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 ABSTRACT In this study, we investigated the liver-protective effects of allicin, an active
 
 28
 
 compound in fresh garlic, against alcoholic fatty liver disease (AFLD) and liver
 
 29
 
 inflammation. Its effects were investigated in an AFLD model in male C57BL/6 mice,
 
 30
 
 which were fed Lieber-DeCarli liquid diet containing ethanol. Allicin (5 and 20
 
 31
 
 mg/kg b.w./day) was orally administered daily in the AFLD mice for 4 weeks. Our
 
 32
 
 results indicate that allicin promotes hepatoprotection by significantly reducing
 
 33
 
 aspartate transaminase (AST) and alanine transaminase (ALT) levels (p < 0.05) in the
 
 34
 
 plasma, which are key indicators of liver damage. Allicin reduced fat accumulation,
 
 35
 
 increased glutathione and catalase levels, and decreased microsomal protein
 
 36
 
 cytochrome P450 2E1 (CYP2E1) expression (p < 0.05) in the livers of the AFLD
 
 37
 
 mice. Further, allicin supplementation significantly decreased the levels of
 
 38
 
 proinflammatory tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6, and
 
 39
 
 suppressed the expression of sterol regulatory element-binding protein-1 (SREBP-1)
 
 40
 
 (p < 0.05). Additionally, it improved the hepatic alcohol dehydrogenase (ADH)
 
 41
 
 activity (p < 0.05). Collectively, these findings demonstrate that allicin attenuates
 
 42
 
 liver oxidative stress and inflammation.
 
 43 44
 
 Keywords: alcoholic fatty liver disease; liver inflammation; allicin; liver antioxidant;
 
 45
 
 hepatic steatosis
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 47 48
 
 INTRODUCTION Chronic alcohol consumption is a leading cause of alcoholic liver disease
 
 49
 
 (ALD) 1, including hepatic steatosis, steatohepatitis, fibrosis, and cirrhosis 2. Fatty
 
 50
 
 liver disease, a common form of liver disease, usually presents as asymptomatic in
 
 51
 
 patients. It is divided into two categories: alcoholic (AFLD) and non-alcoholic
 
 52
 
 (NAFLD) fatty liver disease 3. AFLD can be reversed by either abstaining from
 
 53
 
 alcohol or seeking clinical treatment. Typically, ALD pathogenesis correlates with
 
 54
 
 increase in oxidative stress, activity of the innate immune system, and levels of
 
 55
 
 proinflammatory cytokines and gut-derived lipopolysaccharides 4-6. Alcohol
 
 56
 
 dehydrogenase (ADH) primarily metabolizes alcohol to acetaldehyde, which is
 
 57
 
 subsequently metabolized to acetate by aldehyde dehydrogenase (ALDH2). NAD+ is
 
 58
 
 a cofactor of both enzymes to produce NADH 7. Liver damage caused by alcohol
 
 59
 
 reduced in the ADH activity 8. In addition, ethanol metabolism produce acetate that
 
 60
 
 could be used for fatty acid and cholesterol biosynthesis resulting in alcoholic fatty
 
 61
 
 liver 9. Alcohol intake induces expression of microsomal protein cytochrome P450
 
 62
 
 2E1 (CYP2E1) and Kupffer cell activation. This generates an increase in the levels of
 
 63
 
 proinflammatory tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6, which
 
 64
 
 leads to liver inflammation 9-11. TNF-α also affects lipid metabolism in the liver,
 
 65
 
 which is regulated by key factors such as the sterol regulatory element-binding
 
 66
 
 protein-1 (SREBP-1) and fatty acid synthase (FAS); inhibition of SREBP-1 and FAS
 
 67
 
 protected against AFLD 12, 13. Alcohol exposure also increases peroxisome
 
 68
 
 proliferator-activated receptor-α (PPAR-α) levels, and subsequently accelerates
 
 69
 
 synthesis of various fatty acids, resulting in alcoholic fatty liver 14. In addition,
 
 70
 
 activation of mitochondrial carnitine palmitoyltransferase-1 (CPT-1) retards transport
 
 71
 
 of fatty acids into the mitochondria for oxidation 9. Moreover, suppression of signal 3 ACS Paragon Plus Environment
 
 Journal of Agricultural and Food Chemistry
 
 72
 
 transducer and activator of transcription 3 (STAT3) in hepatocytes increases fatty acid
 
 73
 
 synthesis but inhibits inflammation 15.
 
