1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Liver Int. 2011 November ; 31(10): 1432—-1448. doi:10.1111/j.1478-3231.2011.02604.x.

Antioxidants as Therapeutic Agents for Liver Disease

Ashwani K. Singall, Sarat C. Jampanal, and Steven A. Weinman?
1Department of Internal Medicine, University of Texas Medical Branch; Galveston, TX

2Department of Internal Medicine; University of Kansas Medical Center; Kansas City, KS

Abstract

Oxidative stress is commonly associated with a number of liver diseases and is thought to play a
role in the pathogenesis of chronic hepatitis C, alcoholic liver disease, nonalcoholic steatohepatitis
(NASH), hemochromatosis and Wilson’s disease. Antioxidant therapy has thus been considered to
have the possibility of beneficial effects in the management of these liver diseases. In spite of this
promise, antioxidants have produced mixed results in a number of clinical trials of efficacy. This
review summarizes the results of clinical trials of antioxidants as sole or adjuvant therapy of
chronic hepatitis C, alcoholic liver disease and NASH. Overall, the most promising results to date
are for vitamin E therapy of NASH but some encouraging results have been obtained with
antioxidant therapy of acute alcoholic hepatitis as well. In spite of evidence for small reductions of
serum ALT, there is as yet no convincing evidence that antioxidant therapy itself is beneficial to
patients with chronic hepatitis C. Problems such as small sample size, short follow up duration,
inadequate end points, failure to demonstrate tissue delivery and antioxidant efficacy, and
heterogeneous nature of the “antioxidant” compounds used have complicated interpretation of
results of the clinical studies. These limitations and their implications for future trial design are
discussed.
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INTRODUCTION

Oxidative stress is a commonly used term that refers to a state in which tissue and cellular
redox balance is altered towards a more oxidizing environment (1, 2) and an ensuing
adaptation of cellular functions occurs. While some of the consequences of oxidative stress
result from irreversible chemical modification of proteins, lipids and nucleic acids, many
more result from alterations in signaling pathways triggered by specific changes in redox
sensitive trigger molecules that initiate downstream signaling pathways. Pathways
controlling cell death, gene transcription, inflammation, and stellate cell activation are all
under redox dependent control (3, 4). In this case, oxidative stress can be considered just one
of many environmental situations for which cells have evolved complex homeostatic
responses.

Oxidative stress begins with the generation of reactive oxygen species (ROS) and reactive
nitrogen species (RNS) as a part of normal cellular function (1). There are multiple cellular
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sources of ROS generation but the most significant ones are the mitochondrial electron
transport complexes I and 111, P450 enzymes within the ER, membrane bound NADPH
oxidase and peroxisomes. ROS production by each of these sources can be stimulated by
cytokines, inflammation, viral proteins and other mechanisms. These processes initially
generate superoxide which is sequentially reduced to form hydrogen peroxide, hydroxyl
radical, and ultimately water. These reactive intermediates, however, interact with other
molecules to form secondary reactive oxygen species, such as lipid peroxidation products,
peroxynitrite, and sulfenic acid and disulfides (4). These processes are illustrated in Fig. 1.

The reactions that generate these compounds all result from the fact that the intracellular
environment sits at a much more reducing redox potential than that of the Earth’s
atmosphere. There is thus a constant and inevitable transfer of electrons from intracellular
molecules to molecular oxygen. It takes 4 electrons to reduce oxygen to the stable
compound, water and thus the intermediate partially reduced 1, 2 and 3 electron transfers
produce the variably reactive compounds superoxide anion, hydrogen peroxide, and
hydroxyl radical, respectively. These in turn can oxidize thiol groups leading to disulfide
formation, react with nitric oxide to produce the strong oxidizing agent peroxynitrite, initiate
self perpetuating cascades of lipid peroxidation, and cause oxidative modification of amino
acid side chains in proteins and bases in nucleic acids (5). Many of these reactions, but
particularly the formation of disulfides, are the triggers for specific signaling reactions such
as activation of MAP kinase cascades and transcription factors. When ROS and RNS are
abundant, they cause alternations in mitochondrial functions, modulate cytokine expression,
alter immune responses, and activate signaling cascades resulting in hepatocellular injury,
apoptosis or cell death, and liver fibrosis (1, 6, 7).

Cellular mechanisms to control oxidative stress are critical to cellular homeostasis. These
include enzyme systems such as catalase, superoxide dismutases, peroxiredoxins,
glutathione peroxidase and a humber of thiol reductases that are ultimately linked to either
NADH or NADPH as the source of reducing equivalents (8). Non-enzymatic electron
receptors such as vitamin E, vitamin C, and glutathione (9) also play a major role in the
cellular response to oxidative stress (1, 2).

Oxidative stress, to some extent, is seen in most diseases and certainly all inflammatory
diseases. Liver disease is no exception in this case (4). Many liver diseases have high levels
of ROS and RNS with substantial evidence that the magnitude of oxidative protein and lipid
modifications correlates with disease severity and is also linked to disease progression (1, 4).
This has led to an enthusiasm for the possibility of antioxidant therapy in liver diseases.

ANTIOXIDANT THERAPY OF LIVER DISEASES

One of the major problems in interpretation of studies attempting to show a benefit of
antioxidant therapy of liver disease is the inability to know the exact mechanisms of action
of specific compounds labeled “antioxidants”. Many plant derived compounds demonstrate
in vitro and even in vivo antioxidant capacity but these effects may not be responsible for
their biological activity. Of the various available antioxidants, strong evidence exists that
several agents mediate their action primarily based on changes in ROS and redox state of the
cell. These agents include vitamins E and C, N-acetylcysteine (NAC), mitoquinone (mitoq),
and polyenylphosphatidylcholine (PPC). Other compounds, such as Silymaryin, S-adenosyl
methionine, and betaine have additional prominent non-antioxidant effects that may be
responsible for their clinical effects.

