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Abstract
AIM: To evaluate effects of dietary supplementation of sulforaphane (SF)-rich broccoli sprout (BS) extract on hepatic abnormalities in Japanese male participants.

METHODS: In a randomized, placebo-controlled, double blind trial, male participants with fatty liver received either BS capsules containing glucoraphanin [GR; a precursor of SF (n = 24)] or placebo (n = 28) for 2 mo. Liver function markers, serum levels of aspartate and alanine aminotransferases (AST and ALT, respectively) and γ-glutamyl transpeptidase (γ-GTP) and an oxidative stress marker, urinary levels of 8-hydroxydeoxyguanosine (8-OHdG), were measured and compared in participants before and after the trial period. In an animal model, chronic liver failure was induced in Sprague-Dawley rats by successive intraperitoneal injection with N-nitrosodimethylamine (NDMA) for 4 wk. Concomitantly, rats received AIN-76 diets supplemented with or without BS extract. Thereafter, rats were sacrificed, and their sera and livers were collected to measure serum liver function markers and hepatic levels of thiobarbituric acid reactive substances (TBARS) levels and hepatic glutathione S-transferase (GST) activity, a prototypical phase 2 antioxidant enzyme.

RESULTS: Dietary supplementation with BS extract containing SF precursor GR for 2 mo significantly decreased serum levels of liver function markers, ALT [median (interquartile range), before: 54.0 (34.5–79.0) vs after supplementation: 48.5 (33.3–65.3) IU/L, P < 0.05] and γ-GTP [before: 51.5 (40.8–91.3) vs after: 50.0 (37.8–85.3) IU/L, P < 0.05], as well as the alkali phosphatase activity. Placebo showed no significant effects on the markers. The urinary level of 8-OHdG, an established oxidative stress marker, was significantly reduced in participants who had received BS capsules but not the placebo [before: 6.66 (5.51–9.03) vs after: 5.49 (4.89–6.66) ng/mg-creatinine, P < 0.05]. The reduction of urinary 8-OHdG was significantly correlated with decreased levels of both ALT and γ-GTP [∆8-OHdG and ∆ALT: Spearman r (r) 0.514 and P = 0.012, ∆8-OHdG and ∆γ-GTP: r = 0.496 and P = 0.016]. Intake of BS extract prevented NDMA-induced chronic liver failure in rats, which was attributable to the suppression of the increase in TBARS through induction of hepatic phase 2 antioxidant enzymes including hepatic GST (86.6 ± 95.2 vs 107.8 ± 7.7 IU/g, P < 0.01).

CONCLUSION: Dietary supplementation with BS extract containing the SF precursor GR is likely to be highly effective in improving liver function through reduction of oxidative stress.

Key words: Sulforaphane; Glucoraphanin; Broccoli sprout; Nrf2; Hepatic abnormality; Oxidative stress; Phase 2 enzymes

