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Abstract The liver is the major contributor to homo-
cysteine (Hcy) metabolism and fatty liver disease is asso-
ciated with hyperhomocysteinemia. Bleomycin hydrolase
(Blmh) is an aminohydrolase that also participates in Hcy
metabolism by hydrolyzing Hcy-thiolactone. To gain
insight into hepatic functions of Blmh, we analyzed the
liver proteome of Blmh™'~ and Blmh™" mice in the
absence and presence of diet-induced (high methionine)
hyperhomocysteinemia using 2D IEF/SDS-PAGE gel
electrophoresis and MALDI-TOF mass spectrometry. We
identified eleven liver proteins whose expression was sig-
nificantly altered as a result of the Blmh gene inactivation.
The differential expression (Blmh™'~ vs. Blmh™'") of four
liver proteins was lower, of two proteins was higher, and
was further modified in mice fed with a hyperhomocy-
steinemic high-Met diet. The down-regulated proteins are
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involved in lipoprotein metabolism (ApoAl, ApoE), anti-
gen processing (Psmel), energy metabolism (Atp5h,
Gamt), methylglyoxal detoxification (Glol), oxidative
stress response (Sodl), and inactivation of catecholamine
neurotransmitters (Comt). The two up-regulated proteins
are involved in nitric oxide generation (Ddahl) and xeno-
biotic detoxification (Sultlcl). We also found that livers of
Blmh™™ mice expressed a novel variant of glyoxalase
domain-containing protein 4 (Glod4) by a post-transcrip-
tional mechanism. Our findings suggest that Blmh interacts
with diverse cellular processes—from lipoprotein metabo-
lism, nitric oxide regulation, antigen processing, and
energy metabolism to detoxification and antioxidant
defenses—that are essential for liver homeostasis and that
modulation of these interactions by hyperhomocysteinemia
underlies the involvement of Hcy in fatty liver disease.

Keywords Bleomycin hydrolase - High methionine diet -
Hyperhomocysteinemia - Mouse liver proteome

Abbreviations

Hcy Homocysteine

Blmh Bleomycin hydrolase

Cbs Cystathionine B-synthase

ApoAl Apolipoprotein Al

ApoE Apolipoprotein E

Psmel Proteasome activator complex subunit 1

Atp5 h ATPase subunit d

Gamt Guanidinoacetate-N-methyltransferase

Glol Methylglyoxylase 1

Sodl Superoxide dismutase

Comt Catechol-O-methyltransferase

Ddahl Dimethylarginine
dimethylaminohydrolase 1

Sultlcl Phenolsulphotransferase
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IEF/ Isoelectric focusing/sodium

SDS-PAGE dodecylsulphate polyacrylamide gel
electrophoresis

MALDI-TOF Matrix-assisted laser desorption
ionization—time of flight

Introduction

Elevated homocysteine (Hcy)' levels have long been
known to be linked to liver disease. For example, fatty liver
is a common finding in genetic hyperhomocysteinemia due
to cystathionine B-synthase (CBS) deficiency (Mudd et al.
2001) and in nutritional hyperhomocysteinemia due to
excessive alcohol intake, folate deficiency, or methionine
overload (Werstuck et al. 2001; Hirsch et al. 2005; Ka-
plowitz et al. 2007). Although there is evidence suggesting
that Hcy-induced endoplasmic reticulum and oxidative
stress mediate liver damage by promoting apoptotic cell
death, inflammation, insulin resistance, and deregulated
lipid metabolism (Kaplowitz et al. 2007), the exact
mechanism underlying Hcy-induced liver damage is
unclear. Analysis of mRNA expression shows that several
ATP-binding cassette transporters and nuclear hormone
receptors involved in liver homeostasis are differentially
expressed in Chs™'~ mouse liver (Hamelet et al. 2007). A
recent proteomic study shows that dietary hyperhomocy-
steinemia alters the expression of mouse liver proteins
involved in Hcy metabolism, urea cycle, and antioxidant
defenses (DiBello et al. 2010).

