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Based on animal studies and pilot studies in humans, betaine, a methyl donor for the
remethylation of homocysteine, may be a therapeutic agent for nonalcoholic steatohepatitis
(NASH). We evaluated the safety and efficacy of betaine for patients with NASH and whether
betaine positively modified factors postulated to be “second hits” and underlying mecha-
nisms of NASH. We conducted a randomized placebo-control study of 55 patients with
biopsy-proven NASH who received either oral betaine (20 g daily) or placebo for 12 months.
Pre- and posttreatment variables were analyzed using the paired # test or Wilcoxon rank test.
Treatment groups were comparable at baseline. Of the 35 patients (17 betaine, 18 placebo)
who completed the study, 34 patients (16 betaine, 18 placebo) underwent posttreatment
liver biopsy. Patients randomized to betaine had a decrease in steatosis grade. No intra- or
intergroup differences or changes in nonalcoholic fatty liver disease activity score or fibrosis
stage were noted. Elevations of insulin, glucose, and proinflammatory cytokines and the
reduced antioxidant status noted in NASH patients did not improve with betaine therapy.
The antiinflammatory agent adiponectin was significantly reduced in both groups and did
not change with therapy. Lastly, S-adenosylhomocysteine was approximately twice normal
and was not reduced by betaine therapy. Conclusion: Compared to placebo, betaine im-
proved hepatic steatosis and may protect against worsening steatosis. High-dose betaine
supplementation failed to reduce S-adenosylhomocysteine and did not positively affect any
of the second hit mechanisms postulated to contribute to NASH that we studied. Although
betaine has been proven effective in treating hepatic steatosis in several animal models,
translating novel therapeutic options noted in animal studies to humans with NASH will
prove challenging. (HEPATOLOGY 2009;50:1818-1826.)

onalcoholic fatty liver disease (NAFLD) is char-
acterized by excessive accumulation of lipids in
the livers of patients without clinical evidence of
alcohol abuse.! Patients with nonalcoholic steatohepatitis

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransfer-
ase; ER, endoplasmic reticulum; IL-1, interleukin-1; IL-6, interleukin-6; IL-8,
interleukin-8; MCP-1, macrophage chemoattractant protein-1; PAI-1, plasmino-
gen activator inhibitor-1, SAH, s-adenosylhomocysteine; SAM, s-adenosylmethi-
onine; TNFo, tumor necrosis factor.

From the ! Division of Gastroenterology, Hepatology and Nutrition; °Depart-
ment of Pathology; and Department of Pharmacology and Toxicology; “Duke
University, Durham, North Carolina; 3 University of Florida, Gainesville, Florida;
®University of Louisville, Louisville, KY; "the Louisville VA Medical Center; and
8Mayo Clinic, Rochester, Minnesota.

Received February 27, 2009; accepted August 5, 2009.

Address reprint requests to: Manal F. Abdelmalek, M.D., M.P.H., Associate
Professor of Medicine, Section of Hepatobiliary Disease, Diuke University, P.O. Box
3913, Durham, NC 27710. E-mail: manal.abdelmalek@duke.edu; fax: (919)
684-8857.

Copyright © 2009 by the American Association for the Study of Liver Diseases.

Published online in Wiley InterScience (www.interscience.wiley.com).

DOI 10.1002/hep.23239

Potential conflict of interest: Nothing to report.

1818

(NASH), the intermediate stage of NAFLD, are at risk for
fibrosis progression and poor clinical outcomes.>3 Pro-
posed mechanisms for disease progression include im-
paired transmethylation (pathway depicted in Fig. 1),
proinflammatory cytokines, oxidative stress, and insulin
resistance. Despite a proposed role for oxidant stress in the
pathogenesis of NASH, antioxidant approaches have had
mixed results. Animal models of NAFLD have demon-
strated reduced hepatic S-adenosylmethionine (SAM),
the major methyl donor, with increased levels of both
homocysteine and S-adenosylhomocysteine (SAH). Be-
taine (trimethylglycine), originally discovered in the juice
of sugar beets, reduces circulating levels of homocysteine
by facilitating its conversion to methionine, which also
decreases SAH.

Betaine, derived from the oxidation of dietary sources
of choline, is the only known alternative source of methyl
groups for the conversion of homocysteine to methio-
nine. Betaine can also substitute for SAM as a methyl
donor for the direct methylation of phosphatidyletha-
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Fig. 1. Animal models of NASH demonstrate increased intrahepatic
SAH with reduced intrahepatic SAM and betaine.

nolamine. This pathway serves as an alternative route of
phosphatidylcholine formation. From these functions,
betaine is thought to derive its beneficial effects on inter-
mediary metabolism and alleviate defects in the methyl-
ation pathway caused by deficiencies or impaired function
of the folate cycle and vitamin B;,.4 Animal models have
demonstrated that betaine could substitute for choline
and function as an effective dietary methyl donor when
dietary methionine is insufficient.> By demonstrating that
betaine is a substance capable of reducing lipid accumu-
lation in the liver, these experiments established betaine as
a potentially effective lipotropic and attractive pharmaco-
logic agent for the treatment of NAFLD.

In a pilot study of patients with NASH, betaine improved
liver biochemistry and demonstrated an encouraging trend
toward improvement in steatosis, necroinflammation, and
fibrosis after 12 months of treatment.® On this basis, we
hypothesized that betaine supplementation may attenuate
hepatic necroinflammation and show improvement of bio-
chemical parameters in patients with NASH.

