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Abstract

Nordihydroguaiaretic acid (NDGA) is a polyphenol. It is present at high concentrations in the leaves of the evergreen desert shrub,
Larrea tridentate (Creosote bush), which has a long history of medicinal use traditionally by the native Americans and Mexicans. It is
generally believed that the antioxidant properties of NDGA are responsible for the medicinal value of this desert shrub.

The clone-9 rat hepatocyte cultures were used as an in vitro model to assess the hepatotoxic potential of NDGA and to determine
whether it exhibits any prooxidant activity. The hepatocyte cultures were treated with NDGA for 2 h at 37 °C at concentrations of
0-100 uM. After the treatment period the cells, the culture supernatants and cell lysates were assayed for evaluation of prooxidant activ-
ity and toxicity of NDGA. Oxidative stress level and oxidative cell injury as measured by the peroxidation of membrane lipids and DNA
double-strand breaks were used to index prooxidant activity. Cytotoxicity as measured by the leakage of the liver enzyme lactate dehy-
drogenase (LDH) into the culture medium, mitochondrial function and extent of cell proliferation were used as the endpoints of toxicity.
Significant concentration-dependent differences were observed in these biomarkers over the concentration range examined demonstrating

the prooxidant activity and toxicity of NDGA in clone-9 rat hepatocyte cultures.

Published by Elsevier Ltd.
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1. Introduction

Nordihydroguaiaretic acid (NDGA) is a polyphenol. It
is present at high concentrations in the leaves of the ever-
green desert shrub Creosote bush, Larrea tridentata, which
grows throughout much of the southwest USA. This shrub
has a long history of medicinal use for a variety of health
problems (Arteaga et al., 2005) traditionally by the native
Americans and Mexicans. This polyphenol is present in
the herbal product “Chaparral” prepared from the leaves
of this desert shrub. Chaparral is used as a dietary supple-
ment in the form of tea, capsules or tablets.
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The most prominent medicinal use of Creosote bush is
for its antioxidant effects (Sheikh et al., 1997; Arteaga
et al., 2005). It is generally recognized that the natural anti-
oxidant NDGA is responsible for the medicinal value of
this desert shrub (Robinson and Kwang-Jin, 1996; Zhang
et al., 1999). Also NDGA was used as an antioxidant food
preservative for fats and butter (Yamamoto et al., 1970),
but it is no longer used for this purpose because of its
toxicity.

Liver, the primary organ involved in xenobiotic metab-
olism, is a major target organ of many chemicals and drugs
(Treinen-Molsen, 2001). Therefore, the potential for liver
injury is one of the most serious safety concerns for drugs,
food additives, food contaminants, dietary supplements
and food-borne microbial pathogens.
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In vivo animal studies for assessing hepatotoxic potential
of test materials of interest are expensive and time consum-
ing. Therefore, alternate in vitro models are important to
complement and/or supplement the animal studies,
although relevant, for toxicological risk assessment (Green
et al., 2001; MacGregor et al., 2001). The Food and Drug
Administration is mandated by the NIH Revitalization Act
of 1993 (P.L. No. 103-43) in concert with the ICCVAM
Authorization Act of 2000 (P.L. No. 106-545) for federal
regulatory agencies to: ““(a) establish criteria for the valida-
tion and regulatory acceptance of alternative testing
methods; and (b) recommend a process through which sci-
entifically validated alternative methods can be accepted
for regulatory use”. Criteria for validation of alternative
toxicological test methods have been published (ICCVAM,
1997). It has been shown that in vitro cytotoxicity is a use-
ful predictor for estimating starting doses for in vivo acute
toxicity studies, potentially reducing the number of animals
used for such studies (Federal Register, 2001).

Hepatocytes and hepatocyte cell lines in culture retain
many metabolic enzymes characteristic of the intact liver
in vivo (Hengstler et al., 2000, 2002; Runge et al., 2001).
They thus represent an excellent in vitro model for studying
liver function, xenobiotic metabolism, pharmacology and
toxicology. Cultured hepatocytes are widely used for the
evaluation of liver functions and toxicity of chemicals,
drugs and microbes (Barsig et al., 1998; Castell et al.,
1997; Li et al., 1997; Michalopoulos, 1999).

The clone-9 rat hepatocytes isolated from the normal
liver of a 4-week-old Sprague-Dawley rat are used as an
in vitro model for hepatotoxicity testing of chemicals and
drugs (Barhoumi and Burghardt, 1996; Barhoumi et al.,
2000, 2002; Barros et al., 2001; Garcia-Caballero et al.,
2001; Grune et al., 2001, 2002; Hutchinson et al., 1998;
Liegro et al., 2000; Neerman et al., 2004; Reeves et al.,
2001; Thomspson et al., 1998). We tested this in vitro model
system to assess the hepatotoxic potential and pro-oxidant
activity of NDGA.

