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Abstract
The elevation of serum alanine aminotransferase (ALT) is regarded as an indicator of liver damage
based on the presumption that ALT protein is specifically and abundantly expressed in the liver.
However, ALT elevation is also observed in non-liver injury conditions (e.g., muscle injury) and
in apparently healthy people. Conversely, serum ALT activity is normal in many patients with
confirmed liver diseases (e.g., cirrhosis and hepatitis C infection). To improve the diagnostic value
of the ALT assay and to understand the molecular basis for serum ALT changes in various
pathophysiological conditions, we have cloned rat ALT isoenzyme ALT1 and ALT2 cDNAs,
examined their tissue expressions at the mRNA and protein levels, and determined ALT1 and
ALT 2 serum levels in response to liver damage in rodents. Quantitative real-time PCR (qRT-
PCR) analysis shows that ALT1 mRNA is widely distributed and mainly expressed in intestine,
liver, fat tissues, colon, muscle and heart, in the order of high to low expression level, whereas
ALT2 gene expression is more restricted, mainly in liver, muscle, brain, and white adipose tissue.
The tissue distribution pattern of ALT1 and ALT2 proteins largely agrees with their mRNA
expression. Interestingly, hepatic ALT2 protein is about four times higher in male rats than female
rats. In addition, ALT isoenzymes distribute differentially at the subcellular level in that ALT1 is a
cytoplasmic protein and ALT2 a mitochondrial protein, supporting bioinformatic prediction of
mitochondrial localization of ALT2. Finally, using animal models of hepatoxicity induced by
carbon tetrachloride and acetaminophen, we found that both serum ALT1 and ALT2 protein levels
were significantly elevated and correlated with ALT activity, providing, for the first time, the
molecular basis for the elevated total serum ALT activity.

INTRODUCTION
Alanine aminotransferase (ALT) [EC 2.6.1.2., also called glutamate pyruvate transaminase]
is an important enzyme in the intermediary metabolism of glucose and protein catalyzing the
reversible transamination between alanine and 2-oxoglutarate to form pyruvate and
glutamate. ALT has been used as a marker for liver injury in people and in preclinical
toxicity studies. Serum ALT activity is significantly elevated in a variety of liver conditions,
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including viral infection, cirrhosis, non-alcoholic steatohepatitis (NASH) and drug toxicity.
However, the increase of serum ALT activity is also observed in conditions other than liver
damage, such as muscle disease, celiac disease and in apparently healthy people (1–7).
Conversely, serum ALT is not increased in some patients with histopathologically
confirmed liver diseases, e.g., in cirrhosis, NASH (8), hepatitis C infection (9,10). Similarly,
in preclinical drug toxicity evaluation, there are often examples where serum ALT elevation
is observed in rodents in the absence of histological damage (11). Thus, interpretation of
serum ALT data can sometimes be challenging in clinical diagnostics and in preclinical drug
toxicity evaluation. The reason that ALT has historically served as a major marker for liver
damage is attributed to its abundant expression in liver (12–14) and low levels present in
other tissues in both rats and humans (15), The “leakage” of the enzyme is thought to occur
during damage of the liver, which results in an elevation of ALT in serum. Currently, serum
ALT levels are measured by the catalytic activity of the enzyme. However, whether liver
damage indeed results in the increase of ALT protein in serum has not been demonstrated.
We and others have cloned the genes of ALT isoenzymes, ALT1 and ALT2, in the mouse
(16) and human (17) (18) and found that the two isoenzymes are expressed differently in
tissues and probably in the subcellular compartments. We have speculated that both ALT
isoenzymes will be present in the serum and contribute to the total ALT activity. Therefore,
the measurement of ALT isoenzyme may provide new valuable information in clinical
diagnostics and preclinical drug safety assessment.

The rat is the most commonly used animal model in regulatory toxicology studies for
assessment of drugs in development. The results from the animal studies are then used to
help predict potential hepatotoxicity issues in humans. Liver toxicity is one of the most
common reasons for termination of the development of drugs in people, but overall there is
only 43% concordance between toxicities seen in rodents and humans as assessed by a
retrospective study of toxicity of pharmaceuticals in development (19). Thus a better
understanding of ALT distribution and pathophysiology in rats and humans would be useful
to improve the predictability of the ALT test for liver damage. To this end, we have cloned
ALT1 and ALT2 genes in rats, and measured their expression in multiple tissues at the
mRNA and protein level. In addition, we examined their sex-differences and subcellular
localization, and the changes of their protein levels in serum of animals treated with known
liver toxicants carbon tetrachloride and acetaminophen.