Vitamin E (tocopherol) serves as an antioxidant by complexing with unpaired electrons thus
stabilizing these free radical compounds and preventing lipid peroxidation (10). Some
effects observed include a decrease in production of tumor necrosis factor (TNF) in
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alcoholic hepatitis (11), and prevention of hepatic stellate cell (HSC) activation in chronic
hepatitis C (12). Alpha tocopherol accounts for almost 90% of the total vitamin E in the
human tissues. Vitamin C or ascorbic acid serves as an electron donor and thus can
terminate free radical chain reactions. Similar to vitamin E, however, its ability to serve as
an electron donor makes it possible for it to actually generate free radicals when at high
concentrations in the presence of metal ions (13). NAC acts by increasing hepatic GSH
levels, and serving as a free thiol itself. It is widely used for the treatment of acetaminophen
overdose (14). As the only member of this group that is itself a reduced thiol, it has unique
potential to augment GSH levels and drive protein thiol redox reactions to the reduced form.
PPC, an extract of soybeans, is another compound that has been evaluated as a therapy for
alcoholic liver disease. It also has lipid peroxidation chain breaking activity and may inhibit
ROS generating enzymes (15, 16). Mitoquinone (MitoQ), a mitochondrially-targeted
antioxidant consists of a quinone moiety linked to triphenylphosphonium by a carbon alkyl
chain. Its resulting positive charge and lipophillic nature allow it to accumulate in the
mitochondrial matrix and inner mitochondrial membrane. (17) This review will serve to
examine the studies in which these antioxidants have been used to treat liver diseases with
an aim to critically analyze and assess their current status. We will also discuss briefly those
antioxidants where an antioxidant effect may be one of the mechanisms of action such as
zinc, silymarin, herbal drugs, S-adenosylmethionine, and betaine. Although, oxidative stress
has been shown to exist in almost every liver disease, we will limit this discussion to liver
diseases for which there is maximum evidence for its participation in the disease
mechanism. These include chronic hepatitis C virus infection (CHC), alcoholic liver disease,
and non-alcoholic fatty liver disease with or without non-alcoholic steatohepatitis.

HEPATITIS C VIRUS INFECTION

Evidence of oxidative stress in hepatitis C

Existence of oxidative stress in chronic hepatitis C is well documented with an increase in
oxidized protein and nucleic acid markers and a decrease in antioxidant levels(18-21).
Oxidative stress in these patients occurs early in the disease and increases with disease
severity (22). Studies have shown levels of oxidative stress markers to correlate with disease
severity, HCV RNA, iron overload, and insulin sensitivity(18, 19, 23, 24). Oxidative stress
has also been shown to be an early event in carcinogenesis and is a risk factor for
development of HCC in patients with CHC (25). Evidence linking HCV infection itself as
the cause of oxidative stress was provided by studies showing correlation of oxidative stress
with response to IFN treatment and normalization of oxidative stress after viral eradication
(26, 27). Existence of mitochondrial dysfunction and oxidative stress has been shown in a
number of cell culture models of HCV infection. It results from a combination of viral
effects on mitochondria, endoplasmic reticulum, and NADPH oxidase (28, 29). The process
has been shown to be calcium dependent and can be prevented by calcium chelating agents
(30). However, lack of a readily available small animal model for HCV has precluded pre-
clinical assessment of antioxidants for HCV infection.

Clinical trials

Standard treatment for HCV infection is the combination of pegylated interferon and
ribavirin (RBV). The aim of treatment is to achieve sustained virologic response (SVR)
defined as negative HCV RNA 6 months after completion of treatment. With this regimen,
SVR is reported to occur in only 40-50% of patients with genotypes 1 or 4 infections and
60-70% of genotypes 2 or 3 infections (31). Therefore, there is a need for newer drugs to
supplement the standard treatment in order to improve treatment efficacy or reduce disease
progression in patients who fail to achieve SVR. In this respect, antioxidants have been
evaluated in CHC patients.
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Agents with antioxidant effect as the main mechanism of action

Vitamin E, Vitamin C and mitoQ: A series of studies have examined the effectiveness of
antioxidants in the treatment of CHC patients who have either failed or cannot be treated
with interferon based therapy. In a very small open label study on 6 CHC patients refractory
to IFN, vitamin E supplementation (1200 1U/d) for 8 weeks prevented the fibrogenesis
cascade as reflected by decreased malonaldehyde levels and decreased activation of hepatic
stellate cells. However, there was no effect on liver enzymes, HCV RNA, and liver
histology (12). In another study, vitamin E supplementation (500 mg/d) for 3 months in 17
CHC patients resulted in modest reduction of serum ALT levels to 63 1U/l from baseline
levels of 73 1U/I. the effect was significant only for the subgroup of patients with baseline
levels > 70 1U/I (reduction from 86 to 71 1U/I). This was associated with reduction of
oxidative stress with decrease in thioredoxin levels from 59 to 40 ng/ml at the end of
treatment. The effect was partially maintained as the ALT returned back to 74 1U/l and
thioredoxin levels to 48 ng/ml 1 month after treatment was stopped (32). Similar results
were reported in another study with a prospective randomized double blind cross over
design in 23 CHC patients who were refractory to IFN. Vitamin E supplementation (800 U/
d) for 12 weeks reduced serum ALT from 90 to 68 1U/I at the end of treatment. However,
within a month of discontinuing vitamin E treatment, serum ALT levels returned to 91 1U/I.
Re-treatment with 3 months of vitamin E supplementation of responders (decrease in ALT
by at least 35%) reduced ALT again (from 93 to 50 1U/I) (33). One study using 600 mg
alpha-tocopherol in 83 HCV cirrhotics showed a trend for improved hepatocellular cancer
free survival at 5 years as compared to untreated patients (80% vs. 61%; P=0.07) (34).

