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ABSTRACT KEYWORDS
Usnic acid (UA) is one of the pharmacologically most important compounds produced by several (+)-Usnic acid; genotoxicity;
lichen species. To better understand the mechanism of action (MOA) of this important substance, antigenotoxicity;

this study examined the genotoxicity attributed to UA and its influence on mutagens with varying ~ 2nticarcinogenic effect;
MOA using the micronucleus (MN) test in Chinese hamster ovary cells (CHO). Additional experi- ~ <hemoprevention
ments were conducted to investigate the effect of UA on colon carcinogenesis in Wistar rats

employing the aberrant crypt focus (ACF) assay. In vitro studies showed a significant increase in

the frequency of MN in cultures treated with the highest UA concentration tested (87.13 uM). In

contrast, UA concentrations of 10.89, 21.78, or 43.56 uM produced an approximate 60% reduction

in chromosomal damage induced by doxorubicin, hydrogen peroxide, and etoposide, indicating

an antigenotoxic effect. In the ACF assay, male Wistar rats treated with different UA doses (3.125,

12.5, or 50 mg/kg b.w.) and with the carcinogen 1,2-dimethylhydrazine exhibited a significantly

lower incidence of neoplastic lesions in the colon than animals treated only with the carcinogen.

Data suggest that the MOA responsible for the chemopreventive effect of UA may be related to

interaction with DNA topoisomerase Il and/or the antioxidant potential of the compound.

Introduction Among the large number of unique secondary
metabolites synthesized by lichens, usnic acid (UA)
is one of the pharmacologically most important com-
pounds produced by species of the genera Alectoria,
Cladonia, Evernia, Flavocetraria, Lecanora, Ramalina,
and Usnea (Chen et al. 2017; Cocchietto et al. 2002;
Prokopiev et al. 2017). Pure UA has been used in
creams, toothpastes, mouthwashes, deodorants, and
sunscreen products as an active ingredient or as
a preservative (Ingolfsdottir 2002). Several lichen spe-
cies contain (+) and (-) optically active forms of UA
that differ in the position of the methyl group attached
to carbon 12. The enantiomers of UA exhibit a broad
spectrum of biological properties, including antian-
giogenic, anti-inflammatory, antimicrobial, antioxi-
dant, antiproliferative, antitumor, and cytotoxic
activities against cancer cell lines (Chen et al. 2014;
Fernandez-Moriano et al. 2017; Galanty et al. 2017;
Ingolfsdottir 2002; Koparal 2015; Mayer et al. 2005;

Multiple and continuous exposure of DNA to envir-
onmental factors such as mutagenic or genotoxic
agents, as well as to endogenous factors such as
sustained oxidative stress and chronic inflammatory
processes, might trigger the process of carcinogen-
esis (Acésio et al. 2017; Dylawerska et al. 2017;
Korniluk et al. 2017; Langie et al. 2015; Saha et al.
2017; Tuttis et al. 2018). In view of the limitations
and difficulties in early cancer detection, as well as
the adverse effects of available treatments, studies
conducted in recent decades focused on develop-
ment of methods designed to prevent the onset of
neoplasia (Benetou, Lagiou, and Lagiou 2015).
Natural products are of particular interest as chemo-
preventive agents because of low toxicity and poten-
tial efficacy profiles (Gontijo et al. 2018; Greenlee
2012; Kotecha, Takami, and Espinoza 2016; Rabi and
Bishayee 2009; Tuttis et al. 2018).
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Nguyen et al. 2014; Ribeiro-Costa et al. 2004; Silva
et al. 2017; Su et al. 2017; Suwalsky et al. 2015;
Thadhani and Karunaratne 2017; Yu et al. 2016).

Previously Leandro et al. (2013) observed that UA
significantly reduced the frequencies of micronuclei
(MN) and DNA damage induced by the mutagen
methyl methanesulfonate (MMS) both in vitro and
in vivo test systems. The present study aimed to
contribute to the knowledge regarding the genotoxi-
city induced by UA and its influence on mutagens
with different mechanisms of action (MOA) using
an MN frequency test in Chinese hamster ovary cells
(CHO). Additional experiments were conducted to
investigate the effect of UA on colon carcinogenesis
in Wistar rats.