We conducted a multicenter, randomized, double-
blind, placebo-controlled trial safety and potential effi-
cacy of 12 months of betaine anhydrous oral powder
(Cystadane, Orphan Europe, Paris, France) 20 g daily
versus placebo on liver biochemistries and the histologic
features of NASH. The primary objective was to deter-
mine whether betaine therapy improved serum amino-
transferases (percent change from baseline to month 12)
and/or quality of life compared to placebo. Treatment
success was defined as improvement by =50% or normal-
ization of serum aminotransferases among individual pa-
tients and absence of treatment-related failure as defined
by the occurrence of death, liver transplantation, the de-
velopment of cirrhotic complications, and discontinua-
tion of betaine for any reason. Secondary efficacy
objectives included tolerance to study medication and a
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change in the composite and individual components of
the histologic features of NASH as defined by Bruntetal.”
The study was approved by the Institutional Review
Board and Ethics Committee.

Patients and Methods

Study Design. This study was an investigator-initi-
ated study sponsored by Orphan Medical (Minnetonka,
MN) between two study sites (Mayo Clinic, Rochester,
MN, and University of Florida, Gainesville, FL). Fifty-
five consecutive patients with biopsy-proven NASH were
enrolled after undergoing a thorough clinical evaluation.
Fasting blood samples were drawn to measure liver bio-
chemistries, plasma glucose levels, lipid profile, and com-
plete blood counts. Liver biochemical parameters (i.e.,
serum alanine aminotransferase [ALT], aspartate amino-
transferase [AST], alkaline phosphatase, total bilirubin,
albumin), prothrombin time, hematologic parameters,
fasting blood glucose, and lipids were measured at base-
line and at the end of the study. ALT and AST were
monitored every 3 months during the study. All women
of child-bearing potential had a negative pregnancy test at
enrollment and agreed to two methods of contraception
while on study drug. Abdominal ultrasound was per-
formed at entry to assess the liver parenchyma and exclude
any complication(s) of chronic liver disease or portal hy-
pertension. Screening for esophageal varices and/or hep-
atocellular carcinoma was performed if a patient had
advanced fibrosis (i.e., fibrosis stage 3-4) on liver biopsy.

Initiation of any form of therapy that may confound
study results (i.e., insulin-sensitizing agents, lipid lower-
ing agents, S-adenosylmethionine, or vitamin E) from
time of liver biopsy to randomization to study drug was
not permitted. All participants were given appropriate
nutritional and weight-loss advice but no additional
weight loss strategies were offered. Subjects were ran-
domly assigned in a 1:1 ratio to receive betaine anhydrous
oral solution or a matching placebo.

The appropriate dose and interval of betaine adminis-
tration have not been established.® For the treatment of
homocystinuria, the usual adult dose is 6 g per day in two
divided doses administered orally; however, doses up to
20 g per day have been utilized to decrease homocysteine
levels in some patients.” We utilized a “top-down” dosing
regimen so that a potential therapeutic benefit of betaine
(if one existed) could be observed. All patients received
anhydrous betaine (Cystadane, Orphan Europe) 20 g
orally or a similar-appearing placebo in two divided doses
per day for 12 months. Patients were contacted by phone
after 2 weeks then monthly thereafter to ascertain adverse
events and compliance. Patients were reevaluated at the
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study site at 6 and 12 months following initiation of study
drug with complete history, physical examination, labo-
ratory studies, and completion of the Short Form 36 (SF-
36) Health Survey. A liver histopathologist at each study
site blinded determined the fibrosis stage for equal ran-
domization of patients with advanced fibrosis between
treatment groups. All pre- and posttreatment biopsies
were reviewed by a single pathologist blinded to drug
randomization, clinical response, and timing of the liver
biopsy.

Inclusion Criteria. Men and women, 18-70 years
old, who satisfied all of the following inclusion criteria
were eligible to participate: 1) histologic features of
NASH, defined as greater than 10% steatosis along with
necroinflammatory changes (NAS score =4) regardless of
fibrosis, within the previous 6 months; 2) elevation of
ALT or AST at least 1.5 times normal on at least two
different occasions within 6 months of enrollment; and 3)
ethanol consumption of <20 g/day for women and <30
g/day for men. We defined aminotransferase elevation
based on National Health and Nutrition Examination
Survey (NHANES) III criteria; for men this corre-
sponded to an AST >37 U/L or ALT >40 U/L, and for
women an AST or ALT >31 U/L.1°

Exclusion Criteria. Subjects were excluded from the
study if any of the following criteria existed: 1) any form
of chronic liver disease other than NAFLD; 2) women
who were pregnant, lactating, or of childbearing potential
and unwilling or unable to use adequate method(s) of
contraception; 3) ALT or AST levels greater than 5 times
the normal; 4) abnormal total bilirubin level or albumin,
prolonged prothrombin time, or platelet count below the
lower limit of normal; 5) serum creatinine level =1.5
mg/dL; 6) creatine kinase level =3 times the normal on
baseline laboratory excluded from further study participa-
tion. Any patient anticipated to need liver transplantation
within 1 year or with a comorbid medical condition(s)
that might preclude successful completion of study was
excluded. Treatment with any drugs known to cause he-
patic steatosis (i.e., corticosteroids, high-dose estrogens,
etc.) was not allowed. Therapy with approved drugs that
may have potential benefit in the treatment of NAFLD
(i.e., vitamin E, betaine, pioglitazone, rosiglitazone, pen-
toxifylline, gemfibrozil) was excluded. Use of metformin
or other insulin-sensitizing agents for the treatment of
diabetes mellitus were allowed only if patients were on
stable doses at the time of inclusion liver biopsy and for
the 6 months prior to study enrollment.

