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H I G H L I G H T S

� Nicotine was genotoxic at specific concentrations in the Drosophila wing spot test.
� Resveratrol protected against nicotine’s genotoxic effects at some concentrations.
� Resveratrol increased nicotine’s genotoxicity at specific concentrations.
� Nicotine and resveratrol have a complex interaction in vivo.
� Studying chemicals in combination in vivo may uncover unexpected interactions.
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A B S T R A C T

Nicotine (NIC) and resveratrol (RES) are chemicals in tobacco and wine, respectively, that are widely consumed
concurrently worldwide. NIC is an alkaloid known to be toxic, addictive and to produce oxidative stress, while
RES is thought of as an antioxidant with putative health benefits. Oxidative stress can induce genotoxic damage,
yet few studies have examined whether NIC is genotoxic in vivo. In vitro studies have shown that RES can
ameliorate deleterious effects of NIC. However, RES has been reported to have both antioxidant and pro-oxidant
effects, and an in vivo study reported that 0.011 mM RES was genotoxic. We used the Drosophila melanogaster wing
spot test to determine whether NIC and RES, first individually and then in combination, were genotoxic and/or
altered the cell division. We hypothesized that RES would modulate NIC’s effects. NIC was genotoxic in the
standard (ST) cross in a concentration-independent manner, but not genotoxic in the high bioactivation (HB)
cross. RES was not genotoxic in either the ST or HB cross at the concentrations tested. We discovered a complex
interaction between NIC and RES. Depending on concentration, RES was protective of NIC’s genotoxic damage,
RES had no interaction with NIC, or RES had an additive or synergistic effect, increasing NIC’s genotoxic damage.
Most NIC, RES, and NIC/RES combinations tested altered the cell division in the ST and HB crosses. Because we
used the ST and HB crosses, we demonstrated that genotoxicity and cell division alterations were modulated by
the xenobiotic metabolism. These results provide evidence of NIC’s genotoxicity in vivo at specific concentrations.
Moreover, NIC’s genotoxicity can be modulated by its interaction with RES in a complex manner, in which their
interaction can lead to either increasing NIC’s damage or protecting against it.
as-García).

rm 30 March 2022; Accepted 14 June 2022
evier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:iduenasg@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2022.e09744&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2022.e09744
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2022.e09744


N.A. Vel�azquez-Ulloa et al. Heliyon 8 (2022) e09744
1. Introduction

Nicotine (NIC) is a psychoactive drug and a potent behavioral rein-
forcer that acts via the mesolimbic dopaminergic pathway in mammals
[1]. NIC is the chemical compound responsible for tobacco addiction [2,
3] that kills more than 8 million people a year among the 1.3 billion
current users worldwide [4]. Recently, NIC consumption has increased
because in addition to tobacco use, there has been an increase in
e-cigarette use, which delivers NIC specifically [5]. NIC is an alkaloid that
is easily absorbed through the plasma membrane because of its lipophilic
nature, hence it can be considered a xenobiotic. NIC is metabolized by
CYP450 enzymes, which are part of the Phase I xenobiotic metabolism
(XM), and by an aldehyde oxidase into secondary metabolites [6]. In
mammals, the first step in the main metabolic route for NIC is catalyzed
by isoforms encoded by the CYP2A6 gene [6,7] and in Drosophila mela-
nogaster variants of the XM genes Cyp6G1 [8], Ugt86Dd, Cyp28d1,
Cyp28d2 have been associated with nicotine resistance [9,10]. NIC has
detrimental effects on survival, alters brain morphology and induces
behavioral changes in Drosophila melanogaster, which are mediated by the
dopaminergic pathway, similarly to mammals [11–13]. The mechanisms
that cause NIC’s deleterious effects are not well understood. One hy-
pothesis is that some of these deleterious effects are caused by NIC’s
ability to induce oxidative stress, genotoxicity, and cell cycle alterations.
An increase in reactive oxygen species (ROS) changes the redox equi-
librium, leading to oxidative stress, which can result in the oxidation of
nucleic acids, which may cause mutagenesis and genome instability [14],
or oxidation of proteins and lipids, which may cause loss of function and
disruption of signaling pathways as those involved in cell proliferation,
differentiation and apoptosis [15,16].

NIC has been shown to induce apoptosis by generating ROS, which
can lead to caspase activation [17], MAPK pathway activation [18,19], or
induction of pro-apoptotic agents. Chronic NIC exposure altered the cell
cycle [20], affected cell viability, and induced neurotoxic damage [21].
In vitro studies have shown that NIC induces oxidative stress, which can
lead to genotoxic damage and cell division alterations [22]. NIC was also
shown to produce genotoxic damage in multiple cell lines [23–27].
However, more studies are needed to determine the genotoxic effects of
NIC in vivo. In this work, we used the ST and HB crosses of the somatic
mutation and recombination test (SMART) in Drosophila melanogaster
wings to determine the genotoxicity of NIC in vivo.

Chemicals with antioxidant properties could modulate or inhibit the
potential genotoxic effect of compounds that produce oxidative stress,
such as NIC. Resveratrol (RES) is a polyphenol produced by many plant
species widely consumed by humans, such as red wine, red grapes [28,
29]. RES absorption is close to 70%, but its bioavailability is limited
because it is metabolized quickly [30] by Phase II of the XM [31]. RES has
been reported to have multiple potentially beneficial effects, including
having antioxidant and radical scavenging activity [32,33] and acti-
vating the base excision repair system, which may be one way it could
protect against genotoxic agents [34]. RES may also exert protective ef-
fects by inhibiting CYP450 enzymes of the Phase I XM, especially
CYP3A4 [35] an analog of Cyp6A2 of D. melanogaster [36]. In vivo studies
have shown that RES increases the midlife-span of several model or-
ganisms, including yeast cells, worms, fruit flies, N. furzeri (a short-lived
fish species), and obese mice [37]. Hence, RES is a known antioxidant
that could modulate NIC’s genotoxicity. Indeed, RES and NIC regularly
co-occur in the human body of people who smoke and drink red wine.
Epidemiological studies show that smoking is more prevalent in people
who consume alcoholic drinks regularly, and alcoholic drinks tend to be
more frequently consumed by smokers [38]. Smoking while drinking is a
common behavior, hence, in such circumstances, NIC and RES enter the
body concurrently and could interact in vivo.

While the research mentioned above suggests RES has protective ef-
fects, in the fruit fly model there are mixed results. In some studies, RES
increased longevity in fruit flies in a Sir2-dependant manner [39], via
increased ROS scavenging through increased antioxidant enzyme activity
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[40], and downregulation of genes in aging-related pathways [41]. RES
also had a protective effect against toxic compounds known to induce
oxidative stress including dioxins [42], 1-Methyl-4-Phenyl-1,2,3,6-Tetra-
hydropyridine (MPTP) [43], and sodium fluoride [44]. RES also pro-
tected against ROS and cellular damage in a fruit fly model of
spinocerebellar ataxia type 3 [45,46]. On the other hand, RES was not
protective against paraquat-induced toxicity in a model of Parkinson’s
Disease in fruit flies, and induced locomotor deficits in flies [47]. In
addition, RES increased the genotoxic damage induced by 4-nitroquino-
line-1-oxide (4-NQO) when applied in co-treatment with this genotoxic
and pro-oxidant compound in the SMART test in D. melanogaster [48].
RES increased the genotoxic damage of 4-NQO at a 0.011 mM concen-
tration in flies with basal levels of Cyp450s, while only the highest
concentration of RES (0.172 mM) tested had a similar effect in flies with
high Cyp450s levels, which suggests that this effect of RES depends on
the Cyp450 enzymes levels, and the xenobiotic metabolism [48]. It has
not been tested whether 0.011 mM RES interacts with other compounds
that induce oxidative damage, nor whether a lower RES concentration
would also increase damage or protect instead. Hence, additional studies
that determine the protective or modulatory effect of RES in vivo are
needed.