Material and methods
Chemicals

The UA (Figure 1) used in this study was kindly
provided by Wilson Roberto Cunha, PhD, from the
Natural Products Research Group of the University
of Franca, Franca, Sdo Paulo, Brazil. Additional
information on the isolation and purification of
UA may be found in Leandro et al. (2013). For the
experiments, UA was dissolved in dimethylsulfoxide
(DMSO, 0.02%; CAS 67-68-5, Sigma-Aldrich).
Doxorubicin (DXR; Eurofarma Laboratorios S/A,
Ribeirdao Preto, Sdao Paulo, Brazil; 0.92 pM) and
hydrogen peroxide (H,O,; CAS 7722-84-1, Sigma-
Aldrich; 100 uM) were dissolved in sterile distilled
water immediately before use, and etoposide (VP-16;
CAS 33419-42-0, Sigma-Aldrich; 1.7 uM) was dis-
solved in 0.5% DMSO. The colon carcinogen
1,2-dimethylhydrazine  dihydrochloride (DMH;
CAS 306-37-6, Sigma-Aldrich) was dissolved imme-
diately before use in 1 mM ethylenediaminetetraace-
tic acid (EDTA; CAS 60-00-4, Synth®, Diadema, Sao
Paulo, Brazil).

HC OH 5 o
HsC
o { g5k e
CH, H

Figure 1. Chemical structure of (+)-usnic acid.

In vitro test system

Cells and culture conditions

The CHO cell line was maintained as a monolayer
in plastic culture flasks (25 cm?®) with HAM-F10
(Sigma-Aldrich) and DMEM (Sigma-Aldrich)
(1:1) culture medium supplemented with 10%
fetal bovine serum (FBS, Nutricell, Campinas,
Sao Paulo, Brazil), antibiotics (0.01 mg/ml strepto-
mycin and 0.005 mg/ml penicillin, Sigma-Aldrich)
and 2.32 mg/ml HEPES (Sigma-Aldrich), and
incubated at 37°C in a BOD-type incubator. The
cell cycle time was 12 hr under these conditions,
and the experiments were conducted using CHO
cells after the 4th passage. During this period, cells
adapt to the culture conditions and actively pro-
liferate with an exponential increase in cell density.
This cell population is considered the most viable
at this time, and it is therefore recommended to
assess cellular function at this stage.

Assessment of genotoxicity and antigenotoxicity
Concentrations of UA of 21.78, 43.56, or 87.13 uM
were used for genotoxicity assessment based upon the
non-genotoxic  concentrations  determined in
a previous study (Leandro et al. 2013). For antigeno-
toxicity assessment, non-cytotoxic or genotoxic con-
centrations (10.89, 21.78, or 43.56 pM) were combined
with three mutagens with differing MOA: DXR, H,
O,, or VP-16. Negative (no treatment), solvent
(DMSO, 0.02%), and positive controls (mutagens)
included. The protocol was performed in triplicate
on three different days to ensure reproducibility.

Cytokinesis-block micronucleus (CBNM) assay

The CHO cells were seeded into a culture flask con-
taining 5 ml HAM-F10/DMEM medium supple-
mented with 10% FBS and incubated for 25 hr.
Subsequently, cells were treated with UA for 3 hr
(OECD 487, 2016). After treatment, cells were
washed twice with PBS and fresh serum-
supplemented medium containing 3 pug/ml cytocha-
lasin B (Sigma-Aldrich) added. The cells were incu-
bated for an additional 17 hr. At harvest time, the
cells were rinsed with 5 ml PBS, trypsinized with
0.025% trypsin—-EDTA, and centrifuged for 5 min
at 850 g. The pellet was hypotonized in 1% sodium
citrate at 37°C and homogenized. This cell suspen-
sion was centrifuged under the same conditions. The
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pellet was resuspended in methanol:acetic acid (3:1)
and again homogenized. Fixed cells were then trans-
ferred to slides, stained with 3% Giemsa, and ana-
lyzed under a light microscope.

The criteria established by Fenech (2000) were used
for the analysis of MN and binucleate cells. For ana-
lysis, 1,000 cells were counted per culture, for a total of
3,000 binucleate cells per treatment. Cytotoxicity of
the treatment was evaluated by calculating the nuclear
division index (NDI), determined by the analysis of
500 cells per culture, for a total of 1,500 cells per
treatment group. Cells with well-preserved cytoplasm
containing 1 to 4 nuclei were counted and the NDI
was calculated using the following equation according
to Eastmond and Tucker (1989):

[M1 4 2(M 2) + 3(M 3) + 4(M 4)]
N

NDI =

(1)
where M1-M4 are the number of cells with 1, 2, 3,
and 4 nuclei, respectively, and N is the total num-
ber of viable cells.