Study drug was discontinued if any of the following
study-specific criteria emerged: 1) ALT or AST values
=10 times normal; 2) symptomatic liver disease, as de-
fined by the development of severe malaise, ascites, jaun-
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dice associated with direct hyperbilirubinemia, or a
Child-Pugh score =5 in subjects with known cirrhosis; 3)
abnormal serum albumin, total bilirubin, and/or prolon-
gation of prothrombin time on two consecutive assess-
ments; or 4) any reason based on the opinion of the
investigator. After the withdrawal of the study drug, all
patients continued study participation, including regu-
larly scheduled visits and laboratory assessments.

Safety Evaluations. Patients were evaluated at the
study center every 3 months and phone communication
was made with each study participant on a monthly basis
to assess compliance with study medication and develop-
ment of any adverse events. The study medication was
decreased by 3-g increments if symptoms of intolerance
(i.e., nausea, vomiting, bloating, etc.) were reported. If a
dose reduction occurred, the patient was maintained on
their maximal tolerated dose of study medication for the
remainder for the study. A statistician, not involved in the
conduct of the study, provided an independent data safety
monitoring committee which met on an interim basis and
made recommendations about study continuation, with
unblinded safety data including incidence of adverse
events and laboratory results during the study.

Methods. Multiple serological tests were performed in
NASH subjects before and after therapy as well asinan 11
member healthy control group at one timepoint. Mem-
bers of the healthy control group had normal liver en-
zymes and no personal history of liver disease, obesity, or
diabetes. Serum levels of SAH and homocysteine were
assayed by the method of Capdevila et al.! using the Axis
Homocysteine Enzyme Immunoassay Kit (Axis-Shield
Diagnostics, Dundee, Scotland). The serum concentra-
tions of SAM were assayed by reverse-phase HPLC by a
modified method of Wang et al.'> Serum methionine lev-
els were measured by the modified method of De Antonis
etal.’?

Serum total antioxidant activity was measured with the
Antioxidant Assay Kit (Cayman Chemical, Ann Arbor,
MI) which evaluates the ability of antioxidants in the
sample to inhibit the oxidation of 2,2"-azino-di-[3-ethyl-
benzthiazoline sulphonate] by metmyoglobin. Serum cy-
tokines and adipokines were determined by multianalyte
chemiluminescent detection using LINOplex Human
Adipokine Panel A and B kits (Millipore, Billerica, MA)
on the Luminex 100 IS system (Austin, TX). Specifically,
tumor necrosis factor o (TNFa), interleukin-1 (IL-1),
interleukin-6 (IL-6), interleukin-8 (IL-8), macrophage
chemoattractant protein-1 (MCP-1), adiponectin, leptin,
insulin, resistin, and total plasminogen activator inhibi-
tor-1 (PAI-1), were measured. Serumcytokeratin-18
whole (M65) and caspase-cleaved fragments (M30) were
measured by enzyme-linked immunosorbent assay
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(ELISA) (diaPharma, Columbus, OH) in healthy con-
trols to further exclude active liver disease.

Statistical Methods. Data from both study sites were
combined for the purpose of analysis. All analyses were
conducted with SAS v. 8.2 or higher (Cary, NC). Statis-
tical analysis was performed using analysis of variance
(ANOVA) and paired 7 tests. A two-sided P-value
of < 0.05 was considered statistically significant.

Sample Size and Power. NAFLD and/or significant
liver disease due to NAFLD may exist with liver enzymes
in the normal range'4 and that liver enzymes fluctuate in
patients with NASH.'> Given the insensitivity of serum
aminotransferases as a measure of treatment response (as
opposed to safety assessment), we elected to use histologic
features of NAFLD as the “gold-standard” endpoint to
define treatment response and to power the sample size
for this study. Stratified randomization was executed in an
attempt to balance each treatment group with respect to
the presence or absence of bridging fibrosis or cirrhosis.
Based on our pilot study,® we anticipated that atleast 50%
of patients randomized to betaine would have an im-
provement (at least 2 points in steatosis, inflammation
grade and/or fibrosis stage) in liver histology compared to
no more than 10% of those patients randomized to pla-
cebo. With 40 patients evaluable, the study would have at
least an 80% power at an a-value of 0.05 (two-tailed) to
detect a significant difference in histology response rate
when betaine was compared to placebo. An enrollment of
46 patients (23 per group) was planned in anticipation of
a 15% dropout rate.

All efficacy analyses were performed on the intent-to-
treat population, which was defined as all randomized
subjects who took at least 1 dose of double-blind medica-
tion and had at least 1 postbaseline measurement. The
safety population was defined as all subjects randomized
who took at least one dose of the study drug.

Endpoints. The primary efficacy endpoint (the per-
centage change from the baseline to month 12 ALT) was
analyzed with a last observation carried forward algorithm
for subjects who withdrew prematurely or missed an in-
termediate efficacy assessment. An analysis of covariance
was used and the primary comparison of interest was the
treatment group of betaine versus the placebo. In cases of
severe nonnormality, nonparametric techniques were em-
ployed to analyze the data. The percentage changes from
the baseline to month 12 in quality of life and histological
endpoints were the secondary endpoints and they were
analyzed with the same analysis of covariance model and
summary statistics specified for the primary endpoint.
The primary safety endpoint was the overall proportion of
subjects with at least one ALT value at least 2 times nor-
mal for those subjects with normal ALT at the baseline or
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a doubling of the baseline ALT for those subjects with
elevated ALT at the baseline (called an ALT event) within
the 12 months of initiating the drug. The chosen bio-
chemical safety endpoint for evaluation of potential drug-
related hepatotoxicity was considered the simplest and
most direct means of detecting a potentially meaningful
difference between the treatment groups, with the clinical
significance of such a difference being addressed with
other parameters, including associated symptoms and
concomitant bilirubin elevations. Descriptive statistics of
ALT wvalues at baseline, at each scheduled visit, and
change from baseline to each scheduled visit were as-
sessed.

