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to be responsible for its depletion (Kera et al. 1985; Videla 
et  al. 1980). Other proposed mechanisms of the ethanol-
induced GSH depletion include an increase in GSH efflux 
from the liver (Fernandez-Checa et al. 1987; Speisky et al. 
1988; Choi et al. 2000) and/or an inhibition of its biosyn-
thesis (Lauterburg et al. 1984). More recently, we observed 
that the GSH depletion in rats fed ethanol was accompa-
nied with a decrease in cysteine, an essential substrate for 
the synthesis of this tripeptide (Kim et al. 2003, 2008). In 
that study, however, taurine, the other major metabolite 
of cysteine, was elevated markedly. This appears to be a 
paradox when considering the pivotal role of GSH in the 
defense against various oxidative substances including 
those generated during metabolic breakdown of ethanol. It 
was therefore of interest to investigate the effects of etha-
nol on cysteine and glutathione homeostasis in liver by 
determining expression and activity of the critical enzymes 
involved in the metabolism of these sulfur-containing 
substances.

Methods

Animals and treatments

Male Sprague–Dawley rats, weighing 300–350  g, were 
purchased from Dae-Han Experimental Animal (Seoul, 
Korea). The use of these animals was in compliance with 
the guidelines established by the Animal Care Committee 
in College of Pharmacy, Seoul National University, and 
approved by the Ethical Animal Care and Use Committee 
of Seoul National University (No. SNU-120601-2). Rats 
were acclimated to temperature (22 ± 2 °C)- and humidity 
(55 ± 5 %)-controlled rooms with a 12-h light/dark cycle 
(light 0700–1900, dark 1900–0700) for 1 week before use. 

Abstract  We determined the alterations in metabolic con-
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ever, cysteine dioxygenase was up-regulated rapidly, and 
hypotaurine/taurine levels were significantly higher than 
those found in the saline-treated rats. It is therefore sug-
gested that enhancement of cysteine catabolism into taurine 
contributes to the depletion of hepatic glutathione, which 
could exacerbate the ethanol-induced oxidative liver injury.
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Introduction

It is well known that both acute and chronic ethanol intake 
result in reduction of hepatic glutathione (GSH) contents, 
which may have an important role in the development of 
oxidative liver injury (Nordmann 1994). Various mecha-
nisms have been proposed to explain the ethanol-induced 
GSH depletion in liver. Since ethanol biotransformation 
is associated with generation of acetaldehyde and reactive 
oxygen species (ROS), an increased consumption of GSH 
to counteract the oxidative substances has been suggested 
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Rats were treated acutely with ethanol (40 %; 3 g/kg, ip) 
at 10:00 am and killed 6 h and 24 h later. Regular rat chow 
(Cargill Agri Purina, Seongnam, Korea) and tap water were 
allowed ad libitum until killing.

Determination of sulfur‑containing substances

The liver was homogenized in a fourfold volume of 1.15 % 
KCl and centrifuged with 1  M HClO4 for detection of 
cysteine, GSH, and GSH disulfide (GSSG), or in a fivefold 
volume of methanol for detection of hypotaurine, taurine 
and cysteinesulfinic acid. GSH and GSSG were determined 
using the method of Griffith (1980). Cysteine was meas-
ured by the acid-ninhydrin method (Gaitonde 1976). Tau-
rine, hypotaurine, and cysteinesulfinic acid were derivat-
ized with O-phthaldialdehyde/2-mercaptoethanol prior to 
quantification using the HPLC method of Rajendra (1987).

Enzyme activity and expression

The liver was homogenized in a threefold volume of ice-
cold buffer containing 0.154 M KCl/50 mM Tris–HCl with 
1  mM EDTA (pH 7.4). The 104,000  g supernatant frac-
tion (cytosol) was used to measure the enzyme activity and 
expression. CDO activity was measured by quantification 
of cysteinesulfinic acid using the method described above. 
Cytosol was incubated in 0.5 mM Fe(NH4)2(SO4)2, 5 mM 
NH2OH·HCl, 2 mM NAD+, and 5 mM cysteine for 16 min 
at 37 °C.

For Western blotting analysis, liver protein was loaded, 
separated by gel electrophoresis, and transferred to nitrocel-
lulose membranes by electroblotting. The membranes were 
blocked in 5 % nonfat dry milk in 0.1 % Tween 20 in Tris-
buffered saline. The blots were incubated overnight with 
primary antibodies followed by incubation with second-
ary antibodies conjugated to horseradish peoxidase. Poly-
clonal antibodies against rat glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) (Santa Cruz Biotechnology, 
Santa Cruz, CA), γ-glutamylcysteine ligase catalytic unit 
(GCLC) (NeoMarkers, Fremont, CA), and cysteine dioxy-
genase (CDO) were used as probes. CDO antibody was a 
kind gift from Dr. Yu Hosokawa (Faculty of Human Sci-
ences, Jissen Women’s University, Tokyo, Japan). Proteins 
were detected by enhanced chemiluminescence. Signal 
intensity was normalized relative to that of GAPDH.

