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Abstract
Liver and kidney damage associated with polytrauma, endotoxic shock/sepsis, and organ transplantation, are 

among the leading causes of the multiple organ failure. Development of novel sensitive biomarkers that detect 
early stages of liver and kidney injury is vital for the effective diagnostics and treatment of these life-threatening 
conditions. Previously, we identified several hepatic proteins, including Argininosuccinate Synthase (ASS) and 
sulfotransferases which were degraded in the liver and rapidly released into circulation during Ischemia/Reperfusion 
(I/R) injury. Here we compared sensitivity and specificity of the newly developed sandwich ELISA assays for ASS 
and the sulfotransferase isoform SULT2A1 with the standard clinical liver and kidney tests Alanine Aminotransferase 
(ALT) and Aspartate Transaminase (AST) in various pre-clinical models of acute injury. Our data suggest that 
ASS and SULT2A1 have superior characteristics for liver and kidney health assessment in endotoxemia, Ischemia/
Reperfusion (I/R), chemical and drug-induced liver injury and may be of high potential value for clinical applications. 

Keywords: Biomarkers; Liver; ASS; SULT2A1; Sepsis; Toxicity;
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Introduction 
Liver and kidney damage and failure due to various forms of 

intoxication and abdominal injury are significant sources of overall 
morbidity and mortality in the US and worldwide. Persistent hepatic 
injury occurs during viral hepatitis, fatty liver disease (steatohepatitis), 
drug or alcohol and autoimmune induced hepatitis. Clinical conditions 
are numerous where related hepatic and renal injuries are critical 
components of multi-organ failure caused by complex trauma including 
blast injury, septic shock, and graft failure after liver transplantation 
often leading to death of the patient. Specific biochemical markers 
have become mandatory in diagnosing dysfunction for a number of 
organs, for example myocardial infarction or hepatitis. The increase of 
ALT and AST in blood has been used in clinical practice for a long 
time for diagnostics of viral hepatitis of all types and alcoholic/toxic 
hepatitis, and monitoring of treatment. Several other enzymes such as 
isocitrate dehydrogenase [1] and anti-oxidative enzyme Glutathione-
S-Transferase (GST) [2] were also shown as potential markers for viral
hepatitis injury. γ-Glutamyl Transferase (γ-GT) has been used for
diagnostics of hepatitis accompanied by cholestasis and hepatobiliary
injury and viral hepatitis B and C [3,4]. Elevated GST levels in
blood were detected in posttraumatic hepatic injury in primates,
acute hepatotoxicity, and intestinal ischemia in rats [5-7]. However,
diagnostic tests of toxic hepatitis or alcoholic liver disease reflect
advanced stages of liver diseases with profound levels of hepatocellular
death, and do not allow to distinguish between parenchymal and
hepatic endothelial injury and/or to determine magnitude and
reversibility of damage. Thus, a clinical need is apparent for specific,
non-invasive pathogenically relevant biomarkers which would
diagnose the magnitude and phase of liver injury for better diagnostics
and control of treatment. We set out to develop biomarkers for liver
focusing on molecules specific to the liver, which could be substrates
for proteolytic cleavage. By using liver proteomic degradomics
approach we identified several biomarker candidates, which were then
tested in experimental liver I/R injury in rats [8]. The most promising
molecules have been Argininosuccinate Synthase (ASS) and Estrogen
Sulfotransferase (EST-1). We have found that hepatic ASS is subjected

to proteolytic cleavage in the liver via pro-apoptotic caspase-3, which 
is activated upon hepatic toxic, ischemic or viral insult, and can be 
released in blood [8]. Subsequently, we discovered that SULT2A1 
isoform of sulfotransferase is a more sensitive in detecting liver injury. 
Also, SULT2A1 possess a slightly greater value regarding specificity 
and assay development. In the current study we compared sensitivity 
and specificity of the newly developed ELISA assays for ASS and the 
SULT2A1 with standard clinical liver and kidney function assays for 
Alanine Aminotransferase (ALT) and Aspartate Transaminase (AST) 
in various pre-clinical models of acute toxicity. Our data suggest that 
ASS and SULT2A1 have superior characteristics for liver and kidney 
health assessment in endotoxemia, Ischemia/Reperfusion (I/R), 
chemical and drug-induced liver and kidney injury and may be of high 
potential value for clinical applications. 