Bleomycin hydrolase (Blmh) is a thiol-dependent cyto-
plasmic aminopeptidase expressed in various organs, includ-
ing the liver (Kamata et al. 2007). In addition to a proteolytic
activity, Blmh exhibits a hydrolase activity toward Hcy-
thiolactone (Zimny et al. 2006; Borowczyk et al. 2012), a
chemically reactive metabolite implicated in the pathology of
hyperhomocysteinemia (Jakubowski 1997, 2013; Chwatko
et al. 2007). Metabolism of Hcy-thiolactone is impaired in
Blmh-null mice, which also exhibit increased sensitivity to
Hcy-thiolactone toxicity (Borowczyk et al. 2012). In addition,
the Blmh-null mice have several other phenotypes, including
neonatal mortality, tail dermatitis (Schwartz et al. 1999), brain
pathology (Montoya et al. 2007), and impairments in the
presentation of some antigens (Towne et al. 2007), suggesting
important roles of Blmh in these organs.

In contrast, the function of Blmh in the liver has not
been studied and how the alteration of Hcy metabolism in
Blmh-null mice affects liver homeostasis is not known. To
identify metabolic pathways regulated by Blmh and to gain
insight into its physiological roles, we examined the liver
proteome in B/mh-null mice in the absence and presence of
diet-induced hyperhomocysteinemia.
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Materials and methods
Mice and diets

Colonies of Blmh™'~ mice on the C57BL/6J genetic back-
ground (Schwartz et al. 1999) and wild-type Blmh™'™ lit-
termates were bred and housed at the Rutgers-New Jersey
Medical School Animal Facility. The mice were fed anormal
rodent chow (LabDiet 5010, Purina Mills International, St.
Louis, MO, USA) (Borowczyk et al. 2012). To induce
hyperhomocysteinemia, 4-week-old mice were provided
1 % methionine in drinking water for 8 weeks (high-Met
diet) (Zhou et al. 2001; Velez-Carrasco et al. 2008; Boro-
wczyk et al. 2012). Four experimental groups of animals
were studied (4 animals/group): (1) Blmh™'~ mice, control
diet; (2) Blmh™ ™" mice, control diet; (3) Blmh™'~ mice, high-
Met diet; (4) Blmh™" mice, high-Met diet. Animal proce-
dures were approved by the Institutional Animal Care and
Use Committee at the Rutgers-New Jersey Medical School.

Genotyping

Genomic DNA isolation and genotyping to establish the
status of the Blmh locus (Schwartz et al. 1999) were carried
out as described in the Supplemental Experimental
Procedures.

Hcy assays

Total Hey and N-Hcy proteins were assayed by HPLC-
based methods with post-column derivatization and fluo-
rescence detection as described previously (Jakubowski
2008; Jakubowski et al. 2008, 2009).

Proteomic analyses

Protein sample preparation, 2D IEF/SDS-PAGE image
analysis, and protein identification by MALDI-TOF mass
spectrometry (Luczak et al. 2011) were carried out as
described in the Supplemental Experimental Procedures.

Glod4 mRNA analysis

Total RNA extraction, reverse transcription, and PCR
amplification using primers specific for Glod4 isoforms 1,
2 and 3 (http://www.uniprot.org/uniprot/Q9CPV4) were
carried out as described in Supplemental Experimental
Procedures.

Data treatment and statistical analysis

For each animal in the four experimental group (4 animals/
group), the analyses were repeated 2-3 times. The relative
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abundance of each protein spot (% volume) was calculated
as its volume divided by the total volume of all spots. Data
are expressed as mean + SD. Data for each protein spot
had a normal distribution. The differences between the
groups were analyzed by ANOVA. Unpaired Student’s
t test was used to test differences between two groups.
Statistical analyses were carried out using Statistica 8.0
software.

Results

Dietary hyperhomocysteinemia in Blmh ™~
and Blmh™" mice

We studied liver proteomes of Blmh™'~ mice and their
BImh™™" littermates fed a standard chow diet. Because
Blmh protein is involved in Hcy metabolism, we also
studied effects of Blmh gene inactivation on the liver
proteome in mice, in which hyperhomocysteinemia was
induced by feeding with a high-Met diet for 8 weeks.