MATERIALS AND METHODS
Molecular cloning of rALT1 and rALT2 cDNAs

The expressed sequence tags (ESTs) of rALT1 and rALT2 in GenBank were identified
through bioinformatics analysis using human and murine ALT protein sequences as probes.
Restriction endonuclease (RE)-anchored PCR primers p1615 (5-cca gat cta agc ttc cat ATG
GCC TCA CGG GTG AAT GAT-3’; RE sequence in lower case) and p1616 (5’-tgc ggc cgc
tct aga TCA GGA GTA CTC ATG GGT GAA -3’) were designed based on rALT1 EST
sequence and used to amplify the full-length rALT1 cDNA with rat liver first-strand cDNAs
as the template by using Phusion High-Fidelity polymerase (New England Biolabs). Primers
p1617 (5’-gcc tct aga cat atg GCC GAA GCC TCG GCG GCG CTC-3’) and p1618 (5’-tgc
ggc cgc TCA TGA GTA CTT CTC CAG GAA-3’) were used to obtained full-length rALT2
cDNA using the IMAGE clone 7113147 of the Mammalian Genome Collection as the
template by PCR. The PCR products were cloned into pCRII-blunt vector (Stratagene) and
verified to be rat ALT1 and ALT2 full-length cDNAs by sequencing.
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Quantitative Real-time PCR Analysis
Total RNAs were prepared with Trizol (Invitrogen) from snap-frozen tissues of Sprague-
Dawley rat (Jackson Laboratories). First-strand cDNAs were made by reverse transcription
from the total RNAs using the Advantage cDNA kit (Clontech) according to the
manufacturer’s instruction. Real-time PCR was conducted using Taqman gene expression
assay (Applied Biosystems, assay ID: rALT1: Rn00578989_g1, rALT2: Rn01538341_m1
and rat cyclophilin: Rn00690933_m1) on an ABI7900 sequencing detection system. The
relative expression level of rALT mRNAs were calculated by using 2−Δ Δct method and
normalized by the expression level of cyclophilin A.

Recombinant rALT1 and rALT2 production and antibody purification
The full-length rALT cDNAs from the pCRII-blunt vector were re-subcloned into insect
expression vector pFastBacHTb (Invitrogen) and the recombinant rALT1 and rALT2
(without the 28-amino acid mitochondrial leader sequence at the N-terminus) enzymes were
expressed as His-tag fusion proteins according to Invitrogen’s Bac-to-Bac baculovirus
expression protocol. The expressed fusion protein was purified with nickel affinity
chromatography, followed by the removal of His tag after TEV protease cleavage for
functional analysis. Polyclonal antisera against rALT1 or rALT2 were generated through a
standard protocol (Abbomax, CA) by using the recombinant protein. The antisera were
purified through the following alternative antigen-based depletion and absorption protocols
to remove low degree of cross-reactivities of ALT antiserum against each other isoenzyme.
Briefly, 5 mg of recombinant protein was covalently immobilized to CNBr-activated
Sepharose 4B resin (Pharmacia) according to the manufacturer’s instruction. To obtain
rALT1-specific antibody, 1 ml of diluted ALT1 antiserum (in 1XTBS buffer) was first
passed through rALT2-affinity column to deplete rALT2 cross-reactivity. The flow-through
fraction was then loaded to rALT1-affinity column. After washing with 15 ml 1xTBS buffer,
rALT1-specific antibody was obtained by eluting the ALT1-affinity column-absorbed
antibody with 2 ml of glycine-buffer (pH 2.7) into a tube containing 0.2 ml of 1M Tris-HCl
buffer (pH 8.0). A similar procedure was used to obtain rALT2-specific antibody.