[bookmark: OLE_LINK98][bookmark: OLE_LINK156][bookmark: OLE_LINK196][bookmark: OLE_LINK217][bookmark: OLE_LINK242][bookmark: OLE_LINK247][bookmark: OLE_LINK311][bookmark: OLE_LINK312][bookmark: OLE_LINK325][bookmark: OLE_LINK330][bookmark: OLE_LINK513][bookmark: OLE_LINK514][bookmark: OLE_LINK464][bookmark: OLE_LINK465][bookmark: OLE_LINK466][bookmark: OLE_LINK470][bookmark: OLE_LINK471][bookmark: OLE_LINK472][bookmark: OLE_LINK474][bookmark: OLE_LINK512][bookmark: OLE_LINK800][bookmark: OLE_LINK982][bookmark: OLE_LINK1027][bookmark: OLE_LINK504][bookmark: OLE_LINK546][bookmark: OLE_LINK547][bookmark: OLE_LINK575][bookmark: OLE_LINK640][bookmark: OLE_LINK672][bookmark: OLE_LINK714][bookmark: OLE_LINK651][bookmark: OLE_LINK652][bookmark: OLE_LINK744][bookmark: OLE_LINK758][bookmark: OLE_LINK787][bookmark: OLE_LINK807][bookmark: OLE_LINK820][bookmark: OLE_LINK862][bookmark: OLE_LINK879][bookmark: OLE_LINK906][bookmark: OLE_LINK928][bookmark: OLE_LINK960][bookmark: OLE_LINK861][bookmark: OLE_LINK983][bookmark: OLE_LINK1334][bookmark: OLE_LINK1029][bookmark: OLE_LINK1060][bookmark: OLE_LINK1061][bookmark: OLE_LINK1348][bookmark: OLE_LINK1086][bookmark: OLE_LINK1100][bookmark: OLE_LINK1125][bookmark: OLE_LINK1163][bookmark: OLE_LINK1193][bookmark: OLE_LINK1219][bookmark: OLE_LINK1247][bookmark: OLE_LINK1284][bookmark: OLE_LINK1313][bookmark: OLE_LINK1361][bookmark: OLE_LINK1384][bookmark: OLE_LINK1403][bookmark: OLE_LINK1437][bookmark: OLE_LINK1454][bookmark: OLE_LINK1480][bookmark: OLE_LINK1504][bookmark: OLE_LINK1516][bookmark: OLE_LINK135][bookmark: OLE_LINK216][bookmark: OLE_LINK259][bookmark: OLE_LINK1186][bookmark: OLE_LINK1265][bookmark: OLE_LINK1373][bookmark: OLE_LINK1478][bookmark: OLE_LINK1644][bookmark: OLE_LINK1884][bookmark: OLE_LINK1885][bookmark: OLE_LINK1538][bookmark: OLE_LINK1539][bookmark: OLE_LINK1543][bookmark: OLE_LINK1549][bookmark: OLE_LINK1778][bookmark: OLE_LINK1756][bookmark: OLE_LINK1776][bookmark: OLE_LINK1777][bookmark: OLE_LINK1868][bookmark: OLE_LINK1744][bookmark: OLE_LINK1817][bookmark: OLE_LINK1835][bookmark: OLE_LINK1866][bookmark: OLE_LINK1882][bookmark: OLE_LINK1901][bookmark: OLE_LINK1902][bookmark: OLE_LINK2013][bookmark: OLE_LINK1894][bookmark: OLE_LINK1929][bookmark: OLE_LINK1941][bookmark: OLE_LINK1995][bookmark: OLE_LINK1938][bookmark: OLE_LINK2081][bookmark: OLE_LINK2082][bookmark: OLE_LINK2292][bookmark: OLE_LINK1931][bookmark: OLE_LINK1964][bookmark: OLE_LINK2020][bookmark: OLE_LINK2071][bookmark: OLE_LINK2134][bookmark: OLE_LINK2265][bookmark: OLE_LINK2562][bookmark: OLE_LINK1923][bookmark: OLE_LINK2192][bookmark: OLE_LINK2110][bookmark: OLE_LINK2445][bookmark: OLE_LINK2446][bookmark: OLE_LINK2169][bookmark: OLE_LINK2190][bookmark: OLE_LINK2331][bookmark: OLE_LINK2345][bookmark: OLE_LINK2467][bookmark: OLE_LINK2484][bookmark: OLE_LINK2157][bookmark: OLE_LINK2221][bookmark: OLE_LINK2252][bookmark: OLE_LINK2348][bookmark: OLE_LINK2451][bookmark: OLE_LINK2627][bookmark: OLE_LINK2482][bookmark: OLE_LINK2663][bookmark: OLE_LINK2761][bookmark: OLE_LINK2856][bookmark: OLE_LINK2993][bookmark: OLE_LINK2643][bookmark: OLE_LINK2583][bookmark: OLE_LINK2762][bookmark: OLE_LINK2962][bookmark: OLE_LINK2582]© The Author(s) 2015. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: A randomized, placebo-controlled, double blind trial was conducted to assess the efficacy of dietary supplementation with broccoli sprout extract containing glucoraphanin (GR), a sulforaphane (SF) precursor, on hepatic abnormalities in Japanese men without changing their lifestyle or habits. Supplementation for 2 mo significantly decreased serum levels of liver function markers such as alanine aminotransferase and γ-glutamyl transpeptidase. The effect was associated with a reduction of urinary 8-hydroxydeoxyguanosine, an oxidative stress marker. Dietary supplementation with SF precursor GR is effective in improving liver function, and represents a potent method for maintaining good liver condition.
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INTRODUCTION
The prevalence of viral hepatitis has rapidly decreased alongside the notable improvements in the development therapeutic agents against viral hepatitis over the past 25 years. Meanwhile, the incidence of lifestyle-related “obesity and hepatic abnormalities” has increased and thus, has focused the attention of many researchers and clinicians involved in the care and management of liver diseases[1]. Non-alcoholic fatty liver disease (NAFLD) is a lifestyle-related liver disease that occurs in patients without or with almost no history of alcohol intake and has a high risk of accompanying necrosis/inflammation and fibrosis of the liver. This so-called non-alcoholic steatohepatitis (NASH) is one of the leading causes of cirrhosis and liver cancer[2]. In 2010, the Japanese Society of Hepatology published “Guidelines for the management of NASH/NAFLD 2010,” but there are only a few established consensuses for the treatment of NASH and NAFLD. A diet and exercise therapy is preferentially chosen for the purpose of weight loss; however, it is difficult to encourage patients to change their lifestyles and habits. Prolonged medical treatment has some risk of adverse effects. Alcoholic liver disease (ALD), which comprises a spectrum of diseases including alcoholic fatty liver, hepatitis, cirrhosis, and hepatocellular carcinoma, remains a major health problem worldwide[3]. Stopping alcohol consumption is the most effective strategy for the improvement of ALD, but it is not always easy to preach temperance to patients who thrive on alcohol consumption. We therefore have been keen on developing dietary methods for improving liver health and function of patients without adverse effects and drastic modification of lifestyle patterns including excessive diet restriction and ergotherapy.
Sulforaphane (SF), identified in broccoli[4], is one of the most fascinating phytochemicals in the world because it protects aerobic cells against carcinogens and toxic DNA-damaging electrophiles and oxidants by induction of a network of phase 2 detoxification and antioxidant enzymes, and by suppressing inflammatory responses[5,6]. Major cytoprotective effects of SF are mediated by the transcriptional upregulation of the Kelch-like ECH-associated protein 1 (Keap1)–NF-E2-related factor 2 (Nrf2) pathway and other anti-inflammatory mechanisms including inhibition of the NF-κB pathway[7,8]. Nrf2 has recently been suggested to play a critical role in protecting liver health not only from hepatotoxic chemicals but also from lifestyle-related factors such as high-energy food consumption[9-11]. Based on these mechanisms, in animal experimental models, dietary SF has been demonstrated to protect against a wide variety of liver diseases caused by hepatotoxic chemicals[12-15], alcohol[16], and high energy diets[17,18]. To our knowledge, however, the hepatoprotective effects of SF in human subjects have never been reported so far.
Several clinical trials[19-21] have been conducted with the focus on prevention or therapeutic effects of SF against various types of cancer, because SF was originally expected to be used as a cancer chemopreventive agent. In previous trials, doses of glucoraphanin (GR), a glucosinolate (GSL) precursor of SF, were set at more than 400 µmol/d, which appears to be much higher compared to the estimated daily intake of GSLs (less than 100 µmol/d) according to previous surveys[22,23]. From the aspect of safety based on eating experience, a lower dose is suitable for dietary supplementation with GR. 
We herein describe the effects of dietary supplementation with a lower dose of SF precursor GR (approximately 69 µmol/d) on hepatic abnormalities in Japanese men who did not undergo any fundamental changes in their lifestyle and habits during the 2 mo of the randomized clinical trial. This report will contribute to develop potent dietary methods for improving liver health and function.