Only a few in vitro studies have examined whether NIC’s effects could
be modulated by RES. There is evidence that RES can protect against NIC-
induced oxidative damage in renal tubule cells [49] Leydig cells [50],
and against NIC-induced proliferation of pancreatic cells [51]. A couple
in vivo studies in rats showed that RES reduces NIC-induced changes in
the lungs [52], and NIC-induced renal impairment after chronic NIC
exposure [53]. However, the effect of RES on the putative genotoxic ef-
fects of NIC has not been studied in vivo.

The SMART test is a well-established in vivo assay used to determine
the genotoxic [54] or antigenotoxic [55] potential of chemical com-
pounds. This test also measures whether the compound causes alterations
of the cell division [54]. The wing spot test determines genotoxic damage
and somatic alterations in vivo in the standard cross (ST), with basal
Cyp450s levels, and in the high bioactivation cross (HB), in which flies
have high levels of these enzymes. Hence, this assay provides hints into
the mechanism behind the potential damage and the XM’s modulation.

In this investigation, we studied the effect of RES on the putative
genotoxic and toxic NIC damage in the in vivo SMART wing spot test in
D. melanogaster, using the ST and HB crosses, which have different
Cyp450s gene expression levels. We tested in vivo whether RES could
modulate the potential genotoxic effect of NIC. We hypothesized that
there would be less damage detected in the HB cross, based on previous
results [48,56]. We chose two different RES concentrations: 0.0004 mM,
which we hypothesized would be protective, and 0.011 mM, which we
hypothesized would increase damage.

Our results show a complex interaction between NIC and RES. Our
data shows that their interaction can increase the genotoxic potential of
these compounds at certain concentrations, which by themselves result in
undetectable genotoxic damage. We also see examples of concentrations
at which NIC by itself caused genotoxic damage, but the combination
with RES showed no genotoxicity, suggesting a protective effect of RES.
Whether RES was protective or increased damage varied with the RES
concentration used. The lower RES concentration tested had a protective
effect for NIC concentrations that caused genotoxic damage on their own.
The higher RES concentration increased damage in co-treatment with
NIC. Interestingly, the ST cross shows more damage than the HB cross,
which reinforces the role of the XM in the effects of NIC and confirms that
the XM is involved in the effects of RES.

2. Materials and methods

2.1. Chemicals

Resveratrol (RES, CAS No. 501-36-0, 99% purity), nicotine (NIC, CAS
No. 54-11-5, 99% purity), ethyl carbamate (urethane: URE, CAS-No. 51-
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79-6, 99% purity), were purchased from Sigma Aldrich, St. Louis MO,
USA. Ethanol (EtOH, CAS No. 64-27-5, 99% purity) was bought from
Merck KGaA®, Darmstadt, Germany. Aqueous solutions of NIC, EtOH,
and UREwere made usingMilli-Q water. A 1% EtOH solution was used as
co-solvent in the RES treatment. Formula 4-24 Drosophila Instant Me-
dium (DIM) was purchased from Carolina Biological Supply Company
(Burlington, NC, USA).

2.2. Strains

Drosophila melanogaster flare strain (flr3/In(3LR) TM3, ri pp sep l(3)89
Aa bx34e e BdS), Oregon R(R)-flare (ORR(1); ORR(2); flr3/In(3LR) TM3,
ri pp sep l(3)89 Aa bx34e e BdS) and multiple wing hairs (mwh/mwh) were
propagated in culture medium [48]. These strains were originally
donated by Ulrich Graf of the ETH, Zurich, Switzerland. Phenotypic
markers were verified continuously. For detailed features of the strains
see [57,58,59,60].

2.3. Crosses

Virgin females from the flare and Oregon R(R)-flare strains were
mated to multiple wing hair males to generate the standard cross (ST)
and the high bioactivation cross (HB), respectively [54,61,62]. To syn-
chronize the cultures and get third instar larvae (72 � 4 h), an 8-h egg
collection was taken for each cross at 25 �C and 65% relative humidity in
a thick layer of fermenting, live, baker’s yeast supplemented with su-
crose. The larvae were washed out of the culture vials with tap water at
room temperature (25 �C) through a fine-meshed-stainless-steel strainer
[63].

2.4. Treatments

A minimum of three independent experiments per treatment were
conducted with both crosses. Collected larvae (72� 4 h) were placed into
vials with 0.5 g of DIM hydrated with 2 mL of treatment solution. Chronic
treatments, until pupation, were applied at the following final concen-
trations: EtOH 1% (dissolvent control for RES), 20 mM URE (positive
control; [64], 0.0004 mM and 0.011 mM RES in a EtOH 1% solution [34,
48,65,66]; NIC solutions were 0.0125 mM, 0.025 mM, 0.050 mM, 0.456
mM, 1.9 mM, 3.8 mM and 11.4 mM [12,13,21,23–27,67–70] prepared
with Milli-Q water. The following co-treatments were tested: 0.0004 mM
RES þ 0.456 mM/1.9 mM/3.8 mM/11.4 mM NIC and 0.011 mM RES þ
0.0125 mM/0.025 mM/0.050 mM/0.456 mM/1.9 mM/3.8 mM/11.4
mM NIC.

2.5. Drosophila wing spot test

Treatment vials containing the third instar larvae from both crosses
were incubated at 25 �C and 65% humidity until the emergence of
imagos, which were collected and preserved in EtOH 70%. Slides with
the wings of trans-heterozygous individuals (mwh þ/þ flr3) were
mounted on Entellan®. An even sex proportion was attempted for every
treatment scored. Slides were scored under a light microscope (400X)
[54]. Scoring was carried out using a double-blind method and including
55 to 60 individuals per treatment whenever possible [71]. Statistical
analyses were done with the SMART-PC vs 2.1 software (Frei and Wür-
gler, unpublished), which is based on the Kastenbaum-Bowman test (P <

0.05) [72] and the non-parametric Mann-Whitney andWilcoxon U test (α
¼ β ¼ 0.05) [71]. Alterations in cell division caused by the treatments
were compared to their respective controls through the
Kolmogorov-Smirnov test (P < 0.05) to analyze the cumulative mwh
clone size class distribution. This analysis takes into account the spon-
taneous or induced rates of mwh mutant clones and the size they reach
through the wing imaginal disc cell divisions [54,73]. At a minimum,
three independent experiments per treatment and cross were analyzed.
3

3. Results

First, we used the SMART wing spot test to determine in vivo whether
NIC induced genotoxic damage and/or mitotic alterations in the imaginal
wing’s cells. We tested a range of NIC concentrations that have been
shown to induce oxidative stress and genotoxic damage or have been
tested in other Drosophila studies (See Methods: Treatments). Next, we
used the SMART wing spot test to determine whether RES in co-
treatment with NIC would modulate NIC’s effects. We selected the two
RES concentrations based on bioavailability data for RES [30,31] or that
have been previously tested in Drosophila [48] (See Methods:
Treatments).