Gene expression was examined by quantitative real-
time PCR. Total hepatic RNA was isolated using TRIzol® 
reagent (Invitrogen, Carlsbad, CA) and purified by an 
RNeasy Mini Kit (Qiagen, Hilden, Germany). cDNA was 
obtained from isolated RNA template by reverse transcrip-
tion. Gene expression was measured using cDNA with 
corresponding gene-specific primers and a Light-Cycler 
System (Roche Diagnostic, Mannheim, Germany) fol-
lowing the manufacturer’s standard protocol. The gene-
specific primers applied were as follows: CDO sense, 
5′-GCTGGAAGCCTACGAGAGCAA-3′, anti-sense, 
5′-AGCAGTGGGAGTCCGTGTGA-3′; GCLC sense, 
5′-CTGCACATCTACCACGCAGTCA-3′, anti-sense, 
5′-ATCGCCGCCATTCAGTAACAA-3′; GAPDH sense, 
5′-GGCACAGTCAAGGCTGAGAATG-3′, anti-sense, 
5′-ATGGTGGTGAAGACGCCAGTA-3′.

Results and discussion

The GSH contents in liver of the saline-treated rats were 
reduced in 6 h and recovered 24 h later (Table 1). The cir-
cadian variation in hepatic GSH has been well documented 
(Schnell et al. 1983; Kim and Lee 1998). An acute dose of 
ethanol decreased the GSH contents further, which per-
sisted for 24 h. GSSG, the oxidized form of GSH, was ele-
vated at 6 h after ethanol treatment, but returned to normal 
in 24  h. Hepatic cysteine concentrations were decreased 
by ethanol for 24 h. Contrary to the depletion of GSH and 

Table 1   Effects of ethanol treatment on sulfur-containing substances in rat liver

Each value represents the mean ± SEM for six rats
#, ##, ###  Significantly different from the normal control measured at 0 h (Student’s t-test, P < 0.05, 0.01, 0.001, respectively)

*,   **, *** Significantly different from the saline-treated rats (Student’s t-test, P < 0.05, 0.01, 0.001, respectively)

0 h 6 h 24 h

Control Saline EtOH Saline EtOH

tGSH (μmol/g) 7.1 ± 0.3 5.3 ± 0.1## 4.7 ± 0.2###,* 6.3 ± 0.2 5.2 ± 0.4##,*

GSSG (nmol/g) 160 ± 5 111 ± 7### 150 ± 5** 161 ± 7 158 ± 6

GSSG/GSH (%) 2.66 ± 0.07 2.76 ± 0.11 3.73 ± 0.12###,*** 2.85 ± 0.17 3.20 ± 0.28

Cysteine (nmol/g) 190 ± 8 178 ± 4 150 ± 10#,* 185 ± 7 160 ± 8#,*

Hypotaurine (nmol/g) 222 ± 68 100.0 ± 13 342 ± 100* 180 ± 26 149 ± 59

Taurine (μmol/g) 4.14 ± 1.41 1.53 ± 0.65 4.27 ± 0.43** 1.20 ± 0.39 2.67 ± 0.61
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cysteine, hepatic hypotaurine and taurine levels in the eth-
anol-treated rats were significantly higher than those found 
in the saline-treated rats. There appeared to be no difference 
in hypotaurine or taurine levels between the two groups at 
24 h after the treatment. CDO was up-regulated at 6 h after 
the treatment, but reversed in 24 h, whereas GCL appeared 
to be unaffected (Fig. 1). It is therefore suggested that the 
enhancement of cysteine catabolism into taurine has a sig-
nificant role in the ethanol-induced GSH depletion in liver 
via reduction in the essential substrate for GSH synthesis.

In liver, the cysteine concentration is regulated by a 
balance between the rates of its synthesis, hepatic uptake 
from blood, and its metabolic conversion into GSH, inor-
ganic sulfate, and taurine. CDO and GCL are the rate-lim-
iting enzymes in the metabolic pathways for synthesis of 
taurine and GSH, respectively, and therefore, the relative 

dominance between the two enzymes is a major determi-
nant for partitioning of cysteine sulfur into either GSH or 
taurine in liver. CDO catalyzes the oxidation of cysteine to 
cysteinesulfinic acid, which is further metabolized to hypo-
taurine by cysteinesulfinic acid decarboxylase, and sub-
sequently to taurine via enzymatic and/or non-enzymatic 
reactions (Pecci et al. 1999). Alternatively, cysteinesulfinic 
acid is transaminated to yield inorganic sulfate (Stipanuk 
and Ueki 2011). Taurine is also synthesized from the oxi-
dation of cysteamine by cysteamine dioxygenase of which 
expression is relatively low in liver compared to extrahe-
patic tissues such as heart, kidney, and brain, whereas CDO 
expression is highest in liver (Dominy et al. 2007). It has 
been demonstrated that cysteine itself is an important intra-
cellular signal for the regulation of CDO (Stipanuk et  al. 
2004). Cysteine availability was shown to directly affect 