[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK26]MATERIALS AND METHODS
Preparation of broccoli sprout extract and test capsules for the clinical trial 
BS extract powder, which is industrially produced by Kagome Co., Ltd., was used in the present study. BS was grown from specially selected seeds (Caudill Seed Co. Inc., Louisville, KY) for 1 day after the germination. Then the 1-day-old BS was added into boiling water and maintained at 95 °C for 30 min, and the sprout residues were removed by filtration. The boiling water extract was mixed with a dextrin and then spray dried to yield the BS extract powder containing 135 mg (approximately 310 µmol) of GR per gram, which was confirmed by a high performance liquid chromatograph (HPLC) analysis as previously described[24-26]. For the clinical trial, the BS extract powder was blended with waxy corn starch, crystalline cellulose, and calcium stearate, and then encapsulated in hydroxypropyl methylcellulose capsules to yield 10 mg (approximately 23 µmol) of GR per a capsule (BS capsule). Placebo capsules were prepared similarly but without the BS extract powder. These were prepared by a Good manufacturing practices (GMP) facility (Sansho Pharmaceutical Co., Ltd., Shizuoka, Japan). 

Design, protocol, participants, and outcome of the clinical study
We conducted a randomized, placebo-controlled, double blind trial from January through May 2014 at a single institute, Tokai University Tokyo Hospital (Tokyo, Japan) in accordance with the International Ethical Guidelines and Declaration of Helsinki. The trial has been registered with UMIN-CTR (#UMIN000012855). The protocol was approved by the Institutional Review Board for Clinical Research of Tokai University School of Medicine (#13R-169) and the Ethics Committee of Kagome Co. Ltd (#2013-R05).
     Participants were recruited from among male outpatients, aged between 30 and 69, who had higher activity of at least one of three liver function markers, alanine aminotransferase (ALT) ≥ 40 IU/L, aspartate aminotransferase (AST) ≥ 35 IU/L, or γ-glutamyl transpeptidase (γ-GTP) ≥ 80 IU/L for at least the last 2 consecutive months, and who were diagnosed with fatty liver using ultrasonography. Patients were excluded if they had serious liver diseases, were suspected of acute liver failure, viral hepatitis, or other serious diseases including cardiac disease, renal dysfunction (serum creatinine > 2.0 mg/dL), and bile duct cancer, or if they habitually consumed higher amounts of alcohol (more than 60 g of alcohol per day). Written informed consent was obtained from all participants.
Randomization was performed in a 1:1 ratio using a random number table. Study treatment was randomly assigned and labeled with the participant numbers before the study. Participants were numbered consecutively in the order in which they entered the study. They received either 3 BS capsules containing 30 mg of GR, the precursor of SF, or the placebo for 2 mo. The participants as well as investigators were blinded to the treatment until the study completion. 
Primary outcome measures were decreased levels of serum ALT, AST, and γ-GTP. Secondary outcome measures were improvement of the following physical parameters: body weight, body mass index (BMI), and waist circumference; blood biochemical markers: albumin, total bilirubin (TB), alkali phosphatase (ALP), choline esterase (ChE), ferritin, urinary acid (UA), triglyceride (TG), total-cholesterol, high-density lipoprotein (HDL)-cholesterol, and low-density lipoprotein (LDL)-cholesterol, fasting blood sugar (FBS), hemoglobin A1c (HbA1c), high-sensitivity C-reactive protein (hs-CRP), serum adipokines (leptin and adiponectin), urinary oxidative marker 8-hydroxydeoxyguanosine (8-OHdG); and diagnosis of fatty liver on ultrasonography.

Experimental protocols for animal models
Animal experiments were approved by the Animal Care and Use Committee of Kagome Co., Ltd. in accordance with the guidelines established by the Japanese Society of Nutrition and Food Science (Law and Notification 6 of the Japanese Government). The animal experiment was designed to minimize pain or discomfort to the animals.
     Male Sprague Dawley rats (7-wk-old) were acclimatized on an AIN-76 diet (CLEA Japan, Tokyo, Japan) in individual stainless steel cages in a room maintained at 20 ± 2 °C, and a relative humidity of 65% ± 6%, with a 12/12-h light cycle. Rats were divided into five groups: sham, control, BS-low, BS-middle, and BS-high groups (sham: n = 6, others: n = 8 each). Sham and control rats received the AIN-76 diet for 4 wk. BS-low, BS-middle, and BS-high rats received 62.5, 125, and 250 mg of GR per 100 g of the AIN-76 diet, respectively (Table 1). Except for sham, all rats were intraperitoneally injected with N-nitrosodimethylamine (NDMA) at a dose of 5 mg/kg body weight on 3 consecutive days (every Tuesday to Thursday) of the week for 4 wk. Sham rats were injected with the vehicle (saline) in the same manner. During this period, their body weights and food intakes were monitored. After 4 wk, rats were sacrificed with no pain, and their blood and livers were harvested, frozen in liquid N2, and stored at −80 °C until analyzed. 