In vivo test system

Animals

Male Wistar rats (Rattus norvegicus) weighing
approximately 120 g were provided by the Faculty
of Pharmaceutical Sciences, University of Sao Paulo,
Ribeirdo Preto, Sdo Paulo, Brazil. The animals were
kept in plastic boxes in an experimental room under
controlled conditions of temperature (22 + 2°C) and
humidity (50 £+ 10%) under a 12-hr light-dark cycle,
with free access to regular rat chow and water. The

study was conducted in accordance with interna-
tionally accepted Principles for the Use and Care of
Laboratory Animals (8th edition, National Research
Council - 2011) and the experimental protocol was
approved by the Ethics Committee on Animal Care
of the University of Franca (No. 1574270916).

Experimental design

Doses of UA of 3.125, 12.5, or 50 mg/kg b.w. were
utilized. The doses were selected based upon
a previous study in which UA produced antigeno-
toxic effects in bone marrow cells and hepatocytes of
Swiss mice (Leandro et al. 2013). The animals
received 4 subcutaneous (s.c.) injections of DMH
(40 mg/kg b.w.; 0.5 ml) twice a week (2nd and
5th day) for 2 weeks (weeks 2 and 3) and euthanized
at the end of the 5th week, as described by Senedese
et al. (2013). After one week acclimation, animals
were divided into 8 treatment groups: negative con-
trol (EDTA, 0.37 ug/L; 0.5 ml, s.c.); Tween 80 (CAS
9005-64-5, Synth®; 5%); UA (50 mg/kg b.w.; 1 ml);
positive control (DMH, 160 mg/kg b.w.); Tween 80
(5%) and DMH, and UA (3.125, 12.5, or 50 mg/kg b.
w.; 1 ml) plus DMH. UA and Tween 80 were admi-
nistered to rats by gavage 5 times a week for 2 weeks
(weeks 2 and 3) during DMH treatment (Figure 2).
Body weight and water consumption were measured
three times a week throughout the experimental
period. Each treatment group consisted of 5 animals.

Biochemical analysis

Blood samples were collected by cardiac puncture
under anesthesia (sodium pentobarbital, 45 mg/kg
b.w., i.p., 0.3 ml). Serum alanine aminotransferase

Weeks —» 1 2 3 4 5 6

Groups Days — 1 2 3 4 51 2 3 4 51 2 3 4 51 23 451 23 4 51 —» Euthanasia

} T A I T N O O VI S A 1 O Y T 1 |

G1 . ﬂl || | ]

G2 Mff/f/ff{ff/lfffl |

G3 ——— Il l[[lll]lﬁ.[l lII[lIl]H-H[IlH]]H.[[I[I]lll[[. ]

G4 |_| || || |

G5 —] l‘ e W ]

G6.7and 8 B8 | | ]

T [ | 1
=<1 Acclimation [T UA 50 mg/kg b.w. 1 DMH., 40 mg/kg b.w.
[ Water E=3 UA3.125.12.5 and 50 mg/kg b.w. 1 EDTA, 0.185 mg/kg b.w.

=7 Tween 80 (5%,
& )

Figure 2. Schematic representation of the experimental design.
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(ALT, Modified Glutamate Pyruvate Transaminase
Kit, IFCC - REF: D98624; DIALAB) and aspartate
aminotransferase (AST, Modified Glutamate
Oxaloacetate Transaminase Kit, IFCC - REF:
D98616; DIALAB) activities were measured to
assess hepatotoxicity. Renal function was evaluated
by the measurement of creatinine (Enzymatic
Creatinine Assay Kit, PAP - REF: D95704;
DIALAB) and urea (Urea UV Auto Urease Kit,
GLDH - REF: D95595; DIALAB). For this pur-
pose, approximately 400 pl blood was collected
from the heart of euthanized animals and samples
centrifuged for 15 min at 2500 g for separation of
plasma. The samples were analyzed in an auto-
mated Mindray BS 200° analyzer based on the
principle of absorption.

