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Abstract

In the present study we have evaluated the antigenotoxic effects of Farnesol (FL) a 15-carbon isoprenoid alcohol against benzo
(a) pyrene [B(a)P] (125 mgkg ™ !.b.wt oral) induced toxicity. B(a)P administration lead to significant induction in Cytochrome
P450 (CYP) content and aryl hydrocarbon hydrolase (AHH) activity (p < 0.001), DNA strand breaks and DNA adducts
(p < 0.001) formation. FL. was shown to suppress the activities of both CYP and AHH (p < 0.005) in modulator groups. FL.
pretreatment significantly (p < 0.001) restored depleted levels of reduced glutathione (GSH), quinone reductase (QR) and
glutathione —S-transferase (GST). A simultaneous significant and at both the doses reduction was seen in DNA strand breaks
and in #-vivo DNA adducts formation (p < 0.005), which gives some insight on restoration of DNA integrity. The results
support the protective nature of FL.. Hence present data supports FL as a future drug to preclude B (a) P induced toxicity.

Keywords: CytP450, B(a)B DNA integriry, genotoxiciry, Farnesol, benzo(a)pyrene

Introduction: An important class of endogenous compounds
called isoprenoids, which have significant biological
functions in the areas of cell cycle regulation [7],
cholesterol metabolism [8], and gene regulation, are
produced in various eukaryotes including mammals.
Isoprenoids have been shown to modulate cell growth,
induce cell cycle arrest, initiate apoptosis, and
suppress cellular signaling activities [9,10]. Farnesol
(FL,), with 15 carbon atoms in a head-to-tail

Experimental data correlates human cancer with
environmental polyaromatic hydrocarbons (PAH)
[1]. Benzo(a)pyrene (B(a)P) and its metabolites have
been shown to induce tumors in mice [2] and there is
enough data to support its correlation with cancer [3].
Previous studies have shown that it binds to DNA
both n-vitro and n-vivo [4]. Metabolic activation of
B(a)P to the 7, 8- dihydrodiol- 9, 10- epoxide i.e. the

ultimate carcinogen, is considered essential for isoprenoid

induction of its genotoxic and carcinogenic effects. H;C oH
The cytochrome p450 (CYP) system is the major = = s
enzyme system involved in activation and detoxifica-

tion of carcinogens; natural products can modulate its CHy CH, CHy

role and hence that of carcinogens [5]. Inhibitory . . .
effects of plant phenols in PAH induced mutagenicity ~ S€ries, may also be an important regulator of hepatic
and carcinogenicity has been previously studied and metabolism since it has been shown to significantly

these properties have been attributed to the phenolic ~ inhibit rabbit liver microsomal cytochrome P450
hydroxyl group [6]. enzymes. [11]. It has been implicated in gene
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regulation and cell differentiation [12], via the nuclear
receptors FXR and PPAR«, control of cholesterol
synthesis via its interaction with HMG-CoA
reductase [8], and apoptosis [13]. It is obtained
from the essential oils of ambrette seeds, citronella,
present in many aromatic plants [14]. The effects of
FL on drug metabolism may be mediated by the
nuclear farnesoid X receptor (FXR); this receptor is
expressed in several tissues including the liver, kidney,
gut, and adrenal gland [15]. Exposure with genotoxic
agents has been widely associated with cancer and
embryo toxicity [16]. Genotoxic agents may alter
normal DNA integrity leading to various pathological
conditions [17]. Early reports strongly support
that soya isoflavones protect against B(a)P induced
toxicity [4]. In our recent findings we have shown the
role of pluchea lanceolara in attenuating genotoxicity of
cadmium chloride [18].

In the present study, we have evaluated the effects of
FL on B(a)P induced genotoxicity in an experimental
mouse model.

Materials and methods
Chemicals

EDTA, Tris, Reduced glutathione (GSH),
oxidized glutathione (GSSG), nicotinamide adenine
dinucleotide phosphate reduced (NADPH), bovine
serum albumin (BSA), 1,2-dithio-bisnitrobenzoic
acid (DTNB), 1-chloro-2, 4-dinitro benzene
(CDNB), [G-3H] B[a]P, sodium dithionate, bisben-
zamide, EDTA, SDS, Trisma, phenol, chloroform,
isoamyl alcohol and RNase were from Sigma St.
Louis. and other reagents and solvents were of a high
analytical grade.

