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An integrative genomic analysis identifies Bhmt2
as a diet-dependent genetic factor protecting
against acetaminophen-induced liver toxicity
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Acetaminophen-induced liver toxicity is the most frequent precipitating cause of acute liver failure and liver transplant,
but contemporary medical practice has mainly focused on patient management after a liver injury has been induced. An
integrative genetic, transcriptional, and two-dimensional NMR-based metabolomic analysis performed using multiple
inbred mouse strains, along with knowledge-based filtering of these data, identified betaine-homocysteine methyl-
transferase 2 (Bhmt2) as a diet-dependent genetic factor that affected susceptibility to acetaminophen-induced liver toxicity
in mice. Through an effect on methionine and glutathione biosynthesis, Bhmt2 could utilize its substrate (S-methyl-
methionine [SMM]) to confer protection against acetaminophen-induced injury in vivo. Since SMM is only synthesized in
plants, Bhmt2 exerts its beneficial effect in a diet-dependent manner. Identification of Bhmt2 and the affected biosynthetic
pathway demonstrates how a novel method of integrative genomic analysis in mice can provide a unique and clinically
applicable approach to a major public health problem.

[Supplemental material is available online at http://www.genome.org. The microarray data from this study have
been submitted to the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) under accession no.
GSE17649.]

Acetaminophen (APAP) is the most widely used analgesic in the

United States; it is a safe and effective drug when administered

appropriately. However, an acute overdose causes liver damage by

inducing localized centrilobular cell death (Bessems and Vermeulen

2001; James et al. 2003). Because of its widespread use and low

therapeutic index, APAP toxicity has become the most frequent

cause of acute liver failure (Perkins 2006). APAP is primarily me-

tabolized by sulfation and glucuronidation; the resulting conju-

gates (APAP-Glu or APAP-Sul) are excreted in urine and bile (Chen

et al. 2003). However, cytochrome P450 (CYP450) enzymes oxidize

a small portion of APAP to a reactive quinone metabolite (N-acetyl-

p-benzoquinone imine, NAPQI), which covalently binds to cyste-

ine residues in more than 50 different cellular proteins. These ad-

ducts are believed to interfere with critical cellular functions,

leading to cell death and cell lysis (James et al. 2003). These in turn

would induce immunological responses that are important in

shaping the final outcome (Masson et al. 2008; Harrill et al. 2009;

Masubuchi et al. 2009). At therapeutic doses, the reactive quinone

metabolite can be efficiently detoxified by conjugation to gluta-

thione (GSH), which plays a major role in detoxifying many

hepatotoxic drugs (Meister and Anderson 1983). However, after

a toxic dose of APAP, hepatic glutathione can be depleted by as

much as 90%, enabling the reactive intermediates to form adducts

with cellular proteins, which leads to hepatic cell death (James

et al. 2003). N-acetylcysteine has been shown to be the most ef-

fective antidote when administered to patients with severe and

ongoing APAP poisoning; and it has been shown to act via GSH

repletion (Chun et al. 2009). Thus, maintaining hepatic GSH levels

at an early stage is critical for limiting APAP-induced liver toxicity.

Many factors have been associated with susceptibility to APAP-

induced liver injury, including: factors affecting metabolic activation

or GSH-mediated detoxification (Bai and Cederbaum 2004; Guo

et al. 2004; Jia et al. 2005; Welch et al. 2005), the immune response

and cytokine production (Hogaboam et al. 2000; Ishida et al. 2002,

2004; Liu et al. 2004), or enzymes regulating apoptosis (Limaye et al.

2003, 2006; Bhave et al. 2008). Global analyses of APAP-induced

changes in gene expression (Reilly et al. 2001) or cellular proteins

(Qiu et al. 1998; Ruepp et al. 2002; Welch et al. 2005) have also

identified a vast array of other potential mediators. Unfortunately,

none of these factors have been actually enabled strategies that could

be proactively used to prevent APAP-induced liver injury.
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To better characterize genetic factors affecting susceptibil-

ity to APAP-induced liver toxicity, we performed an integrated

genetic, transcriptional, and metabolomic analyses using a panel

of inbred mouse strains. Two-dimensional (2D) NMR-based

metabolomic analysis was used to characterize changes in endog-

enous hepatic metabolites in susceptible and resistant mouse

strains, and APAP-induced changes in hepatic gene expression

were simultaneously measured using microarrays. The transcrip-

tional and metabolomic data were jointly analyzed, and functional

information within the Gene Ontology database was used to

identify a subset of genes that could affect susceptibility to APAP-

induced liver injury. These results indicate that multiple genetic

loci and an interacting network of metabolic factors affect sus-

ceptibility to APAP-induced liver injury, and that genetic variation

altering BHMT2 enzyme activity was one of the genetic suscepti-

bility factors. Its substrate (S-methylmethionine [SMM]) provided

strain-dependent protection against APAP-induced liver injury in

vivo. Since SMM is synthesized only in plants that are eaten by

mammals (Mudd and Datko 1990), Bhmt2 belongs to a new class of

host factors with a diet-dependent effect on susceptibility to APAP-

induced liver injury.