Fig. 1   Effects of ethanol treatment on GCLC and CDO in rat liver. 
a GCLC protein expression, b CDO protein expression, c GCLC 
and CDO mRNA expression, d CDO activity; a and b mean ±  SE 
for three rats, c and d mean ±  SE for six rats. #, ##, ###Significantly 

different from the normal control measured at 0  h (Student’s t-test, 
P < 0.05, 0.01, 0.001, respectively). *, **, ***Significantly different 
from the saline-treated rats (Student’s t-test, P  <  0.05, 0.01, 0.001, 
respectively)
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CDO abundance via changes in the rate of CDO ubiquit-
ination and degradation (Stipanuk et al. 2006). Therefore, a 
high level of cysteine allows more cysteine to be converted 
to taurine via up-regulation of CDO activity, whereas GCL 
is induced when cysteine availability is low, ensuring that 
more cysteine is conserved as GSH (Kwon and Stipanuk 
2001). On the other hand, regulation of CDO mRNA 
expression has been largely unknown. In this study, ethanol 
was shown to up-regulate CDO mRNA and protein expres-
sion rapidly. CDO activity was also changed similarly. To 
our knowledge, this is the first study revealing that ethanol 
may increase the utilization of cysteine for taurine synthesis 
via induction of CDO expression. The induction of CDO 
was reversed at 24 h after ethanol challenge, which may be 
associated with excessive expression of this enzyme shown 
earlier. Meanwhile, the inhibition of CDO at 24 h did not 
result in a decrease in hypotaurine and taurine levels in 
liver. Considering the role of taurine as a major organic 
osmolyte, there appears to be a compensatory mechanism 
for maintenance of taurine homeostasis when cellular tau-
rine production is inadequate. In fact hepatic CDO-knock-
out mice fed a taurine-free diet were shown to maintain a 
normal taurine level in liver, suggesting that extrahepatic 
tissues are able to compensate for a lack of hepatic capac-
ity to produce taurine (Ueki et al. 2012). Recently, we also 
showed that the inhibition of CDO in rat liver did not lead 
to a reduction in hepatic taurine and hypotaurine levels 
(Kwon et al. 2013).

Synthesis of GSH in liver is limited mostly by two fac-
tors, the availability of cysteine and the activity of GCL 
(Meister and Anderson 1983). The GCL enzyme consists 
of a catalytic unit (GCLC) and a modifier unit (GCLM) 
that is enzymatically inactive but has a regulatory func-
tion for GCL. In this study, expression of GCLC was not 
influenced by ethanol, but hepatic GSH level was reduced 
significantly for 24 h after the treatment. The reduction of 
GSH paralleled the change in cysteine concentration, sug-
gesting that the decrease in this sulfur amino acid may be 
responsible for the decrease in GSH synthesis in the eth-
anol-treated rats. In contrast, CDO was up-regulated rap-
idly with elevation of both hypotaurine and taurine levels in 
liver. The results suggest that cysteine catabolism into tau-
rine is favored over GSH generation, which may play a sig-
nificant role in the ethanol-induced GSH depletion in liver. 
Considering the well-known role of GSH in detoxification 
of ROS and oxidative metabolites, the enhancement of tau-
rine synthesis under the ethanol-induced oxidative stress is 
unexpected.

Numerous studies have suggested that taurine is associ-
ated with cytoprotective activity, which is often attributed 
to its antioxidant potential (Huxtable 1992). However, other 
studies have shown that taurine has a minimal direct scav-
enging activity toward oxygen-derived radicals (Aruoma 

et  al. 1988; Mehta and Dawson 2001). Instead, hypotau-
rine at a concentration of several hundred micromoles per 
liter in vitro has been shown to be an excellent scavenger 
of hydroxyl radical, hypochlorous acid, peroxynitrite, and 
singlet oxygen (Shi et al. 1997; Pecci et al. 1999). We also 
measured the oxygen radical scavenging capacity of hypo-
taurine and its precursor, cysteinesulfinic acid, and found 
that both substances were more or at least equipotent in 
counteracting hydroxyl radical and peroxynitrite compared 
with GSH (unpublished results). This raises a possibility 
that the cysteine metabolites generated during catabolism 
of this amino acid into taurine may have a yet unidentified 
role in the antioxidant defense against an acute episode of 
oxidative stress in animal tissues.

In conclusion, the results in this study suggest that 
cysteine is preferentially utilized for the synthesis of tau-
rine rather than GSH in rat liver exposed to ethanol. The 
increase in cysteine partitioning into the taurine synthetic 
pathway may contribute to the ethanol-induced GSH deple-
tion, which could exacerbate alcoholic liver injury. The 
physiological significance of these findings remains to be 
investigated in future studies.
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