 74
 
 The Lieber–DeCarli liquid diet model is frequently used to induce AFLD in
 
 75
 
 animals, including liver injury, steatosis, and oxidative stress. It is used to investigate
 
 76
 
 the relationship between alcohol and therapeutic agents 16, 17.
 
 77
 
 Many constituents of bioactive compounds from food exhibit an anti-AFLD
 
 78
 
 effect, such as wild bitter melon 18, curcumin 19, purple potato anthocyanin 20, ginger
 
 79
 
 essential oil 21, and garlic essential oil 22. Allicin is a compound found in fresh
 
 80
 
 aqueous extracts of garlic (Allium sativum) 23. It exhibits anticancer 24, 25, anti-
 
 81
 
 inflammatory, antimicrobial 26, antiviral 27, antioxidant 28, antihypertensive, and
 
 82
 
 hypolipidemic activities 29. Additionally, it is a hepatoprotecitve agent against carbon
 
 83
 
 tetrachloride, concanavalin A, and acrylamide-induced hepatic injury 30-33. In crushed
 
 84
 
 fresh garlic, allicin is rapidly produced by transformation of alliin by the enzyme
 
 85
 
 alliinase
 
 86
 
 and m-chloroperoxybenzoic acid (mCPBA) in chloroform 25. There are reports that
 
 87
 
 garlic essential oil and DADS exhibit activities against AFLD 22 and NAFLD 34.
 
 88
 
 However, the biological activity of allicin in AFLD is unclear. The aim of this study
 
 89
 
 was to investigate the protective and mechanistic effects of allicin on AFLD and liver
 
 90
 
 inflammation in an AFLD mouse model, using the Lieber-DeCarli liquid diet
 
 91
 
 containing ethanol 16, 17.
 
 28
 
 . It is also derived from the synthesis reaction of diallyl disulfide (DADS)
 
 92 93 94
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 95
 
 MATERIALS AND METHODS
 
 96
 
 Chemicals
 
 97
 
 Lieber-DeCarli Regular Liquid Diet ethanol (#710260) and Lieber-DeCarli
 
 98
 
 Liquid Diet Control (#710027) to feed the mice were purchased from Dyets
 
 99
 
 (Bethlehem, PA, USA). Sodium chloride (NaCl), methanol (MetOH), carboxymethyl
 
 100
 
 cellulose (CMC), diallyl disulfide (DAD), monopotassium phosphate (KH2PO4),
 
 101
 
 dibasic potassium phosphate (K2HPO4), potassium chloride (KCl), Tween 20, m-
 
 102
 
 chloroperoxybenzoic acid (mCPBA), and urea were purchased from Sigma-Aldrich
 
 103
 
 Chemical Co. (St. Louis, MO, USA). Bromophenol blue and sodium dodecyl sulfate
 
 104
 
 (SDS) were obtained from Bio-Rad (Hercules, California, USA). N, N, N’, N’-
 
 105
 
 Tetramethylethylenediamine (TEMED), 3-[(3-Cholamidopropyl)dimethylammonio]-
 
 106
 
 1-propanesulfonate hydrate (CHAPS) and bovine serum albumin (BSA) were
 
 107
 
 purchased from BioShop (Burlington, Canada). 40% Acrylamide/Bis (29:1) solution,
 
 108
 
 ammonium persulfate (APS), dithiothreitol (DTT), Tris (hydroxymethyl)
 
 109
 
 aminomethane, and glycine were obtained from Bioman (Taipei, Taiwan).
 