Western blot analysis
Snap-frozen tissues of Sprague-Dawley rats (Charles River) were minced and then
homogenized with a Dounce homogenizer in lysis buffer containing 0.5% NP40, 50 mM
Tris-HCl (pH 7.5), 150 mM NaCl, and proteinase inhibitor cocktails. Lysate supernatants
were collected after centrifugation at 3,000 × g for 10 min. For Western blot analysis,
reduced cell lysates were separated by electrophoresis on 7.5% Criterion (Bio-Rad) or
home-made polyacrylamide gels. Following electrophoresis, proteins were transferred onto
PVDF membranes and bound proteins were probed with an appropriate primary ALT
antibody and HRP-conjugated second antibody, developed with electrochemiluminescence
(ECL). Concentrations of ALTs in each sample were obtained by measuring the density of
Western signals by FluorChem (Alpha Innotech) using recombinant rat ALTs as standards,
Rabbit anti-rat cyctochrome C antibody (Cell Signaling Technology) was used for assessing
mitochondrial content.

Mitochondria purification
To purify rat mitochondria, male rat liver tissues were homogenized in 5 volumes of buffer
A (210mM mannitol, 70mM sucrose, 5mM Hepes-KOH (pH 7.4), 1mM EGTA and 0.5%
BSA) and homogenate was then centrifuged at 700 × g for 10 min. The resultant supernatant
was further centrifuged at 14,000 × g for 10 min to collect the mitochondrial pellet. Enriched
mitochondria fraction was obtained by washing twice with buffer B [210mM mannitol,
70mM sucrose, 10mM MgCl2, 5mM K2HPO4, 10mM MOPS (pH 7.4) and 1mM EGTA]
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and centrifugation at 10,000 × g. The resulting pellet was dissolved in lysis buffer (see
Western blot analysis) and used for measuring ALT activity and Western analysis.

ALT activity assay
ALT activity was determined by using the alanine aminotransferase kit (Calchem) according
to the manufacturer’s instruction. Briefly, 10 ul of serum was incubated with a 2.5 ml
mixture of reagent A and B containing L-alanine, NADH, LDH and 2-oxoglutarate at 25°C.
Absorbance at 340 nm was recorded for 5 min at 30 second intervals after the addition of
protein fraction or serum. The slope of absorbance decrease is proportional to ALT activity.
Final ALT activities were corrected by protein concentration of cell lysates. One unit of
ALT activity was defined as the amount of enzyme that catalyzes the formation of 1 μmol/L
of NAD per minute under conditions of the assay at 25°C.

Hepatoxicity induced by carbon tetrachloride (CCl4) and acetaminophen (APAP)
CCL4 and APAP were obtained from Sigma—For CCL4 study, four eight-week old
male C57BL/6 mice were injected intraperitoneally with CCl4 at 2 ml per kilogram of body
corn oil and blood was collected before and 24 hours after injection and serum was used for
measuring ALT activity and for ALT proteins. For APAP study, Sprague-Dawley rats were
divided into APAP group, receiving APAP (1400 mg/kg in 0.5% methylcellulose, oral
gavage) or control group receiving the vehicle 0.5% methylcellulose. Sera were collected at
48 hours.

Statistics
Data were expressed as mean+/− S.E. Statistical analyses to compare the difference of ALT
activity, protein concentrations or gene expression levels between groups were performed
with Student’s t test. Linear regression for correlation was carried out with GraphPad-Prism
4 software. A p value less than 0.05 was considered to be significant.

RESULTS
Cloning of rALT1 and rALT2

A search of rat EST database in GenBank using human and murine ALT1 and ALT2 peptide
sequences as probes yielded multiple highly homologous EST sequences (data not shown).
The PCR fragments flanking the entire protein-coding region were obtained at the expected
size of 1.5 kb and 1.55 kb by PCR for ALT1 and ALT2, respectively. Subsequent cloning
and sequencing resulted in rALT1 and rALT2 cDNAs, which are predicted to encode
proteins of 496 and 522 amino acids, respectively (Figure 1). Comparison of the rat with
human and murine peptide sequences reveals that rALT1 shares 97% and 88% identities to
the murine and human counterpart, respectively, whereas more conservation is observed in
rALT2, which is 98% and 94% identical to its murine and human orthologs (Table 1). Rat
ALT1 and ALT2 share 68% identity between the translated amino acid sequences, which is
at a similar degree of conservation observed in the mouse and human (17).