Below we show the results of this investigation. The results are
organized by treatment. Within each treatment, the information is
organized showing examples of increased damage first, then examples
with no damage. To determine cell cycle alterations we compared the
mwh clone size class cumulative distribution results against their corre-
sponding 1% EtOH control or against NIC or RES treatments in order to
identify any interactions between them [54,73].

3.1. The EtOH dissolvent control for RES contributes to mitotic alterations
in the HB cross

RES was dissolved in 1% EtOH. We first determined whether the 1%
EtOH dissolvent control on its own was genotoxic. There were no dif-
ferences in spot frequencies when the 1% EtOH treatment was compared
with Milli-Q water dissolvent in both the ST and HB crosses (Table 1.
However, we found cell division alterations in the HB cross, but not in the
ST cross (Table 2).
3.2. Nicotine is genotoxic and causes mitotic alterations at specific
concentrations

The NIC treatment was genotoxic at the smallest (0.0125 mM) and
highest (11.4 mM) NIC concentrations tested in the ST cross. Both con-
centrations increased the frequency of small and total spots. In addition,
the 11.4 mM NIC treatment decreased the number of ST cross’s surviving
flies. In the HB cross, the 0.0125 mM NIC treatment was not genotoxic,
while the 11.4 mM was lethal. The NIC treatments at 0.025 mM, 0.05
mM, 0.456 mM, 1.9 mM, and 3.8 mM did not show genotoxic damage in
neither the ST nor the HB cross (Tables 3, 4, and 5).

The mwh clone size class distribution was altered in the 0.025 mM,
0.050 mM, and 3.8 mM NIC concentrations in both crosses. The 0.0125
mM concentration affected themwh clone size class distribution in the ST
cross, but not in the HB cross, while the 0.456 mM NIC concentration
affected the mwh clone size class distribution in the HB cross, but not in
the ST cross. The 1.9 mM NIC concentration did not affect the mwh clone
size class distribution in the ST, but the results were inconclusive for the
HB cross. In 11.4 mM NIC, the mwh clone size class distribution was
altered in the ST cross. It was not possible to determine the effect on the
HB cross, because there were no survivors (Table 2).

These results show that NIC is genotoxic and causes mitotic alter-
ations. However, these effects are not directly correlated with concen-
tration. The different effects in the ST and HB crosses show that
differences in the XM modulate the genotoxic effect of NIC but are not
clearly involved in the changes in mwh clone size class distribution.
3.3. Resveratrol was not genotoxic but caused mitotic alterations

RES was reported genotoxic on the SMART test at the 0.011 mM
concentration [48]. We aimed to replicate previous results and also test if
a lower RES concentration, 0.0004 mM, would be protective against the
putative oxidative stress of NIC. Hence, we first determined whether
these two concentrations were genotoxic or altered the mwh clone size
class distribution in our assay.



Table 1. Summary of results obtained in the standard (ST) and high bioactivation (HB) crosses of the Drosophila wing SMART after scoring marker-heterozygous flies
(mwh þ/þ flr3, wild-type wings) treated with resveratrol (RES) at [0.0, 0.0004, 0.011 mM]; Milli-Q water and ethanol 1% as dissolvent controls.

Compound
Crossb

Type Number of
flies

Spots per Fly (Number of Spots) Statistical Diagnosisa Mean Clone formation

Small single
spots

large single
spots

Twin spots Total
spots

mwhclones mvh clone size
class

per 105 per
cell

cells divisionc

(1-2 cells) (>2 cells) observed control
connected

m ¼ 2 m ¼ 5 m ¼ 5 m ¼ 5

ST

#1 Assay

Dissolvent control

Water 51 0.47 (024) 0.10 (005) 0.00 (000) 0.57 (029) 29 1.69 1.25

EtOH 1 % 57 0.39 (022) - 0.09 (005) - 0.00 (000)
-

0.47 (027)
-

27 1.81 0.95 -0.25

RES treatments

EtOH 1 % 57 0.39 (022) 0.09 (005) 0.00 (000) 0.47 (027) 27 1.81 0.95

RES 0.0004 58 0.53 (031) - 0.07 (004) - 0.00 (000)
-

0.60 (035)
-

33 1.64 1.15 0.20

RES 0.0110 58 0.47 (027) - 0.03 (002) - 0.07 (004)
þ

0.57 (033)
-

32 1.84 1.15 0.20

#2 Assay

Dissolvent control

Water 61 0.46 (028) 0.07 (004) 0.02 (001) 0.54 (033) 33 1.70 1.1

EtOH 1 % 60 0.45 (027) - 0.15 (009) - 0.05 (003)
-

0.65 (039)
-

38 2.34 1.3 0.20

RES treatment

EtOH 1 % 60 0.45 (027) 0.15 (009) 0.05 (003) 0.65 (039) 38 2.34 1.30

RES 0.0110 99 0.58 (057) - 0.05 (005) - 0.04 (004)
-

0.67 (066)
-

65 1.58 1.35 0.05

HB

#1 Assay

Dissolvent control

Water 35 0.54 (019) 0.06 (002) 0.00 (000) 0.60 (021) 21 1.29 1.25

EtOH 1 % 35 0.34 (012) - 0.09 (003) - 0.03 (001)
-

0.46 (016)
-

16 1.94 0.95 -0.3

RES treatment

EtOH 1 % 35 0.34 (012) 0.09 (003) 0.03 (001) 0.46 (016) 16 1.94 0.95

RES 0.0004 87 0.52 (045) - 0.06 (005) - 0.01 (001)
-

0.59 (051)
-

51 1.84 1.20 0.25

#2 Assay

Dissolvent control

Water 61 0.66 (040) 0.07 (004) 0.00 (000) 0.72 (044) 44 1.43 1.5

EtOH 1 % 60 0.60 (036) - 0.08 (005) - 0.00 (000)
-

0.68 (041)
-

40 1.37 1.35 -0.15

RES treatment

EtOH 1 % 60 0.60 (036) 0.08 (005) 0.00 (000) 0.68 (041) 40 1.37 1.35

RES 0.0110 60 0.73 (044) - 0.07 (004) - 0.02 (001)
-

0.82 (049)
-

48 1.56 1.65 0.25

#3 Assay

Dissolvent control

Water 50 0.50 (025) 0.10 (005) 0.04 (002) 0.64 (032) 32 1.66 1.30

EtOH 1 % 60 0.33 (020) - 0.17 (010) - 0.00 (000)
-

0.50 (030)
-

28 2.00 0.95 -0.35

RES treatment

EtOH 1 % 60 0.33 (020) 0.17 (010) 0.00 (000) 0.50 (030) 28 2.00 0.95

RES 0.0110 59 0.36 (021) - 0.02 (001) ↓ 0.02 (001)
-

0.39 (023)
-

23 1.43 0.80 -0.15

a Statistical diagnoses according to Frei and Würgler (1988) m: minimal risk multiplication factor for the assessment of negative results. For the final statistical
diagnosis of all positive (þ) and negative (-) results; (↓) significant decrease; the non-parametric Mann-Whitney and Wilcoxon U-test with significance levels α and β ¼
0.05 was used to exclude false positive or negative diagnoses [Frei and Würgler, 1995]. One side binomial test, significance levels α and β: significative results: þ (α �
0.05; no significant results: - (β � 0.05).

b ST: standard cross; HB: high bioactivation cross.
c Clone frequencies per fly divided by the number of cells examined per fly (48,800) gives an estimate of formation frequencies per cell and per cell division in chronic

exposure experiments [Frei and Würgler, 1995].