 110
 
 Tetrahydrofuran (THF) and n-hexane were purchased from J.T.Baker (Allentown, PA,
 
 111
 
 USA). EDTA was purchased from Research organics (Cleveland, OH, USA).
 
 112
 
 Thiourea was obtained from USB Corporation (Cleaveland, OH, USA). Protease and
 
 113
 
 phosphatase inhibitor cocktail were purchased from Roche (Grenzach, Germany).
 
 114 115 116
 
 Synthesis and preparation of allicin Allicin was synthesized via the DADS-mCPBA reaction, as outlined by Wu et
 
 117
 
 al. 35 and Chu et al. 25. Allicin derived from the reaction was purified by silica gel
 
 118
 
 column chromatography [tetrahydrofuran (THF):n-hexane, 1:10], and C18 reverse-
 
 119
 
 phase HPLC (Atlantis T3 OBD, 100 Å, 5 µm, 19 mm × 150 mm, Waters Corporation,
 
 5 ACS Paragon Plus Environment
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 120
 
 Milford, MA, USA) with methanol:deionized water (60:40) (flow rate of 4 mL/min).
 
 121
 
 UV detection was conducted at 254 nm. The purity of allicin was > 95%, as
 
 122
 
 determined by HPLC/UV analysis. Its mass was confirmed with the help of an LXQ
 
 123
 
 LC/MS/MS Advantage ion trap mass spectrometer (Thermo Finnigan, San Jose, CA,
 
 124
 
 USA). Allicin was stored in methanol at -20 °C. Allicin is very stable under these
 
 125
 
 conditions; degradation is less than 1% for more than 2 years 23. Methanol was
 
 126
 
 removed and allicin was dissolved in 0.5% carboxymethylcellulose (CMC) before
 
 127
 
 administering to the mice. Preparations were made every 2 weeks. The half
 
 128
 
 degradation time (DT50) of allicin in 0.5% CMC was 11.35 days at -20 °C, according
 
 129
 
 to our study 35.
 
 130 131 132
 
 AFLD mouse model The Lieber-DeCarli liquid diet containing ethanol was used to induce AFLD
 
 133
 
 in the mice over the span of several weeks 17, 21, 22. The control diet contained 1.0
 
 134
 
 Kcal/mL, of which 35% were fat-derived, 47% were derived from carbohydrate, and
 
 135
 
 18% were derived from protein. The ethanol-containing liquid diet also contained 1.0
 
 136
 
 Kcal/mL; however, its carbohydrate content was reduced to 11% and substituted with
 
 137
 
 ethanol to 36%. Thus, the ingredients in the control and ethanol-containing diets
 
 138
 
 differed with respect to maltodextrin and ethanol, respectively 16. The use of animals
 
 139
 
 was in compliance with the guidelines established by the Institutional Animal Care
 
 140
 
 and Use Committee of National Taiwan University (NTU104-EL-00045). Briefly, 6-
 
 141
 
 week-old C57BL/6 mice were randomly divided into five experimental groups:
 
 142
 
 control diet (Lieber-DeCarli diet only); control diet supplemented daily with 20 mg
 
 143
 
 allicin (20 mg/kg b.w./day); alcohol diet (Lieber-DeCarli liquid diet with ethanol;
 
 144
 
 AFLD group); alcohol diet supplemented daily with 5 mg allicin (5 mg/kg body
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 145
 
 weight (b.w.)/day); and alcohol diet supplemented daily with 20 mg allicin. Control
 
 146
 
 and experimental mice were fed ad libitum and housed in a room with a 12 h light/12
 
 147
 
 h dark cycle at 25 ° C. We acclimated our experimental mice groups to the ethanol-
 
 148
 
 containing diet for a 2-week period. Initially we observed a presumed sensitivity to
 