Animals

Eight week old adult male Swiss albino mice
(20—25g) were obtained from the Central Animal
House Facility of Hamdard University, New Delhi
and were housed in a ventilated room at 25 = 2°C
under a 12-h light/ dark cycle. The animals were
acclimatized for one week before the study and had
free access to standard laboratory feed (Hindustan
Lever Ltd., Bombay, India) and water ad lbitum.

Experimental design

For the study of biochemical parameters by the
alkaline unwinding assay, eight-week-old adult male
Swiss albino mice (20-25g) were divided into five
groups, each group consisted of five animals. Animals
were treated in accordance with Institutional Guide-
lines. B[a]P and FL was administered orally by
gavage. B[a |P was administered in corn oil. In group I
(vehicle control) animals were given corn oil orally.
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The animals of group II served as treated control
and were administered a single oral dose of
B[a]P(125 mgkg '.b.wt). Animals of group III were
pretreated orally with 1% kg ! b.wt of FL while
groups IV and V were given 2% kg~ ' b.wt of FL for
seven consecutive days. The modulator group (V) was
only for DNA adducts study. The above-mentioned
doses of FL were selected based on preliminary
studies carried out in our laboratory (data not shown).
On day eight, the animals of group II, IIT and IV were
administered a single oral dose of B[a]P.

The treatment protocol was the same for the DNA
adduct study except that the animals were given a single
i.p injection [G-3H] B(a)P (12.5mCi/mol) before
sacrifice at 24 hrs.

Gel electrophoresis and DNA fragmentation

The sample was mixed with 10mL of loading solution
(10mM EDTA (pH 8.0),1% (w/v) bromophenol blue
and 40% (w/v) sucrose) preheated to 70°C. The DNA
samples were loaded onto a 1.8% (w/v) agarose gel and
sealed with 0.8% (w/v) low melting point agarose. The
DNA fragments were separated by electrophoresis at
25V for 12h at 4°C in TBE buffer. The DNA was
visualized using ethidium bromide and photographed
by digital camera.

DNA Isolation

DNA was extracted from approximately 500 mg of
liver tissue by homogenizing the tissue in 5 mL TNE
buffer (50 mM Trisma, 100 mM EDTA, 0.5% SDS,
pH 8.0) in a 2mL ground glass homogenizer. Each
sample was homogenized with 10 standardized strokes
of the pestle to minimize any potential effect on DNA
integrity introduced by the homogenization
procedure. An equal volume of buffered phenol/-
chloroform/isoamyl alcohol (PCI) (25:24:1, v/v/v, pH
8.0) was then added to the sample. The sample was
gently mixed and allowed to settle for 5 min and then
centrifuged for 5min at 13000rpm at 4°C.The
aqueous layer was transferred to a new micro
centrifuge tube and PCI extraction was repeated.
The aqueous layer was then digested by 5 wL. of RNase
(10mg mL ") for 30 min at 37°C and the digest was
extracted once by PCI and once by 500 pL of
chloroform. DNA was precipitated from the resulting
aqueous layer by adding 2 volumes of absolute ethanol
and 1/10 volume of 3 M sodium acetate, pH 5.2. The
sample was then centrifuged (13000 rpm, 15 min),
and the resulting pellet rinsed with 500 pLL of 70%
ethanol and air-dried. The amount of DNA was
quantitated spectrophotometrically at 260 and 280
nm [19,4]. 2 pg/pL of DNA sample was dissolved
in ImL of TE buffer (10 mM Trisma, 1 mM EDTA)
and subsequently used in the DNA alkaline
unwinding assay.
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Alkaline unwinding assay

The procedure used for alkaline unwinding was
essentially the same as that outlined by Shugart [17]
with slight modifications. In the alkaline unwinding
assay, the rate of transition of double stranded DNA
(dsDNA) to single stranded DNA (ssDNA) under
pre-defined alkaline denaturing condition was pro-
portional to the number of breaks in the phosphodie-
ster backbone and thus was used as a measure of DNA
integrity. Bisbenzamide was used as a DNA —binding
dye from the fluorescence of which various types of
DNA were quantitated. For the fluorescence deter-
mination of dsDNA, ssDNA and partially unwound
DNA (au-DNA), three equal portions of diluted DNA
sample was prepared. The amount of dsDNA was
obtained from the fluorescence of a sample without
any treatment; while ssDNA was determined from the
sample that had been boiled for 30 min. Fluorescence
of the DNA sample which had been subjected to
alkaline treatment (pH 12.2) on ice for 30min
provided an estimate of the amount of au DNA.