Analysis of aberrant crypt foci (ACF)

The procedures for ACF analysis in rat colons were
performed according to Bird (1987). The animals
were anesthetized with 1 ml sodium pentobarbital
(45 mg/kg b.w., i.p.) and euthanized by exsanguina-
tion. After laparotomy, colons were excised, flushed
with 0.9% saline, cut open along the longitudinal
axis, and fixed in 10% phosphate-buffered formalin
(pH 6.9-7.1) for 24 hr. Immediately prior to analy-
sis, the colon was stained with 0.02% methylene blue
for 5 min, mounted on microscope slides with the
mucosal side facing upward, and observed under
a light microscope at 100x magnification. Fifty
sequential fields of the distal colon were screened
for ACF, which were characterized by elongated,
slit-shaped lumens surrounded by thickened epithe-
lium that stained more intense than the surrounding
normal crypts. The number of ACF and crypt multi-
plicity (number of crypts per focus) was recorded.
Each colon specimen was examined by at least three
observers in a double-blind manner.

Statistical analysis

Data were subjected to analysis of variance
(ANOVA) for completely randomized experi-
ments, calculating F statistics and respective
p values. In cases in which P< .05, treatment
means were compared using Tukey’s test and the
minimum significant difference was calculated for
a = 0.05. Statistical analysis was performed using
the GraphPad Prism 5 program.

Results
In vitro test system

The frequencies of MN in CHO cells treated with
varying UA concentrations (21.78, 43.56, or 87.13
uM) and their respective controls are presented in
Table 1. No significant differences in MN frequency
induction were observed between cultures treated
with 21.78 or 43.56 pM UA compared to negative
control. In contrast, the highest concentration tested
(87.13 pM) significantly increased chromosome
damage compared to negative control.

Figure 3 illustrates the frequency of MN in
CHO cells treated with UA combined with differ-
ent mutagens. Cell cultures incubated with UA
plus mutagen (DXR, H,0,, or VP-16) exhibited
a significant reduction in MN frequency compared
to respective mutagen alone, except for the treat-
ment with 43.56 uM UA combined with DXR. In
cultures incubated with UA combined with differ-
ent mutagens, the gradual rise in UA concentra-
tion did not markedly modify DNA damage
mediated by each mutagen, demonstrating an
absence of a concentration-response relationship.

In vivo test system

Table 2 shows the mean and standard deviation of
initial and final body weight, weight gain, and
water consumption of Wistar rats under varying
experimental conditions in the ACF assay. Rats
exposed to DMH alone or combined with UA
displayed reduced weight gain compared to con-
trols (negative, Tween 80, and UA). No marked

Table 1. Micronucleus (MN) frequency and nuclear division
index (NDI) in CHO cultures treated with (+)-usnic acid and
the respective controls.

Treatments (uM) MN frequency NDI

Control 6.33 £1.53 1.66 = 0.04
DMSO 7.67 £ 231 1.65 £+ 0.04
UA 21.78 8.33 +3.79 1.58 + 0.03
UA 43.56 8.00 + 3.00 1.58 + 0.03
UA 87.13 15.00 + 3.00° 1.62 + 0.01
DXR 22,67 + 1.15° 1.68 = 0.06

DXR - doxorubicin (0.92 pM); DMSO - dimethylsulfoxide (0.02%). For
determination of MN frequency, 3,000 binucleated cells were scored
per treatment (1,000 cells/treatment/repetition). The NDI was calcu-
lated by analyzing 1,500 cells per treatment group (500 cells/treat-
ment/repetition). The values are the mean * standard deviation.

#Significantly different from the negative control group (P< 0.05).
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Figure 3. Frequencies of micronuclei in CHO cultures treated with
different concentrations of (+)-usnic acid combined with different
mutagens and their respective controls. UA - (+)-Usnic acid; DMSO —
dimethylsulfoxide (0.02%); DXR — doxorubicin (0.92 pM); H,0, -
hydrogen peroxide (100 uM); VP-16 — etoposide (1.7 uM). A total of
3,000 binucleated cells were scored per treatment. The values are
the mean = standard deviation.

3Significantly different from the negative control group (P<
.05).PSignificantly  different from the DXR group (P<
.05).Significantly  different from the H,0, group (P<
.05).%Significantly different from the VP-16 group (P< .05).

differences were observed between groups for the
other variables.