These studies suggested a small beneficial effect of vitamin E alone but the clinical
importance of these results is uncertain. Subsequently several studies examined combination
of antioxidants (35-37) as primary therapy. In a phase 1 clinical trial, 50 CHC patients were
prospectively treated with a cocktail of antioxidants including vitamin E for 20 weeks. At
the end of treatment antioxidant treatment resulted ALT normalization in 48%, negative
HCVRNA in 25%, and histological improvement in 36% with improved quality of life
scores in 58% of patients (35). With these encouraging results, a larger placebo controlled
RCT was performed on 100 CHC patients refractory to previous IFN treatment to study the
effect of antioxidant cocktail (oral and intravenous in 50 and only oral in 50 patients). At
week 24, when examined as proportion of patients improving, oral and intra-venous
supplementation as compared to placebo resulted in a trend toward improvement in liver
enzymes (52% vs. 20%; P=0.05), histology (48% vs. 26%; P=0.21), and HCVRNA (28% vs.
12%; P=NS). However, when guantitative values were examined even these effects were
quite minimal with mean ALT changing only from 78 to 65 1U/I, mean AST change from 80
to 62 1U/I, mean histology activity index change from 8.9 to 8.1, and mean HCVRNA titers
changing from 5.35 to 5.05 log/mL. Furthermore, even this modest benefit in the treated
group was lost 24 weeks after discontinuing treatment or at week 48 (36). Another placebo
controlled randomized study was performed in 23 CHC patients to assess beneficial effect of
6 months of combination treatment with vitamin E (945 mg), vitamin C (500 mg), and
selenium (200 mcg). The study failed to show any beneficial effect on HCVRNA, ALT, or
histology (37).

With mitochondrial damage being a common characteristic in the pathogenesis of CHC,
MitoQ was tested as a therapeutic agent in a phase 11 study by Gane et al (38). Thirty
patients with contraindications to PEGIFN and/or RBV were randomized to receive MitoQ
(40-80 mg/d) or placebo. At the end of 28 days, compared to baseline levels 40 mg of
MitoQ resulted in a decrease in ALT (153 to 110 1U/I; P=0.002) and AST (131 to 95 1U/l;
P=0.003). Similar changes with 80 mg of MitoQ were 131 to 95; P=0.024 and 87 to 75 1U/I;
P=0.017 respectively. However, there was no change in the HCVRNA levels (38). The

Liver Int. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Singal et al.

Page 5

above results suggest that antioxidants may produce mild decreases in ALT, but alone are
not useful therapeutic agents for CHC.

Several trials examined antioxidants as adjuvants to interferon therapy in the era before
ribavirin was introduced. In one study, 24 treatment naive CHC patients were randomized to
receive IFN monotherapy alone, or in combination with NAC +sodium selenite, or in
combination with NAC+ sodium selenite+ vitamin E. At the end of 6 months of treatment, a
higher proportion of patients treated with a regimen including vitamin E achieved negative
HCVRNA as compared to IFN monotherapy or IFN+ NAC+ sodium selenite (6/8 vs. 3/8 vs.
2/8; P=0.11). Analysis between vitamin E treated (n=8) vs. non-vitamin E treated (n=16)
subjects showed odds of achieving negative HCVRNA at the end of treatment was 2.4 fold
higher with vitamin E (P=0.02). However, there was no beneficial effect on SVR (2/8 vs. 1/8
vs. 1/8; P=NS). Surprisingly, there was no effect on oxidative stress markers as measured by
trolox equivalent antioxidant capacity (TEAC) and thibarbituric acid reactive substances
(TBARS) (39). This improvement in end of treatment response was not confirmed in a
placebo controlled study on 120 CHC patients with previous non-response to IFN who were
randomized to receive IFN with or without NAC (1200 mg/d) + vitamin E (600 mg/d) for 6
months. ALT normalization rates were similar at the end of treatment (10.3 % vs. 9.7%;
P=NS) or 6 months after completing treatment (1.3% vs. 0%; P=NS). None of the patients in
either group achieved negative HCV RNA at the end of treatment (40). A similar lack of
benefit of vitamin E on HCV RNA loss or SVR was seen in another RCT on 47 CHC
patients (41).

In summary, vitamins E and/or C alone or in combination with anti-HCV therapy have
shown some biochemical efficacy with reduction in serum ALT levels. However, there is no
effect on the virological clearance or SVR which is the goal of treatment of CHC. Further, in
most studies the decrease in ALT levels is marginal and is not sustained after stopping the
treatment raising a question on the clinical significance of this effect. MitoQ, in one study,
has shown some promise in terms of biochemical efficacy, however, it did not show any
effect on viral clearance (38). However, this study is limited by small sample size, short
duration of treatment, and lack of concomitant anti-HCV therapy. With the recent or
upcoming introduction of viral protease inhibitors and other novel antiviral medications to
the treatment regimen, it remains to be seen if antioxidants can have a beneficial effect as a
component of these regimens.

N-acetylcysteine: In one open pilot study on 14 CHC patients with documented non-
response to IFN, addition of NAC in a dose of 1.8 g/d to IFN showed improvement in liver
enzymes with decrease in viral load (42). Based on this encouraging response, the
combination of NAC and IFN was tested in better designed studies (43, 44). In a placebo
controlled double blind RCT, addition of 1.8 g/d of NAC to IFN did not improve SVR rate
(43). In another prospective randomized open label study, although the viral response rates
were similar, the time to relapse after discontinuing treatment was longer with use of NAC
(31 wks vs. 22 wks; p < 0.05). For HCV infection, as mentioned earlier the goal of treatment
is to achieve SVR and a delay of 9 weeks in relapse of HCV infection is probably not of any
clinical significance. (44).