N.A. Vel�azquez-Ulloa et al. Heliyon 8 (2022) e09744

4



Table 2. Statistical comparisons between Nicotine, Resveratrol vs. dissolvent
controlsa or co-treatmentsb of the accumulated mwh clones size class distribution
in ST and HB crossesc.

Control Treatment Diagnosis

ST cross HB cross

a) Distilled watera vs ethanol (%)

Water Ethanol 1 - i

b) Distilled watera vs Nicotine (mM)

Water Nicotine 0.0125 þ -

Nicotine 0.025 þ þ
Nicotine 0.050 þ þ
Nicotine 0.456 - þ
Nicotine 1.9 - i

Nicotine 3.8 þ þ
Nicotine 11.4 þ

c) Ethanola (%) vs Resveratrol (mM)

Ethanol 1 Resveratrol 0.0004 þ þ
Resveratrol 0.011 þ i

d) Ethanola (%) vs Nicotine (mM) þ RES 0.0004 mM

Ethanol 1 Nicotine 0.456 þ RES 0.0004 mM þ þ
Nicotine 1.9 þ RES 0.0004 mM þ -

Nicotine 3.8 þ RES 0.0004 mM þ þ
Nicotine 11.4 þ RES 0.0004 mM þ þ

e) Ethanola (%) vs Nicotine (mM) þ RES 0.011 mM

Ethanol 1 Nicotine 0.0125 þ RES 0.011 mM þ þ
Nicotine 0.025 þ RES 0.011 mM þ -

Nicotine 0.050 þ RES 0.011 mM - -

Nicotine 0.456 þ RES 0.011 mM þ þ
Nicotine 1.9 þ RES 0.011 mM þ -

Nicotine 3.8 þ RES 0.011 mM þ þ
Nicotine 11.4 þ RES 0.011 mM þ

f) RES 0.0004 mM vs Nicotine (mM) þ RES 0.0004 mMb

RES 0.0004 mM Nicotine 0.456 þ RES 0.0004 mM þ þ
Nicotine 1.9 þ RES 0.0004 mM þ þ
Nicotine 3.8 þ RES 0.0004 mM þ -

Nicotine 11.4 þ RES 0.0004 mM þ þ
g) RES 0.011 mM vs Nicotine (mM) þ RES 0.011 mMb

RES 0.011 mM Nicotine 0.0125 þ RES 0.011 mM þ þ
Nicotine 0.025 þ RES 0.011 mM - þ
Nicotine 0.050 þ RES 0.011 mM þ þ
Nicotine 0.456 þ RES 0.011 mM þ -

Nicotine 1.9 þ RES 0.011 mM þ -

Nicotine 3.8 þ RES 0.011 mM þ þ
Nicotine 11.4 þ RES 0.011 mM þ

h) Nicotine (mM) vs Nicotine (mM) þ RES 0.0004 mMb

Nicotine 0.456 Nicotine 0.456 þ RES 0.0004 mM þ þ
Nicotine 1.9 Nicotine 1.9 þ RES 0.0004 mM þ þ
Nicotine 3.8 Nicotine 3.8 þ RES 0.0004 mM þ þ
Nicotine 11.4 Nicotine 11.4 þ RES 0.0004 mM þ
i) Nicotine (mM) vs Nicotine (mM) þ RES 0.011 mMb

Nicotine 0.0125 Nicotine 0.0125 þ RES 0.011 mM þ þ
Nicotine 0.025 Nicotine 0.025 þ RES 0.011 mM þ þ
Nicotine 0.050 Nicotine 0.050 þ RES 0.011 mM þ þ
Nicotine 0.456 Nicotine 0.456 þ RES 0.011 mM þ -

Nicotine 1.9 Nicotine 1.9 þ RES 0.011 mM þ i

Nicotine 3.8 Nicotine 3.8 þ RES 0.011 mM þ þ
Nicotine 11.4 Nicotine 11.4 þ RES 0.011 mM þ
cKolmogorov–Smirnov test was performed to statistically analyze the accumu-
latedmwh clones size class distribution in each treatment or co-treatment against
the corresponding control (P < 0.05); positive (þ) results indicate statistical
significant alteration of the cell division on imaginal wing cells, therefore, there
are cytotoxic effects (Santos-Cruz et al., 2020; Graf et al., 1984); negative (-)

results signify that P > 0.05; (☠) signifies that treatment or co-treatment was
lethal with no survivors; (i) signifies “inconclusive”which we use to denote cases
when two or more independent tests were conducted and statistical results did
not coincide.
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The 0.0004 mM RES treatment was not genotoxic in either the ST or
the HB crosses (Tables 1 and 2). Surprisingly, the 0.011 mM RES treat-
ment showed no genotoxicity in either the ST or the HB cross on a first
assay we conducted. Because of the discrepancy with previous results
[48], we carried out a second assay and found a significant difference
only in twin spot frequency in the ST cross and a small decrease in the
number of large spots in the HB cross. These results correlated with the
high frequency of spots in the dissolvent control (Table 1).

Surprisingly, the 0.0004 mM RES treatment altered the mwh clone
size class distribution in both crosses (Table 2). In the ST cross, the 0.011
mM RES concentration altered it in both assays performed. However, the
mwh clone size class distribution was modified in one assay but not the
other in the HB cross (Table 2).

These results show that RES was not genotoxic at the 0.0004 mM
concentration but caused cytotoxic damage. The 0.011 mM RES con-
centration may be genotoxic and cytotoxic or not depending on the re-
sults of the dissolvent control it is compared against, which would
explain the assay-by-assay variability we encountered.

3.4. The NIC-RES co-treatments show a complex interaction between these
two chemicals

We combined NIC and RES to investigate if RES modulated the effects
of NIC. We hypothesized that 0.0004 mM RES in co-treatment with NIC
would ameliorate the putative deleterious effects of NIC, while 0.011mM
RES in co-treatment with NIC would lead to a synergistic effect with
increase damage. There were differences in the effects we detected when
NIC was combined with the low (0.0004 mM) versus the high (0.011
mM) RES concentration. Interestingly, the interaction between NIC and
RES differed in the ST cross and the HB cross. Also, we observed different
types of NIC-RES interaction depending on the specific NIC-RES con-
centration combination: increased damage, decreased damage and no
effect.

3.4.1. NIC þ 0.0004 mM RES co-treatments
First, we tested the high NIC concentrations (0.456 mM, 1.9 mM, 3.8

mM, and 11.4 mM) in co-treatment with the lower RES concentration
(0.0004 mM).