Plasma tHcy levels increased to 39 & 19 and 77 + 45 uM
in Bimh™'~ and Blmh™*'" mice fed with a high-Met diet,
from a basal level of 6.8 +22 and 7.4 £ 2.2 uM,
respectively, in mice fed the standard chow diet (Boro-
wczyk et al. 2012). N-Hcey protein increased to 8.4 + 2.8
and 5.4 £ 2.9 uM in hyperhomocysteinemic Blmh ™'~ and
BImh™™" mice, respectively, from the corresponding basal
levels of 2.8 £+ 0.8 and 1.2 £ 0.4 pM in non-homocystei-
nemic animals (Borowczyk et al. 2012).

Identification of proteins differentially expressed
in Blmh™'~ mouse liver

Mouse liver protein separation by IEF/SDS-PAGE yielded
several hundred distinct protein spots (Supplementary Fig.
S1), 100 of which have been identified by MALDI-TOF
mass spectrometry (Supplementary Table S1). Ten of these
proteins were found to have significantly changed expres-
sion in Blmh™'~ mice relative to Blmh™'™ littermates, while
eleven had significantly changed expression in response to
high-Met diet (Table 1). The expression levels of the other

Table 1 Differentially
expressed liver proteins
regulated by Blmh™"~ genotype
and/or high-Met diet

(Spot #) refers to the numbering
on the IEF/SDS-PAGE gels in
Fig. 1 and Supplementary

Fig. S1

Significantly different:

Protein description (spot #) Gene Fold change Fold change
M Blmh ™ vs. Bimh ™t Std vs. 1 % Met
diet
Control 1 %-Met  Blmh*""  Blmh™~
diet diet
Lipoprotein metabolism
Apolipoprotein Al (#77) ApoAl —1.10 —1.89* —1.47" -2.56"
Apolipoprotein E (#39) ApoE —1.16° —1.79° -1.06  —1.61°
Antigen processing
Proteasome activator complex subunitl Psmel 1.00 —4.00" 122> —227°
(#69)
Energy metabolism
ATP synthase subunit d (#78) Atp5h —1.30° —2.50° 135> —1.16
Guanidinoacetate N-methyltransferase Gamt —1.04 —1.82% 1.62*  —1.08
(#76)
Iron metabolism and homeostasis
Ferritin light chain (#81) Fil 1.00 —-1.02 1.68* 1.65°
Oxidative stress response
Peroxiredoxin 2 (#73) Prdx2 1.14 1.14 1.28% 1.28%
Superoxide dysmutase 1 (#91) Sod1 —1.33* 1.08 1.10 1.40*
Catechol metabolism
Catechol-O-methyl transferase (#75) Comt —1.06 —1.56* 1.36 —1.06
Nitric oxide generation
Dimethylarginine
dimethylaminohydrolase 1 (#41) Ddahl 1.45% 2.41* —1.14% 1.45%
Methylglyoxal detoxification
Methylglioxalase 1 (#71) Glol —1.30° —1.64% —1.19 —-1.14
Xenobiotic detoxification
Phenol sulfotransferase (#40) Sultlcl 1.60% 1.25% —1.05 —1.25%

2P <0.001,° P <0.01,
P <0.05
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Fig. 1 Close-up views of representative IEF/SDS-PAGE gels show-
ing mouse liver proteins whose expression was affected by Blmh
genotype and/or high-Met diet. Analyses were carried out for the
following groups of mice: a Blmh™™*, control diet; b Blmh™™", high-
Met diet; ¢ Blmh™"~, control diet; d Blmh™", high-Met diet. Up and

88 identified proteins were not affected by the Blmh
genotype or the high-Met diet, but one protein exhibited pl
that was dependent on Blmh genotype. Close-up views of
representative IEF/SDS-PAGE separations of differentially
expressed proteins are shown in Fig. 1. Quantification of
the levels (% volume) for each of the differentially
expressed proteins is shown in Fig. 2.