Results

Differential susceptibility to APAP-induced hepatotoxicity

The susceptibility of 16 inbred mouse strains to the liver toxic effect

of APAP was assessed by measuring the serum alanine aminotrans-

ferase (ALT) activity after a single administration of (300 mg/kg i.p.)

APAP. This dose was previously shown to cause liver toxicity in mice

(Welch et al. 2005). Significant liver injury developed at 6 h in all

strains, except SJL/J (Fig. 1A). The resistant phenotype of SJL/J mice

is consistent with an earlier report (Welch et al. 2005).

We then performed a detailed analysis of the hepatic response

to APAP toxicity in the resistant (SJL/J) and in thrill sensi-

tive (C57BL/6J, DBA/2J, and SM/J) strains. The serum ALT level,

veterinarian-determined moribund status, and hepatic histopa-

thology were all used as indices of toxicity. Six hours after APAP

treatment, all three sensitive strains had significantly elevated se-

rum ALT levels. Within 48 h, >60% of the mice from the three

sensitive strains were in a moribund state, while all SJL/J mice

survived (Fig. 1B). Although the magnitude of the serum ALT ele-

vations varied among different experiments, C57BL/6J was re-

producibly the most susceptible strain, as evidenced by the fact

that all were moribund by 6 h after dosing. Veterinarians that were

blinded as to whether APAP or vehicle was administered periodi-

cally assessed morbidity according to predetermined criteria dur-

ing this experiment, and moribund mice were euthanized as re-

quired by the animal protocol. Liver histology was consistent with

the biochemical and morbidity data. SJL/J mice had relatively

minor drug-induced liver injury, while there was extensive cen-

trilobular necrosis in livers obtained from the three sensitive

strains (Fig. 1C,D; data not shown).

Metabolomic and pharmacokinetic analyses

Our previously published method for 1H-13C 2D NMR (Zheng et al.

2007) analysis was used to compare the metabolomic changes in

livers obtained from the three sensitive (C57BL/6J, DBA/2J, SM/J)

strains with those in the resistant (SJL/J) strain at 0, 3, and 6 h after

APAP exposure. Principal component analysis (Duda et al. 2001)

indicated that the metabolite profiles obtained 3 h after drug

treatment differentiated the resistant SJL/J mice from the three

sensitive strains (Supplemental Fig. 1; Supplemental Table 2). Four

endogenous metabolites (GSH, alanine, lactate, and betaine) had

a unique abundance pattern in the resistant strain, which were

qualitatively and quantitatively distinct from those in the three

sensitive strains (Fig. 2A). It was of particular interest that SJL/J

mice uniquely maintained their hepatic GSH level 3 h after APAP

administration, while C57BL/6J mice, which had the highest

morbidity, had the most sustained decrease in hepatic GSH.

Therefore, this unbiased metabolomic analysis indicates that he-

patic GSH abundance was one factor that distinguished the re-

sistant SJL/J strain from the susceptible strains.

The resistant phenotype of SJL/J mice could be due to an in-

ability to produce reactive NAPQI metabolites. To investigate this

possibility, the amount of APAP and five major metabolites in bile,

plasma, urine, and liver at 1 and 2 h after APAP administration

were measured in a susceptible (B10.D2) and a resistant (SJL/J)