Biological assays
Parameters of blood biochemistry of participants were automatically measured using an Auto Blood Biochemistry Analyzer. Serum levels of adiponectin and leptin were determined with an ELISA kit (Human adiponectin ELISA kit, Otsuka Pharmaceutical Co., Ltd, Tokushima, Japan) and an enzyme immune assay kit (Human leptin highly sensitive assay kit, Immuno-Biological Laboratories Co., Ltd., Gunma, Japan), respectively. Urinary levels of 8-OHdG were measured with a commercial ELISA kit (New 8-OHdG check, Japan Institute for the Control of Aging, Shizuoka, Japan), and standardized to creatinine concentrations that were measured using a creatinine urinary assay kit (Cayman Chemical Company, MI). 
Activities of AST and ALT in rat sera were determined using a transaminase CII-test kit (Wako Pure Chemical Institute, Osaka, Japan). Levels of albumin and total bilirubin in rat sera were measured by using a modified bromocresol purple method and a chemical oxidation method, respectively (SRL Inc., Tokyo, Japan). Hepatic levels of thiobarbituric acid reactive substances (TBARS), byproducts of lipid peroxidation, were measured according to the method by Kikugawa et al[27]. In brief, a portion of rat liver (0.5 g) was homogenized in 4.5 mL of ice-cold 10 mM Tris-HCl (pH 7.4) with a polytron homogenizer. The homogenate was centrifuged at 12000 × g, for 20 min at 4 °C, and the supernatant (0.2 mL) was added to a glass tube containing 0.65 mL of a reaction mixture, 0.04 mL of 5.0% sodium dodecyl sulfate, and 0.01 mL of 0.8% butylhydroxytoluene, 0.28 mL of 0.8% thiobarbituric acid, and 0.32 mL of distilled water. After the addition of 0.15 mL of 20% acetate buffer (pH 3.5), the test tube was carefully sealed with a plastic paraffin film and then incubated at 100 °C for 1 h. TBARS was extracted with 1 mL of butanol/pyridine (15/1) and then measured by spectrophotometric assay (OD 532 nm). Levels of TBARS in the liver were calculated using a standard curve of 1,1,3,3-tetramethoxypropane dissolved in ethanol. The enzyme activity of glutathione S-transferase (GST) was determined with 1-chloro-2,4-dinitrobenzene (CDNB) as the substrate as described previously[25]. 

Statistical analysis
Parametric data are represented as the mean ± SD and non-parametric data as the median with percentile distribution. In the clinical trial, differences between the two groups were analyzed using the non-parametric Mann-Whitney U test, and compared before and after intervention by using the Wilcoxon single rank tests. Correlations between variables were examined by using the Spearman rank correlation test. In the animal experiment, differences among five groups were analyzed with the Kruskal-Wallis test followed by the Steel-Dwass test for non-parametric data or with the ANOVA followed by the Tukey Kramer test or the Dunnett test for parametric data. P-values less than 0.05 were considered significant. 
The sample size in the clinical study was calculated using an estimated 10% loss in the intervention period, a confidence level of 95%, and a power of 80% (at least 20 in each group). Statistical significance was inferred at P < 0.05. 
Statistical analyses were carried out using JMP (SAS institute, Cary, NC).

RESULTS
Profile of participants
A total of 55 male outpatients were enrolled in this clinical study, and assigned to one of the following two groups: SF group (n = 27) and placebo group (n = 28). Of those, 24 and 28 participants, respectively, completed the study protocol and were available for efficacy analyses. Three participants in the SF group were excluded for following reasons: 2 had poor compliance and 1 had gallstone pancreatitis during the intervention period. There were no adverse events due to the treatment or to the study protocol. Table 2 shows the characteristics and baseline parameters of primary outcome measures of participants in both groups. No significant differences were observed in the parameters including liver function markers, ALT, AST, and γ-GTP. 

Effect of BS treatment on primary outcome measures 
Primary outcome measures of the present study were significant decreases in serum levels of ALT, AST, and γ-GTP by dietary supplementation with 30 mg of SF precursor GR per day. Serum levels of those markers before and after 2 months of intervention are displayed in Figure 1 and Table 3. A non-parametric Wilcoxon single rank test revealed that serum levels of ALT and γ-GTP, but not AST, were significantly decreased comparing levels of ALT and γ-GTP before and after intervention in the SF group, whereas, there were no significant differences in the placebo group. The mean percent changes in ALT and γ-GTP levels from before intervention were −10.7% and −8.9% in the SF group, which seemed to be larger than those (−4.3% and −1.1%, respectively) in the placebo group (no significant differences). 
As shown in Table 3, serum levels of ALP and albumin, relevant markers of liver function, were significantly changed following treatment with capsules containing GR. The median change in ALP levels (IU/L) before and after the trial was −6.0 with an interquartile range (IQR) of 17.8 in the SF group, and 3.5 with an IQR of 25.5 in the placebo group, respectively (P < 0.05). Serum albumin levels were significantly lowered in the SF group, but the change was very slightly, and was within the reference level range. 