Increased genotoxic effect between NIC 1.9 mM and 11.4 mM and RES in
the ST cross: There was an increase in genotoxic damage (large and total
spots) for the 1.9 mM and the 11.4 mMNIC concentrationsþ 0.0004 mM
RES when comparing against the dissolvent control, NIC alone, or RES
alone (Tables 3, 6, and 7). This suggests an interaction between NIC and
RES that results in an unexpected synergistic effect in the ST cross for
these co-treatments.

No interaction between NIC 0.456 mM and 3.8 mM and RES in the ST
cross: There was no interaction between 0.0004mMRES and either 0.456
mM or 3.8 mM NIC, which were not genotoxic on their own, nor in
combination with 0.0004 mM RES in the ST cross.

Increased genotoxic effects between NIC 0.456 mM and 3.8 mM and RES
in the HB cross: The 0.456 mM and 3.8 mM NIC concentrations were not
genotoxic in combination with 0.0004 mM RES in the ST cross. In
contrast, these co-treatments had an increase in spots frequencies in the
HB cross (Tables 4, 6, and 7). This suggests that the XM plays a role in the
NIC-RES interaction in these co-treatments.

Protective effects of RES in the HB cross at 1.9 mM and 11.4 mM NIC: In
the HB cross, the 1.9 mMNICþ 0.0004 mM RES co-treatment showed no
genotoxicity, and there was a significant decrease in the number of small
spots in comparison with 0.0004 mM RES alone (Tables 4, 6, and 7). This



Table 3. . Summary of results obtained in the standard (ST) and high bioactivation (HB) crosses of the Drosophila wing SMART after scoring marker-heterozygous flies
(mwhþ/þ flr3, wild-type wings) treated with nicotine (NIC) at [0, 0.0125, 0.025, 0.05, 0.456, 1.9, 3.8, 11.4 mM]; urethane (URE)[20 mM] andMilli-Q water as positive
and dissolvent controls, respectively.

Compound
Crossb

Number of
flies

Spots per Fly (Number of Spots) Statistical Diagnosisa Mean Clone formation

Type Small single
spots

large single
spots

Twin
spots

Total
spots

mwhclones mvh clone size
class

per 105 per
cell

cells divisionc

(1-2 cells) (>2 cells) observed control
connected

m ¼ 2 m ¼ 5 m ¼ 5 m ¼ 5

ST

Positive control

Water 61 0.46 (28) 0.07 (04) 0.02 (1) 0.54 (33) 33 1.70 1.10

URE 20.0 28 1.21 (34) þ 0.11 (03) - 0.04 (1) - 1.36 (38)
þ

38 1.45 2.80 1.65

NIC treatments

Water 0 61 0.46 (28) 0.07 (04) 0.02 (1) 0.54 (33) 33 1.70 1.10

NIC 0.0125 44 1.16 (51) þ 0.43 (19) - 0.00 (0) - 1.59 (70)
þ

70 2.26 3.25 2.15

NIC 0.0250 41 0.66 (27) - 0.00 (00) - 0.02 (1) - 0.68 (28)
-

28 1.21 1.40 0.30

NIC 0.0500 21 0.67 (14) - 0.10 (02) - 0.05 (1) - 0.81 (17)
-

17 1.47 1.65 0.55

Water 0 51 0.47 (24) - 0.10 (05) 0.00 (0) 0.57 (29) 29 1.69 1.15

NIC 0.4560 38 0.68 (26) - 0.05 (02) - 0.00 (0) - 0.74 (28)
-

28 1.54 1.50 0.35

NIC 1.9000 46 0.57 (26) - 0.04 (02) - 0.02 (1) - 0.63 (29)
-

28 1.57 1.25 0.10

NIC 3.8000 32 0.62 (20) - 0.03 (01) - 0.03 (1) - 0.69 (22)
-

22 1.45 1.40 0.25

NIC 11.4000 22 1.27 (28) þ 0.23 (05) - 0.05 (1) - 1.55 (34)
þ

34 1.71 3.15 2.00

HB

Positive control

Water 0 61 0.66 (40) 0.07 (04) 0.00 (0) 0.72 (44) 44 1.43 1.50

URE 20.0 23 2.52 (58) þ 0.39 (09) þ 0.17 (4)
þ

3.09 (71)
þ

71 1.82 6.35 4.85

NIC treatments

Water 0 61 0.66 (40) 0.07 (04) 0.00 (0) 0.72 (44) 44 1.43 1.50

NIC 0.0125 60 0.68 (41) - 0.05 (03) - 0.02 (1) - 0.75 (45)
-

42 1.14 1.45 -0.05

NIC 0.0250 60 0.65 (39) - 0.03 (02) - 0.00 (0) - 0.68 (41)
-

41 1.29 1.40 -0.10

NIC 0.0500 60 0.77 (46) - 0.08 (05) - 0.00 (0) - 0.85 (51)
-

51 1.61 1.75 0.25

#1 Assay*

Water 0 35 0.54 (19) 0.06 (02) 0.00 (0) 0.60 (21) 21 1.29 1.25

NIC 0.4560 99 0.38 (38) - 0.07 (07) - 0.03 (3) - 0.48 (48)
-

47 1.64 0.95 -0.25

NIC 1.9000 58 0.47 (27) - 0.05 (03) - 0.07 (4) - 0.59 (34)
-

34 1.82 1.20 -0.05

NIC 3.8000 69 0.36 (25) - 0.06 (04) - 0.00 (0) - 0.42 (29)
-

28 1.61 0.85 -0.40

#2 Assay*

Water 0 50 0.50 (25) - 0.10 (05) 0.04 (2) 0.64 (32) 32 1.66 1.30

NIC 0.4560 60 0.33 (20) - 0.08 (05) - 0.02 (1) - 0.43 (26)
-

25 1.64 0.85 -0.45

NIC 1.9000 58 0.47 (27) - 0.05 (03) - 0.07 (4) - 0.59 (34)
-

34 1.82 1.20 -0.10

NIC 3.8000 60 0.37 (22) - 0.05 (03) - 0.00 (0) - 0.42 (25)
-

24 1.42 0.80 -0.50

a Statistical diagnoses according to Frei andWürgler (1988)m:minimal riskmultiplication factor for the assessment of negative results. For thefinal statistical diagnosis of
all positive (þ) and negative (-) results; the non-parametric Mann-Whitney andWilcoxonU-test with significance levels α and β ¼ 0.05 was used to exclude false positive or
negative diagnoses [Frei and Würgler, 1995]. One side binomial test, significance levels α and β: significant results: þ (α � 0.05; no significant results: - (β � 0.05).

b ST: standard cross; HB: high bioactivation cross.
c Clone frequencies per fly divided by the number of cells examined per fly (48,800) gives an estimate of formation frequencies per cell and per cell division in chronic

exposure experiments [Frei and Würgler, 1995].*In HB cross the NIC [11.4 mM] was lethal.
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Table 4. Genotoxic damage for ST and HB crosses with high [NIC]. Summary evaluation as not-genotoxic (-) or genotoxic (þ) of each high NIC concentration treatment
(NIC of 0.456 mM, 1.9 mM, 3.8 mM or 11.4 mMwith no RES¼ 0.0 mM) and of the co-treatments (same NIC concentrations plus either 0.0004mMRES or 0.011mMRES)
in the ST and the HB crosses. The co-treatment results were evaluated against the results for the ETOH dissolvent control for RES, the results for NIC (without RES) and
the results for RES (without NIC). These comparisons were done with the non-parametric Mann-Whitney and Wilcoxon U-test P < 0.05 to provide additional infor-
mation about which component of the co-treatment had the greatest effect.

