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ABSTRACT

Objective: Noncirrhotic fibrosis of the liver is common in subjects chronically
consuming ground water geologically contaminated with arsenic, but the mech-
anism of the hepatic fibrosis is not known. Because lipid peroxidation has been
implicated in the development of several other forms of hepatic fibrosis, includ-
ing iron and copper overload, we have explored the roles of oxidative stress
and lipid peroxidation in the causation of hepatic fibrosis in a murine model
of chronic arsenic toxicity. Methods: Male BALB/c mice were given drinking
water contaminated with arsenic (3.2 mg/L) or arsenic-free (<0.01 mg/L, con-
trol) ad libitum. Mice were sacrificed at 3, 6, 9, 12, and 15 months for examina-
tion of hepatic histology and assays of hepatic reduced glutathione content, lipid
peroxidation, enzymes of the antioxidant defense system, and membrane-bound
sodium/potassium ATPase (Na*/K* ATPase). Results: After 12 months of arse-
nic feeding, the liver weights increased significantly as did serum aspartate
aminotransferase and alanine aminotransferase. After 6 months of arsenic feed-
ing, hepatic glutathione and the enzymes glucose-6-phosphate dehydrogenase
and glutathione peroxidase were significantly lower than those of the control
group. Hepatic catalase activity was significantly reduced at 9 months in the
arsenic-fed group, while glutathione-S-transferase and glutathione reductase
activities were also significantly reduced at 12 and 15 months. Plasma mem-
brane Na*/K* ATPase activity was reduced after 6 months while lipid peroxi-
dation increased significantly after 6 months of arsenic feeding. Liver histology
remained normal for the first 9 months, but showed fatty infiltration after 12
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months of arsenic feeding. Histologic evidence of fibrosis was observed after
15 months. Conclusion: We have demonstrated hepatic fibrosis due to long-
term arsenic toxicity in an animal model. Initial biochemical evidence of hepatic
membrane damage, probably due to reduction of glutathione and antioxidant
enzymes, may be seen by 6 months. Continued arsenic feeding resulted in fatty
liver with serum aminotransferase and alanine aminotransferase elevated at
12 months and hepatic fibrosis at 15 months. The murine model is proposed
as relevant to epidemic human toxicity in areas of arsenic contamination.

INTRODUCTION

Cutaneous and hepatic manifestations of arsenic toxic-
ity due to chronic consumption of arsenic-contaminated
ground water are seen commonly among a large number
of inhabitants of various districts of West Bengal.! An

important feature of chronic arsenic toxicity in West Ben-

gal is a form of hepatic fibrosis that causes portal hyper-
tension, but does not progress to cirrhosis.>* Prolonged
consumption of arsenic-contaminated liquids, such as
Fowler’s solution, has been known to cause similar he-
patic lesions.* Although the association between arsenic
toxicity and hepatic fibrosis has been firmly established,
the mechanism of this type of liver damage remains un-
elucidated.

Oxidative damage is thought to underlie several
chronic liver diseases that are associated with fibrosis.
Oxidative stress, which is based on activated molecular
species of oxygen, is a complex process that can result
in the peroxidative damage of the major cellular compo-
nents including amino acids, carbohydrates, lipids, pro-
teins, and nucleic acids.%’ Damage to membrane lipids
and the associated alterations in bulk properties of mem-
branes frequently are, however, considered to be the
primary basis for chemical-induced hepatocellular in-
jury and a loss of cell viability. Lipid peroxidation has
been found to be important in carbon tetrachloride
(CCly)-induced liver damage, as well as in acetaldehyde
and free-radical induced fibrosis in ethanol-fed animals.®*
Similarly, lipid peroxidation has been proposed as the
mechanism of hepatic fibrosis due to excess iron'®!! or
copper deposition'? in experimental animals. Based on
these studies, we hypothesized that lipid- peroxidation—
mediated membrane damage, presumptively due to oxi-
dative stress and reduced enzymatic antioxidant defense,
may be an important mechanism of the hepatic fibrosis
that results from chronic arsenic toxicity. To test this hy-
pothesis, we utilized a murine model in which hepatic
fibrosis was induced by feeding arsenic-contaminated
water for 15 months. Alteration of the enzymes involved
in the antioxidant defense system and membrane damage

due to lipid peroxidation precede the pathomorphological
lesions of arsenic-induced hepatic fibrosis in the murine
model.