Effects on other markers
Dietary supplementation with 30 mg of GR in BS capsules did not show any remarkable impact on physical parameters (BMI and waist circumference) and markers of sugar metabolism (FBS and HbA1c). Only BMI significantly improved in the placebo group, but the reason was unknown. However, relevant markers of lipid metabolism were partly improved in the SF group. At baseline, the median level of serum total cholesterol was more than 200 mg/dL, which is considered a borderline-to-high range according to the American Heart Association. The level was lowered to less than 200 mg/dL after supplementation with BS capsules containing GR. Conversely, the level was elevated in the placebo group. Neither HDL- nor LDL-cholesterol levels were significantly changed in the study. In association with the improvement of total cholesterol level, serum activity of ChE, which is known to be higher in those developing obesity and fatty liver, was significantly decreased in the SF group. Furthermore, a representative marker of oxidative stress, urinary 8-OHdG level was significantly reduced by approximately 20% by dietary supplementation with GR.

Relationship between reduction of oxidative stress and improved liver function
The Spearman rank correlation test identified significant positive relationships between changes in levels of urinary 8-OHdG (∆8-OHdG) and in liver function markers (∆ALT and ∆γ-GTP) in participants in the SF group (Figure 2A, B). No significant relationships between in these levels were observed in the placebo group. To further understand the contribution of reduced oxidative stress in the improvements of liver function markers, ∆ALT and ∆γ-GTP were compared in participants with or without reduction in 8-OHdG levels (∆8-OHdG < 0 and ≥ 0, respectively). In the SF group, 15 participants showed a reduction in 8-OHdG levels, but the other 9 participants did not. In participants with ∆8-OHdG < 0 in the SF group, stratified analysis showed clear trends of lowering both levels of ∆ALT and ∆γ-GTP, where the median levels were lowered by 17 and 11.5 IU/L, respectively, compared with those participants with ∆8-OHdG ≥ 0. 

Protective effects of BS extract on NDMA-induced chronic liver failure in rats
Repeated intraperitoneal injection of NDMA resulted in a body weight loss of approximately 17% and a significant reduction of liver weight (29%) in control rats compared with sham rats (Table 4). The NDMA-induced hepatotoxicities were prevented by the intake of BS extract in a dose-dependent manner. A significant protective effect on reducing liver weight was observed in rats belonging to the BS-high group. There was no significant difference in food intake among groups. Serum levels of representative liver function markers, AST and ALT, were dramatically elevated in control rats by more than 2-fold compared to sham rats, which clearly showed that NDMA toxicity induced chronic liver failure in the control rats (Figure 3A, B). On the other hand, elevations of those levels were dose-dependently prevented in rats that had been fed diets containing serial doses of BS. Significant differences from control were observed in BS-middle and BS-high group rats. Furthermore, the intake of BS resulted in the improvement of serum levels of albumin and bilirubin, which are also used to evaluate functions of the liver and bile duct (Figure 3C, D). 

Effect of BS on oxidative stress and antioxidant enzymes in rat livers
In connection with the elevation of serum AST and ALT activities, hepatic TBARS levels were significantly increased in control rats, which indicated that NDMA toxicity resulted in excess oxidative stress in rat livers (Figure 4A). However, lower levels of hepatic TBARS were observed in BS-fed rats. In particular, these levels in the BS-high group rats improved almost completely. Figure 4B shows the enzyme activities of hepatic GST, a typical cytoprotective phase 2 enzyme that plays an important role in the detoxification of NDMA and in antioxidant activity. GST activity was very slightly increased by repeated injection of NDMA, whereas it increased significantly by continuous intake of BS.