Liver proteins regulated by Blmh genotype

In mice fed with a standard chow diet the differential
expression (BImh™'~ vs. Blmh™'* mice) of four liver pro-
teins was lower (—1.16 to —1.33-fold, P < 0.01), and of
two proteins was higher (1.45-1.60-fold, P < 0.001)
(Table 1). The proteins down-regulated in Blmh™'~ mice
include those involved in lipoprotein metabolism (apoli-
poprotein E, ApoE), energy metabolism (ATP synthase
subunit d, Atp5h), methylglyoxal detoxification (methyl-
glyoxalase 1, Glol), and antioxidant defense (superoxide
dismutase, Sod1). The two proteins that were up-regulated
in Blmh™'~ mice are involved in the regulation of nitric
oxide generation (dimethylarginine dimethylaminohydro-
lase 1, Ddahl) and xenobiotic detoxification (phenol sul-
fotransferase, Sultlcl) (Table 1). Isoelectric point of one
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down arrows indicate the direction of the change dependent on Bimh
genotype (¢, d) and high-Met diet (b). Isoelectric point of one
identified protein (Glod4, spot 54a) was changed to a more acidic
value in Blmh™"~ mice, indicated by a black horizontal arrow in d

liver protein, glyoxylase domain-containing protein 4
(Glod4), was changed to a more acidic value in Blmh™'~
mice (Fig. lc, spot 54a).

Liver proteins regulated by hyperhomocysteinemia

In Blmh*'™ mice, the high-Met diet significantly down-
regulated two liver proteins (Ddahl and apolipoprotein Al,
ApoAl; —1.14 to —1.47-fold, P < 0.001) and up-regulated
six (proteasome activator complex subunit 1—Psmel,
Atp5 h, Gamt, ferritin light chain—Ftl, Prdx2, catechol-O-
methyltransferase—Comt; 1.22 to 1.68-fold, P < 0.01)
(Table 1). With the exception of AtpSq and Ddahl, the
expression of these Hcy-affected proteins was not signifi-
cantly affected the Blmh™~ genotype alone (Table 1).

Liver proteins regulated by Blmh genotype
in the presence of hyperhomocysteinemia

The magnitude of changes in the differential expression of
liver proteins (Blmh ™'~ vs. Bimh™'™) was increased in mice
fed with a hyperhomocysteinemic high-Met diet (Table 1).
For example, the differential expression (Blmh_’ s,
BImh™™) of ApoE, Atp5h, and Glol was —1.79 to —2.5-
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fold lower (P < 0.001) while the differential expression of
Sultlcl and Ddahl was 1.25-2.51-fold higher (P < 0.001)
when the Blmh™'~ and Blmh™"" mice were fed with high-
Met diet. The expression of five proteins (ApoAl, Psmel,
Psmel, Gamt, Comt) became dependent on Blmh genotype
only in mice fed with high-Met diet and was decreased
—1.56 to —4.00-fold in Blmh™'~ animals (Table 1). The

3.Blmh+/+  4.Blmh-/-
control diet  control diet high-Met diet high-Met diet

|

2.Blmh-/- 3.Blmh+/+ 4. Blmh-/-
control diet  high-Met diet high-Met diet

3
*
% volume
o o
o = )
. .

1. BImh+/+
control diet

change in the isoelectric point of Glod4 to a more acidic
value that occurred in Blmh ™'~ mice fed with a control diet
(Fig. lc, spot 54a) was also observed in Blmh™~ mice fed
with a high-Met diet (Fig. 1d, spot 54a).

Western blot analysis was performed for ApoAl and Ftl
to validate the IEF/SDS-PAGE results. As shown in Fig. 3,
ApoAl was lowered by high-Met diet both in Blmh™’~ and

@ Springer
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Fig. 3 Western blot validation of IEF/SDS-PAGE results. a,
b Western blots for ApoAl and Ftl, respectively. ¢ Western blot for
actin that indicates equal loading in the four lanes. d, e ‘% volume’
for ApoAl and Ftl, respectively, from IEF/SDS-PAGE analyses of the
same samples. The following groups of mice were studies: lane 1
Blmh™™, control diet; lane 2 Blmh™", high-Met diet; lane 3 Blmh™",
control diet; lane 4 Blmh’/’, high-Met diet

Blmh™™" mice (Fig. 3a), similar to the results obtained by
the IEF/SDS-PAGE analysis (Fig. 3d). Western blot ana-
lysis also showed that Ftl, was elevated by high-Met diet in
Blmh™~ mice and to a lesser extent in Blmh™" mice
(Fig. 3b), consistent with the results of the [EF/SDS-PAGE
analyses (Fig. 3e).