Materials and Methods 
Reagents 

Lipopolysaccharide (LPS) from Escherichia coli O111:B4, 
D-Galactosamine (D-Gal) and Carbon tetrachloride (CCl4) were
purchased from Sigma (St. Louis, MO, USA). The levels of endogenous
ASS and SULT2A1 in serum were determined by SW ELISA assays
(Banyan Biomarkers, Inc.) using rabbit polyclonal antibodies as capture
and mouse monoclonal as detection antibodies. Color development
was accomplished using anti-mouse HRP- conjugated antibodies
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followed by TMB substrate incubation. ASS and SULT2A1 levels were 
calculated from a calibration curve using human recombinant proteins 
prepared according [9] as standards. 

Transaminase activities 

The alanine aminotransferase (ALT, C.E.2.6.1.2) and aspartate 
aminotransferase (AST, C.E.2.6.1.1) activities in animal blood were 
measured using end-point colorimetric tests (BioVision, Milpitas, CA) 
in duplicate according to the manufacturer’s instructions. .

Animals 

Adult male Sprague-Dawley rats (200-225 g) and Balb/c mice (19-
22 g) (Harlan Laboratories Inc., Indianapolis, IN) were used in this 
study. The animals were housed under constant temperature (22°C) 
and humidity with 12 h light/dark cycle and had access to chow and 
water as much as desired throughout the study. All experiments 
were performed in adherence with the National Institutes of Health 
guidelines for the use of experimental animals and were approved by 
the Institutional Animal Care and Use Committee of the University of 
Florida. 

Rodent endotoxemia models 

LPS/D-galactosamine acute liver injury: Lipopolysaccharide 
from E. coli (LPS, 10 μg/kg) plus D-galactosamine (D-Gal, 500 mg/kg), 
or LPS alone (100 μg/kg) or saline were injected intraperitoneally (i.p.) 
in Sprague-Dawley rats as described previously [10,11]. Blood was 
collected from heart of anesthetized animals at terminal time points 1 
h, 2 h, 3 h and 24 h after the treatment, using at least 3 different rats for 
each time point.

Mouse endotoxemia model: For biomarker release studies Balb/c 
mice were given either i.p. E. coli LPS (15 mg/kg) alone or LPS followed 
in 1 h by injection with rASS (5 mg/kg). 

Rat chemical hepatotoxicity models 

Carbon tetrachloride (CCl4, diluted to 0.25 - 0.5 ml/kg in 0.2 ml 
olive oil) was injected as a bolus intraperitoneally (i.p.) in Sprague-
Dawley rats. Blood was collected from heart of anesthetized animals at 
terminal time points 1 h, 6 h and 24 h after the treatment, using at least 
3 different rats for each time point. 

Rat model of liver ischemia/reperfusion injury 

Adult male Sprague-Dawley rats (220-250 g) were anesthetized with 
4% Isoflurane for 4 min in a chamber until a surgical level of anesthesia 
was achieved. Animals were placed on the heating pad and delivery 
of anesthetic gas continued via a nose cone throughout the surgery. A 
midline approximately 3-cm-long laparotomy was made, and the liver 
was exposed. The portal triad was exposed and occluded for 30 min 
using an atraumatic vascular clamp. After 30 min of normothermic 
ischemia, recirculation of the blood through the ischemic liver was 
achieved by removing the clamp for additional 10, 30 min, 1 and 3 h. 
At the end of reperfusion, blood was collected from heart; the liver was 
briefly perfused with cold Phosphate-Buffered Saline (PBS) to remove 
residual blood and taken for analysis. For comparison unilateral 
kidney I/R was performed in a similar manner as for liver with a 
renal artery and a vein dissected and occluded for 30 min. After 30 
min of normothermic ischemia, recirculation of the blood through the 
ischemic kidney was restored for 30 min.