DISCUSSION
The liver is so called a silent organ; symptoms tend not to appear until a disease is well advanced. Therefore, for the prevention of chronic liver failure, it is quite important to manage liver condition on the basis of serum levels of liver function markers, which can be easily measured during routine health checkups. We describe herein the first demonstration that dietary supplementation with BS extract containing a low dose of GR (30 mg or approximately 69 µmol), a precursor of SF, is much likely to be effective in the improvement of liver function by reducing oxidative stress in male participants with abnormally higher levels of liver function markers. 
The improvement on liver function was judged from the results of the present randomized, placebo-controlled, double blind trial, where serum levels of representative liver function markers, ALT and γ-GTP, as well as the relevant marker ALP were significantly lowered in male participants with fatty liver in SF group who had taken BS capsules containing 30 mg of GR per day for 2 mo, but not in placebo group participants. Unfortunately, no significant differences were observed in the decreased levels of the markers between the SF and placebo groups, probably due to the design of the present trial such as a small sample size and a no limit on criteria for subject inclusion: at least one higher activity of three liver function markers, ALT ≥ 40 IU/L, AST ≥ 35 IU/L, or γ-GTP ≥ 80 IU/L. In the present trial, serum levels of liver function markers were decreased in some participants even in the placebo group possibly because of the so-called placebo effect or subtle lifestyle related bias, although actual reasons are unclear. However, the lowering activities of the markers were not associated with reduction of urinary levels of 8-OHdG as a biological marker of oxidative stress in the placebo group, which was distinctly different from that in the SF group participants. This suggested that continuous intake of GR for 2 mo surely affected physiologies of participants beyond the placebo effect, and the reduction of oxidative stress was much likely to be involved in the improvement of liver function. The urinary level of 8-OHdG has been established to reflect oxidative damage of DNA occurring in various cells and tissues in the body[26,27], and thereby widely used for evaluating in vivo oxidative stress[28]. As for the liver, a previous clinical study showed significant correlations between hepatic expression levels and urinary levels of 8-OHdG in patients with chronic hepatitis C[29]. In the present clinical trial, although a biopsy test was not conducted, hepatic oxidative stress might also be reduced in the SF group participants. 
     As previously mentioned, there is no report describing the efficacy of SF or BS preparations on the improvement of hepatic abnormalities in humans to date, whereas many animal experiments have been carried out to demonstrate the hepatoprotective effects of SF and clarify the underlying mechanism involved. Traditional experimental models in toxicology have demonstrated that intake of SF or the precursor GR can markedly prevent liver damage induced by a wide variety of hepatotoxic chemicals such as cisplatin[12], mycocystin[13], carbon tetrachloride[14], acetaminophen (unpublished our preliminary data), and D-galactosamine and lipopolysaccharide[15]. Additionally, it has been suggested that SF is potent in preventing lifestyle-related liver diseases caused by excessive consumption of alcohol[16] and high energy diets[17,18]. These hepatoprotective effects have been suggested to be attributable to eminent inducer potency of SF for phase 2 cytoprotective proteins including antioxidant and detoxifying enzymes through activation of the transcriptional factor Nrf2. This speculation is strongly supported by numerous basic studies using Nrf2 knockout mice and cells, which revealed that Nrf2 plays an essential role in the prevention of liver diseases[30,31]. 
In the present study, we assessed the potency of the BS extract containing the SF precursor GR as an inducer of Nrf2 and its downstream phase 2 cytoprotective enzymes in animal models. Intake of the BS extract for 4 wk significantly increased the hepatic activity of GST, a typical phase 2 enzyme. Consequently, elevation of oxidative stress and resulting liver failure by successive exposure to NDMA was significantly prevented in rats fed the BS extract. This finding ascertained the inducer potency of the BS extract used in the present clinical trial, and inferred that Nrf2-regulated phase 2 enzymes might also be induced in participants by supplementation with BS capsules in lieu of biopsy data of the human liver. 
Of special note is that the dose of SF precursor GR was set at 30 mg (approximately 69 µmol) per day in the present clinical trial, which was much lower than previous clinical studies evaluating cancer prevention effects of SF. The therapeutic effect on Helicobacter pylori infection was demonstrated by a continuous daily intake of 70 g of fresh BS containing 420 µmol GR[19]. Furthermore, in a large-scale randomized clinical study in China, a detoxification effect on airborne pollutants was clearly observed in participants given a BS beverage containing 800 µmol GR[20,21]. It is generally recognized that GR is a safer compound based on a long-term eating habit of broccoli and other cruciferous vegetables, which was also demonstrated by previous clinical trials including phase I studies[32,33] and the above-mentioned high-dose tests. However, we set our study to the lower GR dose, which was considered a sufficiently safe dose even for participants with hepatic abnormalities, because of the estimated range of daily intake of GSLs from cruciferous vegetables. A dose-dependent effect should be examined in future trials. 
     Our study has several limitations. First, in addition to the small sample size as mentioned above, only male participants were recruited for this randomized clinical trial. Thus, the efficacy of the BS extract on female participants is unclear. Second, the trial period was only 2 months, which was shorter than the previously reported randomized controlled trials describing the efficacy of silymarin from milk thistle[34]. Although the longer term effects of BS extract is yet unknown, striking outcomes could be obtained in future intervention studies with a longer period of observation. Third, the BS extract but not the purified SF was used in the present study. Similar to a number of previous studies, our BS extract contains a rich SF precursor of GR; therefore, we consider SF as the predominant active compound in the BS extract responsible for the reduction in oxidative stress and the resulting improvement in liver function. Fourth, we did not perform a histological and pathological examination of fat deposition, inflammation, or fibrosis in the liver. In a future randomized clinical trial that is being planned, we will address the above-mentioned limitations to comprehend the efficacy of the BS extract containing the SF precursor in liver diseases. 

ACKNOWLEDGEMENTS
The present study received no specific grant from any public funding agency, but was supported by Kagome Co., Ltd. We thank Toshihiro Matsumoto for technical assistance and enlightened discussion for animal experiments.

COMMENTS
Background
Instead of viral hepatitis, the growing incidence of lifestyle-related “obesity and hepatic abnormalities” has been of great concern to many researchers and clinicians involved in the care and management of liver diseases. The modification of lifestyle is preferentially chosen for preventing and improving the hepatic abnormalities. However, it is difficult to encourage patients to change their lifestyles and habits such as diet, alcohol consumption, and exercise. 

Research frontiers
A phytochemical sulforaphane (SF) from broccoli shows potent cytoprotective effects through activation of a transcription factor Nrf2 that has recently been suggested to play a critical role in protecting liver health not only from hepatotoxic chemicals but also from lifestyle-related factors. Hepatoprotective effects of SF have been demonstrated in various animal models. 

Innovations and breakthroughs
The present randomized, placebo-controlled, double blind study demonstrates that supplementation with a low dose of glucoraphanin (GR), a precursor of SF for 2 mo significantly improved serum levels of alanine aminotransferase (ALT) andγ-glutamyl transpeptidase, representative liver function markers in Japanese male subjects with hepatic abnormalities. The improvement effect is associated with a reduction of urinary 8-OHdG, an oxidative stress marker. 

Applications
The daily dose of SF precursor GR (69 µmole) in the present study was within the estimated daily intake amount of glucosinolates (less than 100 µmol), and thus is applicable to dietary supplements. The present findings will contribute to develop potent dietary methods for improving liver health and function. 

Terminology
GR, a glucosinolate precursor of SF, is highly contained in cruciferous vegetables in particular broccoli sprout. SF was identified as a potent inducer for cytoprotective genes such as phase 2 detoxyfication and antioxidant enzymes. The induction is mediated by the transcriptional upregulation of the Kelch-like ECH-associated protein 1 (Keap1)–NF-E2-related factor 2 (Nrf2) pathway. Urinary level of 8-hydroxydeoxyguanosine (8-OHdG) is widely used as an in vivo oxidative stress marker.
 