ST cross Control or treatment in corresponding cross HB cross

Nicotine (mM) Resveratrol (mM) Resveratrol (mM) Nicotine (mM)

0.0* 0.0004 0.011 0.0* 0.0004 0.011

0.456 - - þ EtOH - þ - 0.456

- - NIC - -

- - RES - -

1.9 - þ þ EtOH - - - 1.9

þ þ NIC - -

þ þ RES ↓ -

3.8 - - þ EtOH - þ - 3.8

- - NIC þ þ
- - RES - þ

11.4 þ þ - EtOH - 11.4

þ ↓ NIC

þ þ RES -

* NIC was compared against Milli-Q water to determine genotoxicity. þ signifies an increase with P < 0.05 ↓ signifies a decrease with P < 0.05; - signifies that P >

0.05, signifies that treatment was lethal with no survivors.

Table 5. Genotoxic damage for ST and HB crosses with low [NIC]. Summary
evaluation as not-genotoxic (-) or genotoxic (þ) of each low NIC concentration
treatment (NIC of 0.0125 mM, 0.025 mM, or 0.05 mM with no RES ¼ 0.0 mM)
and of the co-treatments (same NIC concentrations plus 0.011mM RES) in the ST
and the HB crosses. The co-treatment results were evaluated against the results
for the ETOH dissolvent control for RES, the results for NIC (without RES) and the
results for RES (without NIC). These comparisons were done with the non-
parametric Mann-Whitney and Wilcoxon U-test P < 0.05 to provide additional
information about which component of the co-treatment had the greatest effect.

ST cross Control or treatment in
corresponding cross

HB cross

Nicotine
(mM)

Resveratrol
(mM)

Resveratrol
(mM)

Nicotine
(mM)

0.0* 0.011 0.0* 0.011

0.0125 þ þ EtOH - - 0.0125

↓ NIC -

- RES -

0.0250 - þ EtOH - - 0.0250

þ NIC -

þ RES -

0.0500 - - EtOH - - 0.0500

* NIC was compared against Milli-Q water to determine genotoxicity. þ sig-
nifies an increase with P < 0.05; ↓ signifies a decrease with P< 0.05; - signifies
that P > 0.05.

N.A. Vel�azquez-Ulloa et al. Heliyon 8 (2022) e09744
suggests an interaction between NIC and RES, in which RES is protecting
against NIC’s effects. The 11.4 mM NIC þ 0.0004 mM RES co-treatment
was not genotoxic in the HB cross, based on the frequency of spots.
However, there was a decrease in lethality in this co-treatment: while the
11.4 mM NIC treatment had no survivors, the co-treatment had a few
survivors (Tables 4, 6, and 7). This suggests that 0.0004 mM RES had a
protective effect against the toxicity of 11.4 mM NIC in the HB cross.

Mitotic alterations in most NIC-RES co-treatments in both crosses: All co-
treatments between the high NIC concentrations (0.456mM, 1.9 mM, 3.8
mM, and 11.4 mM) and the lower RES concentration (0.0004 mM)
altered themwh clone size class distribution in the ST cross (Table 2). The
same was true for the HB cross, except for two co-treatments in which the
mwh clone size class distribution was not significantly different: (1) 1.9
mM NIC þ 0.0004 mM RES compared against the dissolvent control; (2)
3.8 mM NIC þ 0.0004 mM RES compared against 0.0004 mM RES. The
7

mwh clone size class distribution could not be evaluated in the 11.4 mM
NIC þ 0.0004 mM RES co-treatment against the 11.4 mM NIC treatment
because there were no survivors (Table 2).

These results show that NIC interacts with 0.0004 mM RES at specific
NIC concentrations. Opposite to what we hypothesized, two of four the
NIC concentrations tested (1.9 mM and 11.4 mM NIC) interacted with
RES in the ST cross in a synergistic manner. All four NIC concentrations
had an interaction with RES in the HB cross, but in addition to increases
in damage, we also saw protection, which was what we had hypothesized
would happen. Interestingly, the two NIC concentrations that showed
damage in co-treatment in the ST cross, showed protection in the HB
cross. This demonstrates a role for the XM in mediating the genotoxic
effect. We saw a widespread effect of NIC on the cell division at multiple
different concentrations and with only small differences between the ST
and HB crosses. This suggests the XM does not modulate the effect of the
0.0004 mM RES þ NICs co-treatments on mitosis.

3.4.2. NIC þ 0.011 mM RES co-treatments
Given the mixed results with the 0.0004 mM RES concentration co-

treatments, which included examples of synergy, protection, and lack
of interaction with NIC at specific concentrations, we next tested whether
a higher RES concentration (0.011 mM RES) would result in NIC-RES
interaction with all the higher NIC concentrations tested (0.456 mM,
1.9 mM, 3.8 mM, and 11.4 mM). We also tested whether we could detect
interaction between 0.011 mM RES and lower NIC concentrations
(0.0125 mM, 0.025 mM, and 0.05 mM).

No interaction between NIC 0.05 mM and RES in the ST cross: The 0.05
mMNICþ 0.011mMRES co-treatment was not genotoxic in the ST cross.
Hence, there was no interaction between these treatments (Tables 5, 6,
and 7).

Synergy between NIC 0.025 mM or 1.9 mM, and RES in the ST cross: The
0.025 mM and 1.9 mM NIC were not genotoxic on their own but became
genotoxic and had increased damage in co-treatments with 0.011 mM
RES compared against the dissolvent control, NIC alone, or RES alone.
This suggests a synergistic effect between NIC and RES with these co-
treatments in the ST cross (Tables 4, 5, 6, and 7).

Additive effect between NIC 0.456 or 3.8 mM and RES in the ST cross:
The 0.456 mM and 3.8 mM NIC concentrations were not genotoxic on
their own but were genotoxic compared to the dissolvent control in co-
treatment with 0.011 mM RES in the ST cross. However, there was no



Table 6. Summary of results obtained in the standard (ST) and high bioactivation (HB) crosses of the Drosophila wing SMART after scoring marker-heterozygous flies
(mwh þ/þ flr3, wild-type wings) treated with nicotine (NIC) at [0.0, 0.0125, 0.0250, 0.050, 0.456, 1.9, 3.8 and 11.4 mM] þ resveratrol (RES) [0.0004 or 0.0110 mM];
ethanol (1%) as dissolvent control.