MATERIAL AND METHODS

Collection of Arsenic Contaminated Water

Arsenic contaminated subsoil drinking water was col-
lected from a well that had been used as a drinking water
source for many years by a family, several members of
which manifested clinical features of arsenic toxicity.
Total arsenic content of the water was measured spectro-
photometrically using silver diethyldithiocarbamate (Ag-
DDTC) in chloroform (CHCl;) with hexamethylene tet-
ramine'® and the proportion of the arsenite (As III) and
arsenate (As V) were determined.' The water sample was
preserved at —20° C for the study.

Animals

Inbred male BALB/c mice (7-8 weeks old, weighing
22-25 g) were maintained on standard laboratory chow
at a constant temperature and humidity environment with
a 12-hour light:dark cycle. All animal experiments were
approved by and were performed in accordance with lo-
cal institutional guidelines for the care and use of labora-
tory animals.

Experimental Protocol

The mice were divided into 2 groups. The experimen-
tal group was provided with the arsenic-contaminated
water (3.2 mg/L) ad libitum. The coatrol group drank
arsenic-free water (<0.01 mg/L). The mice were killed
in batches under ether anesthesia after 3, 6, 9, 12, and 15
months. Blood was collected by cardiac puncture before
sacrifice for the estimation of serum proteins, alanine
aminotransferase (ALT), aspartate aminotransferase
(AST), and alkaline phosphatase (ALP) by commercially
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available kits. The livers were removed and weighed. A
small liver fragment from each mouse was fixed in 10%
buffered formalin for histologic examination. The re-
maining liver was perfused with 20 mL of ice-cold iso-
tonic saline through the portal vein, removed, blotted, and
divided into 2 portions.

Assay of Enzymes Involved in the
Antioxidant Defense System

A portion of the liver was minced and a 10% homoge-
nate was prepared in ice-cold, potassium phosphate
buffer (10 mM, pH 7.4) containing 0.15 M KCl, using a
glass homogenizer fitted with a Teflon pestle. The ho-
mogenate was divided into 3 parts which were processed
as follows. One part was used for the assay of reduced
glutathione (GSH) and total thiol (-SH)." The second part
was centrifuged at 2000 X g for 15 minutes at 4°C and
the postnuclear supernatant fraction was used for lipid
peroxidation analysis.!® The third part was used for the
preparation of cytosolic proteins. The homogenate was
centrifuged at 3000 X g for 15 minutes at 4°C and the
supernatant was centrifuged again at 105,000 X g for 60
minutes. The supernatant was used for the assay of the
activities of  glucose-6-phosphate  dehydrogenase
(G6PD)," catalase,”® glutathione-S-transferase (GST),"”
glutathione peroxidase (Gpx),” and glutathione reductase
(GR).2!