Statistics 

Statistical analyses were performed using GraphPad Prism 5 

software. Data were evaluated by 2-tailed unpaired t-test. The criterion 
for statistical significance was set at p<0.05 or p<0.01. 

Results 
ASS and SULT2A1 are sensitive biomarkers of endotoxicity/
liver injury 

To assess quantitatively the levels of endogenous ASS and in rat 
serum after LPS treatment alone and in combination with the liver 
injury priming agent D-Galactosamine (D-Gal) we used the ELISA 
assay developed at Banyan Biomarkers [9]. As seen in figure 1A, ASS 
significantly accumulated in serum within one h after i.p. injection 
of LPS (100 μg/kg), attained a maximum increase of ~25-fold over 
baseline at 2 h, and decreased but remained significantly elevated at 
3 and 24 h. In contrast to ASS, serum ALT levels after injection of 
100 μg/kg LPS alone did not change significantly (Figure 1B), serum 
AST levels changed significantly only 3 h after LPS injection (Figure 
1B) and no pathomorphological injury to the liver was observed at 
24 h after injection (data not shown). When rats (n=8) were treated 
with lower doses of LPS (10 μg/kg) together with D-Gal to sensitize 
liver to LPS exposure, serum ASS levels raised significantly at 1 h and 
achieved nearly 1000-fold levels over control (saline-treated) in the 
animals which were alive but exhibited strong signs of terminal illness 
(2 out of 8) (Figure 1D). For this group corresponding ALT/AST levels 
were 29/12-fold over the control level (Figures 1E and 1F). In rats 
recovered from treatment (3 out of 8), serum ASS levels declined to 
nearly baseline after 24 h, but were elevated over control rats (Figure 
1D). Serum ALT activity was found to increase significantly at 2 h and 
was substantially elevated at 24 h after LPS/D-Gal injection compared 
to control values (Figure 1E). Serum AST levels changed significantly 
compared to control only 3 h after LPS/D-Gal injection (Figure 1F). 
The data shown above are in concordance with more prominent ASS 
accumulation in blood observed after i.p. injection of much higher 
doses of bacterial LPS in mice (15 mg/kg) (Figure 2A). It is worth 
noting that i.p. administered rASS is cleared from circulation over an 
18 h time period in the absence of liver injury (Figure 2B) so that the 
LPS-related elevation at 18 h (Figure 2A) exceeds the normal clearance 
kinetics. SULT2A1 ELISA developed at Banyan Biomarkers also has 
high sensitivity for LPS intoxication. Following 24 h after i.p. injection 
of LPS only (Figure 6B) SULT2A1 serum level was ~200-fold over 
control level. 

ASS is a sensitive liver and kidney I/R injury biomarker 

We assessed ASS in blood of rats subjected to liver Ischemia/
Reperfusion (I/R) injury on different reperfusion time with a fixed 
30 min of ischemia period. As figure 3 indicates, the magnitude of 
I/R injury depends largely on reperfusion time. Massive release and 
accumulation of ASS in blood was detected immediately after complete 
30 min ischemia (0 reperfusion time), was reperfusion time-dependent 
and rapidly attained a steady state within 30 min, and persisted up until 
180 min after initiation of reperfusion. Blood ASS levels correlated 
strongly with the severity of liver injury determined by histopathology 
of liver tissue (data not shown). As can be seen, ASS increase over sham 
treated animals was 23-fold immediately after ischemia as compared to 
ALT/AST which did not elevate at this time. Moreover, the magnitude 
of ASS increase has been 100-300-fold throughout 3 h reperfusion, 
whereas ALT/AST increase was 7 to 8-fold over sham-operated rats. 
The results obtained in unilateral kidney I/R studies show a sharp 
(~5-fold) increase of ASS concentration in rat blood after 30 min of 
normothermic ischemia followed by 30 min reperfusion (Figure 4A). 
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No significant changes were observed in blood ALT (Figure 4B) and 
AST (Figure 4C) activities.