strain (Fig. 2A; Supplemental Table 1). At 1 h, there were no sig-

nificant differences in any drug metabolites in bile or urine; and

the serum levels of the metabolites were comparably low in both

strains (Fig. 2B; Supplemental Table 1). These findings suggest that

APAP was similarly biotransformed and excreted in SJL/J and

B10.D2 mice in the early phase. Alterations in the biliary con-

centrations of APAP metabolites have been used to identify dif-

ferences in APAP biotransformation (Dai et al. 2006). The biliary

concentrations of APAP-GSH and APAP-Cysteine (APAP-CYS) in

Figure 1. Acetaminophen (APAP)-induced hepatotoxicity in inbred
mouse strains. (A) Serum alanine aminotransferase (ALT) activity was mea-
sured 6 h after 16 inbred mouse strains were treated with 300 i.p. mg/kg
APAP. The bars represent the average 6 SD for N = 5 mice per group. SJL/J
mice were resistant to APAP-induced toxicity, while all other strains de-
veloped significant toxicity. (B) Serum ALT (left) and the percentage of
moribund mice (right) were measured at the indicated times after APAP
treatment in four inbred strains. Veterinarians that were blinded to
whether the mice received drug or placebo determined when mice were
moribund. The ALT measurements are the average 6 SE (N = 7 mice per
group); and the percentage of moribund mice was determined from
analyses of 10 mice. (C,D) Hematoxylin and eosin staining of liver tissue
from SJL/J and C57BL/6J mice at 0 and 6 h after APAP treatment are shown
at 1003 and 4003 magnifications, respectively.
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B10.D2 mice decreased ;10-fold and increased approximately five-

fold, respectively, at the 2-h time point. Though both strains have

similar initial patterns of APAP biotransformation, the susceptible

strain had less ability to maintain hepatic GSH at a later time.

Transcriptional and genetic analyses

Gene expression changes occurring within these liver samples

were simultaneously analyzed using microarrays. Within any one

of these strains, there were a very large number of gene expression

changes. By cross comparison, the resistant strain had 224 genes with

an expression pattern that significantly differed (fold-change > 2 and

P-value < 0.01) from that in the three sensitive strains at 3 h after

APAP exposure (Supplemental Table 3A). Even this was too large

a number of genes to analyze, so we utilized the functional an-

notations within the Gene Ontology database (http://www.

geneontology.org) to perform knowledge-based filtering of the 224

genes with an SJL/J-unique expression pattern. Only 20 of these

genes were functionally annotated in the Gene Ontology database

as being involved in metabolism. Moreover, only three genes

(Pdk4, G6pc, and Bhmt2) were within pathways that affected the 4

endogenous metabolites identified by the metabolomic analyses

(Table 1). Their expression pattern was confirmed by RT-PCR

analyses (Supplemental Table 3B).

The pattern of genetic variation within the three differentially

expressed genes identified by this integrative analysis was analyzed

in 16 strains. None of the 49 single nucleotide polymorphisms

(SNPs) within the Pdk4 gene altered its amino acid sequence, and

45 SNPs were only present in the SM/J strain. Since 14 sensitive

strains and the resistant (SJL/J) strain had a similar pattern of ge-

netic variation within the Pdk4 gene, we did not further pursue

this gene candidate. In contrast, SNPs within G6pc (Ser291Leu,

Ser292Leu) and Bhmt2 (Gly27Ser, Gly28Ser, Gln133Arg) induce

multiple nonconserved amino acid substitutions. Furthermore,

the pattern of genetic variation within the Bhmt2 (22 SNPs) and

G6pc (11 SNPs) genes is organized into three distinct haplotypes

among the 16 strains analyzed (Fig. 3). SJL/J mice share the

Gly27Gly28Arg133 Bhmt2 haplotype with nine strains (129S1/

SvImJ, C3H/HeJ, NZB/BINJ, DBA/2J, LP/J, AKR/J, BALB/cJ, NZW/

LacJ, and SM/J) that are sensitive to APAP-induced liver damage.

SJL/J mice share the Ser291Ser292 G6pc haplotype with 11 other

strains (A/J, A/HeJ, AKR/J, B10.D2, BALB/cJ, BALB/cByJ, C57BL/6J,

MRL/MpJ, NZW/BINJ, SM/J, and LG/J). Bhmt2 and G6pc are located

on different chromosomes, and neither has alleles that were

uniquely present within resistant SJL/J mice. However, SJL/J mice

do have a unique combination of Bhmt2 and G6pc haplotypes (Fig.

3). In addition, we noticed that the two most susceptible strains

with the highest serum ALT levels (C57BL/6J and B10.D2) after

APAP exposure shared a common Bhmt2 allele (Figs. 1A, 3).

Bhmt2 is a candidate susceptible factor

The APAP-induced changes in Bhmt2 mRNA and the decrease in

hepatic betaine that were unique to SJL/J mice were mechanisti-

cally intriguing. It has recently been demonstrated that BHMT2 is

an SMM-specific homocysteine methyltransferase with a substrate

specificity that is distinct from the two other homocysteine

methylation enzymes (Bhmt, Mtr). BHMT2 has very low activity

toward S-adenosylmethionine (SAM), and cannot use betaine as

the methyl donor (Szegedi et al. 2008). Betaine is a required sub-

strate for the BHMT-catalyzed remethylation of homocysteine to

form methionine, which can then be converted to cysteine (Fig. 4).