 149
 
 alcohol odor, and mice on the control diet were eating more than the experimental
 
 150
 
 mice. The amount of ethanol in the experimental diet was gradually increased during
 
 151
 
 the adaptation period. We controlled the dietary intake of the control group to
 
 152
 
 minimize significant differences in body weights at the end of the 4-week
 
 153
 
 experimental course. The experimental mice supplemented with allicin were daily
 
 154
 
 gavaged. All mice were euthanized at the end of 4 weeks to collect livers and blood
 
 155
 
 for downstream experiments. Blood was collected from major arteries of the
 
 156
 
 abdomen, using a sterile syringe, and then transferred to EDTA-containing tubes to
 
 157
 
 isolate plasma. The livers were frozen at -80 ° C until used for analyses.
 
 158 159
 
 Plasma biochemical analyses
 
 160
 
 Blood samples were centrifuged at 1,000 × g for 5 min at 4 °C to collect
 
 161
 
 plasma. Aspartate aminotransferase (AST) and alanine aminotransferase (ALT),
 
 162
 
 biochemical indicators of liver function, were analyzed using commercial test strips
 
 163
 
 (Commercial ALT and AST Spotchem II reagent strips, Arkray Inc., Kyoto, Japan) in
 
 164
 
 an automatic blood analyzer (Spotchem EZ, Arkray Inc.).
 
 165 166 167
 
 Liver biochemical analyses Liver enzymatic and other biochemical activities were assessed in 0.3 g of
 
 168
 
 liver collected from each mouse. The liver was homogenized in 3 mL of cold buffer
 
 169
 
 (8 mM KH2PO4, 12 mM K2HPO4, and 1.5% KCl, pH 7.4) and centrifuged at 10,000 ×
 
 7 ACS Paragon Plus Environment
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 170
 
 g for 30 min at 4 °C. The supernatant was stored at -80 °C until further used. The
 
 171
 
 following triacylglycerol, cholesterol, antioxidants, and enzymes in the liver samples
 
 172
 
 were measured with the help of commercial kits (Cayman Chemical Co., Ann Arbor,
 
 173
 
 MI, USA): glutathione (GSH; item 703002), glutathione peroxidase (GPx; item
 
 174
 
 703102), glutathione reductase (GRd; item 703202), catalase (CAT; item 707002),
 
 175
 
 and superoxide dismutase (SOD; item 706002). Alcohol dehydrogenase activity was
 
 176
 
 analyzed using colorimetric assay kit (BioVision Incorporated, Milpitas, CA, USA).
 
 177
 
 Protein concentration in the liver homogenate was measured using a Bio-Rad Protein
 
 178
 
 Assay Kit (Hercules, CA, USA) at 595 nm.
 
 179 180 181
 
 Liver biopsy examinations The largest right lobe of the liver was removed and fixed in 10% formalin
 
 182
 
 solution for histopathological analysis. Histopathological analysis was performed on
 
 183
 
 formalin-fixed, paraffin-embedded liver tissue, which was stained with hematoxylin
 
 184
 
 and eosin (H&E) to observe fat content. Fatty liver scoring and interpretation of
 
 185
 
 biopsy results were carried out by an experienced pathologist at the National Chung
 
 186
 
 Hsing University’s College of Veterinary Medicine Animal Disease Diagnostic Center
 
 187
 
 in Taichung, Taiwan.
 
 188 189 190 191
 
 Liver inflammation analyses Commercial ELISA kits (eBioscience, San Diego, CA, USA) were used to measure the amounts of TNF-α, IL-1β, and IL-6 protein in liver homogenates.
 