Agents with antioxidant effect as one of the mechanisms of action

Zinc: Polaprezinc (combination of zinc and I-carnosine), an antioxidant, has been studied as
an adjunct to IFN in the treatment of chronic HCV infection in many RCTs (150-300 mg/d
orally, N=14-102)(45-51). There are a number of potential mechanisms of the beneficial
effects of zinc including reduction of hepatic fibrosis, decrease in ferritin, antioxidant
activity, and improvement in hepatic encephalopathy. Zinc has also been shown to
negatively affect HCV replication justifying its use for treatment of HCV infection (52).
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Biochemical efficacy of this compound was evaluated and documented in 4 RCTs (45-48).
Virological efficacy was evaluated in 6 studies(45, 46, 48-51) with 2 RCTs showing
improved virological outcome (45, 48). Polaprezinc 150 mg/d as adjunct to PEGIFN+ RBV
combination was superior to achieve SVR as compared to PEGIFN + RBV alone and
PEGIFN + RBV + zinc 300 mg/d (53% vs. 20% vs. 11%; P< 0.05) amongst 34 patients with
CHC non-responders to previous treatment (45). Another study on 75 treatment naive CHC
patients showed a trend for higher SVR with use of polaprezinc as adjunct to IFN
monotherapy treatment for 6 months (41% vs. 18%; P=NS). In a logistic regression analysis,
type of treatment (IFN+ zinc vs. IFN alone) was an independent predictor for achieving the
SVR with OR of 5.9 (95% CI: 1.7-23.8; P< 0.007) (48).

In one placebo controlled RCT on 62 HCV cirrhotics, oral polaprezinc (150 mg twice a day)
was assessed to determine if it had an impact on the occurrence of HCC. Of the 32 patients
randomized to receive zinc, 15 patients had a low zinc level (< 64 mcg/dl) at baseline and 11
(73%) of these improved zinc levels to normal after therapy (zinc responders). In these zinc
responders, a decreased occurrence of HCC was seen at the end of 3 years of zinc treatment
as compared to placebo treated patients (0% vs. 18%; P<0.05) (53). Zinc was well tolerated
by patients in all the studies. In summary, addition of zinc to IFN improves ALT
normalization and may have potential to improve the SVR. In addition, zinc
supplementation may decrease risk of HCC amongst patients with zinc deficiency and who
appropriately respond to supplementation.

Other agents: silymarin is an active component of the milk thistle plant and has been used
for treatment of liver diseases. It is a hepatoprotective agent with multifactorial mechanisms
of action with reduction of oxidative stress being one of the actions(54). A total of 8 studies
(4 RCTs) have evaluated treatment with silymarin as a sole agent for patients with CHC. An
initial retrospective study did not show any benefit with silyamrin in a dose up to 1260 mg/d
(55). Of the 3 placebo controlled RCTs assessing silymarin in CHC patients (56-58), only
one study has shown biochemical efficacy (56) while none showed virological efficacy.
Limitations of these studies were small sample size, short duration of 1 week and 3 months
in 2 studies (56, 58), low dose of silymarin (450 mg/d) in one study (57) and lack of
additional standard anti-HCV regimen in all the studies. It is important to note that there are
many compounds in silymarin and high levels of the most potent ones may not be reached
with oral administration (59). Limited bioavailability with customary doses of silymarin can
be overcome using larger doses up to 2.1 g/d (60) or intravenous administration of silibinin,
one of the most potent components of silymarin. In a prospective study, 36 CHC patients
with previous non-response to treatment were studied to assess the benefit of silibinin
infusion as an adjunct in achieving SVR. In the first protocol 10 mg/kg/d silibinin infusion
was given in 16 patients and in the second protocol 20 patients received silibinin infusions in
ascending doses of 5, 10, 15, and 20 mg/kg/d. In both the protocols infusions of silibinin
were for 14 days and anti-HCV therapy (PEGIFN and RBV) was started on day 8 of
silibinin infusion. Silibinin only at a dose of 15 or 20 mg/kg/d was effective in achieving
negative HCVRNA in 7 of 20 cases at week 12 (61). Whether, this beneficial antiviral effect
of silymarin helped achieving SVR in this difficult group of non-responders remains to be
seen. Except for some gastrointestinal upset, the drug was very well tolerated. Recently,
Neumann et al reported a case of post-transplantation HCV recurrence describing successful
use of silibinin given as 1400 mg/d infusion for 14 days in achieving SVR (62). HCV
infection in the post-OLT setting is difficult to treat and this case describing achieving SVR
with use of silymarin alone is interesting. If these findings are confirmed in controlled
studies on a larger sample, silymarin may have potential as adjuvant or primary therapy of
CHC.
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In summary, multiple trials have shown a limited ability of antioxidants to cause small
reductions in ALT after chronic administration (Table 1). These are typically of the order of
10% or less and are of either uncertain or negligible clinical significance. No study has
shown an improvement in outcome. In addition, no study has shown clear benefit of
antioxidants as adjuvants to interferon based therapy of HCV. There is therefore no reason
to conclude that antioxidants are useful therapeutic agents for chronic hepatitis C. Other
agents, particularly silimaryin and its derivatives, are more encouraging, although the
beneficial effects may not be strictly a consequence of antioxidant activity.

ALCOHOLIC LIVER DISEASE

Alcohol causes three patterns of liver injury. Fatty liver is reversible in the majority of
patients with alcohol abstinence whereas alcoholic hepatitis and cirrhosis are responsible for
significant morbidity and mortality (63). Liver transplantation, a definitive option for end-
stage liver disease may not be possible in this subset of patients due to number of social
reasons (63). Hence, there is a need for development of treatment options to improve the
outcome of patients with alcoholic cirrhosis and alcoholic hepatitis. Achieving alcohol
abstinence is the mainstay of treatment for alcoholic liver disease but clinical improvement
after abstinence is variable. Many patients such as those with advanced cirrhosis awaiting
liver transplantation or patients with acute alcoholic hepatitis have high short-term mortality
and could benefit greatly from therapeutic measures to improve outcome. There are
therefore strong rationales for evaluating new potential therapies for alcoholic liver disease.