Peer-review
The purpose of the research was to determine whether SF will reduce/prevent hepatic abnormalities. The authors have selected well known markers to evaluate the state of the liver, and are able to draw a relatively reliable conclusion with regard to the effects of the treatment of the male participants in the study. The animal studies also support the conclusion that SF improves liver function through reduction of oxidative stress. The data obtained are interesting. In a follow-up project it would in particular be of interest to determine the effects of higher doses of SF-precursor and longer trial periods.
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Table 1 Composition of animal diets
	Contents, g/100 g
	Normal diet
	BS low
	BS middle
	BS high

	Casein
	25.00
	25.00
	25.00
	25.00

	Corn starch
	40.25
	39.83
	39.41
	38.56

	Sucrose
	20.00
	20.00
	20.00
	20.00

	Corn oil
	5.00
	5.00
	5.00
	5.00

	Mineral mix1
	3.50
	3.50
	3.50
	3.50

	Vitamin mix1
	1.00
	1.00
	1.00
	1.00

	Choline bitartrate 
	0.25
	0.25
	0.25
	0.25

	Cellulose
	5.00
	5.00
	5.00
	5.00

	BS extract
	0.00
	0.42
	0.84
	1.69

	Glucoraphanin
	0.00
	0.063
	0.13
	0.25


1Based on AIN-76 diet. BS: Broccoli sprout.




Table 2 Initial clinical profiles of participants in the sulforaphane and placebo groups
	
	Median (IQR)

	
	SF group
	Placebo group

	n
	24
	28

	Age, yr
	51.5 (42.0–57.5)
	56.0 (49.8–63.3)

	BMI, kg/cm2
	25.7 (24.2–27.6)
	25.9 (24.5–27.2)

	Waist circumference, cm
	86.5 (81.0–95.0)
	92.3 (88.3–95.3)

	AST, IU/L
	37.5 (24.8–48.3)
	30.0 (27.5–39.5)

	ALT, IU/L
	54.0 (34.5–79.0)
	41.5 (34.0–64.3)

	γ-GTP, IU/L
	51.5 (40.8–91.3)
	52.0 (39.5–91.5)


1Calculated by the Mann-Whitney U test. IQR: Interquartile range; AST: Aspartate-aminotransferases; ALT: Alanine aminotransferase; γ-GTP: γ-glutamyl transpeptidase.
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Table 3 Clinical parameters in sulforaphane and placebo group participants before and after trial, Median (IQR)
	
	SF group (n = 24)
	Placebo group (n = 28)

	
	Before
	After
	Before
	After

	BMI, kg/m2
	25.7 (24.2–27.6)
	25.8 (24.2–27.3)
	25.9 (24.6–26.8)
	25.6 (24.5–26.8) a

	Waist Circumference, cm
	86.5 (81.0–95.0)
	88.8 (82.5–95.0)
	92.3 (88.4–95.3)
	91.4 (88.5–97.1)

	AST, IU/L
	37.5 (24.8–48.3)
	37.5 (27.0–39.8)
	30.0 (27.5–39.5)
	26.0 (22.5–42.8)

	ALT, IU/L
	54.0 (34.5–79.0)
	48.5 (33.0–65.3) a
	41.5 (34.0–64.3)
	40.5 (27.0–60.5)

	γ-GTP, IU/L
	51.5 (40.8–91.3)
	50.0 (37.8–85.3) a
	52.0 (39.5–127.5)
	53.0 (37–99)

	Alb, g/dL
	4.6 (4.4–4.9)
	4.5 (4.3–4.7) a
	4.6 (4.5–4.7)
	4.6 (4.5–4.8)

	TB, mg/dL
	0.9 (0.6–1.1)
	0.9 (0.7–1.2)
	0.9 (0.6–1.1)
	0.8 (0.7–1.0)

	ALP, IU/L
	210 (168–248)
	182 (166–140) a
	230 (206–274)
	231 (214–281)

	ChE, IU/L
	390 (359–436)
	388 (358–421) a
	398 (369–458)
	406 (370–424)

	Ferritin, ng/mL
	281 (131–381)
	216 (136–365)
	231 (162–322)
	215 (168–321)

	UA, mg/dL
	6.1 (5.5–7.0)
	6.0 (5.4–6.8)
	6.4 (5.4–6.8)
	6.1 (5.6–6.7)

	TG, mg/dL
	146 (118–193)
	135 (95.5–208)
	133 (99.3–166)
	113 (83.0–160)

	TC, mg/dL
	201 (182–219)
	194 (184–211) a
	196 (183–224)
	207 (184–225)

	HDL-C, mg/dL
	50.0 (44.0–59.0)
	48.5 (44.8–54.0)
	47.5 (44.8–58.0)
	49.5 (45.0–57.0)

	LDL-C, mg/dL
	123 (107–138)
	123 (111–141)
	125 (116–142)
	137 (118–146)

	HbA1c, %
	5.7 (5.4–6.1)
	5.7 (5.5–6.0)
	5.8 (5.5–6.1)
	5.8 (5.5–6.1)

	FBS, mg/dL
	105 (99.8–113)
	106 (101–115)
	105 (99–115)
	106 (97.5–115)

	hs-CRP, mg/dL
	0.067 (0.036–0.13)
	0.059 (0.031–0.13)
	0.056 (0.037–0.14)
	0.068 (0.028–0.15)