Figure 2. Metabolomic and pharmacokinetic analyses. (A) The abun-
dance of 400 individual metabolite peaks in liver tissue obtained from four
strains at 0, 3, and 6 h after APAP exposure was quantitatively analyzed by
2D NMR. At 3 h, the abundance of GSH, alanine, lactate, and betaine
exhibited a unique pattern in the resistant SJL/J mice, which differed from
that in the three sensitive strains (DBA/2J, C57BL/6J, and SM/J). Each bar
represents the average 6 SD (N = 3). (B) The amount of acetaminophen
(APAP) and its metabolites in bile obtained from SJL/J or B10.D2 mice at 1
and 2 h after 300 mg/kg i.p. APAP was measured by LC/MS/MS analysis.
Each bar represents the average 6 SE (N = 4–5) at the indicated time
points, and asterisks (*) denote significant differences (P < 0.05) between
two strains. Of note, there were no significant differences in APAP or any
APAP-metabolite concentrations in bile at 1 h; but there were significant
differences in the concentration of several metabolites at 2 h after drug
exposure. At that time, B10.D2 mice had fourfold lower APAP-GSH con-
centration than SJL/J mice, while there was a compensatory approximately
fivefold increase in the concentration of the APAP-cysteine conjugate in
B10.D2 mice relative to that in SJL/J mice. CYS, cysteine; GLU, glucoro-
nate; NAC, N-acetylcysteine; and SUL, sulfate.

Table 1. Pdk4, G6pc, and Bhmt2 mRNA are differentially expressed in SJL/J mice 3 h after acetaminophen administration

SJL/J SM/J DBA/2J C57BL/6J

0 h 3 h 0 h 3 h 0 h 3 h 0 h 3h

Pdk4 0.014 6 0.003 0.003 6 0.001 0.033 6 0.010 0.019 6 0.004 0.039 6 0.010 0.027 6 0.015 0.064 6 0.020 0.039 6 0.010
G6pc 7.36 6 1.34 1.10 6 0.56 3.58 6 0.48 3.08 6 0.21 4.68 6 0.54 7.83 6 1.23 7.34 6 1.61 4.68 6 0.54
Bhmt2 2.14 6 0.14 0.75 6 0.14 1.25 6 0.08 1.02 6 0.07 1.27 6 0.14 1.34 6 0.31 1.90 6 0.15 1.27 6 0.14

The expression levels were normalized relative to that of beta-actin. Each data point represents the average of relative expression levels 6 SE (N = 3).
Boldface indicates differentially expressed PDK4, G6pc, and Bhmt2 in SJL/J mice 3 h after acetaminophen administration.
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Although BHMT can utilize SMM as a substrate in vitro with a very

low affinity, it is unlikely that BHMT can use SMM in vivo where

betaine will compete with SMM for its active site (Szegedi et al. 2008).

If homocysteine is not remethylated, it can

contribute to cysteine biosynthesis via the

trans-sulfuration pathway. Since the cellu-

lar L-cysteine concentration is 10-fold be-

low that of the other two amino acids

(L-glutamate, L-glycine) required for GSH

biosynthesis, the amount of L-cysteine is

a rate limiting factor (Griffith 1999). By

this mechanism, a change in the abun-

dance of a cofactor, a substrate, and/or an

enzyme within the methionine/cysteine

biosynthesis pathway could affect GSH

production and resistance to drug-induced

liver injury.

Therefore, liver extracts from eight

inbred strains with three different Bhmt2

haplotypes were prepared to assess the

enzyme activity of BHMTand BHMT2. All

eight strains had comparable betaine-

dependent BHMT activities, but only six

strains with two different haplotypes

had SMM-dependent BHMT2 activities

(Table 2). Liver extracts prepared from

the B10.D2 and C57BL/6J strains, which

uniquely share the Ser27Gly28Arg133

haplotype, had minimal BHMT2 enzyme

activity. Since Ser 27 is the only amino

acid substitution unique to the B10.D2

and C57BL/6J haplotype, this indicates

that conversion of Gly 27 to Ser 27 caused

a loss of hepatic BHMT2 enzyme activity.