Glod4 isoform 1 mRNA is expressed in livers
of Blmh™"~ and Blmh*"" mice

To determine whether a more acidic isoelectric point (pI)
of the Glod4 protein expressed in Blmh ™'~ mice (relative to
Glod4 expressed in Blmh™* animals) is due to the
expression of different isoforms, we analyzed Glod4
mRNA by PCR using primers specific for Glod4 isoforms
1, 2 and 3 (http://www.uniprot.org/uniprot/Q9CPV4). We
found that Glod4 isoform 1 was expressed in livers of
Blmh™" and wild-type Blmh™"™ mice while isoforms 2 and
3 were not expressed at a detectable level (Fig. 4). These
findings suggest that that the low pI Glod4 variant observed
on IEF/SDS-PAGE gels (Fig. 2c, d) is formed in livers of
Blmh™"~ mice by a post-transcriptional mechanism.

Discussion

In the present work, we used Blmh-null mice in a proteomic
study to discover metabolic pathways regulated by the Blmh
genotype in the liver and to determine how the regulation is
affected by dietary hyperhomocysteinemia (high-Met diet).

@ Springer

Fig. 4 RT-PCR analysis of liver Glod4 mRNA in Blmh™~ and
Blmh ™+ mice. Glod4 mRNA was amplified with primers specific for
isoform 1, 2, or 3 and the products were analyzed by agarose gel
electrophoresis. PCR product of expected size, 920 bp, formed only
with isoform 1 primers and is shown in lanes labeled I1. No PCR
product formed with isoform 2 and 3 primers, as shown in lanes
labeled 12 and I3, respectively. Lane M shows A/Pstl standards.
Identical results were obtained for six individual mice, three Blmh ™~
and three BImh™*

We found that: (1) proteins involved in lipid homeostasis
(ApoE), energy metabolism (AtpSh), oxidative stress
response (Sodl), nitric oxide generation (Ddahl), and met-
abolic detoxification (Glol, Sultlcl) were differentially
expressed in livers of Blmh-null mice; (2) dietary hype-
rhomocysteinemia interacts with the Blmh™~ genotype to
amplify its effects on protein expression; (3) proteins
involved in lipoprotein metabolism (ApoAl), antigen pro-
cessing (Psmel), energy metabolism (Gamt), catechol
metabolism (Comt) show differential expression in Blmh ™~
mice only in animals fed with a hyperhomocysteinemic diet;
(4) One protein (Glod4) showed a shift to a more acidic
isoelectric point in Blmh ™~ mice. These findings suggest that
Blmh interacts with diverse cellular pathways that are
essential for normal liver homeostasis and that these inter-
actions are modulated by hyperhomocysteinemia.

The function of Blmh in the liver has not been explored
previously. As shown in the present work, in Blmh-null
mice fed with a control diet, four liver proteins were
identified with decreased expression (ApoE, Atp5h, Sodl,
and Glol) and two liver proteins were identified with
increased expression (Ddahl and Sultcl). Thus, in the
absence of hyperhomocysteinemia, Blmh interacts with
proteins involved in lipid metabolism (ApoE), energy
metabolism (Atp5h), oxidative stress response (Sodl),
nitric oxide generation (Ddahl), glyoxal detoxification
(Glol), and xenobiotic detoxification (Sultlcl).
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In livers of Blmh-null mice fed with a hyperhomocy-
steinemic diet, seven proteins were identified with
decreased expression (ApoAl, ApoE, Psmel, Atp5h,
Gamt, Comt, Glol) and two were identified with increased
expression (Ddahl, Sultcl). Effects of Blmh™~ genotype
on protein expression were more pronounced and had a
greater magnitude (25400 %) in mice fed with hype-
rhomocysteinemic diet, compared with a control diet
(1660 %). Hyperhomocysteinemia alone changed the
expression of one protein (AtpSh) that was also affected by
the Blmh™"~ genotype, as well as of five proteins (ApoAl,
Gamt, Ftl, Prdx2, and Comt) that were not affected by the
Blmh™" genotype. Taken together, these findings indicate
that hyperhomocysteinemia and Blmh genotype have dis-
tinct effects on protein expression and that there is an
interaction between hyperhomocysteinemia and Blmh ™/~
genotype that modulates protein expression.