	8-OHdG, ng/mg-CRE 
	6.8 (5.5–9.0)
	5.5 (4.9–6.7) a
	6.6 (5.3–8.4)
	6.1 (4.7–7.6)

	Adiponectin, µg/mL
	6.1 (4.8–7.4)
	4.8 (4.1–7.7) a
	6.3 (4.6–9.5)
	6.1 (4.6–7.9) a

	Leptin, ng/mL
	5.9 (4.2–7.5)
	5.8 (3.0–8.7)
	7.3 (5.2–11.4)
	6.6 (4.1–10.1)


aP < 0.05 vs before. AST: Aspartate-aminotransferase; ALT: Alanine aminotransferase; γ-GTP: γ-glutamyl transpeptidase; Alb: Albumin; TB: Total bilirubin; ALP: Alkali phosphatase; ChE: Choline esterase; UA: Urinary acid; TG: Triglyceride; TC: Total cholesterol; HDL-C: High-density lipoprotein cholesterol; LDL-C: Low density lipoprotein cholesterol; HbA1c: Hemoglobin A1c; FBS: Fasting blood sugar; hs-CRP: High-sensitivity C-reactive protein; 8-OHdG: 8-hydroxydeoxyguanosine; CRE: Creatinine



Table 4 Protective effect of broccoli sprout extract against hepatotoxicity by N-nitrosodimethylamine
	Group
	n
	Food intake
(g/d)
	Body weight gain (g)
	Liver weight
(g)

	Sham
	6
	20.3 ± 1.3
	210.0 ± 23.7
	17.1 ± 1.4

	Control
	8
	19.2 ± 1.7
	174.4 ± 20.5
	12.1 ± 1.5b

	BS-low
	8
	19.3 ± 1.6
	181.4 ± 20.3
	12.9 ± 1.6

	BS-middle
	8
	19.2 ± 2.1
	186.8 ± 21.1
	13.9 ± 2.2

	BS-high
	8
	18.9 ± 1.0
	188.3 ± 8.7
	15.1 ± 1.4d


bP < 0.01 vs sham; dP < 0.01 vs control.
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Figure 1 Effect of supplementation with broccoli sprout extract containing the sulforaphane precursor glucoraphanin on liver function markers in male participants with hepatic abnormalities. A and B: Serum levels of alanine aminotransferase (ALT) and γ-glutamyl transpeptidase (γ–GTP) in sulforaphane (SF) and placebo group participants (n = 24 and 28, respectively) before and after 2 months of intervention. Each line between the circle symbols represents individual change in serum levels of ALT and γ–GTP. P values were analyzed by using the Wilcoxon single rank test.
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Figure 2 Parallel improvements of an oxidative stress marker and liver function markers in sulforaphane group participants. A and B: Change levels of liver function markers, alanine aminotransferase and γ-glutamyl transpeptidase (∆ALT and ∆γ-GTP) were respectively plotted against changes in levels of urinary 8-hydroxydeoxyguanosine (∆8-OHdG), an in vivo oxidative stress marker, in SF group participants (n = 24). Each circle represents individual data. Spearman r and P were determined; C and D: ∆ALT and ∆γ-GTP were compared between participants with ∆8-OHdG < 0 (n = 15) and ∆8-OHdG ≥ 0 (n = 9). Each circle symbol represents an individual data point. Bars in graphs represent median values. P values were obtained by using the Mann-Whitney U test.
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Figure 3 Effects of intake of broccoli sprout extract on liver function markers in serum from N-nitrosodimethylamine-induced chronic liver failure model rats. A and B: Serum activities of aspartate-aminotransferases (AST) and alanine aminotransferase (ALT) in male Sprague-Dawley rats who had received an AIN-76 diet containing no (sham, n = 6 and control, n = 8) or different amounts of BS extract at glucoraphanin (GR) doses of 62.5, 125, and 250 mg per 100 g diet (BS-low, BS-middle, and BS-high, respectively, n = 8) for 4 wk. All rats, except for the sham group, were intraperitoneally injected with N-nitrosodimethylamine (5 mg per kg body weight) on 3 consecutive days of the week for 4 wk C and D: Serum levels of albumin and bilirubin in the rats. Data are shown as boxplots representing the minimum (bottom of the bar), 25th percentile (bottom of the box), median (horizontal line), 75th percentile (top of the box), and the maximum observations (top of the bar). aP < 0.05 vs sham; cP < 0.05, dP < 0.01 vs control (Steel-Dwass test). BS: Broccoli sprout.
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Figure 4 Effects of intake of broccoli sprout extract on oxidative stress and enzyme activity of glutathione S-transferase in livers from N-nitrosodimethylamine-induced chronic liver failure model rats. A: Thiobarbituric acid reactive substances (TBARS) levels were determined in livers from serum activities of alanine aminotransferase (AST) and alanine aminotransferase (ALT) in male Sprague-Dawley rats who had received an AIN-76 diet containing no (sham, n = 6 and control, n = 8) or different amount of BS extract at glucoraphanin (GR) doses of 62.5, 125, and 250 mg per 100 g diet (BS-low, BS-middle, and BS-high, respectively, n = 8) for 4 wk. All rats, except for sham group, were intraperitoneally injected with NDMA (5 mg per kg body weight) in 3 consecutive days of the week for 4 wk; B: GST activities in rat livers were determined with 1-chloro-2,4-dinitrobenzene (CDNB) as substrate. Data are shown as mean ± SE. aP < 0.05, bP < 0.01 vs sham, dP < 0.01, fP < 0.001 vs control (A: Tukey Kramer; B Dunnett test).
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