The fluorescence of initial or double stranded DNA
was determined by placing 100 pmol DNA sample,
100 pL NaCl (25 mM) and 2 pL. SDS (0.5%) in a pre-
chilled test tube, followed by the addition of 3 mL
0.2 M potassium phosphate pH 9, and 3 pL bisben-
zamide (1 mgmL ™ '). The contents were mixed and
allowed to react in the darkn for 15 min to allow the
fluorescence to stabilize. The fluorescence of the
sample was the measured using a spectrofluorimeter
(Ex: 360 nm, Em: 450 nm). The fluorescence of single
stranded DNA was determined as above but using the
DNA sample that had already been boiled for 30 min
to completely unwind the DNA.

50 uL. NaOH (0.05N) was rapidly mixed with
100 pL of DNA sample in a pre-chilled test tube. The
mixture was incubated on ice in the darkn for 30 min
[20] followed by rapid addition and mixing of 50 pnLL
HCI (0.05N). This was followed immediately by an
addition of 2 pLL SDS (0.5%) and the mixture was
forcefully passed through a 21 G needle six times.
Fluorescence of alkaline unwound DNA sample was
measured as described above. Measurement of the
alkaline unwound sample was performed in triplicate
and the average was reported.

The ratio between double stranded DNA to total
DNA (F value) was determined as follows:

F value = (auDNA — ssDNA)/(dsDNA — ssDNA).

where auDNA, ssDNA and dsDNA were the degrees
of fluorescence from the partially unwound, single
stranded and double stranded determinations,
respectively. The F value was inversely proportion to
the number of strand breaks present and thus could be
used as an indicator of DNA integrity.

Determination of aryl hydrocarbon hydroxylase (AHH)
activity

Aryl hydrocarbon hydroxylase activity (AHH) was
determined as described by Weibel and Gelboin [21].
The reaction mixture, in a total volume of 1mL,
contained 50 mmol Tris—chloride buffer (pH 7.4),
0.36 mmol NADPH, 3mmol MgCl, and 0.1 mL
microsomal fraction suspended in 0.1 M potassium
phosphate buffer pH 7.4 (1 mg protein/mL). One
hundred nmoles of the substrate, B(a)P, was added in
0.05 mL methanol to start the reaction. After 10 min
of incubation at 37°C, the reaction was terminated by
the addition of 1.0 mL cold acetone and the mixture
was shaken with 3.0 mL hexane for 10 min to extract
the derivatives of B (a) P. A 1.0 mL of the organic layer
was extracted with 2 mL. 1 N NaOH. The fluorescence
of the NaOH extract was measured immediately at
396 nm excitation and 522nm emission using a
spectro- fluorometer. The amount of enzyme activity
is defined as the picomoles of 3-hydroxy-B(a)p formed
during the incubation per mg protein per min.

Assay of Cytochrome P45y content

10% (w/v) homogenate was prepared from the liver of
mice and processed for the preparation of post
mitochondrial supernatant (PMS) and microsomes
for CYP content as described by Omura and Sato
[22]. A pinch of sodium dithionate was added to 2 mL
of sample which was then divided equally between two
matched cuvettes. The contents of the test cuvette
were gently bubbled with carbon monoxide for about
1 min and then the absorbance was taken at 450 nm
and 490 nm simultaneously.

DNA adducts

Eight-week-old adult male Swiss albino mice
(20-25 g) were administered a single i.p. injection of
B[a]P (12.5mCi/mol). After 24h the mice were
sacrificed, livers were excised and DNA was isolated as
described above. The DNA concentration was
determined fluorimetrically and the extent of radio-
labeled B[a]P-DNA modification was established by
scintillation counting in triplicate[19]with slight
modifications.

Assay for glutathione-S-transferase activity

Glutathione-S-transferase activity was assayed by
the method of Habig [23] The reaction mixture
consisted of 1.475 mL phosphate buffer (0.1 M, pH
6.5), 0.2mL reduced glutathione (1 mM), 0.025 mL
CDNB (1 mM) and 0.3 mL PMS (10% w/v) in a total
volume of 2.0mL. The changes in the absorbance
were recorded at 340nm and enzyme activity was
calculated as nmol CDNB conjugate formed per



minute per mg protein using a molar extinction
coefficient 0f 9.6 X 10°M 'cm ™.