Down-regulation of liver ApoAl was observed in other
models of hyperhomocysteinemia. For example, plasma Hey
and ApoAl levels are negatively correlated in human sub-
jects (Liao et al. 2006; Mikael et al. 2006). Such correlations
are consistent with findings in mildly hyperhomocysteine-
mic Mthfr’~ and Cbs™'~ mice showing that Hcy inhibits
hepatic ApoAl synthesis, both at ApoAl protein and mRNA
level (Mikael et al. 2006). A similar decrease in ApoAl
levels was also found in Chs~'~ApoE ™'~ mice, although in
this model Hcy appears to affect ApoAl expression at
translational, but not transcriptional level (Liao et al. 2006).

Down-regulation of ApoAl and ApoE is associated with
atherosclerosis. For example, in humans ApoAl is negatively
correlated with plasma Hcy and low ApoAl level is a risk
factor for cardiovascular disease (Gueant-Rodriguez et al.
2011; Xiao et al. 2011). ApoE-null mice spontaneously
develop atherosclerosis and the process is accelerated by
hyperhomocysteinemia (Hofmann et al. 2001). Our findings
that ApoAl and ApoE are down-regulated by the Blmh ™~
genotype suggest that Blmh has an anti-atherogenic function.

Psmel participates in immunoproteasome assembly as a
component of the PA28 activator complex and is required
for efficient antigen processing. The PA28 activator com-
plex enhances the generation of MHC class I-binding
peptides by altering the cleavage pattern of the proteasome.
In humans, immunoproteasome components, including
Psmel (PA28a) are elevated in livers of patients with
cirrhosis and chronic active hepatitis (Vasuri et al. 2010).
Our finding that Psmel is down-regulated in Blmh ™~ mice
fed with high-Met diet, but not a control diet, suggests that
Blmh participates in antigen processing in hyperhomocy-
steinemic animals and thus has a pro-inflammatory func-
tion. This suggestion is consistent with the findings of other
investigators showing that Blmh plays a role in generating
MHC class I-presenting peptides and influences presenta-
tion of some antigens in mice by trimming them to the

proper size of 9-10 residues, although this role is largely
redundant with other aminopeptidases (Towne et al. 2007).

Atp5h is a mitochondrial ATP synthase that catalyzes
ATP synthesis, utilizing an electrochemical gradient of
protons across the inner membrane during oxidative
phosphorylation. The ATP-synthase system is disturbed
under pathophysiological conditions (Das 2003), including
methylmalonic aciduria due to the dysfunction of methyl-
malonyl CoA mutase, a vitamin B12-dependent enzyme. In
aciduria, toxic metabolites, such as Hcy and methylmalonic
acid, accumulate in tissues and body fluids. These metab-
olites compromise ATP synthase activity, which limits
ATP generation and may lead to ‘slow onset’ excitotoxicity
and finally cell death (Das 2003). Our finding that Atp5h is
down-regulated by the Blmh ™~ genotype suggests that
Blmh interacts with ATP synthase to maintain adequate
energy generation in the liver. Because Blmh is not known
to be present in mitochondria, the interaction is most likely
indirect.