Clinical evidence of oxidative stress

Oxidative stress was one of the earliest described disease mechanisms in alcoholic liver
disease (63-65). Urinary levels of 8-isoprostanes, a marker of oxidative stress and lipid
peroxidation are elevated in subjects after alcohol intake compared to normal subjects (202
+ 26 vs. 116 + 10 pg/mg of urinary creatinine) (66). Alcohol induced mitochondrial damage
and CYP2EL stimulation generate ROS (67). Markers of oxidative stress and lipid
peroxidation are increased in patients with alcoholic liver disease (2). Lower levels of
vitamin E are also seen in alcoholic liver disease patients with an inverse correlation to
severity of the disease (68, 69). In addition, immune responses and antibodies against
oxidative protein and DNA adducts are seen in alcoholics with advanced fibrosis/cirrhosis
(70). Further, levels of inflammatory markers have been shown to be higher among those
patients with alcoholic hepatitis who die compared to survivors (71, 72).

ALCOHOLIC CIRRHOSIS

Pre-clinical evidence of antioxidant efficacy

Rats and baboons fed with alcohol through the intra-gastric route or with a specific liquid
Lieber DeCarli diet with ethanol supplying 30-40% of the total daily calories have been
traditionally used as animal models of alcoholic liver disease (73, 74) In these models, lower
levels of vitamins E and C have been observed and these correlate inversely with the
presence of lipid peroxidation products (75).

Further studies in rodents by Thurman and his colleagues have very clearly and elegantly
proven that antioxidants are a viable therapeutic approach for alcohol-induced liver injury.
These authors showed that managanese superoxide dismutase (Mn-SOD) delivered via
vector adenovirus was protective against the damaging effects of alcohol on the liver as
compared to control rats given beta galactosidase (76). Pharmacological approaches in
rodents have been effective as well. PPC prevents oxidative stress and development of
alcoholic liver disease in rodents (15, 16). It has been particularly effective in baboons
where it has been shown to decrease proliferation of hepatic stellate cells (77) and prevent
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alcohol induced liver fibrosis and cirrhosis when administered for 6.5 years (78). These
encouraging preclinical studies would thus predict a possibility of therapeutic utility in
humans.

Clinical trials

Agents with antioxidant effect as the main mechanism of action

Vitamins E and C: In a randomized double blind placebo controlled study on
decompensated alcoholic cirrhotics, use of 500 mg of a tocopherol acetate for 1 year failed
to improve the clinical and/or biochemical liver function, hospitalization rates, or patient
survival (79). Rates of alcohol drinking were similar among treated patients and controls
[17% vs. 12%; P> 0.05].

Polyenylphosphatidylcholine (PPC): PPC (4.5 g/d given as a 1.5 g tablet three times a day
orally) was tested in 789 Veterans (97% male and mean age 49 years) with biopsy proven
alcoholic cirrhosis in a randomized double blind placebo controlled multicenter study (80).
Average alcohol intake was comparable in the two groups with about 225 g/d for 19 years
before the start of treatment and about 35 g/d during the study. The main outcome parameter
was liver fibrosis and was assessed in 412 patients by repeat liver biopsy at the end of 2
years of treatment. Advancement of fibrosis by at least one stage was not different between
PPC and placebo treated patients (23% vs. 20% respectively; P=0.32). However, there was a
trend towards lower occurrence of ascites in the PPC group (9% vs. 14%; P< 0.057).
Progression of fibrosis was more frequent amongst those with concomitant HCV infection
(32% vs. 17%; P< 0.001). In this subgroup with HCV infection, treatment with PPC also
resulted in improved liver function as reflected by liver enzymes and serum bilirubin (80).

In summary, limited data with use of vitamin E and PPC in patients with alcoholic cirrhosis
did not provide definitive evidence of beneficial results for the main treatment outcome of
fibrosis, although there appeared to be some benefit in particular subgroups such as HCV
infected patients. Although, abstinence rates were similar among treated and untreated
patients, lack of efficacy could be due to selection of a study population with advanced liver
disease and decompensated cirrhosis. Additional studies are needed using these agents in
patients with less advanced liver disease and compensated alcoholic cirrhosis.

Agents with antioxidant effect as one of the mechanisms of action

Silymarin: A total of 5 RCTs have tested the use of silymarin in the management of patients
with alcoholic cirrhaosis. Of these, 2 studies have shown beneficial effects. In a study on 91
patients with alcoholic cirrhosis, silymarin (520 mg/d) given on a long-term basis showed
improved 4 year survival as compared to placebo treated patients (58% vs 39%; P=0.03)
(81). Another study using silymarin 420 mg/d showed beneficial effects in histology and
biochemical parameters but no effect on survival. However, the silymarin in this study was
used only for 4 weeks (82). Three RCTs (n=60-97; dose of silymarin: 280-450 mg/d;
duration: 6-24 months) were negative for any biochemical, histological, or survival benefit
(83-85). This was despite a significant effect on decrease in the oxidative stress markers in
one study (83). A recent meta-analysis on all the RCTs on the use of silymarin in patients
with alcoholic cirrhaosis has shown no beneficial effect of silymarin (86). One of the issues
with this meta-analysis is that the authors were not able to control for the alcohol intake and
abstinence rates amongst various studies.

ALCOHOLIC HEPATITIS

Unlike alcoholic cirrhosis in which treatment response is complicated by variable degrees of
abstinence and recidivism and long-term treatment is likely to be both necessary and
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difficult to achieve, acute alcoholic hepatitis is a much more attractive target for therapeutic
intervention due to its high short-term mortality and the controlled environment of the
inpatient setting.

