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Acrolein scavengers, cysteamine and N-benzylhydroxylamine, reduces the mouse liver

damage after acetaminophen overdose
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ABsTRACT.  Our previous study suggested that the highly toxic o,B-unsaturated aldehyde acrolein, a byproduct of oxidative stress, plays a
major role in acetaminophen-induced liver injury. In this study, to determine the involvement of acrolein in the liver injury and to identify
novel therapeutic options for the liver damage, we examined two putative acrolein scavengers, a thiol compound cysteamine and a hydrox-
ylamine N-benzylhydroxylamine, in cell culture and in mice. Our results showed that cysteamine and N-benzylhydroxylamine effectively
prevented the cell toxicity of acrolein in vitro and acetaminophen-induced liver injury in vivo, which suggested that acrolein is involved in
the liver damage, and these two drugs can be potential therapeutic options for this condition.
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Acetaminophen is an analgesic drug prescribed widely for
human patients and sometimes for veterinary patients [3, 5, 6].
Although it is generally safe, an overdose of acetaminophen
can cause severe liver failure and significant mortality [5, 6].
Liver injury is believed to be caused by the metabolic con-
version of acetaminophen to a highly reactive intermediate
N-acetyl p-benzoquinoneimine that depletes glutathione
and causes oxidative stress, and the stress characterized by
the production of reactive oxygen species (ROS), including
hydrogen peroxide (H,0,) and the hydroxyl radical (-OH),
subsequently aggravates the liver injury. [12].

In a previous study, we showed that the highly toxic a,
B-unsaturated aldehyde acrolein (CH,=CHCHO) is gener-
ated under oxidative stress in liver and plays a major role
in acetaminophen-induced liver injury [1]. Acrolein is pro-
duced in various tissues via lipid peroxidation [16], poly-
amine oxidation [13] and metabolism of drugs, such as the
anticancer drug cyclophosphamide [7]. It can form Michael-
type addition adducts with cellular components, particularly
proteins and DNA, which results in cell toxicity. Acrolein
can easily cross the cell membranes and tissues, because of
its solubility in water and alcohol; thus, high concentrations
of acrolein produced by lipid peroxidation or polyamine
oxidation can spread from the dying cells at the primary site
of injury, which results in damage and/or death of adjacent
cells [10].

Our previous study showed that acrolein adducts are
produced in the livers of acetaminophen-treated mice and
that 2-mercaptoethanesulfonate (MESNA) and N-acetyl-L-
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cysteine (NAC), two known acrolein scavengers, amelio-
rate acetaminophen-mediated liver injury by neutralizing
acrolein toxicity [1]. We confirmed the specificity of NAC
and MESNA in cell culture, because these agents inhibited
acrolein toxicity but not H,O,- or -OH-mediated toxicity.

MESNA, a thiol compound, has been shown to scavenge
acrolein both experimentally and clinically. MESNA inter-
acts with acrolein and forms an inactive compound, which
can be detected using mass spectrometry [14]. Acrolein, a
metabolite of the anticancer drug cyclophosphamide, causes
hemorrhagic cystitis. To prevent this side effect during
cancer chemotherapy, MESNA is routinely administered
to patients and has successively decreased the incidence of
hemorrhagic cystitis [14]. Another thiol compound NAC
is a glutathione prodrug approved for clinical use and is
routinely used to treat acetaminophen-induced liver injury
[11]. A recent study showed that NAC directly interacts with
acrolein and forms an inactive compound [20].

In this study, we determined the involvement of ac-
rolein and examined two putative acrolein scavengers, a
thiol compound cysteamine (CystE) and a hydroxylamine N-
benzylhydroxylamine (NBHA), to identify novel therapeutic
options for liver injury [17, 19]. Thiol and hydroxylamine
trap aldehyde and decrease its toxicity [18]. We compared
the neutralization activity of CystE and NBHA against acro-
lein in vitro. We cultured the human Burkitt’s lymphoma cell
line Ramos (5 x 10* cells/m/) in RPMI1640 medium supple-
mented with 50 U/m/ streptomycin, 100 U/m/ penicillin G
and 5% fetal calf serum (FCS) at 37°C in an atmosphere
of 5% CO,. FCS was heat-inactivated and dialyzed against
phosphate-buffered saline at 4°C. We examined the factors
that decrease the cell toxicity of acrolein, and they were add-
ed after the addition of acrolein in the culture. Acrolein and
CystE were purchased from KANTO CHEMICAL Co. (To-
kyo, Japan), and NBHA and NAC were from Sigma-Aldrich
(St. Louis, MO, U.S.A.). NAC was used as a positive control.
After 24 hr, the numbers of viable cells were counted under
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Cysteamine (CystE) and N-benzylhydroxylamine (NBHA) prevent acrolein toxicity and acetaminophen-induced hepatic injury.