Glol1 catalyzes the first step in a two-step detoxification
of methylglyoxal, a byproduct of glycolysis formed by the
degradation of dihydroxyacetone phosphate and glycer-
aldehyde-3-phosphate (Thornalley 1993). Methylglyoxal is
highly toxic due to its chemical reactions with cellular
components that lead to protein modification (advanced
glycation end-products), oxidative stress, and apoptosis
(Distler and Palmer 2012). Human GLOI gene polymor-
phism is associated with a predisposition to the develop-
ment of alcoholic liver cirrhosis (Spitsyn et al. 2001).
Decreased GLO1 activity in situ results in an accumulation
of methylglyoxal and increased formation of advanced
glycation end products, which can accelerate aging and
chronic degenerative diseases. In mice, aging-dependent
reduction in Glol delays wound healing (Fleming et al.
2013). Our present finding that Glo1 is down-regulated by
the Blmh™~ genotype suggests Blmh is required for effi-
cient methylglyoxal detoxification.

We found that two methyltransferases, Gamt and Comt,
respond similarly to the Blmh™~ genotype or high-Met diet:
both are down-regulated by the Blmh ™~ genotype only in
hyperhomocysteinemic mice and up-regulated by the diet in
BImh™™" animals. Gamt catalyzes methylation of guanidi-
noacetate with S-adenosylmethionine (AdoMet) in the sec-
ond step of creatine synthesis in the liver and kidney.
Creatine is transported through the blood, and taken up by
tissues with high energy demands, such as the brain and
skeletal muscle. Creatine synthesis is the major user of
methyl groups from AdoMet—accounting for ~75 % of
Hcy formation (Mudd et al. 1980)—and is an important
determinant of plasma Hcy in rats (Brosnan et al. 2004). In
humans, this is reflected by a positive correlation between
plasma Hcy and creatine (Rauh et al. 2001). Comt catalyzes
the transfer of a methyl group from AdoMet to
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catecholamines, one of the major degradative pathways of
catecholamine transmitters. Comt is also important in the
metabolism of catechol drugs used in the treatment of
hypertension, asthma, and Parkinson’s disease (PD). L-Dopa
treatment is associated with the increase in plasma Hcy level
in patients with PD (De Bonis et al. 2010). Concomitant
treatment with a Comt inhibitor attenuates L-dopa-induced
elevation of Hcy level (Hu et al. 2013). Our present findings
that Gamt and Comt are up-regulated by hyperhomocy-
steinemia and down-regulated by the Blmh™~ genotype in
the presence of hyperhomocysteinemia suggest that Blmh is
required for creatine biosynthesis and catechol degradation,
respectively, in hyperhomocysteinemic animals.

Of the liver proteins that were not affected by the
Blmh™"~ genotype alone, five were up-regulated (Psmel,
Gamt, Ftl, Prdx2, and Comt) and one (ApoAl) was down-
regulated in mice fed with a hyperhomocysteinemic high-
Met diet. Up-regulation of three of these proteins has been
observed previously in related models of hyperhomocyst-
emia. For example, in mice fed with 0.5 % Met in drinking
water for 2 weeks Ftl, Prdx2, and Psmel are up-regulated
in Chs™* animals, while Psmel was up-regulated also in
Cbs*'~ mice (DiBello et al. 2010). ApoAl was also found
to be down-regulated in other models of hyperhomocy-
steinemia (discussed above).