Quantitative analyses of ALT gene and protein expression
We next determined the tissue distribution and expression levels of ALT1 and ALT2 in
adult male and female rats. As shown in Fig. 2, ALT1 appears widely expressed in the
tissues examined, being highest in small intestine and liver, significant amounts in brown
adipose tissue, white adipose tissue, heart, muscle and colon, and low expression in kidney
and brain. On the other hand, ALT2 expression is more restricted with highest expression in
the muscle and liver, and then in the white adipose tissue and brain and lower levels are
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present in heart, kidney and colon. The tissue with most difference in ALT isoenzyme
expression is the intestine, with abundant ALT1 expression and nominal ALT2 expression.

Quantification of ALT protein expression by Western analysis was conducted on tissue
lysates with reference to known amount of recombinant ALT1 or ALT2 protein on the same
blot (Figure 3A and 3B). The expression pattern of ALT proteins agrees largely with the
findings of ALT gene expression analysis in that both ALT1 and ALT2 are highly expressed
in the liver and muscle in the male rats. Striking difference in ALT isoenzyme expression is
observed in the intestine where ALT1 is highly expressed in the small intestine and lower
expression in the colon versus ALT2 where there is minimal expression in these tissues. The
content of ALT1 is relatively higher than ALT2 in the heart and fat tissues whereas the
converse is true in the brain. A similar pattern of tissue distribution at the mRNA and protein
levels was observed in the female rats (data not shown) with the exceptions noted below.

Sex-difference in ALT2 expression—Gene expression analysis suggests a sex-
dependent difference in ALT2 gene expression in the liver and muscle (Fig. 2). To examine
whether the sex-dependent difference exists at the protein level, lysates of liver and muscle
tissues from both sexes were analyzed for ALT1 and ALT2 on the same blot. As shown in
Fig. 4A, ALT2 expression in male rats is about 4 fold and 20% higher in the liver and
muscle, respectively, than female rats. Likewise, hepatic ALT activity is 30% higher in
males than females (Figure 4B). No sex-dependent difference was seen in the liver for
ALT1, but it appears 20% higher in muscle in females.

ALT2 is a mitochondrial protein—Peptide sequence comparison of ALT2 with ALT1
indicates that ALT2 contains an additional 28-amino acid sequence at the N-terminus (Fig.
1) which is likely a leader sequence of mitochondrial targeting (20) by bioinformatics
analysis (data not shown). To determine the possible subcellular localization, we
fractionated liver cell lysates into mitochondrial fractions and examined ALT1 and ALT2
content with Western blotting. As shown in Fig. 5, both ALT1 and ALT2 are present in
lysate fractions. Impressively, ALT2 is enriched by about 20 fold but ALT1 is decreased by
about 9 fold in the mitochondrial fraction. Detection of mitochondrial protein marker
cytochrome C confirmed the enrichment of mitochondria. Multiple ALT2-staining bands
may be a result of degradation of ALT2 during mitochondria purification. Nevertheless, this
experiment confirmed our bioinformatics prediction that ALT2 is a mitochondrial protein.

Serum ALT1 and ALT2 protein levels are elevated in animals treated with CCl4 and APAP
We then examined whether ALT proteins were present in the serum and if its level was
increased in liver damage. As rat ALT1 and ALT2 share more than 97% of identity at the
amino acid level, we predict that rat ALT polyclonal antibody will cross react with their
mouse counterparts. As expected, CCl4-administration increased the serum ALT activity
(Fig 6A) dramatically by 66-fold [post- vs. pre-CCl4: 3930 + 820 vs. 59 + 9 U/L (mean +
S.E), p < 0.05]. ALT1 proteins were readily detectable in the sera of all untreated mice,
whereas ALT2 was detected in 2 of the 4 untreated animals. Upon CCl4-treatment, ALT1
protein was significantly elevated by 4.8 fold and ALT2 by 3.9 fold based on densitometric
analysis of the Western blot (Fig 6B). To extend the CCl4 finding in mice, we next
examined the hepatoxicity of APAP in rats. Serum ALT activity was elevated by 20-fold
(APAP vs control: 734.5 +227.2 vs. 35.8 +3, p < 0.05). Accordingly, relative serum ALT1
and ALT2 levels are increased by 3-and 15-fold, respectively (Fig. 7A & 7B). Linear
regression analysis was carried out to examine whether serum ALT protein levels correlate
its activity. In CCl4 study (Fig. 6C), total ALT activity is positively correlated with ALT1
(r2 = 0.79, p < 0.01) and ALT2 (r2 = 0.62, p < 0.05). Likewise, in APAP study (Fig. 7C), the
activity is correlated with ALT1 (r2 = 0.95, p < 0.01) and ALT2 (r2 = 0.58, p < 0.05). Thus,
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serum total ALT activity is correlated with both ALT1 and ALT2 protein levels but it
appears more correlated to serum ALT1 levels, and very low (barely detectable) ALT2
levels in control groups may have contributed to its lower correlation value. The molecular
weights of serum ALT1 and ALT2 appear a little smaller (run faster) than that of liver lysate
and recombinant proteins on the electrophoresis gel, which might be due to the serum ion
strength, minor degradation/cleavage, or interference by albumin which is abundant in the
serum with a molecular weight close to ALT. It is interesting to note that doublet bands of
ALT2 are seen in the liver lysate, which may represent two ALT forms with or without
mitochondrial targeting sequence. The serum ALT2 band appears corresponding to the
smaller band, likely the mitochondrial leader-cleaved ALT2. In conclusion, this experiment
demonstrated that both ALT1 and ALT2 are present in the serum of normal rodents and their
levels are increased in liver damage and correlated with total ALT activity.