Analysis of the crystal structure of BHMT

(Evans et al. 2002) demonstrated that the

highly conserved Asp26-Gly27-Gly/Ala28

sequence is critical for homocysteine

binding; small residues at positions 27

and 28 enable homocysteine to access the

substrate-binding pocket (Collinsova et al. 2003). Thus, a sub-

stitution of Serine for Glycine at position 27 may alter substrate

binding and cause a loss of enzyme activity. Since B10.D2 and

C57BL/6J were among the strains that were most sensitive to APAP

challenge (Fig. 1A), we hypothesized that Bhmt2 could be one of

the susceptible factors affecting sensitivity to APAP-induced liver

toxicity by influencing GSH biosynthesis. This possibility was

strengthened by two other hepatic gene expression results. All four

strains expressed comparable levels of mRNAs encoding two other

homocysteine methyltransferases (Mtr, Bhmt) (data not shown),

and none of the other genes involved in the GSH biosynthetic

pathway had an SJL/J-specific gene expression pattern (Supple-

mental Table 4).

Bhmt2 affects susceptibility to APAP toxicity

The availability of two inbred strains with allelic variants that

eliminate BHMT2 enzyme activity enabled the hypothesis that

Bhmt2 is a susceptibility factor for APAP-induced liver toxicity to be

tested in vivo. Within the methionine/glutathione biosynthesis

pathway, methionine is converted to SAM, which is then used for

cysteine and GSH biosynthesis. Administration of SAM was pre-

viously shown to attenuate APAP-induced hepatotoxicity and to

preserve hepatic GSH levels in C57BL/6J mice (Bray et al. 1992;

Valentovic et al. 2004; Terneus et al. 2007). Therefore, we analyzed

Figure 3. Haplotypes within Bhmt2 and G6pc for 16 inbred mouse
strains. Each row represents one SNP and the color of each box represents
the allele. A blue box denotes the common (or major) allele, while a yellow
box is the less common (or minor) allele; a gray box indicates the allele is
unknown. Groups of SNPs within Bhmt2 (N = 22) and G6pc (N = 11) form
three distinct haplotypes for each gene across the 16 strains analyzed.
Neither gene has a unique haplotype in the SJL/J strain, which is uniquely
resistant to acetaminophen-induced liver injury.

Figure 4. Metabolic pathways affecting sensitivity to acetaminophen (APAP)-induced hepatotoxic-
ity. SJL/J mice that are uniquely resistant to APAP-induced liver toxicity had four endogenous metab-
olites (red text) with altered abundances, and three enzymes (blue text) had altered gene expression
after drug exposure. The metabolic pathways encompassing these enzymes and endogenous metab-
olites are diagrammed. Cysteine biosynthesis is the rate-limiting step for glutathione (GSH) production.
Alterations in Bhmt2 mRNA and betaine abundance that favor cysteine production would contribute to
resistance to APAP-induced liver injury. Cysteine can be converted to pyruvate, which is in equilibrium
with alanine and lactate. An increase in cysteine biosynthesis would explain why alanine and lactate
were increased in the resistant mice. Reduced G6pc and Pdk4 will inhibit gluconeogenesis and favor
pyruvate breakdown to increase cellular reducing capacity. These metabolic alterations might help SJL/J
mice resist an APAP-induced toxic challenge. All three homocysteine methylation enzymes (Bhmt, Mtr,
Bhmt2) are depicted in the figure. BHMT2 is an S-methyl-methionine (SMM)-specific methyltransferase
and cannot use betaine as the methyl donor. Betaine is a required substrate for BHMT-catalyzed
remethylation of homocysteine to form methionine. Sequential steps for SMM- and S-adenosyl me-
thionine (SAM)-dependent methionine/GSH biosynthesis pathways are shown. APAP clearance by
sulfation (SULT) or glucuronidation (UDPG), and cytochrome P450 (CYP450) mediated generation of
NAPQI are depicted in the figure. Excess NAPQI would induce toxicity.

SMM/Bhmt2 prevents acetaminophen toxicity
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the effect that coadministration of two metabolites (SAM and

SMM), which act on sequential steps in the methionine/GSH

biosynthesis pathway, had on APAP-induced liver toxicity in

strains with intact or deficient BHMT2 activity (Figs. 4, 5A). If

BHMT2 affects susceptibility, SMM coadministration should pro-

tect against APAP-induced liver damage in strains with intact

BHMT2 enzyme activity, but should not have an effect in strains

with inactive BHMT2 enzyme activity. Since SAM acts just down-

stream of the BHMT2-catalyzed step, it should have a protective

effect in all strains.