Plasma Membrane Isolation and Na*/K*
ATPase Assay

The second portion of liver tissue was used for the
preparation of plasma membrane—enriched fractions as
follows. A 20% liver homogenate was prepared in 1 mM
NaHCO;, containing 0.5 mM CaCl, (pH 7.4). The ho-
mogenate was centrifuged at 1500 X g for 30 minutes.
The plasma membrane enriched fraction was prepared as
described by Pascale er al.?? In brief, the sediment, after
centrifugation at 1500 X g for 30 minutes, was washed
twice in NaHCO,/CaCl, solution and the final sediment
containing crude liver plasma membranes (LPM) was
suspended in 1.5 mL of 48% sucrose. The suspension was
transferred to 30 mL polycarbonate tubes and carefully
overlayed with 8 mL of 45% sucrose, 10 mL of 41%
sucrose, and 10.5 mL of 37% sucrose. All sucrose solu-
tions contained 2mM Tris-HCI buffer (pH 7.4). After
centrifugation at 100,000 X g for 70 minutes, partially
purified LPM were found in a band between 37 and 41%
sucrose. The LPM suspension was diluted 10 times with
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0.1 mM NaHCO:;, sedimented for 10 minutes at 14,000
X g, and finally suspended at about 2 mg of protein/
mL in the same buffer. Na*/K* ATPase activities were
determined at 37°C according to the method of Ismail-
Beigi and Edelman® as modified by Gonzalez-Calvin
et al.* NADPH-cytochrome ¢ reductase and succinate
dehydrogenase activities were determined according to
the methods of Feo et al.**? For evaluation of the extent
of contamination by microsomes and mitochondria,
NADPH, cytochrome c reductase and succinate dehydro-
genase activities, respectively, were determined.

Protein Determination

The protein content of the liver homogenates and the
subcellular fractions was determined by the method of
Lowry et al.”

Arsenic Estimation in Liver Tissues

The arsenic content of liver tissue of 5 experimental
animals and 4 control animals obtained after 6 months
of drinking arsenic-contaminated water and arsenic-free
water, respectively, was estimated as described by Das
et al.®

Liver Morphology

Hematoxylin-eosin, reticulin, and Masson-stained
paraffin sections of formalin-fixed liver tissues were eval-
vated by an examiner who was unaware of the experi-
mental group.

Statistical Analysis

Data were expressed as mean*SD. Statistical analysis
of the difference between sample means was done by Stu-
dent’s rtest.

RESULTS

Long-Term Effect of Arsenic on Body
Weight

The ground water fed to the experimental group con-
tained arsenic 3.2 mg/L with an arsenite (As III) to arse-
nate (As V) ratio of 1:1. Based on the daily water con-
sumption, the average daily arsenic ingestion was
calculated to be 70.4 ug/100 g body weight. Consump-
tion of the arsenic contaminated water for 15 months
caused significant reductions in body weight at 12



1000 > dus TO0 > C

#+76°0T = 9¥91 *6L'9 F 91°8¢ «x09°S * 08°0F P00 F ILT €0 F S6'S (9 = v) RuowRdYy
0 F LETl €99 F 05°ST 01y F 0S°LT 10 F IT°€ 970 * S09 (g = w) jonuo) ¢
0T) F ¥'8T1 «1T'8 F 08°C¢ ++€6'0 F 09'F€ 190 ¥ €0°€ 980 * 999 (¥1 = v Puswidyy
89 F §'1TI 8LT ¥ 0S°€T LTy ¥ 00°ST S0 F 90°€ 160 F 9€9 (6 = u) Jonuo) [
911 F 8911 6 F 08'9C S9'6 ¥ 0T'1¢ 89°0 T 80°€ €T F 0V'9 (S = w) reyusuwradxy
¥9'8 * ¥'¢11 L9T.F 09T 8.7 ¥ 08°TT 090 ¥ OV'€ ¥$°0 F TS9 (¢ = w) Jonuo) ¢
€8°C F LIIT 62°S F 009¢ 6v v * 0£'9¢C 80 F LI'E €L°0 * 059 (01 = v EuwIRdxg
€0'8 ¥ 9801 LTT F 0S°€T 08¢ * 0€+T S0 F e 8C'0 * 86’9 (01 = U) Jonuo) ¢
66'9 * 8601 LSt F 01'+C 66T * €8°€T 620 T 80°€ 9%'0 F €29 (9 = u) [euewadxy
20°S F 9°L01 vy * OV'€C LL'T * 08°7TC SE0 F HTE ¥€0 F 9¥9 (¢ = u) [onuo) ¢
(/0D 4TIV (/ND LSV /ap LIV (Ip/3) ('1P/3) dnoxn qjuo]
urunqry uR)oAd ",

sporiag Kpmi§ 1uaafficy Jo pus ay1 v 201 pasodxi-O1UdSLy PUv J043U0D) Ul §IS3] UOUIUN 424]
poriad Apmig qjop Y p C4 Vv puv ] ) L uonoung 1aary