Results

Enrollment. During the period between March 2003
and June 2005, 55 subjects were enrolled and randomly
assigned to a treatment (26 betaine, 29 placebo). A drop-
out rate in excess of 15% was noted and enrollment was
increased from 46 subjects (23 per group) to 55 patients
in hopes of achieving the sample size necessary to main-
tain statistical power. Two patients who consented and
were randomized to the placebo arm were subsequently
noted not to meet all study exclusion criteria and were
withdrawn from further study participation by the inves-
tigators. Overall, 17 versus 18 (65.4% versus 62.0%, P =
not significant [NS]) of subjects randomized to betaine
and placebo, respectively, completed the study.

Demographics and Baseline Patient Characteris-
tics. No differences between treatment groups were
noted at baseline (Table 1). Twelve subjects (34%) with
advanced fibrosis or cirrhosis enrolled in the study and
were equally distributed between treatment groups. The
majority of subjects in both groups were white, and the
mean age was 47 years. The mean body mass index (BMI)
was 33.6 kg/m?.

Eighteen patients (33%) had evidence of type 2 diabe-
tes (fasting glucose >126 mg/dL on at least two occa-
sions) and were equally distributed between treatment
groups. All patients with a known diagnosis of diabetes
mellitus were on stable doses of insulin-sensitizing
agent(s) at time of liver biopsy, study enrollment, and
throughout the study period. Thirty-eight patients (69%)
had hypertriglyceridemia (fasting triglyceride =200 mg/
dL), 28 patients (51%) had hypercholesterolemia (fasting
cholesterol >200 mg/dL), and 41 patients (75%) had low
HDL-cholesterol levels (fasting HDL-cholesterol <50
mg/dL for women, <40 mg/dL for men). Twenty-two
patients (40%) had hypertension (systolic blood pressure
=140 and/or diastolic blood pressure =90 mmHg). All
patients requiring oral insulin-sensitizing agents, insulin,
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Table 1. Baseline Characteristics and Laboratory Values
(All Randomized Subjects)

Betaine Placebo
Parameter (n = 27) (n = 28) P-value

Age (years)

Mean (SD) 47.8 (11.4) 45.7 (13.4) P =NS

Range
Gender (n, [%])

Male 12 (44%) 8 (29%) P =NS

Female 15 (56%) 20 (71%)
Race (n, [%])

White 24 (89%) 25 (89%)

Hispanic 2 (7%) 3(11%)

Other 1(4) 0 P=NS
Body mass index (kg/m?)

Mean (SD) 32.4(6.0) 34.7 (5.6) P=NS

Median 314 35.0

Range 26-48.5 19-45
Diabetes mellitus 9 (33%) 9 (32%) P=NS
Use of insulin sensitizing agents 9 (33%) 8 (28%) P=NS
Hyperlipidemia 18 (67%) 20 (71%) P =NS
Hypertension 11 (41%) 11 (39%) P=NS
ALT (U/L)

n 27 27

Mean (SD) 106.3 (59.6) 86.0 (37.6)

Range 36-292 35-156 P=NS
AST (U/L)

n 27 27

Mean (SD) 69.5 (34.8) 65.9 (34.3)

Range 19-151 29-176 P =NS
Alkaline phosphatase (U/L)

n 27 26

Mean (SD) 121.5 (82.3) 117.6 (58.2)

Range 25-311 48-208 P=NS
Total bilirubin (mg/dL)

n 27 27

Mean (SD) 0.78 (0.65) 0.64 (0.43)

Range 0.2-3.0 0.1-2.4 P=NS
Albumin (g/dL)

n 27 24

Mean (SD) 4.4 (0.48) 4.4 (0.26)

Range 3.6-5.2 3.9-5.0 P =NS

lipid lowering agents, and/or angiotensin II converting
enzyme inhibitors for complications of the metabolic syn-
drome of insulin resistance, medications were on stable
doses at the time of liver biopsy prior to randomization.

Eleven healthy controls were used as a comparison
group for assays of methionine metabolism and cytokines.
Healthy controls had a mean age of 44.3 = 11.4 years,
BMI of 24.9 = 4.9, were on no medications, had no
underlying health problems, and were employees of the
University of Louisville. Although members of the con-
trol group did not have liver biopsies, these subjects were
probably free from liver disease on the basis of normal
mean liver enzymes, blood glucose, BMI, and cytokera-
tin-18 levels.

Clinical and Biochemical Results. Interval changes
in serum aminotransferases during treatment at 3, 6, and
9 months and at the end of the study are summarized in
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Table 2. Of those who completed 12 months of therapy
(betaine 17, placebo 18), no changes in weight, BMI, or
serum aminotransferases or lipid or laboratory safety
monitoring parameters (data not shown) were noted (Ta-
ble 2). The proportion of patients who normalized AST
and ALT was also not different between groups (Table 2).

Histology Results. Despite the lack of change in
weight, BMI, or serum aminotransferases, patients ran-
domized to betaine had a decrease in steatosis grade
(—0.41 versus 0.67, P < 0.005) (Table 2). The propor-
tion of patients in the betaine versus placebo group in
whom steatosis improved by =1 grade was 29% versus
61%, P < 0.01; remained unchanged was 71% versus
22%, P < 0.005; and worsened by =1 grade was 0 versus
17%, P = NS (Fig. 2). Any change in steatosis could not
be attributed to patient reports of drug-related nausea or
weight loss during the study. Mean change in NAS score
in betaine versus placebo group was —0.2 % 0.9 versus
—1.0 £ 2.6 (P = NS). In the betaine versus placebo
groups, the NAS score improved by =1 point in 24%
versus 61%, P < 0.05; remained unchanged in 42% ver-
sus 11%, P = NS; and worsened =1 point in 35% versus
28%, P = NS (Fig. 3). A change in fibrosis was not
observed in either treatment group over the course of the
study (data not shown).