Assay for quinone reductase activiry

The activity of quinone reductase was determined
by the method of Benson [24]. The 3mL
reaction mixture consisted of 2.13mL Tris—HCI
buffer (25 mM, pH 7.4), 0.7 mL BSA, 0.1 mL FAD,
0.02mL NADPH (0.1 mM), and 50 pL. (10%) PMS.
The reduction of dichlorophenol indophenol
(DCPIP) was recorded calorimetrically at 600 nm
and enzyme activity was calculated as n moles of
DCPIP reduced per minute per mg protein using a
molar extinction coefficient of 2.1 X 10*M 'cm ™.

Estimation of reduced glutathione

Reduced glutathione was determined by the method
of Jollow [25]. One-milliliter sample of PMS was
precipitated with 1.0 mL of sulfosalicylic acid (4%).
The samples were kept at 4°C for 1h and then
centrifuged at 1200 X g for 20 min at 4 °C. The assay
mixture contained 0.1 mL filtered aliquot, 2.7 mL
phosphate buffer (0.1 M, pH 7.4) and 0.2mL
DTNB (100mM) in a total volume of 3.0 mL. The
yellow color developed was measured at 412nm on a
spectrophotometer.

Estimation of protein concentration

The protein concentration in all samples was
determined by the method of Lowry [26].

Startistical analysis

The level of significance between different groups was
based on ANOVA test, followed by the Dunnett’s z-test

Results

Oral treatment of mice with B(a)P caused induction
of its metabolizing enzymes,loss of DNA integrity
and modulation of antioxidant defense system

Table I.
reductase in mouse liver.
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significantly. As observed during the study, B(a)P
alone (125mgkg '.b.wt oral) led to modulation of
several parameters of oxidative stress, relative to
control animals receiving corn oil only, with con-
comitant enhancement of its metabolizing enzymes. B
(a)P alone treatment decreased the hepatic GSH
content, GST and QR activities significantly
(p < 0.001) with a concomitant and significant
increase in CYP activity and AHH (p < 0.001)
respectively. Of the corn oil- treated control pretreat-
ment of animals with FL at 1% and 2% kg ' body
weight (p < 0.001) restored GSH content, GST and
QR activities as shown in Table I. There was
concomitant amelioration of CYP (p < 0.005) and
AHH activity (p < 0.001) at both the doses as shown
in Figures 2 and 4.

A simultaneous decrease in F-value was noted in the
DNA alkaline unwinding assay (Figure 1), which is a
marker for alteration in DNA integrity as evident from
agarose gel electrophoresis (Figure 5), where results
indicate that there was significant DNA fragmentation
only in the toxicant group as compared to the control
group while there was less fragmentation in
FL-pretreated groups. During DNA fragmentation
DNA damage is estimated in terms of smearing and
lack of intact band control; only the FL. group showed
less smearing and an intact band was also observed.
DNA adduct formation (p < 0.001) was observed in
toxicant group. Inhibition (p < 0.005) in DNA
adduct formation was recorded in FL pretreated
groups as shown in Figure 3.

Discussion:

B[a]P is the most commonly studied carcinogen with
sources of exposure including occupation, diet and
tobacco smoke [27]. The covalent binding of
carcinogens to DNA is an important step in the
cancer initiation process, with B[a]P requiring
metabolic activation for DNA adduct formation to
occur [28]. The activation of carcinogens is primarily
catalyzed by phase I enzymes and protection may be
accomplished by inhibition of activating enzymes
and/or by induction of phase II enzymes [29], which

Effect of pretreatment of Farnesol on B(a)P induced toxicity regarding glutathione content, glutathione S-transferase and Quinone

Reduced glutathione

Treatment Regimen (nmol GSH / g tissue)

Glutathione-S-transferase
(nmol CDNB conjugate
formed /min / mg protein)

Quinone reductase
(nmoles dichloroindophenol
reduced/min/mg protein)

Corn oil treated control 0.586 = 0.06
B(a)p alone 0.291 =+ 0.009%
B(a)p + FL (D1) 0.326 = 0.01*
B(a)p + FL (D2) 0.368 + 0.012*
Only FL (D2) 0.593 = 0.005

29.7 + 0.09 173.66 = 1.7
4.5 + 0.29% 101.22 = 1.7%
13.8 + 4.17* 127.31 = 1.5%
15.8 + 0.74* 139.01 + 6.4%
31.9 + 7.27 210.7 = 1.81

Results represent mean = S.E of five animals\group. Results significantly different from corn oil treated group (#P < 0.001). Results
significantly different from B(a)P treated group (*P < 0.001). FL = Farnesol, D1 = 1%kg ! b.wt. and D2 = 2%kg ™ 'b.wt.
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B(a)P
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Only FL
B(a)P 2%