We identified two proteins, Ddah1 and Sultlc1 that were
up-regulated by the Blmh™~ genotype. Ddahl regulates
nitric oxide synthesis by removing an inhibitor, asymmet-
rical dimethylarginine (ADMA), generated by protein
degradation (Ogawa et al. 1987). Hcy inhibits Ddahl
activity, causes ADMA accumulation, which in turn
inhibits nitric oxide synthase activity, thereby contributing
to endothelial dysfunction (Stuhlinger and Stanger 2005).
Sultlcl is a member of the sulfotransferase enzymes
family that has significant roles in the regulation of hor-
mones, neurotransmitters, and the detoxification of xeno-
biotics (Yalcin et al. 2013). In humans, the decrease in
sulfotransferase expression and/or activity is linked to liver
disease. For example, in both alcohol- and diabetes-
induced cirrhosis, a reduction of major hepatic sulfotrans-
ferase isoforms (SULT1A1, SULTIEI, and SULT1A3) is
observed, while the milder steatosis reduces only
SULT1A1 and SULT1A3. This can lead to xenobiotic
accumulation and toxicity due to diminished SULTI1AI,
alteration in androgen synthesis and metabolism due to
modified SULT2AI, alteration in estrogen metabolism due
to modified SULTI1E1, or accumulation of catecholamines
due to diminished SULTI1A3 levels in diseased liver
(Yalcin et al. 2013). Our findings that Ddahl and Sultlcl
were up-regulated by the Blmh ™~ genotype suggest that
the absence of Blmh induces protective responses that
enhance nitric oxide generation as well as xenobiotic or
neurotransmitter inactivation.
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We identified one liver protein, Glod4, whose isoelectric
point (pI) was dependent on the Blmh genotype: it was
shifted to a more acidic value in Blmh™" mice. Glod4 is a
mitochondrial protein that has three isoforms with molec-
ular weights of 33,317 Da (isoform 1), 32,410 Da (isoform
2), and 30,771 Da (isoform 3). Isoforms 1, 2, and 3 having
pl values of 5.28, 5.14, and 5.24, respectively, differ
slightly in their primary amino acid sequences and are
synthesized from different mRNAs (http://www.uniprot.
org/uniprot/Q9CPV4). Thus, we predicted that the more
acidic Glod4 isoform expressed in Blmh™'~ mice could
correspond to isoform 2 (pI 5.14), whereas Blmh™* mice
express isoform 1 (pI 5.28). To test these predictions, we
amplified Glod4 mRNA using primers specific for each
isoform. However, we found that the expression of mRNA
for different Glod4 isoforms was not affected by Blmh
genotype and that Glod4 isoform 1 mRNA was expressed
both in Blmh™~ and Blmh™*'* livers, while isoform 2 and 3
mRNAs were not expressed. These findings suggest that
the appearance of a low pI Glod4 isoform in Blmh™" liver
is due to a post-translational modification of isoform 1, the
nature of which remains to be established.

We have not defined how the absence of the Blmh protein/
function could interact with specific proteins in the mouse
liver to modulate their expression. One possible mechanism
could involve changes in protein modification by Hcy-thio-
lactone. As hyperhomocysteinemia elevates essentially all
Hcy metabolites while Blmh™~ genotype elevates only one
metabolite—Hcy-thiolactone—our findings suggest that
Hcy-thiolactone is likely to be responsible for the down-reg-
ulation of protein levels in Blmh™~ mice fed with high-Met
diet. A possible mechanism of decreased expression of spe-
cific proteins in the liver of Blmh™"~ mice could involve their
modification by Hcy-thiolactone—protein N-homocysteiny-
lation—followed by increased proteolytic turnover of N-Hcy
protein (Glowacki et al. 2010; Zaabczyk et al. 2011). In this
scenario, ApoAl, ApoE, Psmel, AtpSh, Gamt, Comt, and
Glo1 would be targeted for N-homocysteinylation. Indeed, in
humans ApoAl is known to undergo N-homocysteinylation
(Jakubowski 2002) that is positively correlated with Hcy
levels (Ishimine et al. 2010). Consistent with this scenario are
our findings showing that plasma total protein N-homocyste-
inylation increases in Blmh ™"~ mice (Borowczyk et al. 2012).
However, another mechanism has to be responsible for the up-
regulation of Ddah and Sultlcl. Thus, it would be interesting
to determine whether N-homocysteinylation status of specific
liver proteins is altered in Blmh ™™ mice.

In conclusion, our findings suggest that Blmh interacts
with diverse cellular processes—from lipoprotein metabo-
lism, nitric oxide regulation, antigen processing, and energy
metabolism to detoxification and antioxidant defenses—
essential for normal liver homeostasis and that modulation
of these interactions by hyperhomocysteinemia underlies
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the involvement of Hcy in fatty liver disease. Taken toge-
ther, our findings suggest that Blmh has a protective role in
the liver, particularly in hyperhomocysteinemia.
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