Analysis of the biochemical parameters demon-
strated significantly higher serum ALT levels in ani-
mals treated with UA (12.5 or 50 mg/kg b.w.) plus
DMH compared to those treated only with DMH.
No significant differences were found for liver (AST
and ALT) or renal (creatinine and urea) function
parameters when the treatment was compared with
negative control. These findings indicate an apparent
absence of hepatotoxic and nephrotoxic effects fol-
lowing different treatment regimes (Figure 4).

Aberrant crypt foci were noted only in colons of
DMH-treated rats (Figure 5) but not in negative
control or groups receiving UA or Tween 80 alone

(data not shown). The numbers of ACF and aberrant
crypts (AC) were significantly lower in groups admi-
nistered different UA doses (3.125, 12.5 or 50 mg/kg
b.w.) during DMH treatment compared to rats
injected only with DMH. Animals treated with
Tween 80 plus DMH did not differ significantly
from DMH-treated rats. The number of AC and
AC/ACEF ratio obtained for all groups administered
DMH revealed a higher frequency of foci with one
crypt (data not shown). A gradual elevation in UA
dose did not produce a proportional reduction in
DMH-induced ACF, demonstrating an absence of
a dose-response relationship.

Discussion

The results of the MN frequency test in CHO cells
demonstrated genotoxicity attributed to UA at the
highest concentration (87.13 uM). In contrast, pre-
viously Leandro et al. (2013) found no marked gen-
otoxic effect of UA in V79 cells in the MN frequency
test at any of the concentrations tested (43.56, 87.13,
174.24, or 348.48 pM). O’Donovan (1990) and
Erexson, Periago, and Spicer (2001) reported that
CHO cells are more sensitive to MN induction than
V79 cells and that both cell lines vary significantly in
their ability to metabolize genotoxins.

Prokopiev et al. (2019) used the comet assay to
examine the genotoxic potential of (+)- and (-)-UA
(1, 10, 50, or 100 mg/kg b.w.) in liver and kidney cells
of CD-1 mice after 1, 3, 6, 12, and 24 hr treatment.
A genotoxic effect attributed to UA was only observed
1 hr after oral administration at doses of 50 or 100 mg/
kg b.w. In contrast, Leandro et al. (2013) found no
marked UA-induced genotoxic effect in mouse bone
marrow cells (MN test) or hepatocytes (comet assay)
at doses of 25-200 mg/kg. The discrepancies in UA-

Table 2. Mean (£SD) initial weight, final weight, weight gain and water consumption of Wistar rats treated with different (+)-
concentrations of usnic acid (UA) over the 4 weeks of analysis. DMH - 1,2-dimethylhydrazine (160 mg/kg b.w.); Tween 80 (5%). The

values are the mean =+ standard deviation.

Treatments (mg/kg b.w.) Initial weight (g)

Final weight (g)

Weight gain (g) Water consumption (mL/animal/day)

Control 165.2 + 5.12 428.0 + 21.89
Tween 80 138.6 + 11.78 349.6 + 36.84
UA 50 126.3 + 7.37 334.6 = 39.55
DMH 155.8 + 19.48 316.0 = 29.60
Tween 80 + DMH 145.8 + 5.97 320.8 + 33.79
UA 3.125 + DMH 151.0 + 14.61 326.2 = 54.51
UA 125 + DMH 146.0 + 10.46 322.6 + 33.46
UA 50 + DMH 136.6 = 5.59 265.2 + 47.88

262.8 + 21.65 59.32 + 11.06
211.0 + 3246 50.78 + 7.80

208.3 £+ 3235 69.17 = 17.84
160.2 + 41.01° 54.93 + 14.65
175.0 + 31.98° 53.94 + 15.25
175.2 + 44.04° 56.02 + 15.40
176.6 + 27.79° 55.10 = 10.10
128.6 + 44.94° 51.62 = 14.60

“Significantly different from the negative control group (P< 0.05).
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Figure 4. Serum levels of (a) aspartate aminotransferase (AST); (b) alanine aminotransferase (ALT); (c) creatinine, and (d) urea
in Wistar rats treated with (+)-usnic acid and DMH. UA - (+)-Usnic acid; DMH - 1,2-dimethylhydrazine (160 mg/kg b.w.);

Tween 80 (5%).
®Significantly different from the DMH group (P< .05).
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Figure 5. Frequencies of aberrant crypt foci (ACF) and aberrant
crypts (AC) observed in distal colons of Wistar rats treated with
different (+)-usnic acid doses and DMH. UA - (+)-Usnic acid;
DMH - 1,2-dimethylhydrazine (160 mg/kg b.w.); Tween 80 (5%).
Fifty consecutive fields were analyzed per animal, correspond-
ing to 250 fields per treatment group. The values are the mean
+ standard deviation.