ASS and SULT2A1 are potential biomarkers of chemical 
hepatotoxicity

ASS rapidly accumulated in plasma 1 h after CCl4 injection (~15-
fold over control) and further increased at 24 h post-treatment (>50-
fold over control) (Figure 5A). No significant increase in plasma ALT 
was detected at 1 h following injection; ALT was elevated at 24 h post-
treatment 6-fold over control (Figure 5B). SULT2A1 level in serum also 
surged 1 h after CCl4 injection (~19-fold over control) and remained 
significantly elevated up to 24 h post-treatment (Figure 6A).

Discussion 
In the previous studies we employed liver proteomic degradomics 

approach and identified several biomarker candidates, which were then 
preliminarily validated in experimental liver I/R injury and LPS/D-
Gal injury in rats [8]. LPS/D-Gal treatment is an established model of 
targeted LPS-dependent liver injury accompanied by a massive hepatic 
apoptosis and release of amino transferases ALT and AST [12,13]. 
As seen on figure 1, rat liver injury induced by injection of bacterial 
LPS only (Figure 1A) or LPS and D-Gal combination (Figure 1D) was 
accompanied by a fast rise of serum ASS levels. At the same time-points 
changes of ALT (Figures 1B and 1E) and AST (Figures 1C and 1F) 
activities were far less pronounced if significant at all. 

Our assessments of the ASS utility in the rat model of liver ischemia/
reperfusion injury demonstrate high correlation of ASS levels in serum 
with duration of reperfusion and magnitude of liver injury (Figure 
3A). Sensitivity on the early stages of liver injury and dynamic range of 
ASS ELISA far exceeds that of ALT/AST (Figures 3B and 3C). Strong 
ASS response to the kidney damage was found also in the rat model 
of kidney ischemia/reperfusion (Figure 4A). Again, here ASS ELISA 
was a better injury indicator than ALT/AST assays (Figures 4B and 

4C). Exposure to high concentrations of toxic chemical compounds 
or drugs overused for medical or recreational purposes can cause liver 
and kidney damage [14-17]. Therefore important diagnostic need can 
be met with ELISA tests for ASS and SULT2A1 employed as illustrated 
for CCl4 (Figures 5A and 6A). Time/dose-dependent accumulation of 
ASS and SULT2A1 in blood strongly correlates with the toxicity levels 
achieved.

The use of ASS and SULT2A1 as components of biomarker panel 
for liver/kidney injury confers a number of advantages over existing 
‘surrogate’ biomarkers: (i) ASS and SULT2A1 accumulated in blood 
earlier than ALT/AST (Figures 1,3,5 and 6), (ii) the diagnostic window 
was much larger with the fold increase ranged from 2 to 1000-fold 
depending on the injury magnitude (Figures 1 and 3-6), (iii) ASS 
and SULT2A1 declined faster than ALT/AST upon resolution of 
damage (Figure 1), and (iv) ASS/ SULT2A1 play roles in pathogenesis 
of hepatic injury linking oxidative stress, liver function (ASS), and 
responses to toxic insults (SULT2A1). ASS is not found in erythrocytes 
or other blood cells. Thus, assessments of ASS and SULT2A1 in serum 
or plasma are not confounded by red blood cell hemolysis; unlike ALT 
or AST, both serum and plasma can be used for analysis. Ideally, whole 
blood can be employed in the future express diagnostics of ischemic 
liver damage, for example in doctor offices, or during emergency 
combat operations. Recently, the potential diagnostic value for liver 
type Arginase-I (Arg-I) and Carbamoyl Phosphate Synthetase-1 (CPS-
1) was reported in rat liver ischemia/reperfusion [18-20]. While Arg-I 
and CPS-1 appear to be promising candidates as biomarkers for liver 
injury, the comprehensive studies of these enzymes have not been 
performed. 