DISCUSSION
ALT has been extensively used as a marker for liver injury in clinical diagnostics. In this
study, we cloned rat ALT1 and ALT2 cDNAs subsequent to the murine (16) and human (17)
counterparts out of the consideration that the rat is frequently used for drug safety studies
and has an advantage of larger blood volume and tissue mass than the mouse and thus can be
more readily utilized for time course studies using model hepatotoxicants. The comparison
of ALT1 and ALT2 protein sequences among the three species indicates that ALT1 and
ALT2 are well conserved inter-species (>88% identity), but less conserved intra-species
(~70% identity), suggesting a functional significance and deviation of each ALT isoenzyme
evolutionally. Quantitative gene expression analysis indicated a differential tissue
distribution of the isoenzymes in that ALT1 is more widely distributed than ALT2 and that
the former is expressed in liver, muscle, digestive tract, adipose tissue, and heart tissue,
whereas ALT2 is mainly restricted to the liver, muscle, brain and adipose tissue. This pattern
of ALT isoform expression in the rat is similar to the distribution in the mouse (16) and
human (17).

As tissue ALT content is more directly related to ALT enzymatic activity than the gene
expression level, we generated ALT isoform-specific antibodies to determine the protein
content in multiple tissues. Indeed, ALT1 and ALT2 protein contents are high in muscle and
liver. However, small intestine expresses the highest amount of ALT1 among the tissues
examined and there is significant expression in the colon as well. In contrast, there is
nominal expression of ALT2 in intestinal tract tissues. In comparison, the expression of
ALT2 protein is mainly in muscle and liver, and modestly in brain and white adipose tissue.
The restricted expression of ALT2 raises a possibility that ALT2 may become a more
specific serum marker for liver damage if muscle injury is excluded. ALT2 from brain is not
expected to be released into the circulation due to the blood-brain barrier. Both ALT1 and
ALT2 proteins are expressed in adipose tissues and whether the adipose ALTs contribute to
serum ALT activity is worth further investigation.

Our detection of ALT protein in many tissues agrees with early biochemical study of ALT
enzymatic activity in tissues. Boyd et al found that, in rats, the intestine (4.5 IU/g) has the
highest activity levels second to the liver (24 IU/g) versus other tissues that have lower
activity levels, heart (1.7 IU/g), muscle (2.8 IU/g), and, kidney (1.6 IU/g) (15). Intestinal
ALT is thought to be important for gluconeogenesis (21). Whether the abundant expression
of intestinal ALT1 is conserved between rats and humans and whether an intestinal injury
will result in serum ALT elevation have not been studied. However, serum ALT elevation
was observed in patients infected with rotavirus which preferentially infects the intestine
without liver damage (22) and in patients with celiac disease (23–25). Thus, the possibility
that intestine injury leads to serum ALT1 elevation exists.
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Another interesting finding is the sex-dependent difference in rat hepatic ALT2 expression;
males had significantly higher ALT2 expression than females. Similarly, we found that total
hepatic ALT activity was higher in male than female rats, but the difference was not as great
as at the protein level, which might be attributed to lower enzymatic activity and less
stability of ALT2 than ALT1 (26). Whether the sex-difference of hepatic ALT2 expression
is conserved in humans and contributes to a difference in serum ALT activity remains to be
studied. However, numerous studies have reported higher serum ALT activity in men than
women by 20–100% (27).