I 21901



Hepatic Damage Caused by Arsenic Toxicity

months (35.14 = 8.52 g in the arsenic-fed mice compared
to 40.50 £ 3.16 g in the control group [p < 0.05]) and
at 15 months (31.83 = 14.58 g in arsenic-fed mice com-
pared to 38.37 = 2,94 g in the control group [p < 0.01]).
There was no significant difference in the amount of food
or water consumption between the 2 groups.

Liver Weights and Serum Markers of Liver
Injury

A significant increase in liver weight was observed
after 12 months of arsenic-contaminated water consump-
tion (4.65 = 1.55 g per 100 g of body weight in arsenic-
fed mice vs 3.77 = 0.29 g in the control groups at 12
months [p < 0.05] and 5.9 * 1.09 g in arsenic-fed mice
compared to 4.24 = 0.29 g in the control groups at 15
months [p < 0.01]). Serum ALT and AST levels were
significantly increased in the arsenic-fed group after 12
months while an increase in serum ALP levels and a re-
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duction of albumin concentration occurred after 15
months of arsenic consumption (Table 1).

Effect of Arsenic Consumption on Hepatic
GSH Content and Enzymes of the
Antioxidant Defense System

As shown in Figure 1, a time-related reduction in he-
patic GSH content occurred in the arsenic-fed mice. He-
patic activities of enzymes related to GSH homeostasis,
namely, GO6PD, GST, GR, Gpx, and catalase, were also
reduced in a time-related manner (Table 2).

Hepatic Lipid Peroxidation

Lipid peroxidation was enhanced in the arsenic-fed
mice, as evidenced by increased production of malondial-
dehyde. As shown in Figure 1, the lipid peroxidation in-
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Figure 1. Relationship between hepatic GSH content and MDA concentration, a marker of lipid peroxidation, in mice exposed to
chronic arsenic toxicity. A: Shows the time-related reduction of hepatic GSH content in the arsenic-fed mice (M) compared to control
(®). B: Shows hepatic MDA levels with time in arsenic-fed mice (OJ) compared to control (O).
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creased with time and was inversely correlated with he-
patic GSH content.

Na*/K* ATPase Activity in Plasma
Membrane-Enriched Fractions

Hepatocellular plasma membrane preparations con-
tained only minimal contamination of microsomal or
mitochondrial membranes as shown by the depletion of
NADPH-cytochrome ¢ reductase and succinate dehydro-
genase activities, respectively (relative specific activities
> 0.05). There was a time-related reduction in hepatic
plasma membrane Na*/K* ATPase activity in the arse-
nic-fed mice, compared with the control groups (Figure
2). The reduction of Na*/K* ATPase activity was in-
versely related to the increase in lipid peroxidation.

Liver Arsenic Content

After 6 months of arsenic-contaminated water, the he-
patic arsenic of experimental animals (0.66 = 0.35 ug/
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Figure 2. Relationship between hepatic MDA level, a marker
of lipid peroxidation and membrane-bound Na*/K* ATPase ac-
tivity in mice exposed to chronic arsenic toxicity. A: Shows
a time-related reduction of hepatic membrane-bound Na*/K*
ATPase activity as expressed in m mole (mm) Pi release/min/
mg protein in the arsenic-fed mice (M) compared to control (@).
B: Shows increased hepatic MDA levels with time in arsenic-
fed mice ((J) compared to control (O).
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Figure 3.. Liver histology of mice exposed to arsenic for 12
months. The histology shows fatty changes in the liver (hema-
toxylin-eosin, magnification X 100).

g) was significantly elevated above control (0.029 =
0.005 ug/g) (p < 0.001).