Compound
Crossb

Number of
flies

Spots per Fly (Number of Spots) Statistical Diagnosisa Mean Clone formation

Type Small single
spots

large single
spots

Twin spots Total spots mwhclones mvh clone size
class

per 105 per
cell

cells divisionc

(1-2 cells) (>2 cells) observed control
connected

m ¼ 2 m ¼ 5 m ¼ 5 m ¼ 5

NIC treatments þ RES [0.0004 mM]

ST

EtOH 1 % 57 0.39 (022) 0.09 (005) 0.00 (000) 0.47 (027) 27 1.81 0.95

NICþRES 0.4560 33 0.61 (020) - 0.06 (002) - 0.00 (000)
-

0.67 (022)
-

22 1.45 1.35 0.40

NICþRES 1.9000 22 0.77 (017) þ 0.27 (006) þ 0.00 (000)
-

1.05 (023)
þ

23 1.87 2.15 1.15

NICþRES 3.8000 38 0.42 (016) - 0.05 (002) - 0.00 (000)
-

0.47 (018)
-

16 1.06 0.85 -0.10

NICþRES 11.4000 13 0.92 (012) þ 0.38 (005) þ 0.00 (000)
-

1.31 (017)
þ

17 2.47 2.70 1.70

HB

EtOH 1% 35 0.34 (012) - 0.09 (003) 0.03 (001) 0.46 (016) 16 1.94 0.95

NICþRES 0.4560 64 0.36 (023) þ 0.11 (007) - 0.00 (000)
-

0.47 (030)
-

29 2.21 0.95 0.00

NICþRES 1.9000 49 0.29 (014) - 0.08 (004) - 0.02 (001)
-

0.39 (019)
-

18 2.33 0.75 -0.20

NICþRES 3.8000 78 0.59 (046) þ 0.05 (004) - 0.03 (002)
-

0.67 (052)
-

52 1.63 1.35 0.45

NICþRES 11.4000 10 0.40 (004) - 0.00 (000) - 0.00 (000)
-

0.40 (004)
-

04 1.25 0.80 -0.10

NIC treatments þ RES [0.0110 mM]

ST

EtOH 1 % 57 0.39 (022) 0.09 (005) 0.00 (000) 0.47 (027) 27 1.81 0.95

NICþRES 0.4560 45 0.69 (031) þ 0.04 (002) - 0.07 (004)
-

0.80 (036)
þ

36 1.86 1.65 0.65

NICþRES 1.9000 42 0.76 (032) þ 0.10 (004) - 0.12 (005)
þ

0.98 (041)
þ

41 2.02 2.00 1.05

NICþRES 3.8000 52 0.62 (032) - 0.12 (006) - 0.04 (002)
-

0.77 (040)
þ

40 1.77 1.60 0.60

NICþRES 11.4000 37 0.38 (014) - 0.14 (005) - 0.05 (002)
-

0.57 (021)
-

20 2.30 1.10 0.15

HB*

EtOH 1 % 60 0.33 (020) - 0.17 (010) - 0.00 (000)
-

0.50 (030)
-

28 2.00 0.95

NICþRES 0.4560 60 0.37 (022) - 0.10 (006) - 0.02 (001)
-

0.48 (029)
-

29 1.97 1.00 0.05

NICþRES 1.9000 61 0.34 (021) - 0.10 (006) - 0.05 (003)
-

0.49 (030)
-

29 2.03 1.00 0.00

NICþRES 3.8000 60 0.45 (027) - 0.22 (013) - 0.00 (000)
-

0.67 (040)
-

40 2.42 1.35 0.40

NIC treatments þ RES [0.0110 mM]

ST

EtOH 1 % 60 0.45 (027) - 0.15 (009) - 0.05 (003)
-

0.65 (039)
-

38 2.34 1.30

NICþRES 0.0125 40 0.73 (029) þ 0.00 (000) - 0.00 (000)
-

0.73 (029)
-

29 1.14 1.50 0.20

NICþRES 0.0250 49 0.96 (047) þ 0.27 (013) - 0.00 (000)
-

1.22 (060)
þ

59 2.08 2.45 1.10

NICþRES 0.0500 53 0.62 (033) - 0.04 (002) - 0.00 (000)
-

0.66 (035)
-

35 1.34 1.35 -1.10

HB

EtOH 1 % 60 0.60 (036) - 0.08 (005) - 0.00 (000)
-

0.68 (041)
-

40 1.37 1.35

NICþRES 0.0125 67 0.54 (036) - 0.00 (000) - 0.04 (003)
þ

0.58 (039)
-

39 1.54 1.20 -0.15

(continued on next page)
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Table 6 (continued )

Compound
Crossb

Number of
flies

Spots per Fly (Number of Spots) Statistical Diagnosisa Mean Clone formation

Type Small single
spots

large single
spots

Twin spots Total spots mwhclones mvh clone size
class

per 105 per
cell

cells divisionc

(1-2 cells) (>2 cells) observed control
connected

m ¼ 2 m ¼ 5 m ¼ 5 m ¼ 5

NICþRES 0.0250 59 0.68 (040) - 0.07 (004) - 0.00 (000)
-

0.75 (044)
-

44 1.36 1.55 0.15

NICþRES 0.0500 57 0.63 (036) - 0.05 (003) - 0.00 (000)
-

0.68 (039)
-

39 1.33 1.40 0.05

a Statistical diagnoses according to Frei and Würgler (1988) m: minimal risk multiplication factor for the assessment of negative results. For the final statistical
diagnosis of all positive (þ) and negative (-) results; the non-parametric Mann-Whitney and Wilcoxon U-test with significance levels α and β¼ 0.05 was used to exclude
false positive or negative diagnoses [Frei and Würgler, 1995]. One side binomial test, significance levels α and β: significant results: þ (α � 0.05; no significant results: -
(β � 0.05).

b ST: standard cross; HB: high bioactivation cross.
c Clone frequencies per fly divided by the number of cells examined per fly (48,800) gives an estimate of formation frequencies per cell and per cell division in chronic

exposure experiments [Frei and Würgler, 1995].*In HB cross the NIC [11.4 mM] þ RES [0.0110 mM] treatment was lethal.
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difference when these co-treatments were compared against each NIC or
RES alone, which suggests an additive effect between NIC and RES in
these co-treatments in the ST cross (Tables 4, 6, and 7).

Protective effect of RES for NIC 0.0125 mM and 11.4 mM in the ST cross:
The 0.0125mM and 11.4mMNIC treatments were genotoxic, but we saw
decreased damage for these NIC concentrations in co-treatment with
0.011 mM RES. The 0.0125 mM NIC þ 0.011 mM RES co-treatment was
genotoxic when compared against the dissolvent control. However, there
was a significant decrease in small, large, and total spots frequencies
when compared against the 0.0125 mM NIC treatment, which amounted
to a 50% decrease in the damage caused by 0.0125 mM NIC (Tables 4, 6,
and 7). The 11.4 mM NIC þ 0.011 mM RES co-treatment was not gen-
otoxic, while 11.4 mM NIC on its own was genotoxic when compared
against the dissolvent control. This co-treatment had an increase in the
frequency of large spots compared to the frequency of 0.011 mM RES,
which suggests an increase in early damage that did not change the total
spots frequency because the frequency of small spots decreased. How-
ever, there was a significant decrease in small and total spots frequencies
when compared against the 11.4 mM NIC treatment (Tables 4, 6, and 7).
These results suggest that 0.011 mM RES has a protective effect on the
genotoxicity caused by 0.0125 mM and 11.4 mM NIC in the ST cross. In
the HB cross, only the two highest NIC concentrations had an interaction
with 0.011 mM RES.

No interaction between RES and the 0.0125 mM, 0.025 mM, 0.05 mM,
0.456 mM, 1.9 mM NIC concentrations in the HB cross: None of these co-
treatments were genotoxic. Hence, there was no interaction between
0.011 mM RES and the 0.0125 mM, 0.025 mM, 0.05 mM, 0.456 mM, and
the 1.9 mM NIC concentrations (Tables 4, 5, 6, and 7).