Our selection of liver biomarkers followed several criteria that a 
potential marker needs to fulfill for initiation of assay development: 
specificity of the marker to the organ of interest (tissue panel and 
protein expression level), comprehensive protein analysis for stability, 

Endotoxin i.p. injections in rats elicit strong ASS release in blood. A-C: LPS only (100 μg/kg); D-F: LPS (10 μg/kg) and D-Gal (500 mg/kg). ***-p<0.001 **-p<0.01; *-p<0.05 
vs. control samples.

Figure 1: ASS is a potential biomarker of endotoxicity/liver injury.
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antigenicity and isoform similarity. Ideally, biomarkers should employ 
biological substrates unique to the organ and, at the same time, 
provide information on injury mechanisms, a criterion that is used 
to distinguish biochemical markers from surrogate markers of injury 
since surrogate markers usually do not provide information on injury 
mechanisms. SULT2A1 and ASS fit criteria for biochemical markers: 
they are closely involved in major protective systems including liver 
and kidney. SULT2A1 represents detoxification function of liver [21]. 
In the liver, SULT2A1 plays an important role in bile acid homeostasis 
and protection against the toxic effects of bile acids. SULT2A1 is also 
found at minor levels in jejunum, ileum, cecum and kidney cytosol 
samples. Argininosuccinate Synthase (ASS) is a link between urea 
cycle and Nitric Oxide (NO) synthesis ([22]) which plays a major role 
in responses to ischemia, oxidative stress and toxins upon activation 
of inducible NO synthase in hepatocytes. In hepatic endothelial cells, 

constitutively expressed eNO synthase can utilize arginine supplied 
by consecutive actions of ASS and ASL and thereby provide the initial 
responses to injurious agents. As our prior experiments showed, if 
the endotoxin injection was followed by that of recombinant ASS, it 
significantly alleviated systemic septic symptoms and inflammation 
compared to untreated endotoxemia substantiating a hypothesis 
that systemic ASS release is an innate immune system response to 
endotoxic shock [9]. It should be noted that ASS is now recognized 
as a ubiquitous enzyme in mammalian tissues with the highest values 

A: Mice serum ASS levels induced by i.p. LPS (15 mg/kg) injection. B: Serum 
ASS kinetics following i.p. injection with rASS (5 mg/kg). Mean+S.D. and T-test 
analysis are shown. **-p<0.01; *-p<0.05 vs. control samples.

Figure 2: Serum ASS accumulates following LPS administration in mice.

400

300

200

100

0

A B

LPS                      ASS

A
SS

, n
g/

m
l

control 3h    18h    24h 3h     6h    18h

**

**

**

*

A: ASS accumulation in blood; B and C: ALT and AST enzymatic assays in 
the same samples; N-naive (n=5); S-sham operated rats (n=4); 0 to 3 hours 
reperfusion (4-6 rats), 24 hours after partial reperfusion (n=4). ALT and AST 
were measured using end-point colorimetric tests in duplicate Mean+S.D and 
T-test analysis are shown.

Figure 3: Liver injury markers correlate with I/R injury/reperfusion time.
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Figure 4: ASS accumulates in serum as a response to kidney I/R injury.
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Figure 5: Serum ASS elevation reflecting chemical hepatotoxicity.
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Figure 6: SULT2A1 accumulates in serum after rat treatment with CCI4 or LPS.
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(both mRNA and protein levels) found in the liver and kidneys [23]. 
Nevertheless, because liver is the largest rat organ [24], we consider it as 
the primary source of endogenous ASS in circulation even accounting 
for the possible input from non-hepatic tissues [25]. 

Conclusion
Our data suggest that ASS and SULT2A1 have superior 

characteristics over traditional biomarkers for liver and kidney health 
assessment in endotoxemia, I/R, chemical and drug-induced liver 
injury and may be of high potential value for clinical applications. 
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