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 Garlic Essential Oil Protects against Obesity-Triggered Nonalcoholic Fatty Liver Disease through Modulation of Lipid Metabolism and Oxidative Stress Yi-Syuan Lai,† Wei-Cheng Chen,† Chi-Tang Ho,†,§ Kuan-Hung Lu,† Shih-Hang Lin,† Hui-Chun Tseng,† Shuw-Yuan Lin,*,∥ and Lee-Yan Sheen*,†,‡,# †
 
 Institute of Food Science and Technology, National Taiwan University, Taipei 10617, Taiwan Department of Food Science, Rutgers University, New Brunswick, New Jersey 08901, United States ‡ National Center for Food Safety Education and Research, National Taiwan University, Taipei 10617, Taiwan # Center for Food and Biomolecules, National Taiwan University, Taipei 10617, Taiwan ∥ Department of Nutrition, Hung-Kuang University, Taichung 43302, Taiwan §
 
 ABSTRACT: This study investigated the protective properties of garlic essential oil (GEO) and its major organosulfur component (diallyl disulﬁde, DADS) against the development of nonalcoholic fatty liver disease (NAFLD). C57BL/6J mice were fed a normal or high-fat diet (HFD) with/without GEO (25, 50, and 100 mg/kg) or DADS (10 and 20 mg/kg) for 12 weeks. GEO and DADS dose-dependently exerted antiobesity and antihyperlipidemic eﬀects by reducing HFD-induced body weight gain, adipose tissue weight, and serum biochemical parameters. Administration of 50 and 100 mg/kg GEO and 20 mg/kg DADS signiﬁcantly decreased the release of pro-inﬂammatory cytokines in liver, accompanied by elevated antioxidant capacity via inhibition of cytochrome P450 2E1 expression during NAFLD development. The anti-NAFLD eﬀects of GEO and DADS were mediated through down-regulation of sterol regulatory element binding protein-1c, acetyl-CoA carboxylase, fatty acid synthase, and 3-hydroxy-3-methylglutaryl-coenzyme A reductase, as well as stimulation of peroxisome proliferator-activated receptor α and carnitine palmitoyltransferase-1. These results demonstrate that GEO and DADS dose-dependently protected obese mice with long-term HFD-induced NAFLD from lipid accumulation, inﬂammation, and oxidative damage by ameliorating lipid metabolic disorders and oxidative stress. The dose of 20 mg/kg DADS was equally as eﬀective in preventing NAFLD as 50 mg/kg GEO containing the same amount of DADS, which demonstrates that DADS may be the main bioactive component in GEO. KEYWORDS: garlic essential oil, diallyl disulﬁde, nonalcoholic fatty liver disease, lipid metabolism, oxidative stress
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 and lipolysis in hepatic lipid metabolism.6 SREBPs regulate the expression of lipogenic enzymes such as acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS), and 3-hydroxy-3-methylglutarylcoenzyme A reductase (HMGCR).7 On the other hand, PPARα has been reported to be involved in fatty acid oxidation and to regulate the expression of carnitine palmitoyltransferase-1 (CPT-1), which catalyzes the rate-limiting step in fatty acid β-oxidation.8 In addition, mounting evidence suggests that hepatic cytochrome P450 2E1 (CYP2E1) is a critical regulator of oxidative stress, inﬂammatory cytokines, and gut-derived endotoxins in the pathogenesis of NASH.9 Therefore, it could act as a marker of oxidative stress associated with hepatic injury. Garlic (Allium sativum L.) is a widely consumed traditional food and has various medicinal properties. Recent research has focused on the beneﬁts of a variety of organosulfur compounds (OSCs) in garlic, which include water-soluble sulfur-containing compounds (S-allylcysteine (SAC), S-allylmercaptocysteine (SAMC), S-methylcysteine, and γ-glutamylcysteine derivatives) and oil-soluble sulfur-containing compounds (diallyl sulﬁde (DAS),
 