Pathomorphology of the Liver

No abnormal hepatic morphology was observed by
light microscopy during the first 9 months of arsenic
feeding. After 12 months, 11 of 14 mice in the experi-
mental group exhibited histological abnormalities charac-

Figure 4. Liver histology of mice exposed to arsenic for 15
months. The histology shows hepatocellular degeneration and
necrosis characterized by collections of mononuclear cells and
Kupffer cells associated with injured hepatocytes. Streaky fi-
brosis is seen at one end of the liver lobule (hematoxylin-eosin,
magnification X 400).
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Figure 5. Liver histology of mice exposed to arsenic for 15
months. The histology shows streaky fibrosis in the liver (hema-
toxylin-eosin, original magnification X 100).

terized by hepatocellular degeneration and focal mononu-
clear cell collection. Fatty degeneration in the liver
(macrovesicular steatosis) was seen in 5 mice (Figure 3).
After 15 months of arsenic-contaminated drinking water,
hepatocellular necrosis associated with intralobular mo-
nonuclear cell infiltration and Kupffer cell proliferation
and hepatic fibrosis were evident (Figure 4). A few hepa-
tocytes still contained macrovesicular fat and the nuclei
of some hepatocytes showed vacuolation (Figure 4). Stel-
late scars were seen spreading frem portal zones in 4 of
6 mice (Figure 5). Mature fibrous tracts contained only
a small number of inflammatory cells (Figure 6). The he-

Figure 6. Liver histology of mice exposed to arsenic for .15
months. The histology shows mature collagen deposition
spreading from the portal tracts through the liver lobules (Mas-
son Trichrome X 400).

Santra et al.

Figure 7. Normal liver histology of control mice at the end
of 15 months of feeding As-free water (hematoxylin-eosin,
magnification X 100).

patic fibrosis was not associated with nodular regenera-
tion. The liver morphology was normal in all control
mice (Figure 7).

DISCUSSION

Noncirrhotic portal fibrosis is a relatively common
clinical problem in India, Japan, and some other coun-
tries. Our group® and other investigators>** have re-
ported a significant incidence of this disorder in people
drinking arsenic-contaminated water for long periods of
time. Despite the establishment of an association of non-
cirrhotic portal fibrosis with drinking of arsenic-contami-
nated water in several districts of West Bengal, India,
elucidation of the mechanism of this disorder has re-
mained conjectural. Our present study is the first to de-
scribe arsenic-induced portal fibrosis in an animal model.
As in the human subjects, long-term consumption of arse-
nic-contaminated water was needed for generation of he-
patic fibrosis. Although hepatocellular necrosis and a
mild degree of mononuclear infiltration was present,
there was no evidence of cirrhotic nodules, which is an-
other similarity to the human disease. The elevation of
hepatic aresenic after 6 months of arsenic consumption
confirmed aresenic accumulation in the liver.

Inorganic arsenic increases the rate of formation of
active oxygen species including superoxide anion radical
(O;7) and hydroxyl (OH) radical through a chain reac-
tion.*-* The mechanism of arsenic toxicity to individual
cell type has historically centered around the inhibitory
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effects on cellular respiration at the level of mitochon-
dria.*** Disruption of oxidative phosphorylation and
concomitant decrease in the cellular levels of ATP* are
thought to be important central events of arsenic-induced
toxicity evoking increased production of hydrogen perox-
ide. These effects could cause formation of reactive oxy-
gen species resulting in oxidative stress.’” Arsenite-
induced oxidative stress in mammalian cells is supported
indirectly by the finding that adding superoxide dismu-
tase to the culture medium reduces the frequency of arse-
nic-induced sister chromatid exchange in human lympho-
cytes. )