We have previously shown that flavonoids, a class of
natural polyphenolic compounds, can act as double-edged
biological swords both as anti- and prooxidants depending
on their concentration and biological environment (Sahu
et al., 2001). We hypothesized that the polyphenolic natu-
ral antioxidant NDGA might behave like flavonoids and
demonstrate prooxidant activity. Therefore, the objective
of this study was to assess the prooxidant activity along
with the associated toxicity of NDGA in clone-9 rat hepa-
tocyte cultures.

2. Materials and methods
2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), Hanks’ balanced salt
solution (HBSS), HEPES, r-glutamine, and trypan blue (0.4%) were
purchased from Invitrogen Corporation (Grand Island, NY). Fetal bovine
serum (FBS) was purchased from the Hyclone Labs (Logan, UT). Ethi-
dium bromide, ethylene glycol-bis(p-amino-ethylether)NV,N,N',N'-tetra-

acetic acid (EGTA) and NDGA were purchased from Sigma Chemical Co.
(St. Louis, MO). The purity of NDGA was >97%. Thiobarbituric acid and
trichloroacetic acid were purchased from Aldrich Chemical Co. (Mil-
waukee, WI). Clone-9 rat hepatocytes were obtained from American Type
Culture Collection (ATCC, Manassas, VA).

2.2. Hepatocyte cultures

Clone-9 rat hepatocytes were cultured (Barros et al., 2001; Liegro
et al., 2000) in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum in 75 cm? flasks at 37 °C in a humidified atmo-
sphere of 5% CO, in air as recommended by the ATCC.

2.3. Treatment of hepatocyte cultures

Hepatocyte cultures were trypsinized, suspended in the culture medium
and seeded onto 6-well culture plates 24 h before the treatment with the
test material. The plates were incubated at 37 °C in a humidified atmo-
sphere of 5% CO, in air. The seeded hepatocytes were washed with Hanks’
balanced salt solution (HBSS) and the culture medium without FBS and
phenol red was added to the cells. The freshly prepared test material
dissolved in dimethyl sulfoxide (DMSO) was added to the hepatocyte
cultures. The cultures with the test material were incubated at 37 °C for 2 h
in 5% CO, with controls containing equal volume of DMSO but without
the test material. The test concentrations of NDGA were selected based on
its antioxidant effects (Robinson et al., 1990). The concentration of
DMSO (0.1%, v/v) in the culture medium has no effect (Robinson et al.,
1990). After the treatment period, the control and treated hepatocytes
were processed immediately for various assays.

2.4. Analytical procedures

2.4.1. Cell viability
Cell viability was determined by trypan blue dye exclusion.

2.4.2. Cytotoxicity

Leakage of cytoplasmic enzymes from injured cells into the sur-
rounding incubation medium is an accepted index for membrane damage
and is frequently used as an indicator of cytotoxicity (Barsig et al., 1998;
Gomez-Lechon et al., 1988; Hill and Roth, 1998; Jiang and Acosta, 1993;
Mithchell et al., 1980; Xu et al., 2003). Leakage of the liver enzyme lactate
dehydrogenase (LDH) is very commonly used for measuring cytotoxicity
of test agents. Cytotoxicity was measured spectrophotometrically as the
activity of LDH leaked into the incubation medium (Mithchell et al., 1980;
Jiang and Acosta, 1993; Sahu et al., 2001; Sahu and Sapienza, 2005) and
was expressed as a percentage of the total LDH activity released from the
cells treated with 5% Triton X-100 (Barsig et al., 1998; Hill and Roth,
1998).

2.4.3. Oxidative stress

Oxidative stress in hepatocyte cultures was measured by the nitroblue
tetrazolium (NBT) method (Bacsi et al., 2005; Becerra and Albesa, 2002;
Mochida et al., 1992; Riss and Moravec, 2004) and was expressed as a
percentage of the control.