*Significantly different from the DMH group (P< .05).

mediated genotoxicity may be related to differences in
the experimental conditions. In the study of Leandro
etal. (2013), DNA damage was determined 24 hr after
administration of UA with no genotoxicity detected.
On the other hand, Prokopiev et al. (2019) found UA-
initiated genotoxic effects in liver after 1 and 3 hr and
in kidneys after 1 hr, but no significant response was
noted after longer periods. These findings indicate the

occurrence of a rapid induction and repair of DNA
damage. In addition, UA induced no marked geno-
toxic effect in the MN frequency test using Swiss
mouse bone marrow (Leandro et al. 2013). Negative
results in appropriate in vivo assays are generally con-
sidered sufficient to demonstrate an absence of
a significant genotoxic risk (ICH 2012).

In an attempt to contribute to the understanding
of MOA underlying the antigenotoxic effect pre-
viously reported by Leandro et al. (2013), the influ-
ence of UA was investigated on genotoxicity induced
by mutagens with differing MOA such as DXR, H,
O,, and VP-16. DXR, an anthracycline antibiotic, is
a key chemotherapeutic drug employed for cancer
treatment, although its use is limited by chronic and
acute adverse effects (Quiles et al. 2002).
Anthracyclines such as DXR are DNA topoisome-
rase II inhibitors. This enzyme is involved in funda-
mental biological processes, including DNA
replication, transcription, DNA repair, and chroma-
tin remodeling. DXR binds to DNA topoisomerase
IT and stabilizes an intermediate reaction in which
the DNA strands are cut and covalently linked to
tyrosine residues of DNA topoisomerase II, creating
a ternary DXR-DNA-DNA topoisomerase II com-
plex that alters DNA structure and impedes its
synthesis (Minotti et al. 2004). Further, the quinone
present in the molecular structure of DXR may be
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oxidized to a semiquinone radical. Semiquinone
radicals react rapidly with oxygen to generate super-
oxide (O,") and H,O, that are converted to highly
reactive hydroxyl radicals, inducing DNA damage
(Finn, Findley, and Kemp 2011; Injac and Strukelj
2008; Venkatesh et al. 2007).

Our data demonstrated that UA reduced DXR-
induced genotoxicity. The MOA underlying the pro-
tective effect of UA against DXR may be related to
modulation of DNA topoisomerase II activity and/or
the antioxidant properties of this compound.

In an effort to contribute to the understanding of
UA-mediated MOA involved in the observed anti-
genotoxicity, the influence of UA on genotoxicity
induced by H,O, and VP-16 was also examined.
H,O, is an oxidizing agent that initiates oxidative
DNA damage through production of a hydroxyl
radical (OH™), which generates multiple DNA mod-
ifications, including base damage, sugar damage, and
DNA-protein crosslinks (Zivkovi¢ et al. 2017). VP-
16 is a potent anticancer agent that inhibits DNA
topoisomerase II, leading to the production of DNA
breaks. Usnic acid was also able to decrease chromo-
somal damage induced by H,O, and VP-16, indicat-
ing a protective effect against genotoxicity initiated
by the three mutagens DXR, H,0,, and VP-16.

The precise molecular MOA of lichen-specific
metabolites are almost unknown. However, several
investigators demonstrated the binding of UA to
DNA and its antioxidant potential (Bolton, Dunlap,
and Dietz 2018; Hasinoff et al. 1996; Jacob et al. 2013;
Plsikova et al. 2014; Smith et al. 2014). Plsikova et al.
(2014) examined the interactions between lichen
metabolites (parietin, atranorin, UA, and gyrophoric
acid) and calf thymus DNA using molecular biophy-
sics and biochemical methods. The tested lichen
metabolites were identified as DNA topoisomerase
IT catalytic inhibitors that reduce clastogenicity of
DNA topoisomerase II poisons such as DXR and
VP-16 (Hasinoff et al. 1996).