Table 2. Mean Changes from Baseline in Patients Who
Completed 12 Months of Therapy

Betaine Placebo
Parameter (n = 17) (n = 18) P-value
A Weight (kg) —-33*+3.1 0.62 =109 0.65
A ALT (U/L) —32.1(35.5) —10.9 (44.5) 0.13
Mean % change (SD) in ALT
3 months n=22 n=20 0.97
—9.7(38.2) —10.1 (31.4)
6 months n=20 n=21 0.46
4.5 (64.8) —7.1(47.1)
9 months n=18 n=19 0.42
5.5 (83.7) —9.7 (45.6)
12 months n=18 n=19 0.13
—20.0 (32.7) —2.7(47.4)
A AST (U/L) —19.8 (27.4) —0.3(44.7) 0.13
Mean % change (SD) in AST
3 months n=22 n=20 0.91
10.1 (22.6) —9.3(25.5)
6 months n=20 n=21 0.52
2.3(38.2) —4.8 (39.1)
9 months n=18 n=19 1.0
—4.5(29.9) —4.4(40.3)
12 months n=18 n=19 0.15
—12.6 (24.4) —1.7 (43.5)
% Normalization of AST 8 (47%) 6 (33%) 0.50
% Normalization of ALT 5(29%) 5(27%) 0.72
A in Steatosis grade (SD) —0.4(0.71) 0.7 (1.24) 0.46
A in NAS score (SD) —-0.2 (1.7) —1.0(2.6) 0.28
A in Lobular inflammation (SD) 0.12 (0.86) 0.28 (1.23) 0.28
A in Hepatocyte ballooning (SD) 0.35(0.70) 0.0 (0.91) 0.21
A in Fibrosis stage (SD) 0.2 (0.9) 0.4 (1.6) 0.54
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Fig. 2. In the betaine versus placebo group, a significant proportion

of patients treated with betaine had no change in hepatic steatosis (71%
versus 22%, P < 0.01) over the 1-year study period. However, more
patients treated with betaine compared with placebo (71 versus 22%,
P < 0.005) had no change in hepatic steatosis over the duration of the
study. (*P < 0.01; **P < 0.005).

Short-form Health Survey Results. Twenty-four
subjects (11 betaine, 13 placebo) completed and returned
the SF-36 (Medical Outcomes Trust, Boston, MA) at
baseline and after their participation in the study. In re-
sponse to the specific question “Compared to one year ago,
how would you rate your health in general now?,” there
was no difference between treatment groups in reporting
an improvement, decrease, or no change in perceived
physical, mental, and/or general health status.

Safety Results. No clinically apparent hepatotoxicity
(ALT or AST =3X baseline value) rise in total bilirubin
value of 2X normal, or severe adverse events was reported
in either treatment group. The overall incidence of gas-
trointestinal adverse events (i.e., nausea, vomiting, ab-
dominal bloating, and/or diarrhea) in those treated with
betaine was 33% versus 9%, in those treated with placebo,
P < 0.05. A comparable number of patients in each treat-
ment arm were either noncompliant with study drug
and/or voluntarily withdrew their participation. Eighteen
subjects (nine in each group) voluntarily withdrew con-
sent for adverse effects, noncompliance, and the “incon-
venience” of taking study drug, or inability to continue
study participation.

Transmethylation Pathway and Serum Antioxi-
dant Status. Serum levels of methionine, SAM, SAH,
and homocysteine were measured at baseline and after
treatment in NASH subjects as well as in 11 healthy con-
trols (Table 3). Because betaine could potentially affect
serum antioxidant status, total serum antioxidant activity
was also measured. At baseline, subjects with NASH had
a significantly higher mean SAH level and a significantly
lower mean serum antioxidant activity than healthy con-
trols. Serum levels of methionine, SAM, and homocys-
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teine were not different between the NASH subjects and
the healthy controls at baseline. Betaine therapy signifi-
cantly increased serum levels of methionine and SAM but
did not affect SAH, homocysteine, or antioxidant activ-
ity. No changes were seen with placebo therapy.

Serum Cytokines and Adipokines. Serum levels of
TNFa, IL-6, IL-8, MCP-1, insulin, adiponectin, and lep-
tin were measured at baseline and after treatment in
NASH subjects as well as in healthy controls (Table 4). At
baseline, NASH subjects had increased mean serum insu-
lin and leptin but decreased adiponectin compared to
healthy controls. No differences were seen between
NASH subjects at baseline and healthy controls in serum
levels of TNFa, IL-6, IL-8, or MCP-1. However, there
was a trend toward increased IL-8 in NASH subjects at
baseline compared to healthy controls (2 = 0.071). Nei-
ther betaine nor placebo treatment affected serum levels
of any of these cytokines. Likewise, no differences were
seen in mean serum IL-1, resistin, or total PAI-1 at base-
line in the NASH subjects (versus healthy controls) or
after either betaine or placebo treatment (data not
shown).