SMM coadministration had a significant protective effect in

DBA/2J (P-value < 0.01), but not in B10.D2 (P-value = 0.973) or

C57BL/6J mice (P-value = 0.999) (Fig. 5B). The median serum ALT

in SMM-treated mice was threefold below that of control APAP-

treated DBA/2J mice. In contrast, SAM had a very significant pro-

tective effect in mice with active (DBA/2J, P-value < 0.001) or

inactive (B10.D2, P-value < 0.001; C57BL/6J, P-value < 0.0001)

BHMT2 enzymes. Thus, SMM coadministration had the predicted

strain-specific effect in reducing the extent of APAP-induced liver

toxicity. Of note, SMM coadministration caused a paradoxical in-

crease in liver toxicity in the Bhmt2 deficient strains. This effect

may be due to BHMT having a fivefold lower catalytic efficiency

when SMM is the substrate (Szegedi et al. 2008), which is of in-

creased importance in mice that lack BHMT2 activity. In these

individuals, an increased amount of ingested SMM would compete

with betaine as a substrate for BHMT in this setting.

To precisely localize the site of SMM’s protective effect, the

hepatic concentration of GSH and methionine was also measured

in two strains. APAP induced a >90% decrease in liver GSH con-

centration at 3 h in A/J and C57BL/6J mice. Consistent with its

proposed site of action, SMM coadministration caused a significant

increase in hepatic GSH (P < 0.001, ;100%) and methionine (P <

0.001, approximately threefold) in A/J mice, which have active

BHMT2 enzyme; but not in C57BL/6J mice that have inactive

enzymes (Fig. 5C). These strain-specific effects on hepatic metab-

olite levels confirmed that SMM affected the BHMT2-catalyzed

reaction in methionine/GSH biosynthesis pathways in vivo.

Discussion
This integrative genetic, transcriptional, and metabolomic analysis

plus knowledge-based filtering led to the finding that Bhmt2 is one

of several genetic factors affecting susceptibility to APAP-induced

liver toxicity. Coadministration of a BHMT2-specific methyl donor

(SMM) only protected those strains with intact BHMT2 enzyme

activity from APAP-induced toxicity; the decrease in serum ALT

and the increase in hepatic methionine and GSH levels confirmed

its site-specific protective effect. Pharmacokinetic profiling also

confirmed that the resistant strain had a superior ability to main-

tain hepatic GSH levels after APAP exposure. Interestingly, gene

expression criteria were used to identify Bhmt2 as a candidate

genetic factor; but the subsequent analysis demonstrated that

a nonsynonymous Gly27Ser polymorphism, which determined

whether an active or inactive enzyme was produced, was the

causative genetic change. All six strains with the Gly 27 allele that

were analyzed had comparable and significant levels of hepatic

BHMT2 enzyme activity, while both strains with a Ser 27 allele had

inactive enzyme. It is therefore likely that reduced Bhmt2 mRNA

expression in SJL/J mice after APAP exposure results from another

mechanism, which is likely to be transcriptional inhibition in-

duced by metabolites within the methionine/glutathione bio-

synthesis pathway. Administration of exogenous SAM has been

shown to decrease BHMT mRNA transcription (Castro et al. 2001;

Figure 5. (A) Diagram of an experiment assessing the strain-specific
effect of SMM or SAM coadministration on APAP-induced liver toxicity.
Hepatic glutathione (GSH) and methionine levels and the serum ALT were
measured 3 h after APAP administration to inbred strains. If BHMT2 ac-
tivity affected sensitivity to APAP-induced liver injury, coadministration of
a BHMT2-specific substrate (SMM) should have a protective effect in
strains with active BHMT2 enzyme (Gly 27 allele), but not in strains with
inactive (Ser 27 allele) enzyme. In contrast, SAM, which affects GSH bio-
synthesis at a step distal to BHMT2, should have a protective effect in all
strains. Based upon the Bhmt2 allele, the R and S in the lower panel in-
dicate whether SMM coadministration should have a protective (rescue,
R) effect, or not have a beneficial (susceptible, S) effect on APAP-induced
liver toxicity, respectively. (B) The serum ALT level was measured 3 h after
treatment with vehicle, SAM, or SMM plus either vehicle or APAP. Nine or
more mice were in each APAP-treated group. The horizontal line indicates
the median value for each group, and P-values assessing whether SAM or
SMM coadministration decreased the serum ALT levels relative to control
were calculated. For DBA/2J mice, the P-values for the effect of SAM and
SMM coadministration were 0.00058 and 0.0087, respectively. The effect
of SAM and SMM coadministration in B10.D2 mice had P-values of
0.00029 and 0.9735, respectively. C57BL/6J mice had similar P-values
(0.0000002 for SAM; 0.9985 for SMM). (C ) C57BL/6J or A/J mice were
treated with vehicle, SAM, or SMM plus either vehicle or APAP. Liver
samples were obtained 3 h after dosing and the amount of GSH and
methionine were determined by LC/MS/MS analysis. The data represent
the average 6 SE for N = three samples. An asterisk (*) indicates a P-value <
0.001 relative to the control-APAP treated mice by Student’s t-test.