In many animals, including mammals, inorganic arse-
nic is metabolized in the liver.® The liver possesses an
antioxidant defense system that removes peroxides, free
radicals, and superoxide anion generated within the cell.
GSH is a critical component of this defense system. GSH
is required for reduction of arsenic (V) to arsenic (III)
species in preparation for enzymatically catalyzed oxida-
tive methylation. It also promotes arsenic methylation by
stabilizing the redox state of the cell.* Methylation of
inorganic arsenic protects the cell against some effects
of the more toxic inorganic form.*! The cumulative deple-
tion of hepatic GSH that occurred after 12 months of ar-
senic consumption may have exacerbated the toxic ef-
fects of arsenic, which became histologically obvious at
this time.

The glutathione cycle is mediated by several enzymes
functioning in a concerted manner. Our study found the
decreased enzymes of the GSH regeneration and sca-
vanger systems in the liver of the arsenic-fed animals co-
incided with the reduction of hepatic GSH level.

The increased lipid peroxidation and plasma mem-
brane damage, as shown by a progressive reduction of
Na*/K* ATPase activity in the mice drinking arsenic-
contaminated water paralleled GSH depletion of the liver.
GSH depletion may result in the accumulation of free
radicals that initiate lipid peroxidation and initiate bio-
chemical damage by covalent binding to macromole-
cules. GSH depletion and enhanced lipid peroxidation in
rat liver have also been reported in rats treated with a
large dose of sodium arsenite (18.2 mg/kg body
weight).** Similarly, oxidative damage and peroxidation
of lipid membranes have been observed with excessive
hepatic iron'*" and copper'® deposition in experimental
animals. Peroxidative breakdown of polyunsaturated
fatty acids and membrane phospholipids leads to bio-
chemical ghanges culminating in the inactivation of
membrane enzymes, such as Na*/K* ATPase, that may
lead to alteration of ion transport and cellular water con-
tent, eventually leading to cell death. Several studies have
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also implicated lipid peroxidation in the pathogenesis of
hepatic fibrogenesis, which was seen as a relatively late
outcome of chronic consumption in our study. Consid-
ered together, these observations suggest that weakening
of the antioxidant defense system of the liver and conse-
quent peroxidative damage of the lipid membranes may
play a central role in the generation of:liver pathology in
chronic arsenic toxicity.

Oxidative stress in the tissue not only causes peroxida-
tive damage of the membrane lipids, but also causes oxi-
dative-Camage of the cellular proteins. Some evidence of
oxidative damage of proteins resulting in hepatocellular
damage are available in CCl,-treated® as well as ethanol-
intoxicated rats.* Although evidence of oxidative protein
damage in chronic arsenic intoxication is not yet avail-
able, the role of protein oxidation in arsenic-induced liver
injury cannot be ruled out. Further studies on protein oxi-
dation are needed to understand the complete sequences
of biochemical changes in arsenic-induced liver damage.

In summary, we have demonstrated an animal model
of arsenic-induced noncirrhotic fibrosis of the liver. The
drinking water used in our experiments was identical to
the water consumed by many people living in regions
where the ground water is geologically contaminated
with arsenic. The prolonged and continuous exposure to
arsenic required for the initiation of hepatic fibrogenesis
is consistent with the clinical situation. The temporal se-
quence of the biochemical abnormalities of liver function
in our murine model suggests that an initial perturbation
of the enzymes involved in the antioxidant defense sys-
tem results in reduction of hepatic GSH content and hepa-
tocellular membrane damage caused by lipid peroxida-
tion. Whether hepatocellular injury and subsequent
hepatic fibrosis, as observed in our study, is caused solely
by membrane damage or by additional oxystress-induced
cellular protein degradation needs further study. This mu-
rine model can be utilized to test the basic mechanisms
of hepatic fibrosis induced by environmental arsenic in-
toxication and other metallotoxins.
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