2.4.4. Peroxidation of membrane lipids

Lipid peroxidation is one of the best known manifestations of oxida-
tive stress-induced cell injury. Membrane lipid peroxidation was deter-
mined by the spectrophotometric thiobarbituric acid (TBA) method
(Buege and Aust, 1978) as described previously (Sahu et al., 2001; Sahu
and Sapienza, 2005). Briefly, a 0.5 mL aliquot of the cell suspension was
added to 0.5 mL of the reaction medium containing TBA (0.375%, w/v)
and trichloroacetic acid (15%, w/v) in 0.25 N HCI. The reaction mixture
was heated in boiling water for 15 min for color development, cooled to
room temperature, and centrifuged to remove insoluble materials. The
absorbance of clear supernatant was measured at 535 nm, and the MDA
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concentration was calculated using the molar extinction coefficient of
1.56 x 10° (Buege and Aust, 1978). The results were expressed as a per-
centage of the control.

2.4.5. DNA double-strand breaks

DNA strand-breaks were determined by measuring the decrease in
double-stranded DNA content using the fluorometric alkaline DNA
unwinding method of Birnboim (1990) as described previously (Sahu
et al., 2001; Sahu and Sapienza, 2005). Briefly, an aliquot of the cell sus-
pension was added to the alkaline DNA unwinding solution and DNA
was allowed to unwind. Ethidium bromide (1 pg/mL) was added to the
reaction mixture, fluorescence was measured (520 nm excitation and
590 nm emission), and the remaining double-stranded DNA was calcu-
lated as a percentage of the total.

2.4.6. Mitochondria function test

Mitochondria function was evaluated spectrophotometrically by mea-
suring the degree of mitochondrial reduction of tetrazolium salt 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to forma-
zan by succinic dehydrogenase (Carmichael et al., 1987, Hussain and
Frazier, 2003; Hussain et al., 2005). Briefly, the treated cells were washed
and then incubated at 37 °C in culture medium containing 0.05% MTT for
15 min. The medium was then removed and the colored formazan was
extracted from the cells in acidified isopropanol. The solution was centri-
fuged at 5000g for 5 min, and the absorbance of the clear supernatants was
read at 540 nm. The results were expressed as a percentage of the control.

2.4.7. Cell proliferation

Cell proliferation rates were determined by the cytotoxicity test based
on the 3-(4,5-dimethylthiazole-2yl)-2,5-dimethyltetrazolium bromide
(MTT) assay (Chan et al., 2005; Chen and Li, 2005; Denizot and Lang,
1986; Jiang and Acosta, 1993; Minervini et al., 2004; Mosmann, 1983).
Briefly, culture supernatant was gently removed from the multi-well cul-
ture plates and the hepatocytes were washed with HBSS. The cultures were
incubated with 0.1% MTT solution (1 mL/well) for 2 h at 37 °C in 5%
CO,. After the incubation period the MTT solution was carefully removed
and isopropanol or DMSO was added to the precipitates. The culture
plates were shaken at room temperature for 1 h to dissolve the precipitate.
The solution was centrifuged at 5000g for 5 min, and the absorbance of the

clear supernatants was read at 540 nm. The results were expressed as a
percentage of the control.

2.5. Statistical analysis of the data

The statistical significance of the data was assessed using analysis of
variance (ANOVA). Differences between the vehicle control and treated
parameters with p < 0.05 were considered statistically significant.

3. Results and discussion

Hepatic cytotoxicity, oxidative stress, lipid peroxida-
tion, DNA double-strand breaks, mitochondrial function
and cell proliferation were used as the biomarkers of
hepatotoxicity (Griffin et al., 1996; Hasegawa et al., 1995;
James et al., 1993; Parola et al., 1996; Shen et al., 1994;
Ushakova et al., 1996; Videla et al., 1995).

A concentration-dependent increase in cytotoxicity as
measured by the leakage of the liver enzyme LDH into the
surrounding incubation medium was observed when clone-
9 rat hepatocyte cultures were treated with NDGA (Fig. 1).

A concentration-dependent increase in oxidative stress
was observed in clone-9 rat hepatocyte cultures when treated
with NDGA (Fig. 2). Oxidative stress is known to play an
important role in the toxicity of various xenobiotics and is
considered to be involved in the mechanism of toxicity for
a wide variety of chemicals (Stacey and Klaassen, 1981).

NDGA increased oxidative cell injury in the clone-9 rat
hepatocytes as evidenced by the peroxidation of membrane
lipids and DNA double-strand breaks. The polyphenol
induced a concentration-dependent increase in membrane
lipid peroxidation (Fig. 3) and decrease in double-stranded
DNA content (Fig. 1). Total double-stranded DNA is a
surrogate marker of cell viability; so its break down
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Fig. 1. LDH leakage and DNA strand breaks induced by NDGA in rat clone-9 hepatocyte cultures. Cytotoxicity (solid line) was measured by the leakage
of the liver enzyme LDH into the culture medium and was expressed as a percentage of the total activity. Extent of DNA double-strand breaks (broken
line) was expressed as a percentage of the total double-strands. Each value is the mean 4+ SD of experiments from 10 independent hepatocyte cultures.