(a) CystE and NBHA prevent acrolein toxicity in vitro. Ramos cells were incubated with or without acrolein (Acr) and acrolein scavengers. The
numbers of viable cells were counted and shown as the percentages relative to that obtained in the medium alone. Samples were treated with the
medium alone (lane 1), Acr (lane 2), Acr and CystE (lane 3), Acr and NBHA (lane 4), and Acr and N-acetyl-L-cysteine (NAC) (lane 5). Results
are presented as the average of more than three independent experiments with standard deviation. Asterisk (¥): P<0.01. (b) CystE and NBHA
prevent acetaminophen (APAP)-induced hepatic injury. Results of hematoxylin and eosin (H&E) staining and TdT-mediated dUTP nick end
labeling (TUNEL) assay are shown in the top and bottom panels, respectively. Panel 1: vehicle-treated liver as a control, Panel 2: APAP-treated
liver, Panel 3: APAP- and CystE-treated liver, and Panel 4: APAP- and NBHA -treated liver. Arrow: central vein. Scale bar: 500 gm. (c) Serum
alanine aminotransferase (ALT) levels in mice treated with vehicle only (lane 1, n=3), APAP alone (lane 2, n=3), APAP and CystE (lane 3, n=3),

and APAP and NBHA (lane 4, n=3). Asterisk (*): P<0.05.

a microscope in the presence of 0.25% trypan blue, and they
were expressed as the percentages relative to that obtained
in the medium alone (Fig. 1a). Cellular toxicity caused by
100 uM acrolein (lane 2) was prevented by 100 uM CystE
(lane 3) or 100 M NBHA (lane 4) to the same extent as
that by 100 uM NAC (lane 5). The results suggest that both
CystE and NBHA rapidly inactivated acrolein and protected
the cells from acrolein-mediated toxicity in vitro.

To examine the protective role of CystE or NBHA in
acetaminophen-induced hepatic injury, we administered
CystE or NBHA to acetaminophen-treated mice. C57BL/6
mice were fasted 14~16 hr before acetaminophen injection,
but were allowed access to water. Acetaminophen was sus-
pended in 50% Milli-Q water and 50% propylene glycol, and
the suspension was intraperitoneally (ip) injected into mice
(600 mg/kg body weight). CystE (200 mg/kg) and NBHA

(500 mg/kg) were ip injected immediately after the injec-
tion of acetaminophen. The mice were sacrificed at 12 hr
after acetaminophen injection to collect tissues and sera. A
piece of the liver from each mouse was fixed with formalin
and embedded in paraffin. Serial liver sections made from
the paraffin samples were used to directly examine the he-
patic injury with hematoxylin-eosin (H&E) staining or TdT-
mediated dUTP nick end labeling (TUNEL) assay (Fig. 1b).
H&E staining of the acetaminophen-treated liver sections
showed hepatocyte necrosis in the area surrounding the cen-
tral veins (Fig. 1b, panel 2, top). DNA damage in the liver
sections was assessed using the TUNEL assay. The TUNEL
assay was initially developed to determine apoptosis, but
in a recent study, we showed that TUNEL-positive signals
can be detected even in necrosis [9]. We detected TUNEL-
positive signals in the necrotic regions (Fig. 1b, panel 2, bot-
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tom). CystE- and NBHA-treated livers did not show severe
necrosis in both H&E and TUNEL staining (Fig. 1b, panels
3 and 4). Serum alanine aminotransferase (ALT) levels that
are closely correlated with hepatic damage were determined
using an automated analyzer (Hitachi 7140; Hitachi Instru-
ments Service Co., Tokyo, Japan) [1]. The ALT levels were
high in acetaminophen-treated mice, and treatment with
CystE or NBHA markedly decreased these levels (Fig. 1c;
compare lanes 2 and 3, or lanes 2 and 4, P<0.05 each).
These data indicate that administration of CystE or NBHA
prevented acetaminophen-induced liver injury.

CystE and NBHA have shown to exert neuroprotective
effects in a number of cell lines and in animal models. CystE
protects rat primary astroglial cultures from glutamate tox-
icity [4] and Huntington’s disease knock-in murine striatal
cells from toxicity induced by 3-nitropropionic acid [8].
CystE has shown neuroprotective effects in the R6/2 murine
model of Huntington’s disease [2] and in the MPTP murine
model of Parkinson’s disease [15]. In addition, NBHA has
been used successfully in vivo and in vitro to sequester
acrolein and prevent its toxic effects in murine models of
neurodegeneration [18] and in cultured mouse mammary
carcinoma cells [20].

In this study, we showed that the administration of acro-
lein scavengers CystE or NBHA prevented acetaminophen-
induced liver injury, which suggested that acrolein is in-
volved in liver damage, and both these drugs can be used as
novel therapeutic options. In addition to neurodegeneration
and acetaminophen-induced liver injury, acrolein may be
associated with other diseases. Thus, CystE and NBHA are
promising drug candidates that can be used for the preven-
tion and progression of such diseases.
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