Clinical trials

Agents with Antioxidant Effect as the main mechanism of action—Currently
available options for treatment of alcoholic hepatitis are steroids or pentoxifylline (63).
Oxidative stress is a major component in the pathogenesis of alcoholic hepatitis justifying
the use of antioxidants in this clinical situation. In one RCT, supplementation with 1000 mg
of vitamin E on 51 patients with alcoholic hepatitis was unable to improve survival despite
improvement in serum hyaluronic acid levels (87). Use of antioxidants has also been
compared to steroids in 2 studies. Phillips et al. compared prednisone to a cocktail of
antioxidants (treatment duration 4 weeks in both groups). Survival was better in the steroid
group at 1 month but similar at 1 year (88). Recently, Ngyen-Khac and colleagues have
reported beneficial effects of NAC in a randomized controlled trial in patients with alcoholic
hepatitis. Both the groups were treated for 4 weeks. Compared to patients receiving steroids
alone (n=85), patients randomized to receive steroids and intravenous NAC (n=89) had
lower mortality at month 2 (15% vs. 33%; P=0.007) and a lower complication rate at 6
months (19% vs. 42%; P=0.001) (89). In another study, Stewart et al randomized alcoholic
hepatitis patients based on 4 weeks of steroid use to receive either combination of
antioxidants (including NAC) for 6 months or no treatment. The survival at 6 months was
similar in the two groups and was also independent of the prior steroid use (90). However,
this study included only 70 patients and used NAC for a short period of only1 week. If the
encouraging results on the use of NAC are confirmed by further studies, combination of
steroids and NAC may potentially improve outcome of alcoholic hepatitis patients.

In summary, antioxidants have failed to improve the outcome of patients with alcoholic
cirrhosis. N-acetylcysteine as an adjuant to steroids in severe alcoholic hepatitis has shown
some promise. Data require confirmation in further randomized studies prior to routine use
of NAC as an adjuvant to steroids in severe alcoholic hepatitis. Some of the well designed
studies evaluating various antioxidants in patients with alcoholic liver disease are
highlighted in Table 2.

NON ALCOHOLIC FATTY LIVER DISEASE AND NON-ALCOHOLIC
STEATOHEPATITIS

Clinical evidence for oxidative stress

An alteration in energy metabolism and mitochondrial function is central to the pathogenesis
of fatty liver disease and there is considerable evidence demonstrating that oxidative stress is
present in NAFLD. Oxidation of accumulated fatty acids within the mitochondria and other
mechanisms as well lead to generation of ROS and consequent oxidative stress. Lipid
peroxidation and oxidative stress is a second hit and plays a significant role contributing to
the progression of the disease spectrum from NAFLD to NASH (91, 92). Mitochondrial
dysfunction with generation of ROS exists at multiple levels in patients with NASH (93,
94). Patients with NASH have much higher levels of markers of oxidative stress compared
to NAFLD patients(95, 96). Serum markers of lipid peroxidation and oxidative stress are
increased and antioxidant levels (Vitamin E, retinol, and superoxide dismutase) are
decreased in NAFLD patients compared to healthy controls (20, 97-99).
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Pre-clinical evidence of antioxidant efficacy

There are several useful models of NAFLD and NASH in rodents. These include feeding
them with high fat diets and genetic deficiency of leptin, in the ob/ob mice (100-102). The
disease induced in these animal models resembles the human phenotype with an important
component of insulin resistance. Considerable evidence supports the utility of antioxidant
treatment in these rodent models of NASH. Treatment with vitamin E reduced oxidative
stress in young male Sprague-Dawley rats with NASH induced by feeding 100% fat diet for
few weeks (101). Treatment with another antioxidant, NAC protected against NASH in
Sprague Dawley rats with NAFLD induced by high fat diet. Rats treated with NAC had
lower ALT elevation, fibrosis, and oxidative stress (103). In another study, SNAC (S-
nitroso-N Acetylcysteine), an NO donor prevented NASH in rats when given prior to high
fat diet feeding and also reversed NASH when given after 4 weeks of high fat diet and
induction of NASH (104). NAC was also shown to be beneficial in a model of liver
regeneration after hepatectomy and was associated with lowering of oxidative stress markers
and improved antioxidant levels. The benefit was seen only in rats with NAFLD and was not
seen in rats undergoing hepatectomy without NAFLD (100). In another study, however, use
of NAC in Sprague-Dawley rats with NASH induced by 100% fat diet for 6 weeks did not
add to the benefit observed solely by the switching of diet from high fat diet to normal diet
(100). The study highlights the importance of dietary intervention in the management of
NAFLD and NASH.

Clinical trials

Agents with antioxidant effect as the main mechanism of action

Vitamins E and C: Most early studies using vitamin E alone in NASH patients were not
encouraging. Improved oxidative stress with a limited clinical efficacy was shown in one
such study using alpha tocopherol 300 mg/d with improvement in biochemical, radiological,
and histological parameters (105). In a randomized placebo controlled prospective double
blind study, a statistically significant improvement (p=0.02) in fibrosis score was seen using
a combination of 1000 IU of vitamin E and 1000 mg of vitamin C for 6 mo (106). No effect
was seen on the biochemical profile or inflammation on liver histology (106).