Discussion

Several mechanisms have been proposed in the patho-
genesis of NASH, including oxidative stress, endotoxins,
cytokines, chemokines, and nutritional deficiencies. In-
creasing evidence suggests that altered methionine/folate
metabolism contributes to the development of hepatic
steatosis.!® Betaine, an important human nutrient ob-
tained from a variety of foods, is absorbed from the intes-
tine and transported to the liver. In the liver, betaine
serves as a methyl donor to homocysteine to form methi-
onine, resulting in decreased concentrations of homocys-
teine and increased concentrations of methionine. The

70

* O Betaine
O Placebo

50

40

30

20—

Proportion of Patients

-1 0 1
Change in NAS Score

Fig. 3. Significantly fewer patients treated with betaine versus pla-
cebo (24% versus 61%, P < 0.05) improved the NAS score by =1 point;
however, the proportion of patients with either no change or worsening
NAS score was no different between groups (P = NS) (*P < 0.05).
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Table 3. Transmethylation Pathway and Antioxidant Status
Betaine Betaine Placebo Placebo
Analyte Healthy Controls NASH Baseline Pretreatment Posttreatment Pretreatment Posttreatment
Methionine (umol) 18.8 (6.60) 22.1(9.92) 19.2 (9.10) 29.0 (20.0)§ 24.6 (10.2) 30.8 (15.1)
SAM (umol) 0.0741 (0.0395) 0.129 (0.0905) 0.122 (0.0596) 0.211 (0.155)§ 0.135(0.116) 0.209 (0.227)
SAH (nmol) 33.8(11.5) 60.4 (28.1)* 63.4 (28.4) 59.6 (16.2) 57.7 (28.4) 66.5 (35.5)
Homocysteine (umol) 11.5(3.58) 10.6 (3.12) 11.5 (3.05) 10.8 (2.02) 9.90 (3.08) 10.1 (3.73)
Antioxidants (mmol) 4.12 (0.267) 0.893 (0.409)* 0.735 (0.446) 0.703 (0.324) 1.02 (0.339)t 0.988 (0.295)%

*P<0.05 for Healthy Controls vs. NASH Baseline.

1tP<<0.05 for Betaine Pretreatment vs. Placebo Pretreatment.
$P<<0.05 for Betaine Posttreatment vs. Placebo Posttreatment.
§P<<0.05 for Betaine Pretreatment vs. Betaine Posttreatment.
P<0.05 for Placebo Pretreatment vs. Placebo Posttreatment.

consequent increase in SAM can trigger a cascade of
events leading to activation of phosphatidylethanolamine
methyltransferase pathway phosphatidylcholine synthe-
sis, formation of very low density lipoprotein, export of
triacylglycerol, and attenuation of fatty liver.'7-'® De-
creased hepatic concentrations of homocysteine can at-
tenuate endoplasmic reticulum (ER) stress, resulting in
the down-regulation of proapoptotic genes and, thus, the
attenuation of apoptosis, inflammation, and fibrosis.?°
Down-regulation of another ER stress gene, sterol re-
sponse element binding protein-1, can reduce hepatic
fatty acid synthesis, which may result in reduced fatty
liver. Increased hepatic concentrations of SAM can acti-
vate cystathionine (3-synthase and lead to the up-regula-
tion of the transsulfuration pathway, increased synthesis
of glutathione, and attenuation of oxidative stress.?!
Thus, betaine can potentially attenuate fatty liver disease
by improving steatosis, inflammation, and fibrosis.
Although not extensively studied for NASH, betaine
has been shown to attenuate alcoholic liver injury by in-
creasing the concentrations of hepatic SAM and decreas-
ing the concentrations of homocysteine and SAH in
animal studies.?! By increasing hepatic SAM levels, be-
taine may provide protection against liver injuries by: 1)
increasing hepatic glutathione, a potent antioxidant; 2)
down-regulating TNF-a and up-regulating IL-10 synthe-
sis; and 3) by inhibiting the apoptosis of normal hepato-

cytes. An increase in hepatic SAM can restore the hepatic
mitochondrial glutathione concentration,?? which is crit-
ical for maintaining mitochondrial function and rescuing
of mitochondria from free radical damage. In addition to
protecting hepatocytes from oxidative stress, elevated glu-
tathione concentrations have been shown to rescue hepa-
tocytes from TNF-« toxicity, such as necrosis.??

Previous uncontrolled pilot studies could neither sup-
port nor refute the use of betaine for NAFLD. In a short-
term prospective, randomized, double-blind therapeutic
trial (n = 191 patients), oral administration of betaine
glucuronate for 8 weeks reduced hepatic steatosis by 25%,
reduced hepatomegaly by 8%, and significantly attenu-
ated the hepatic concentrations of AST, ALT, and y-glu-
tamyltransferase in patients with NASH.?4 In a small pilot
study, 1 year of betaine therapy improved AST (2 < 0.02)
and ALT (P < 0.007) as well as the degree of steatosis,
necroinflammatory grade, and fibrosis stage.® In an ongo-
ing study of NASH patients, betaine treatment attenu-
ated ALT concentrations and improved the grades of
steatosis, inflammation, and fibrosis.2>

Data from this suggest that betaine at 20 g daily, al-
though generally well tolerated, is not of value as a sole
agent in the treatment of patients with NASH. Gastroin-
testinal side effects, which were unacceptable for patients
with an otherwise asymptomatic condition, resulted in
drug discontinuation for several subjects. These side ef-

Table 4. Serum Cytokines and Adipokines

Healthy NASH Betaine Betaine Placebo Placebo

Analyte Controls Baseline Pretreatment Posttreatment Pretreatment Posttreatment
Insulin (pg/mL) 385.0 (201) 1801 (3429)* 1441 (1493) 1145 (755) 2085 (4450) 1101 (1829)
Adiponectin (ug/mL) 67.6 (62.2) 25.0 (25.2)* 18.8 (10.1) 16.5 (6.63) 31.1(33.6) 32.2 (36.6)
Leptin (ng/mL) 11.9 (9.62) 31.3(22.7)* 22.5(19.8) 22.6 (18.9) 38.1(23.2) 33.3(21.2)
TNFa (pg/mL) 4.48 (1.78) 3.95(2.02) 4.04 (2.51) 4.75 (3.35) 3.88 (1.63) 3.97 (2.66)
IL-6 (pg/mL) 1.44 (1.59) 6.27 (10.4) 3.46 (4.70) 1.81(1.63) 8.48 (13.0) 7.06 (12.7)
IL-8 (pg/mL) 3.15(2.34) 6.27 (5.05) 6.79 (6.01) 9.12 (8.55) 5.87 (4.34) 9.07 (11.2)
MCP-1 (pg/mL) 276 (121) 270 (100) 293 (125) 325 (138) 252 (75.2) 237 (80.5)

*P<0.05 for healthy controls vs. NASH baseline.