Table 2. BHMT and BHMT2 activities of liver extracts from eight
inbred strains with three different Bhmt2 haplotypes

Strain

Haplotype

BHMTa BHMT2a27 28 133

MRL/MpJ Gly Ser Glu 66.8 6.58
A/J Gly Ser Glu 65.2 8.08
A/HeJ Gly Ser Glu 72.2 8.47
SM/J Gly Gly Arg 128 9.31
129S1/SvImJ Gly Gly Arg 69.0 8.03
DBA/2J Gly Gly Arg 92.3 7.39
C57BL/6J Ser Gly Arg 88.4 0.34
B10.D2 Ser Gly Arg 90.7 0.10

Each data point is the average enzyme activity measured in two in-
dependent experiments, and is expressed in units per milligram protein.
Boldface indicates Ser 27 abolished BHMT2 activity.
aOne unit equals 1 pmol of methyl donor substrates consumed per hour.
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Ou et al. 2007). The increased glutathione and decreased betaine

levels indicate that the flux through the methionine biosynthesis

pathway, which produces SAM, was increased in SJL/J mice after

APAP exposure. Therefore, Bhmt2 is a novel, diet-dependent, ge-

netic factor that affects methionine and glutathione biosynthesis,

and susceptibility to APAP-induced liver injury.

The extent of APAP-induced liver injury was similarly ana-

lyzed in 36 inbred mouse strains by other investigators, and this

analysis led to the finding that genetic variation in human CD44

contributed to susceptibility to APAP-induced liver toxicity (Harrill

et al. 2009). It is not unexpected that polymorphisms within gene-

effecting immunological responses could affect susceptibility.

There were differences in the serum ALT levels among the inbred

strains analyzed here and in the Harrill et al. (2009) study. How-

ever, this could result from the different dosing regimens used in

the two studies; Harrill and colleagues used intragastric feeding,

while we used intraperitoneal injection. Despite these differences,

both studies demonstrate that analysis of differences in suscepti-

bility to APAP-induced liver injury among inbred mouse strains

can provide important information.

SMM is a very ubiquitous and abundant constituent of the

free amino acid pool in most flowering plants (Mudd and Datko

1990; Paquet et al. 1995; Augspurger et al. 2005) that is universally

ingested in the diet. Methionine metabolism in plants differs from

that in mammalian organisms by involving SMM, which is the

major metabolite used to transport sulfated amino acids (Bourgis

et al. 1999). SMM was 80% of the total amount of 35S-labeled

material in phloem of a wheat plant (Bourgis et al. 1999). The

absence of the required methyltransferase renders mammals un-

able to synthesize SMM from L-methionine, yet they clearly obtain

SMM in their diet (Mudd and Datko 1990). The protective effect of

SMM suggests a novel strategy that could be used to prevent APAP-

induced liver injury. It is likely that the methionine/GSH bio-

synthetic pathway in humans resembles that in mouse strains with

an active BHMT2 enzyme. Recently, multiple polymorphisms

within BHMT (n = 25) and BHMT2 (n = 39) have been identified in

human populations, including four SNPs that alter the predicted

amino acid sequence of each of these two proteins (Li et al. 2008).

Given the extensive genetic variation in humans, it is possible that

genetic variation within this pathway could also affect suscepti-

bility to drug-induced liver injury in humans. The genetic com-

plexity of this drug response is indicated by the fact that all sus-

ceptible mouse strains, except C57BL/6J and B10.D2, have

functional Bhmt2 alleles. Thus, Bhmt2 is only one of several genetic

factors affecting susceptibility. It is worthwhile to continue the

search for other genetic susceptibility factors for APAP-induced

liver injury.