More recently, encouraging data on the use of vitamin E alone was obtained from the
PIVENS study (107). In this double blind placebo controlled trial, 247 non diabetic patients
with biopsy proven NASH were randomized to receive pioglitazone 30 mg/d (n=80),
vitamin E 800 1U/d (n=84) or placebo (n=83) (107). With two comparisons, the P value for
significant results was set at 0.025 instead of 0.05. After 96 weeks of treatment, as compared
to placebo, achievement of the primary end-point of treatment (biopsy documented
improvement in NASH activity score with no worsening of fibrosis) was significantly higher
with vitamin E (43% vs. 19%; P=0.001) but not with pioglitazone (34% vs. 19%; P=0.04).
Both the drugs were effective for secondary end points of improvement in liver enzymes,
and reduction in hepatic steatosis and lobular inflammation on biopsy. However, liver
fibrosis did not improve with either of the agents (107). Results from this study are the first
to clearly show the usefulness of vitamin E in the management of NASH patients. The main
strength of this study was relatively long duration of treatment with histology improvement
as the end point.

Weight loss is critical for the management of patients with NAFLD and NASH. Addition of
vitamin E and/or C to management with diet and exercise has been tested in 3 studies. Nobili
et al compared addition of vitamin E (600 1U/d) and vitamin C (500 mg/d) to diet and
exercise with diet and exercise alone in 53 children with NAFLD. At the end of 2 years of
treatment the primary end point of improvement in liver histology and improvement in
secondary end points (liver enzymes, insulin sensitivity indices, and lipid profile) were
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similar in the two groups (Table 3) (108). Similarly, in another pilot study on 16 adults with
biopsy proven NASH, supplementation with 800 1U/d of vitamin E failed to provide
additional benefit on liver enzymes, insulin sensitivity, lipid profile, interlukin-6 cytokine,
and plasma hyaluronic acid levels to what is achieved with diet and exercise alone (109). In
another study on 28 children with pediatric NAFLD, vitamin E supplementation (400 mg/d
x 2 months and then 100 mg/d x 3 months) was effective in reducing fatty liver as detected
on ultrasound examination and reducing liver enzymes for children who were unable to
adhere to diet control. One limitation of this study is the lack of histology before and after
treatment with the diagnosis of NAFLD based on estimation of liver enzymes and
ultrasound examination of the liver (110).

Insulin resistance plays a crucial role in the pathogenesis of NAFLD and NASH. This forms
the basis for the use of insulin sensitizers in the treatment of NASH (111). Antioxidants
have been compared with insulin sensitizers in a few studies. In an open label prospective
study, 110 patients with non diabetic NAFLD were randomized to receive 2 g/d of
metformin (n=55), vitamin E (n=28), or prescriptive weight reducing diet (n=27). All the
patients at the initial screening received nutritional counseling and were advised to walk
daily for at least 30 minutes. At the end of 12 months of treatment, metformin treatment was
superior to vitamin E or prescriptive diet for normalization of liver enzymes (56% vs. 20%;
p=0.0006) and was an independent predictor for normalization of ALT (OR 6 95% ClI: 2-17,
P=0.0011) (112). In another pilot study on 20 patients, the combination of vitamin E and
pioglitazone was superior to vitamin E alone in improving liver biochemical and histological
profile (113). Vitamin E (800 1U/d) has also been tried with in combination with
ursodeoxycholic acid (UDCA) (12-15 mg/kg/d) and was superior to UDCA + placebo in
improving liver enzymes and histology (114). Combination of UDCA and vitamin E (n=14)
has also been shown in an randomized study to reduce hepatocyte apoptosis and restore
adiponectin levels as compared to use of UDCA alone (n=14) or no treatment (n=13) (115).

Recently, use of vitamins E (1000 1U/d) and C (1 g/d) combination as an adjuvant to the
lipid lowering agent atrovastatin (10 mg/d) was studied as part of the St Francis Heart Study
in a double blind placebo controlled RCT on 1,005 men and women aged 50-70 years with
hyperlipidemia (116). The primary end point was efficacy on reduction in the occurrence of
NAFLD (as detected by liver spleen ratio on CT scan) at the end of follow up (mean 3.6
years). A total of 455 patients had pre and post treatment assessment of NAFLD on CT scan.
Amongst 80 patients with NAFLD at baseline, the proportion of patients with NAFLD at the
end of follow up was significantly lower amongst patients receiving combination of
atorvastatin and antioxidants as compared to patients receiving atorvastatin alone (70% vs.
34%; OR 0.29; P<0.001) (116). Only 3 patients in the treatment group developed a rise of
liver enzymes to > 2 x upper limit of normal. Of these, one patient had stabilization of liver
enzymes and another patient normalized them by the end of the follow up. The liver enzyme
levels at the end of follow up were not available for the third patient (116). These data are
promising justifying use of vitamin E and/or C with statins for NAFLD patients and also
confirm the safety of using statins in patients with NAFLD.

N-Acetylcysteine—NAC has been tested in two studies in patients with NASH. Use of
600 mg/d of NAC in an open label prospective randomized study for 4 wks found
improvement in liver enzymes. However, histology was not assessed in this study (Table 3)
(117). Another open label prospective trial was performed on 20 patients with NASH who
were treated with NAC 1.2 g/d and metformin 500 mg/d for 12 months. The study showed
improvement in liver enzymes, insulin resistance, body mass index, and liver histological
findings including steatosis and fibrosis although no effect on ballooning or inflammation
was found (118).
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Agents with antioxidant effect as one of the mechanisms of action—Use of
various herbal drugs as compared to diet and exercise alone in 3 studies in patients with
NASH have shown improvement of biochemical and oxidative stress markers. Two of these
studies are RCTs (119, 120) and one study is retrospective (121). In one study, improved
NASH activity score on liver biopsy (4.4 to 0.5 vs. 4.4 to 2.2) was shown with the use of
vivusid (combination of vitamin C, zinc, glycyrrhizic zcid) (119). In an open label study on
10 NASH patients, use of betaine, a methyl donor for remethylation of homocysteine
showed normalization of biochemical parameters in 50% patients (mean ALT decrease from
147 before treatment to 46 and AST decrease from 94 to 29 1U/I) with improved histology at
1 year (122). Later, two RCTSs evaluating this compound showed improved steatosis and
biochemical markers but no effect on cytokines, oxidative stress markers, or SAMe (123,
124). Similar to SAMe, the primary mechanism of betaine is related to reconstitution of
methylation by serving as a methyl donor and not as an antioxidant.