No significant differences were noted for betaine pre- and/or posttreatment vs. placebo pre- and/or posttreatment.
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fects, as well as the inconvenience of taking a medication
that necessitates suspension in solution, contributed to
increased patient dropout and voluntary study with-
drawal. However, of those patients who were able to tol-
erate the study medication and complete study
participation, the use of betaine did not appear to impact
quality of life measures.

Betaine did not improve liver enzymes or histology
when compared with placebo. The lack of observed
change in serum aminotransferases noted in our study
could suggest that a change, if present, is transient and/or
that serum aminotransferases fluctuate and are insensitive
clinical endpoints of disease activity. Although betaine led
to an improvement in serum aminotransferase levels as
well as some histological features, which is in agreement
with results of the uncontrolled pilot study,® a more sig-
nificant improvement in hepatic steatosis as well as the
NAS score was seen in the placebo group. Without a
placebo (control) group, we would have wrongly con-
cluded that betaine therapy can be associated with bio-
chemical and histologic improvement in patients with
NASH. The spontaneous biochemical and histologic im-
provements in the placebo group further emphasize the
importance of including a control group in all future
treatment studies of NASH. Given the dynamic nature of
hepatic steatosis as well the potential influence of both
dietary and physical activity on liver enzymes and histo-
logic endpoints, future studies should rigorously evaluate
such confounding variables which may contribute to im-
provement in disease endpoints in the placebo group.

Although serum SAH was elevated at baseline in sub-
jects with NASH compared to healthy controls, no differ-
ences were seen in serum homocysteine, betaine, or SAM
levels. Betaine treatment failed to significantly decrease
serum homocysteine or SAH levels, but it did increase
serum SAM levels. In animal models of NAFLD, betaine
significantly attenuates hepatic steatosis and is associated
with increases in SAM, methionine, SAH, homocysteine,
and antioxidant activity. However, in humans, alternative
metabolic and signaling pathways which influence SAH,
homocysteine, and antioxidant activity may exist. For ex-
ample, increased activation of hepatic AMP-activated
protein kinase (AMPK) and attenuated lipogenic capabil-
ity (enzyme activity and gene expression) in the liver may
influence the downstream effect of betaine supplementa-
tion,¢ factors that may be influenced by different envi-
ronmental and/or genetic factors among individuals.

Betaine treatment failed to improve the reduced serum
antioxidant status and failed to attenuate the insulin re-
sistance and adiponectin reduction in these subjects with
NASH. Most proinflammatory cytokines typically ele-
vated in NASH were normal in these subjects at baseline
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and were unchanged by betaine. The normal levels of
proinflammatory cytokines may have been attributable to
more quiescent degrees of necroinflammation and/or
more advanced fibrosis in our study group. It is unknown
if betaine is effective at other doses, or in subjects with
elevated baseline homocysteine, more inflammation, or
less liver fibrosis.

A few limitations in the study exist. First, detailed di-
etary and exercise diaries were not obtained over the
course of the study. Second, it is unknown if the chosen
dose of betaine was physiologically effective and/or if
lower doses would have been better tolerated and thus
more effective. Third, we did not specifically enroll pa-
tient with NASH who had elevated baseline homocys-
teine levels. Fourth, although the healthy control
population used for measurement of methionine metab-
olism and cytokines lacked a known diagnosis of chronic
liver disease, had normal liver enzymes, and were not
obese, no diagnostic studies were performed to ensure the
absence of hepatic steatosis. Fifth, the significant propor-
tion of patients in this study with advanced fibrosis (i.e.,
stage 3-4 fibrosis) may have limited our ability to detect a
treatment response if one was present. Lastly, due to in-
creased dropout, the number of evaluable patients fell
short of the calculated sample size necessary to detect a
difference between groups. Therefore, the decreased
number of evaluable patients at the end of the study raises
a concern that our study may lack adequate power to
detect a difference in response to treatment with betaine
(or placebo). Any future clinical studies utilizing betaine
must take into consideration several important factors
such as number of patients, dose and duration of treat-
ment, degree of disease severity, and bioavailability of
compounds in their design.

References

1. Angulo P. Treatment of nonalcoholic fatty liver disease. Ann Hepatol
2002;1:12-19.

2. Bugianesi E, Leone N, Vanni E, Marchesini G, Brunello F, Carucci P, etal.
Expanding the natural history of nonalcoholic steatohepatitis: from cryp-
togenic cirrhosis to hepatocellular carcinoma. Gastroenterology 2002;123:
134-140.

3. Charlton M, Kasparova P, Weston S, Lindor K, Maor-Kendler Y, Wiesner
RH, et al. Frequency of nonalcoholic steatohepatitis as a cause of advanced
liver disease. Liver Transpl 2001;7:608-614.

4. Barak AJ, Tuma D]J. Betaine, metabolic by-product or vital methylating
agent? Life Sci 1983;32:771-774.

5. [No authors listed.] Alleviation of dietary cirrhosis by betaine and other
lipotropic agents. Nutr Rev 1969;27:269-271.