Cytosol and mitochondrial ALT activities were previously found in liver, kidney, and
skeletal and cardiac muscles (28–30). Our bioinformatics analysis suggests that ALT2
contains a mitochondrial leader sequence (20) and suggests it may be a mitochondrial
protein. Mitochondrial purification studies had revealed that ALT1 was lost but ALT2 was
enriched during mitochondria purification, unequivocally demonstrating that ALT2 is a
mitochondrial protein and ALT1 is a cytoplasmic protein. In an agreement with this finding,
Meton et al (31) showed that the N-terminal 1–83 amino acids are required for green
fluorescence protein-tagged fish ALT2 to target into mitochondria. The finding of
differential subcellular localization of ALT isoenzymes may be useful to assess tissue
damage at the subcellular level as well as metabolic adaptation. For example, an increased
ALT2/ALT1 ratio may be indicative of a degree of the mitochondrial involvement.
Recently, Diaz-Juarez et al reports that, during partial hepatectomy-induced liver
regeneration in rats, liver mitochondrial proteins appear to be released predominantly into
the serum with no evidence of hepatocellular necrosis (32). Thus, due to the distinctive liver
lobule distribution (unpublished results) and subcellular localization of the each ALT
isoenzyme, the ratio between the isoenzymes may have potential application in evaluating
the extent and nature of liver damage or metabolic adaptation.

ALT activity has been measured in clinical chemistry and its elevation is regarded as a sign
of liver damage. However, the molecular basis for the elevation of serum ALT activity has
not been identified. Using isoform-specific antibodies, we have been able to assess serum
ALT protein changes in rodents treated with CCl4 and APAP, two most-used hepatoxicants.
As expected, serum ALT activity was elevated by 66-fold by CCl4. Accordingly, both ALT1
and ALT2 were increased by 4.8- and 3.9-fold respectively. APAP treatment increased
serum ALT activity by 21-fold, ALT1 protein by 4-fold and ALT2 protein by 16-fold,
respectively. The extent of the serum protein increase is less than that of the activity. One
explanation for this discrepancy is that the protein quantification by Western is semi-
quantitative and another possible explanation is that part of serum ALTs were inactive after
being released into serum and the activity might reflect the freshly-released ALT protein.
Further correlation analysis shows that the amount of ALT1 and ALT2 proteins were
correlated with the serum activity in the animals treated with CCl4 and APAP, indicating
that both isoenzymes may contribute to the elevated activity in the serum. Nevertheless,
ALT1 protein levels are more correlated with ALT activity than ALT2, suggesting that
ALT1 is likely to contribute more to the serum ALT activity. On an additional note, ALT1
appeared to be a major ALT protein in the serum as it was readily detectable in mice and
rats, whereas ALT2 was low and barely detectable under normal conditions (Fig. 6 and 7).
This finding agrees with the recent study where immuno-depletion of ALT1 decreases
majority of the serum ALT activity in healthy humans (33). Based on our tissue distribution
and cell fractionation studies, ALT1 is anticipated to contribute more to “basal” serum ALT
activity since it is more widely expressed in tissues and localized in cytoplasm. Normal cell
turnover in liver and other tissues would release ALT1 into the circulation. Moreover, as a
cytoplasmic protein, ALT1 is relatively easier to “leak” out of the cell than mitochondrial
ALT2. In this regard, elevation of ALT2 in serum in conjunctions with ALT1 elevation may
be a better indicator of “true” liver damage with mitochondria involvement. On the other
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hand, the current enzyme activity assay may have been optimized for measuring ALT1
activity because it is the prevailing ALT in the serum. It should be noted that serum ALT
activity levels do not necessarily reflect the severity of liver damage. For example, a
significant portion of hepatitis C patients with liver damage show persistently normal ALT
levels (9,10) and serum ALT levels are found not to be correlated with histologic severity of
liver damage in patients with non-alcoholic fatty liver disease (34). Whether ALT1 and/or
ALT2 protein levels are elevated in these conditions is worth investigating, as it is possible
that ALT activity may subside relatively faster than the proteins in the circulation (26).