According to Leandro et al. (2013), the antioxi-
dant activity of UA may explain its protective effect
against MMS-induced genotoxicity in vitro and
in vivo. MMS is a well-known DNA-damaging alky-
lating agent that forms DNA mono-adducts and
crosslinks, resulting in DNA breakage or base sub-
stitution mutations (Jenkins et al. 2005). Alkylating
agents were also noted to produce rapid depletion of
glutathione S-transferase in mammalian cells,

generating oxidative stress (van de Water,
Zoeteweij, and Nagelkerke 1996). Suwalsky et al.
(2015) demonstrated that UA molecules interact
with the lipid bilayers of cell membranes in human
erythrocytes acting as an antioxidant by blocking
access of oxidants to cell membranes.

An oxidizing environment may trigger the intra-
cellular expression of genes with protective function,
but some molecules also exert an influence on biomo-
lecules that participate directly or indirectly in the
expression of genes related to the antioxidant
response. An important cellular defense mechanism
that attenuates the adverse effects of reactive oxygen
species (ROS) is nuclear factor erythroid 2-related
factor 2 (Nrf2), which regulates expression of various
enzymes that protect against oxidative stress (Forman,
Davies, and Ursini 2014; Sosa et al. 2013). In this
context, Chen et al. (2017) observed that UA signifi-
cantly increased protein levels of Nrf2, promoted Nrf2
translocation to the nucleus, up-regulated antioxidant
response element (ARE) activity, and induced the
expression of Nrf2-regulated targets, including glu-
tathione reductase, glutathione S-transferase and
NAD(P)H quinone oxidoreductase-1 (NQO1), in
a human hepatoma cell line (HepG2).

Considering the antigenotoxic effect of UA
against DNA damage mediated by the three different
mutagens, UA action on colon carcinogenesis in rats
was also investigated. The results revealed
a chemoprotective effect of UA against preneoplastic
lesions induced by DMH, indicating that UA may
prevent DNA damage and formation of preneoplas-
tic lesions in the early stage of colon cancer.

The carcinogen DMH, when metabolized,
releases azomethane, azoxymethane, methylazoxy-
methanol, ethane, carbon dioxide, and methyldia-
zonium, which methylate DNA, RNA, and
proteins (Choudhary and Hansen 1998; Swenberg
et al. 1979). These metabolites are responsible for
the methylation of DNA bases in various organs,
including proliferating epithelial cells (Chang
1984). Ghadi et al. (2012) found that DMH also
induced carcinogenesis through increased OH™
production, which, in the presence of metal ions,
may contribute to lipid peroxidation. Thus, in
agreement with in vitro results, the observed pro-
tective effect of UA counteracting colon carcino-
genesis may be related, at least in part, to an
antioxidant activity.
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Odabasoglu et al. (2006) and Halici et al. (2005)
determined the gastroprotective effects of UA on
indomethacin-induced gastric ulcers in rats. Data
showed a reduction in gastric lesions and increased
levels of antioxidant enzymes, including superoxide
dismutase, glutathione peroxidase, and reduced glu-
tathione, suggesting that the gastroprotective effects
of UA might be attributed to an action on dimin-
ished oxidative damage. Similarly, Su et al. (2014)
observed a protective effect of UA on lipopolysac-
charide-induced acute lung injury in mice, which
might be related to the suppression of excessive
inflammatory responses and oxidative stress in
lung tissue.

The lack of a significant dose-response effect of
UA observed in the present study might be due to
erratic absorption across the cell membrane and
consequent poor bioavailability of the substance in
the cell. In addition, dose-response assessment is
complicated by the fact that many chemopreventive
agents exert simultaneous protection at different
levels (Knasmiiller et al. 2002). The lack of a dose-
response effect of UA might therefore be attributed
to activation of different MOA depending upon the
dose tested.

Conclusions

In conclusion, at the highest concentration tested
UA exerted an antigenotoxic effect against damage
induced by DXR, H,0,, and VP-16 in CHO cells
under the present experimental conditions. This
lichen metabolite also showed protective activity
against colon carcinogenesis in rats. Data suggest
that UA may be utilized as a potential chemoprotec-
tive agent and that this effect may be attributed to an
action on DNA topoisomerase II and/or to antiox-
idant potential of this compound. Further studies are
necessary to elucidate the MOA involved in the
effects of UA on genomic instability.
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