A). The knockdown of 
SCD1 did not significantly affect the growth‑suppressive effect 
of AA or the protective effects of AGEs, SAMC and ZDON 
against AA on the JHH7 cells (Fig. 4B). These data suggested 
that AA may directly stimulate cellular ROS production and 
initiate downstream signaling cascades, including nuclear TG2 
activation, leading to the growth suppression of hepatic cells.

We have previously reported that i) the level of AA is 
upregulated during liver tumorigenesis (13); ii) the nuclear 
accumulation of TG2 in hepatic cells results in crosslinking 
and in the inactivation of the transcription factor Sp1, which 
leads to the downregulation of Sp1-responsive genes involved in 
cell survival, and thus resulting in apoptosis (15); and iii) ROS 
play critical roles in nuclear TG2‑dependent AA‑induced liver 
injury (17). In this study, we addressed a potential role of garlic 
extracts in preventing the growth-suppressive effects of AA on 
hepatic cells by controlling oxidative stress‑mediated cellular 
TG2 activation (Fig. 5). Opposing roles of TG2 in the onset of 
liver injury have been reported due to its dual function in the 
regulation of cell survival and death (15,29,30). Extracellular and 
cytoplasmic TG2 in the closed form exhibit multiple functions, 
such as GTPase, cell adhesion and scaffold activities, which 
are associated with cell growth and may prevent liver injury 
by favoring tissue stability (31). By contrast, oxidative stress, 
the Ca2+‑dependent protein crosslinking activity of TG2 in the 
open form and its subcellular location in the nucleus may lead 
to crosslinking and the inactivation of proliferation‑associated 
transcription factors, such as Sp1, leading to the downregulation 
of Sp1-responsive genes involved in cell survival and resulting 
in apoptosis (31). This study provides molecular evidence that 
the mechanism underlying the hepatoprotective effects of 
garlic extract is associated with the inhibition of the nuclear 
protein crosslinking activity of TG2. Although the underlying 
mechanisms are not yet fully understood, it is possible that the 
antioxidant garlic extracts may suppress the transformation of 
TG2 from the closed form to the open form, which is essential 
for the crosslinking activity of TG2 and likely enhances the 
ability of TG2 to bind importins for nuclear translocation (32).

Panyod et al reported that allicin, a compound in fresh 
aqueous extracts of garlic, prevented alcohol induced liver injury 
and inflammation, partly by increasing the hepatic alcohol 
dehydrogenase activity (10). Colín‑González et al (22) and 
Kodai et al (23) reported that the cytoprotective effects of SAC 
were associated with the attenuation of oxidative stress. However, 
this study further provided a mechanistic insight regarding the 
association between the hepatoprotective effects of garlic extract 

Figure 3. Effects of garlic extracts on AA‑induced cell death in hepatic cells. 
The viability of JHH7 cells treated with increasing concentrations of AA (as 
indicated) in the absence or presence of 0.25 mM SAMC, 0.5 mg/ml AGEs or 
50 µM ZDON for 24 h. The data are presented as the means ± SD; *P<0.05, 
ANOVA with the Bonferroni multiple comparison test. AA, arachidonic 
acid; SAMC, S‑allylmercaptocysteine; AGE, aged garlic extract; ZDON, 
Z‑DON‑Val‑Pro‑Leu‑OMe.

Figure 4. Effects of garlic extracts on the AA‑induced death of hepatic 
cells in which SCD1 was knocked down (A) Gene expression of SCD1 in 
JHH7 cells transduced with control (shCtl) or SCD1 (shSCD1) shRNA len-
tiviral particles. (B) The viability of shCtl‑ and shSCD1‑transduced JHH7 
cells treated with 20 µM AA in the absence or presence of 5 mM NAC, 
0.5 mg/ml AGEs, or 0.25 mM SAMC for 24 h. The data are presented as the 
means ± SD; *P<0.05, Student's t‑test; n.s., not significant. AA, arachidonic 
acid; SCD1, stearoyl‑CoA desaturase‑1; SAMC, S‑allylmercaptocysteine; 
AGE, aged garlic extract; NAC, N‑acetyl‑L‑cysteine.

Figure 5. Schematic diagram illustrating the mechanisms through which 
garlic extracts prevent the AA-induced growth suppression of liver cancer 
cells by targeting the ROS/TG2‑dependent signaling pathway. AA, arachi-
donic acid; ROS, reactive oxygen species; TG2, transglutaminase 2.
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and the inhibition of the TG‑related crosslinking of nuclear 
proteins under oxidative stress conditions. Given the critical 
roles of unsaturated fatty acids in the maintenance of cancer cell 
stemness (33) and the loss of cancer immune surveillance (34) in 
the context of chronic injury, we propose that garlic extracts may 
serve as a therapeutic option for preventing chronic liver injury 
and inflammation and the carcinogenesis of fatty livers.
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