* Significantly different from the control value (p < 0.05).
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Fig. 2. Oxidative stress induced by NDGA in clone-9 rat hepatocyte cultures. Oxidative stress level was expressed as a percentage of the control. Each
value is the mean + SD of experiments from 10 independent hepatocyte cultures. * Significantly different from the control value (p < 0.05).
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Fig. 3. Lipid peroxidation induced by NGDA in clone-9 rat hepatocyte cultures. Lipid peroxidation was expressed as a percentage of the control. Each
value is the mean + SD of experiments from 10 independent hepatocyte cultures. * Significantly different from the control value (p < 0.05).

indicates cell death. Membrane lipid peroxidation and
DNA double-strand breaks are considered to be manifesta-
tions of oxidative cell damage (Stacey and Klaassen, 1981;
Griffin et al., 1996; Hasegawa et al., 1995; James et al.,
1993; Parola et al., 1996; Shen et al., 1994; Ushakova
et al., 1996; Videla et al., 1995).

A concentration-dependent decrease in mitochondrial
function and cell growth was observed in clone-9 rat hepa-
tocyte cultures treated with NDGA (Fig. 4).

The phenolic NDGA is an antioxidant (Robinson et al.,
1990). It inhibits lipoxygenase activity (Kemal et al., 1987)

and arachidonic acid release (Robinson et al., 1990). It sup-
presses cytotoxicity of hydroperoxides such as #-butylhydr-
operoxide (Nakayama et al., 1991) and hydrogen peroxide
(Nakayama et al., 1992) to mammalian cells. Some antiox-
idants are known to prevent oxidative stress-induced toxic-
ity. They are known to suppress mutagenicity and
tumorigenicity believed to be induced by reactive oxygen
species (ROS). Inhibition of tumor promotion by some
antioxidants has been demonstrated (Emerit et al., 1983).
The antimutagenic and antitumorigenic activities of
NDGA have been reported (Avis et al., 1996; Biswal
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Fig. 4. Effect of NDGA on mitochondria function and cell growth in rat clone-9 hepatocyte cultures. Mitochondria function (solid line) and cell growth
(broken line) was expressed as a percentage of the control. Each value is the mean + SD of experiments from 10 independent hepatocyte cultures.

* Significantly different from the control value (p < 0.05).

et al., 2000; Moody et al., 1998; Wang et al., 1991). There-
fore, the beneficial effects of NDGA are believed to be due
to its antioxidant properties. However, the results of our
study presented here show that NDGA acts as a prooxi-
dant in clone-9 rat hepatocyte cultures. It increased
oxidative stress, oxidative cell injury and cytotoxicity. We
have reported such toxic effects of polyphenolic flavo-
noids in primary rat hepatocytes (Sahu et al., 2001). Such
adverse effects of supposedly beneficial antioxidants
have been reported by other laboratories also (Galati
et al., 2002). Phenolic antioxidants such as catechol, resor-
cinol, hydroquinone have been shown to be potential pro-
moters of carcinogenesis in rat stomach (Shibata et al.,
1990). It has been suggested that consumption of antioxi-
dant herbal products can lead to hepatotoxicity (Stedman,
2002).

NDGA is known to cause cystic nephropathy in rats
(Evan and Gardner, 1979; Gardner et al., 1987; Goodman
et al., 1970; Grice et al., 1968). It has also been reported
that prolonged use of the herbal product “Chaparral”, pre-
pared from the Creosote bush leaves, induces cystic renal
disease (Smith, 1994), hepatitis (Katz and Saibil, 1990;
Brent, 1999) and liver injury (Heron and Yarnell, 2001;
Sheikh et al., 1997; Stickel et al., 2000) in humans. It has
been suggested that NDGA is responsible for “‘chaparral”
toxicity (Katz and Saibil, 1990).

In conclusion, NDGA exhibits adverse prooxidant
effects on clone-9 rat hepatocyte cultures in the test concen-
tration range of 20-100 uM, although it has been shown to
have beneficial antioxidant effects on rat alveolar macro-
phages at a lower concentration range of less than 10 uM
(Robinson et al., 1990). Therefore, it would appear that
this polyphenolic compound has the potential to act both
as a pro- and antioxidant depending on its concentration

and biological environment. In the cellular environment
these two opposite effects may be competitive, and the cel-
lular defense systems may modulate its toxicity.
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