A systematic review of these studies, including two additional studies using unconventional
antioxidant compounds was recently performed. In this meta analysis, no convincing
evidence either supporting or refuting the use of antioxidants for fatty liver disease was
determined (125). However, latest results on the encouraging effects of vitamin E alone in
non-diabetic NASH patients and along with statins in NAFLD patients are promising.
Further studies with long term use are needed to see whether the use of vitamin E and
antioxidants is associated with improved survival.

ANTIOXIDANTS AS THERAPEUTIC AGENTS FOR LIVER DISEASE:
CURRENT STATUS AND FUTURE PROSPECTS

In spite of the overwhelming evidence supporting the association of oxidative stress with
liver disease (1, 2), the efficacy of antioxidant therapy has been extremely difficult to
demonstrate. Despite numerous examples of efficacy of antioxidants in animal models,
currently, the best clinical evidence in support of antioxidants for liver disease is the use of
vitamin E for NASH. There is no convincing evidence to support use of antioxidants for
Hepatitis C and there is only preliminary or equivocal evidence for alcoholic liver disease.
All this is in spite of numerous examples of efficacy in animal models of these diseases.
Possible reasons for this discrepancy are described below.

Factors related to study design, patient populations and clinical endpoints

Although, most clinical trials on antioxidants in liver diseases are RCTs, they are limited by
small sample size (Tables 1-3). Short duration of treatment and follow up is another limiting
factor as is timing of therapy in relationship to the onset of the disease process. Oxidative
stress occurs early in the course of liver disease and most studies have shown increasing
oxidative stress with the severity of the disease. It is thus possible that a stage is reached in
the evolution of the disease process from which the injury is irreversible. Finally, the clinical
endpoints used in most studies have been short-term changes in ALT or other biochemical
surrogates for liver injury. The recent positive study by Sanyal et al used histology changes
at 2 years as its endpoint and was able to show a significant beneficial effect of vitamin E on
NASH (107). However, it may require more long-term studies using hard clinical outcomes
to establish efficacy without doubt.

Factors related to methodology of measurement of oxidative stress

Failure of the antioxidant drugs to achieve desired clinical endpoints could be because
oxidative stress is not a critical disease pathway or because the administered drug never
actually produced an antioxidant effect in the liver. Most published studies have failed to
document drug delivery and hepatic antioxidant effects. Since it is difficult to measure ROS
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directly, efficacy of antioxidant function generally needs to be made by measuring surrogate
markers in tissue such as oxidized protein derivatives or lipid peroxidation degradation
products such as 4-hydroxynoneal, malonaldehyde or isoprostanes (126, 127). Since blood
measurement of oxidative stress markers may not correlate well with intrahepatic oxidative
stress (95, 127), use of serial liver biopsy in protocol design would be beneficial, but clearly
makes it very difficult to perform large scale trials. With the invasive nature of liver biopsy,
development of better plasma markers to reflect hepatic oxidative stress is an unmet need for
future research.

Variability of antioxidant type and dose

Another important factor to consider when trying to make sense of the antioxidant literature
is the ill defined nature of the term “antioxidant™ itself. A number of commonly used
compounds such as silymarin, betaine, S-adenosylmethionine, and others have multiple
biological effects in addition to their ability to function as antioxidants. One must be
cautious in interpreting the effects of these agents as due solely or even primarily to the
antioxidant nature of the compounds. A related problem is the nonstandard dosing of even
well established antioxidant compounds. Agents such as vitamin E, vitamin C and coenzyme
Q function because they are single electron acceptors. The flip side of this coin is that they
can thus be single electron donors as well. At high concentrations both vitamin C and
coenzyme Q can be pro-oxidants and have potential to cause liver damage (13). High dose
vitamin A is also a prooxidant and vitamin C in high doses has been shown to mediate iron
induced liver damage. This phenomenon may have been a factor in why doses of vitamin E
of > 400 1U/d caused an increase in all cause mortality in a large population based study on
patients with different diseases (128). This cautionary data needs to be considered in optimal
dosing of these agents.

An additional reason for lack of efficacy of vitamin E in clinical studies could be related to
the use of alpha tocopherol in most studies. The term “vitamin E” is collectively used for 8
compounds with different biological effects. The antioxidant efficacy of alpha tocopherol is
much weaker compared to tocotrienols (129). Secondly, most studies have used vitamin E as
an oral preparation which may not always have adequate bioavailability in patients with
liver disease.

In conclusion, antioxidants are a potentially attractive class of therapeutic compounds that
have yet to establish a role for themselves in the treatment of liver disease. From a disease
mechanism standpoint, and from the recent positive trials in NASH and alcoholic hepatitis,
there is reason to hope, but many more studies need to be performed. Future studies need to
be designed eliminating some of the problems of small numbers of patients and lack of
documentation of antioxidant effects, that have been a problem in earlier studies. When
these caveats have been followed, encouraging results have been obtained as demonstrated
in the recent study reported on the use of vitamin E in NASH (107). This provides a new
level of enthusiasm for the possible future of antioxidants in liver diseases.
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Figure 1. Reactive oxygen and nitrogen species effect

On the left the figure schematically represents the major sources of ROS and RNS
production in the liver. The immediate products of these sources, superoxide and nitric
oxide, undergo a series of subsequent reductions and interaction that lead to lipid
peroxidation, formation of disulfides which trigger a number of singnaling events, and
reduction of mitochondrial respiration with a further increase in mitochondrial ROS
production. Antioxidant compounds such as vitamin C and vitamin E can act as free radical
scavengers inhibiting the progression of these pathways.
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