 192 193 194
 
 Western blot analysis Protein was extracted from 0.1 g of liver tissue with 1 mL of cold lysis buffer (7
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 195
 
 M urea, 2 M thiourea, 2% CHAPS, 0.002% bromophenol blue, 60 mM DTT, and a
 
 196
 
 protease and phosphatase inhibitor cocktail). The mixture was disrupted with an
 
 197
 
 ultrasonic cell crusher for 5 min on ice and then centrifuged at 17,500 g for 30 min at
 
 198
 
 4 °C. The supernatants were collected and total protein content was measured by Bio-
 
 199
 
 Rad protein assay. Sample buffer (62.5 mM Tris-HCl, 10% glycerol, 2% SDS, and
 
 200
 
 0.01% bromophenol blue) was added to the protein samples and then boiled at 95 °C
 
 201
 
 for 10 min.
 
 202
 
 SDS polyacrylamide gel electrophoresis (SDS-PAGE) was performed to
 
 203
 
 separate the proteins in each sample, and then transferred onto polyvinylidene
 
 204
 
 difluoride (PVDF) membranes (Millipore Corp., Bedford, MA, USA). Membranes
 
 205
 
 were blocked with 5% BSA in TBST buffer (20 mM Tris-base, 150 mM NaCl, 0.05%
 
 206
 
 Tween 20) for 2 h and washed thrice with TBST buffer for 5 min each. Primary
 
 207
 
 antibody was added and the membranes were incubated overnight at 4 °C. Antibodies
 
 208
 
 against CYP2E1, SREBP-1, PPARα, FAS, STAT3, CPT-1, and GAPDH were
 
 209
 
 purchased from GeneTex (San Antonio, TX, USA). After removing the unbound
 
 210
 
 primary antibody with TBST buffer, the membrane was incubated with a horseradish
 
 211
 
 peroxidase (HRP)-conjugated secondary antibody (GeneTex) at room temperature for
 
 212
 
 2 h followed by washes. Enhanced chemiluminescence substrate (ECL, PerkinElmer
 
 213
 
 Life Sciences, Boston, MA, USA) was added to the membrane to detect the enzyme-
 
 214
 
 conjugated antibody. The signal was captured with a UVP BioSpectrum AC imaging
 
 215
 
 system (UVP, Upland, CA, USA). Protein expression was quantified by densitometry
 
 216
 
 using the ImageJ software version 1.47 (NIH, Bethesda, MD, USA). The density of
 
 217
 
 each individual protein band was normalized to that of the GAPDH protein control.
 
 218 219
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 220 221 222
 
 Statistical analysis Statistical analyses were performed by the unpaired Student's t-test for the
 
 223
 
 control-diet and alcohol-diet-without-allicin group, and the one-way ANOVA with
 
 224
 
 Tukey’s range test for comparisons between the alcohol diet-intake mice, using the
 
 225
 
 GraphPad Prism statistical software version 6.0c. All values are expressed as the
 
 226
 
 mean ± SD (standard deviation).
 
 227
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 228
 
 RESULTS
 
 229
 
 Mice body weight and dietary intake
 
 230
 
 The mice readily drank the control diet during the 2-week adaptation period.
 
 231
 
 However, the experimental mice did not intake their diet as much as the control mice
 
 232
 
 when the ethanol ratio was increased, which resulted in weight differences. We
 
 233
 
 presumed that this was due to sensitivity to the alcohol odor. Thus, we reduced dietary
 
 234
 
 intake in the control group during the 4-week experimental period (Table 1). This
 
 235
 
 allowed us to maintain the final average body weight of the control and experimental
 
 236
 
 mice groups. There were no significant differences among alcohol diet-intake group
 
 237
 
 the day before all groups were euthanized (Table 2).
 
 238 239
 
 Plasma AST and ALT levels
 
 240
 
 Plasma AST and ALT levels are useful diagnostic indicators of liver damage
 
 241
 
 or hepatotoxicity. In our study, there were no significant differences between control
 
 242
 
 diet-intake mice and control diet-intake mice supplemented with 20 mg of allicin.
 
 243
 
 Plasma AST and ALT levels in the AFLD group increased compared to the control
 
 244
 
 group (p
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