N-acetylcysteine is the most effective agent for treatment of

ongoing APAP-liver toxicity (Chun et al. 2009). However, N-ace-

tylcysteine has a very unpleasant taste and odor, is poorly tolerated

after oral administration, and can induce nausea and vomiting. In

contrast, SMM does not have these properties, which makes it

conceivable that it could be prospectively ingested to prevent

APAP-induced liver injury. SMM was originally referred to as

‘‘vitamin U’’ and has been widely used in Chinese herbal medicine

for treatment of gastrointestinal diseases and in clinical studies dat-

ing back to the 1950s (Cheney 1954). It is with some irony that

these genetic, genomic, and metabolomic analyses in mice have

uncovered the mechanism of action of a metabolite that is already

widely used in Chinese herbal medicine. Since SMM is a widely

available dietary supplement, it is of importance to further test its

ability to prevent APAP-induced liver injury. Nevertheless, this

integrative analysis of metabolomic, transcriptomic, and genetic

data, along with knowledge-based filtering, successfully identified

Bhmt2 as a host factor protecting against APAP-induced liver in-

jury. Neither metabolomic nor transcriptomic profiling alone

would have been sufficient to pinpoint causative genes. The list of

APAP-induced changes in hepatic metabolites or gene expression

within any one strain was quite large and un-manageable, which

explains why so many different factors have been implicated in

previous studies of APAP toxicity. It is also noteworthy that the

inbred mouse strain (C57BL/6J) that is most commonly used in

studies of APAP toxicity is unusual in that it lacks BHMT2 enzyme

activity. Only through applying this type of integrative analysis

could we gain insight into the role that Bhmt2 might play, which

led to a testable hypothesis that could address a major public

health problem.

Methods

Animal husbandry and drug treatment
All animal experiments followed protocols that were approved by
Roche Palo Alto Institutional Animal Care and Use Committee.
The mice were housed in a pathogen-free environment with a
12 h:12 h light:dark cycle and had access to food and water ad
libitum. Before APAP exposure, mice were fasted overnight (>16 h)
to uniformly deplete hepatic glutathione stores (Bartolone et al.
1987). After APAP or vehicle challenges, mice regained free
access to food and water. According to the protocol approved for
the morbidity experiments, veterinarians that were blinded to
whether the mice were administered vehicle or APAP periodically
evaluated the mice during these experiments. Based on guidelines
for humane endpoints, mice that exhibited significant weight loss,
lethargy, dehydration, hunched body posture, or were cold to
touch were identified as moribund by the veterinarians and were
euthanized. 7–8-wk old male mice were obtained from Jackson
Laboratory and acclimatized for an additional week before use. The
following 16 inbred mouse strains were studied: SJL/J, LG/J, BALB/
cJ, DBA/2J, A/J, AKR/J, A/HeJ, 129S1/SvImJ, B10.D2-H2/oSNJ (ab-
breviated as B10.D2 elsewhere), C57BL/6J, NZW/LacJ, NZB/BINJ,
MRL/MpJ, C3H/HeJ, LP/J, and SM/J. PBS (pH 7.4) was used as drug
vehicles. Acetaminophen (Voigt Global Distribution Inc.) was dis-
solved in heat, while S-adenosyl methionine (Sigma) or S-methyl
methionine was prepared at room temperature. Solutions were
sterilized through 0.2-mm filters before use. Drugs were adminis-
tered by i.p. bolus injection.

Tissue collection and analysis

Mice were sacrificed by CO2 inhalation or cervical dislocation.
Blood was collected by cardiac puncture; urine was directly drained
from voluntary action; bile was withdrawn from gall bladders with
insulin needles. Liver samples were either fixed in buffered for-
malin for histology or snap frozen in liquid nitrogen before ho-
mogenization for LC/MS/MS or NMR analyses. Alanine amino-
transferase (ALT) activity was measured at the Marshfield Clinic
Laboratories. Hematoxylin and eosin staining upon 10-mm-thick
hepatic sections was performed by standard methods. APAP me-
tabolites, hepatic methionine/glutathione analysis by LC/MS/MS,
and metabolomic profiling by 2D NMR were performed as de-
scribed in the Supplemental material.

SNP and gene expression analysis

The methods for murine SNP discovery and for haplotype block
construction have been published elsewhere (Liao et al. 2004;
Wang et al. 2005). The online database is located at http://
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mousesnp.roche.com/. Gene expression analysis was performed as
described in the Supplemental material.

Hepatic BHMT and BHMT2 activity

The transfer of radio-labeled methyl groups to homocysteine was
assayed as described previously (Garrow 1996; Jakubowski 2004).
Substrates for BHMT and BHMT2 were radio-labeled betaine
(250 mM, 0.25 mCurie) and SMM (250 mM, 0.28 mCurie), respectively.
BHMT2 assays were performed in the presence of 62.5 mM car-
boxybutylhomocysteine, which is a potent inhibitor of BHMT
(Castro et al. 2004). Radio-labeled SMM was prepared as described
in the Supplemental material.

Statistical methods

Wilcoxon rank sum test was used in Figure 5B because serum ala-
nine aminotransferase was not normally distributed. Student’s
t-test was used elsewhere.
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