6. Abdelmalek MF, Angulo P, Jorgensen RA, Sylvestre PB, Lindor KD. Be-
taine, a promising new agent for patients with nonalcoholic steatohepatitis:
results of a pilot study. Am ] Gastroenterol 2001;96:2711-2717.

7. Brunt EM, Janney CG, Di Bisceglic AM, Neuschwander-Tetri BA, Bacon
BR. Nonalcoholic steatohepatitis: a proposal for grading and staging the
histological lesions. Am ] Gastroenterol 1999;94:2467-2474.



1826

10.

11.

12.

13.

14.

15.

16.

17.

18.

ABDELMALEK ET AL.

. Sakura N, Ono H, Nomura S, Ueda H, Fujita N. Betaine dose and treat-

ment intervals in therapy for homocystinuria due to 5,10-methylenetetra-
hydrofolate reductase deficiency. ] Inherit Metab Dis 1998;21:84-85.

. Food and Drug Administration. Cystadane Product Information. www.

fda.gov/medwatch/SAFETY/2006/Feb_PI/Cystadane_PI.pdf 2006.
Anonymous. Plan and Operation of the Third National Health and Nu-
trition Examination Survey. Washington, DC: National Center for Health
Statistics; 1994.

Capdevila A, Burk RF, Freedman J, Frantzen F, Altheim I, Wagner C. A
simple rapid immunoassay for S-adenosylhomocysteine in plasma. ] Nutr
Biochem 2007;18:827-831.

Wang W, Kramer PM, Yang S, Pereira MA, Tao L. Reversed-phase high-
performance liquid chromatography procedure for the simultaneous de-
termination of S-adenosyl-L-methionine and S-adenosyl-L-homocysteine
in mouse liver and the effect of methionine on their concentrations.
J Chromatogr B Biomed Sci Appl 2001;762:59-65.

De Antonis KM, Brown PR, Cohen SA. High-performance liquid chromato-
graphic analysis of synthetic peptides using derivatization with 6-aminoquin-
olyl-N-hydroxysuccinimidyl carbamate. Anal Biochem 1994;223:191-197.
Browning JD, Szczepaniak LS, Dobbins R, Nuremberg P, Horton JD,
Cohen JC, et al. Prevalence of hepatic steatosis in an urban population in
the United States: impact of ethnicity. HEPATOLOGY 2004;40:1387-1395.
Ipekei SH, Basaranoglu M, Sonsuz A. The fluctuation of serum levels of
aminotransferase in patients with nonalcoholic steatohepatitis. ] Clin Gas-
troenterol 2003;36:371.

Halsted CH, Villanueva JA, Devlin AM. Folate deficiency, methionine
metabolism, and alcoholic liver disease. Alcohol 2002;27:169-172.

Barak AJ, Beckenhauer HC, Junnila M, Tuma DJ. Dietary betaine pro-
motes generation of hepatic S-adenosylmethionine and protects the liver
from ethanol-induced fatty infiltration. Alcohol Clin Exp Res 1993;17:
552-555.

Zhu X, Song J, Mar MH, Edwards L], Zeisel SH. Phosphatidyletha-
nolamine N-methyltransferase (PEMT) knockout mice have hepatic ste-

19.

20.

21.

22.

23.

24.

25.

26.

HEPATOLOGY, December 2009

atosis and abnormal hepatic choline metabolite concentrations despite
ingesting a recommended dietary intake of choline. Biochem ] 2003;370:
987-993.

Kharbanda KK, Mailliard ME, Baldwin CR, Beckenhauer HC, Sorrell
MF, Tuma DJ. Betaine attenuates alcoholic steatosis by restoring phos-
phatidylcholine generation via the phosphatidylethanolamine methyl-
transferase pathway. ] Hepatol 2007;46:314-321.

Ji C, Kaplowitz N. Betaine decreases hyperhomocysteinemia, endoplasmic
reticulum stress, and liver injury in alcohol-fed mice. Gastroenterology
2003;124:1488-1499.

Barak AJ, Beckenhauer HC, Mailliard ME, Kharbanda KK, Tuma DJ.
Betaine lowers elevated s-adenosylhomocysteine levels in hepatocytes from
ethanol-fed rats. ] Nutr 2003;133:2845-2848.

Garcia-Ruiz C, Morales A, Colell A, Ballesta A, Rodes J, Kaplowitz N, etal.
Feeding S-adenosyl-L-methionine attenuates both ethanol-induced deple-
tion of mitochondrial glutathione and mitochondrial dysfunction in peri-
portal and perivenous rat hepatocytes. HEPATOLOGY 1995;21:207-214.
Colell A, Garcia-Ruiz C, Miranda M, Ardite E, Mari M, Morales A, et al.
Selective glutathione depletion of mitochondria by ethanol sensitizes hepa-
tocytes to tumor necrosis factor. Gastroenterology 1998;115:1541-1551.
Miglio F, Rovati LC, Santoro A, Setnikar I. Efficacy and safety of oral
betaine glucuronate in non-alcoholic steatohepatitis. A double-blind, ran-
domized, parallel-group, placebo-controlled prospective clinical study. Arz-
neimittelforschung 2000;50:722-727.

Mukherjee S, Tamara B, Schafer D, Barak A, Sorrell M, Tuma D. Impact
of betaine on hepatic fibrosis and homocysteine in nonalcoholic steato-
hepatitis—a prospective cohort study. HEPATOLOGY 2005;42(suppl 1):
610A.

Song Z, Deaciuc I, Zhou Z, Song M, Chen T, Hill D, et al. Involvement
of AMP-activated protein kinase in beneficial effects of betaine on high-
sucrose diet-induced hepatic steatosis. Am ] Physiol Gastrointest Liver

Physiol 2007;293:G894-902.