In summary, we have examined the difference of ALT isoenzymes in tissue and subcellular
distributions and between genders in rats, providing essential basics for the future
understanding of serum ALT changes in liver vs. non-liver injuries or normal vs. disease
conditions. Importantly, we have shown for the first time that serum ALT1 and ALT2
proteins are elevated in liver damage induced by typical hepatoxicants CCl4 and APAP in
animal models. Whether ALT isoenzyme-specific assays will have more diagnostic value
than currentlybeing used total ALT activity in determining the nature and extent of liver or
non-liver injuries is under investigation by examining the relationship between the dynamics
of serum ALTs with pathological changes of the liver in a variety of disease conditions.
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Fig. 1.
Comparison of deduced peptide sequences ALT1 and ALT2 from the rat (r), mouse (m) and
human (h). Amino acid in red: fully conserved; blue: well conserved and black: less
conserved. Peptide sequences are aligned using Multalin (35). Amino acids are numbered to
the ALT2 sequence.
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Fig. 2.
Quantitative PCR of ALT1 and ALT2 tissue distribution. Quantitative RT-PCR was
conducted on the tissues indicated. The relative gene expression levels were adjusted to
cyclophilin across the tissues and relative to the liver tissue of female rats. Data were
expressed as mean + S.E. (n = 5 animals). *: p < 0.05, compared to the female.
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Fig. 3.
Quantitative analysis of rat ALT isoenzyme tissue distribution. A. Representative Western
Blot of ALT1 and ALT2 in male rats. 20 ug of tissue lysates were loaded to each lane. L:
liver, M: muscle, B: brain, SI: small intestine, K: kidney, C: colon, H: heart, Bf: brown fat,
Wf: white fat. The number indicates the amount of recombinant proteins of ALT1 and ALT2
respectively; 1: 0.1ng, 2: 0.5 ng, 3: 1.0 ng, 4: 3 ng, 5: 5 ng, 6: 8 ng, 7: 10 ng. B.
Quantification of ALT isoenzyme tissue distribution in male rats. Grey column: ALT1;
Black column: ALT2. Data are expressed as mean + S.E (n = 5 animals); *: p < 0.05; ***: p
< 0.001, vs. ALT2 in the same tissue.
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Fig. 4.
Sex-dependent difference of hepatic ALT2 expression. The protein expression of ALT1 and
ALT2 in liver and muscle (4A), and total hepatic ALT activity (4B) between male and
female rats. Data are expressed as mean + S.E. (n = 5 animals). *: p < 0.05; **: p < 0.01;
***: p < 0.001, relative to the female rat.
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Fig 5.
Relative ALT isoenzyme distributions in liver lysate and mitochondria. 10 ug of lysate or
mitochondria isolated from three male rats, alone with 2 ng of recombinant ALT1 and ALT2
were loaded for Western analysis (5A) and quantitation (5B), blotted for ALT1, ALT2 and
mitochondrial marker cytochome C respectively. Relative protein expression was
determined by densitometer and expressed as mean + sem. ***: p < 0.001, compared to
ALT2 in the same fraction.
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Fig. 6.
Elevation of serum ALT1 and ALT2 proteins in mice treated with carbon tetrachloride
(CCl4). Four male mice were intraperitoneally injected with CCl4 (2 ml/kg). Sera were
collected before (Pre-CCl4) and 24 hours after (Post-CCl4) the administration for Western
analysis (6A). 2 ul of serum was electrophoresed with 20 ug of mouse liver lysates and 2 ng
of recombinant rat ALT1 and ALT2 proteins. The serum ALT activity is listed below and
corresponding to the Western lane for each sample. Relative protein levels are quantitated
by densitometer (6B) and expressed as mean + sem (n = 4 per group, **: p < 0.01; ***: p <
0.001). Linear regression (C) indicates the correlation of total ALT activity with ALT1 and
ALT2 protein levels (n = 8).
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Fig. 7.
Elevation of serum ALT1 and ALT2 proteins in rats treated with acetaminophen (APAP).
Sera were collected 48 hours from rats receiving APAP or vehicle control. 2 ul of serum was
electrophoresed for Western analysis (7A). The serum ALT activity is listed below and
corresponding to the Western lane for each sample. Relative protein levels are expressed as
mean + sem ( 7B, n = 4 per group, **: p < 0.01 vs. control). Linear regression (C) indicates
the correlation of total ALT activity with ALT1 and ALT2 protein levels (n = 8).
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