Results represent mean + S.E of five animals\group
Results significantly different from corn oil treated group (#P<0.001,
Results significantly different from B(a)P treated group (*P<0.001)

Figure 1. Effect of pretreatment of Farnesol on B(a)P induced
DNA damage in mouse.

leads to detoxification, and accelerated excretion of
carcinogens. Considerable emphasis has been placed
on the use of natural plants and plant products to
combat oxidative stress and toxicity [30]. In the
present study FL pretreatment in modulator groups
significantly repressed CYP content and AHH activity
when compared only with the toxicant group. On the
basis of several experimental studies which demon-
strated that indoles and glucosinolates inhibit B(a)P
and DMBA-induced neoplasia in rats[31], it was
postulated that the protective effects were due to
induction of GST, which is one of the most important
detoxification enzymes [31]. FL has a number of
activities that suggest it may be active in cancer
chemoprevention. FL is an apoptosis inducer, and has
been demonstrated to suppress the in vitro growth of
several tumor-derived cell lines through the induction

100 T
90
80
70
60
50
40
30
20
10

FL1%+ FL2%+ OnlyFL
B@P B@P 2%

Results represent mean= S.E of five animals\group
Results significantly different from corn oil treated group (#P<0.001)
Results significantly different from B(a)P treated group (*P<0.005)

Control Only
B(a)P

Figure 2. Effect of pretreatment of Farnesol on B(a)P induced
cytochrome P450 enzyme in mouse liver.

FL 1% +
B(a)P

FL 2% +
B(a)P

Control Only
B(a)P

Results represent meanz+ S.E of five animals\group

Results significantly different from corn oil treated group (#P<0.001)

Results significantly different from B(a)P treated group (*P<0.005)

Figure 3. Effect of pretreatment of Farnesol on B(a)P induced
DNA adduct formation in mouse liver.

of apoptosis [32,13]. In vivo, dietary administration of
FL inhibits the growth of transplanted pancreatic
adenocarcinoma cells in hamsters [33]. FL-pretreated
groups showed significant induction of GST and QR
activities at both the doses. The intracellular thiol,
glutathione, can reduce free radicals by hydrogen
donation. For example, reduced glutathione can
neutralize a hydroxyl radical and hence plays an
important protective role against oxidative and
inflammatory stress and is often considered as first
line of defence [34]. FL- pretreatment has been shown
to restore the B(a)P depleted GSH levels in modulator
groups. Reactive species can cause DNA damage, loss
in DNA integrity and play important roles in
mutagenesis, carcinogenesis and aging [35]. Genomic
instability is often considered as the hallmark of cancer
and it has been shown earlier that B(a)P adminis-
tration leads to genotoxicity and DNA strand breaks

4 A
#
3.5 1
3 —~
E’ 2.5
g 2
S
€ 15+
1 —
0.5
O T T T T
Control Only FL1% FL2% Only FL
B(@aP +B(@P +B(@@P 2%

Results represent mean= S.E of five animals\group
Results significantly different from corn oil treated group (#P<0.001)
Results significantly different from B(a)P treated group (*P<0.001)

Figure 4. Effect of pretreatment of Farnesol on B(a)P induced
aryl hydrocarbon hydrolase in mouse liver.



Figure 5. Agarose gel electrophoresis of DNA fragments in mouse
liver. DNA was isolated and assessed by agarose gel electrophoresis
containing ethidiumbromide. 1-control; 2- FLDI1 + B(a)P;
3-FLD2 + B(a)P; 4-onlyFLLD2; 5-onlyB(a)P.

in terms of the unwinding alkaline assay [4,19].
It is evident from the present study that FL not only
was able to reduce cellular damage but also
suppressed the formation of DNA adducts in- vivo
in pretreated groups in comparison only to the B(a)P
group. Present results provide direct evidence that
oxidative damage can be a major contributor to DNA
damage which leads to reduction in the F-value
caused by B(a)P and simultaneously demonstrates the
role of FL as potent protective agent against B(a)P
toxicity.

Conclusion:

Our study shows that FL plays a role in inhibiting Phase
I xenobiotic -metabolizing enzymes and simultaneous
induction of detoxification Phase-II enzymes
which supports its effectiveness in maintaining DNA
integrity. Concisely, this study provides ample evidence
for the protective efficacy of FL and further work at
molecular targets is underway viz; estimation of
isoforms to establish FL as a strong preventive tool.
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