 INTRODUCTION Nonalcoholic fatty liver disease (NAFLD) is regarded as the hepatic manifestation of the metabolic syndrome and represents the major cause of liver-related morbidity and mortality with an increased prevalence of hyperlipidemia, obesity, insulin resistance, and diabetes mellitus.1 Along with rising numbers of patients with metabolic syndrome, the increase in the prevalence of NAFLD directly correlates with the obesity epidemic. NAFLD is deﬁned as fat accumulation in the liver exceeding 5% by weight in the absence of excessive alcohol consumption ( 95%) was purchased from ChromaDex Inc. (Santa Ana, CA, USA). As shown in the GEO chromatogram (Figure 1), the three major components of GEO, DADS (40.7%), DATS (21.6%), and DAS (6.7%) accounted for 69.0% of the total oil. This result is similar to previous studies demonstrating that DADS is the major organosulfur compound in GEO.18,22 Therefore, DADS was selected for comparison with GEO in the present study. Animal Experiments. The protocol for the animal experiments was approved by the Institutional Animal Care and Use Committee (IACUC) of the National Taiwan University (IACUC approval no. NTU-101-EL-124). The protocol complied with guidelines described in the Animal Protection Law, amended on June 29, 2011, Hua-Zong(1)-Yi-Tzi-10000136211, Council of Agriculture, Taiwan. Six-week-old male C57BL/6J mice were purchased from the Animal Center of the College of Medicine, National Taiwan University (Taipei, Taiwan). All mice were housed under controlled temperature (23 ± 2 °C), relative humidity (50−70%), and a 12 h light/12 h dark cycle in the animal house facility. The animals were allowed to acclimatize for 2 weeks prior to the experiments. Mice were randomly assigned to groups of 10 animals each. Animals in the control group were fed a normal diet (13.5% kcal from fat, Laboratory Rodent Diet 5001, Lab Diet/PMI Nutrition International, Purina Mills LLC, Gray Summit, MO, USA); those in the negative control group and treatment groups were fed an HFD (60% kcal from fat, D12492, Research Diets, Inc., New Brunswick, NJ, USA) for 12 weeks to develop NAFLD. Mice of the treatment groups were administered either GEO (25, 50, or 100 mg/kg) or DADS (10 or 20 mg/kg) by daily oral gavage. GEO or DADS was mixed with 0.1 mL of olive oil before administration to the mice. Animals of the control and HFD groups received the same amount of olive oil. All mice had free access to food and water at all times. Body weight and food intake for each mouse were recorded weekly throughout the study. At the end of the experiment, animals were fasted overnight and sacriﬁced by CO2 asphyxiation.
 
 diallyl disulﬁde (DADS), diallyl trisulﬁde (DATS), allyl methyl trisulﬁde, vinyldithiins, and ajoene).10,11 The biological beneﬁts of garlic include antioxidant,12 antimicrobial,13 antihyperlipidemic,14 antiobesity,15 hepatoprotective,16 and anticancer eﬀects.17 Garlic essential oil (GEO) is a commercial garlic product obtained from crushed garlic by steam distillation or organic solvent extraction. GEO has been reported to contain more than 30 OSCs, and DAS, DADS, and DATS have been identiﬁed as the three major components.11 Previous studies have indicated that GEO exhibits beneﬁcial eﬀects on acute ethanol-induced fatty liver and high-fat diet (HFD)-induced liver injury based on elevating the antioxidant and detoxiﬁcation system.18−20 However, the protective eﬀects and underlying mechanisms of GEO on NAFLD have not been explored. The present study evaluated the protective potential of GEO and its major organosulfur component (DADS) against lipid accumulation during the development of NAFLD in a mouse model of long-term HFD-induced obesity. We aimed to investigate the dose-dependent eﬀects of GEO and DADS in a well-established animal model of NAFLD and to explore the possible role in preventing the development of NAFLD. We further identify the underlying molecular mechanisms involved in the hepatic lipid metabolism via SREBP-1c or PPARαdependent pathways and oxidative liver injury through CYP2E1 expression. This study provides possibilities for new applications of GEO and DADS as functional food ingredients.
 
 ■
 
 MATERIALS AND METHODS
 
 Preparation and Chemical Analysis of GEO. Garlic (A. sativum L.) was obtained from the Yunlin County Farmers’ Association (Yunlin, Taiwan). Extraction of GEO was performed according to the procedure of Sheen et al.21 Brieﬂy, garlic was stirred with 2 volumes of distilled water and extracted by steam distillation for 4 h. Volatile extracts were then dehydrated to obtain GEO and stored at −20 °C until use. The yield of the GEO from fresh garlic was 0.30 ± 0.05% (w/w), calculated according to the mean fresh weight of garlic used in each extraction procedure. The three major components in GEO, DAS, DADS, and DATS, were determined using a gas chromatograph (GC, Thermo Scientiﬁc Focus GC) equipped with an AI 3000 II autosampler, a ﬂame ionization detector, and a Stabilwax (Crossbond B
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 Serum Biochemical Analysis. Blood was obtained by cardiac puncture and centrifuged at 1000g for 10 min at 4 °C to obtain serum samples. The levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), total cholesterol (TC), and TG were measured in serum using an automatic chemistry analyzer (SPOTCHEM EZ SP-4430, ARKRAY, Inc., Kyoto, Japan). Serum levels of free fatty acids (FFA; BioVision, San Francisco, CA, USA) and insulin (Mercodia AB, Uppsala, Sweden) were determined using commercial kits according to the manufacturers’ instructions.
 
 Histopathological Examination. Liver and fat pads (subcutaneous, epididymal, and perirenal fat) were collected, weighed, and photographed. A portion of the liver (the biggest lobe) was ﬁxed overnight in 10% neutral-buﬀered formalin and then embedded in paraﬃn. Paraﬃn-embedded sections of liver tissue (5 μm) were stained with hematoxylin and eosin (H&E) to evaluate the morphological changes and assigned scores as an indicator of the degree of fatty liver by a pathologist. The extent of the lesions was graded from 1 to 5 according to severity: 1 = minimal (
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