Additive effect between NIC 3.8 mM and RES in the HB cross: There was
no genotoxic damage for the 0.011 mM RES þ 3.8 mM NIC co-treatment
compared to the dissolvent control in the HB cross. However, there was
an increase in the frequency of large spots for this co-treatment when
compared against the frequency of 3.8 mM NIC or 0.011 mM RES, which
indicates early additive genotoxic damage and an interaction between
both compounds (Tables 5, 6, and 7).

Increased toxicity for 11.4 NIC with RES in the HB cross:We obtained no
data for the 0.011 mM RES þ 11.4 mM NIC co-treatment in the HB cross
because there were no survivors. These results show that in the HB cross
0.011 mM RES was not protective against the toxicity of 11.4 mM NIC
and may have increased the toxicity of 11.4 mM NIC (Tables 5, 6, and 7).
These results are different to what we found with the 0.0004 mM RES þ
11.4 mM NIC co-treatment, in which 0.0004 mM RES was protective
against the lethality of 11.4 mM NIC in the HB cross.

Involvement of the XM in NIC-RES interaction: Like what we saw with
the 0.0004 mM RES co-treatments, the 0.011 mM RES concentration also
9

showed a complex pattern of interactions with NIC that was not directly
correlated with NIC concentration. We observed examples of increased
damage, decreased damage and no effect, depending on the specific NIC-
RES combination. We noticed more genotoxic damage in the 0.011 mM
RES – NIC co-treatments in the ST cross than in the HB cross, which
further suggests a role of the XM in the NIC-RES interaction.

Widespread mitotic alterations in the NIC-RES co-treatments in both
crosses: In the ST cross, all co-treatment combinations, and comparisons
except two showed significant differences in mwh clone size class dis-
tributions. Only 0.05 mM NIC þ 0.011 mM RES compared to the
dissolvent control and 0.025 mM NIC þ 0.011 mM RES compared to
0.011mMRES showed no effects on this distribution. In the HB cross, the
mwh clone size class distribution was altered in a similar but not identical
manner as in the co-treatments with the low NIC concentrations
(Table 2). However, there were fewer NIC-RES combinations with altered
mwh clone size class distribution for the co-treatments with the high NIC
concentrations tested, most notably for the 0.011 mM RES co-treatments
with either 0.456 mM or 1.9 mM NIC (Table 2). The 0.011 mM RES þ
11.4 mM NIC co-treatment was lethal (Table 2).

3.4.3. Co-treatments results summary
Our hypothesis was that at 0.0004 mM RES would ameliorate any

damaging effects of NIC, while RES 0.011 mM would increase NIC’s
damage. We found a protective effect for 0.011mMRES in the ST cross in
combination with the 0.0125 mM and 11.4 mM NIC concentrations,
which were genotoxic on their own. However, RES in combination with
some NIC concentrations that were not genotoxic on their own became
genotoxic in combination, which suggested synergy or an additive
interaction between NIC and RES. This happened with both RES con-
centrations tested. The most striking increase in damage happened with
the 1.9 mM NIC þ RES co-treatment with either 0.0004 mM RES or with
0.011 mM RES. We also found examples of no interaction between NIC
and RES (Tables 1, 2, 3, 4, 5, and 6). Overall, the co-treatment results
showed increased genotoxic effects of RES at the higher concentration,
more damage in the ST cross than in the HB cross, a complex interaction
between NIC and RES at different concentrations, and widespread al-
terations in cell division in both crosses and for most conditioned tested
(Tables 1, 2, 3, 4, 5, 6, and 7).

4. Discussion

Tobacco addiction is a worldwide public health problem of top pri-
ority [4] in which NIC is the recognized addictive agent [2,3]. Several
studies have shown that NIC induces oxidative stress [17,18]. While
there are multiple accounts that oxidative stress is associated with



Table 7. Summary of results obtained in the standard (ST) and high bioactivation (HB) crosses of the Drosophila wing SMART after scoring marker-heterozygous flies
(mwh þ/þ flr3, wild-type wings) treated with nicotine (NIC) at [0.0, 0.0125, 0.0250, 0.050, 0.456, 1.9, 3.8, 11.4 mM]; resveratrol (RES) at [0.0, 0.0004, 0.011 mM];
Milli-Q water and ethanol 1% as dissolvent controls.

Compound
Crossb

Number of
flies

Spots per Fly (Number of Spots) Statistical Diagnosisa Mean Clone formation

Type Small single
spots

large single
spots

Twin spots Total spots mwhclones mvh clone size
class

per 105 per
cell

Cells divisionc

(1-2 cells) (>2 cells) observed control
connected

m ¼ 2 m ¼ 5 m ¼ 5 m ¼ 5

RES [0.0004 mM]

Co-treatments NIC [mM]/RES [0.0004 mM] vs. RES [0.0004 mM]

RES 0.0004 mM 58 0.53 (031) 0.07 (004) 0.00 (0) 0.60 (035) 33 1.64 1.15

NIC 0.456 þ
RES

33 0.61 (020) - 0.06 (002) - 0.00 (0) - 0.67 (022) - 22 1.45 1.35 0.2

NIC 1.900 þ
RES

22 0.77 (017) - 0.27 (006) þ 0.00 (0) - 1.05 (023)
þ

23 1.87 2.15 1.0

NIC 3.800 þ
RES

38 0.42 (016) - 0.05 (002) - 0.00 (0) - 0.47 (018) - 16 1.06 0.85 -0.3

NIC 11.400 þ
RES

13 0.92 (012) - 0.38 (005) þ 0.00 (0) - 1.31 (017)
þ

17 2.47 2.70 1.5

Co-treatments NIC [mM]/RES [0.0004 mM] vs. NIC

NIC 0.456 mM 38 0.68 (026) 0.05 (002) 0.00 (0) 0.74 (028) 28 1.54 1.50

NIC 0.456 þ
RES

33 0.61 (020) - 0.06 (002) - 0.00 (0) - 0.67 (022) - 22 1.45 1.35 -0.15

NIC 1.900 46 0.57 (026) 0.04 (002) 0.02 (001) 0.63 (029) 28 1.57 1.25

NIC 1.900 þ
RES

22 0.77 (017) - 0.27 (006) þ 0.00 (0) - 1.05 (023)
þ

23 1.87 2.25 1.0

NIC 3.800 32 0.62 (020) 0.03 (001) 0.03 (001) 0.69 (022) 22 1.45 1.40

NIC 3.800 þ
RES

38 0.42 (016) - 0.05 (002) - 0.00 (0) - 0.47 (018) - 16 1.06 0.85 -0.55

NIC 11.400 22 1.27 (028) 0.23 (005) 0.05 (001) 1.55 (034) 34 1.71 3.15

NIC 11.400 þ
RES

13 0.92 (012) - 0.38 (005) þ 0.00 (0) - 1.31 (017)
þ

17 2.47 2.65 -0.5

RES [0.011 mM]

Co-treatments NIC [mM]/RES [0.011 mM] vs. RES [0.011 mM]

RES 0.011 mM 58 0.47 (027) 0.03 (002) 0.07 (004) 0.57 (033) 32 1.84 1.15

NIC 0.456 þ
RES

45 0.69 (031) - 0.04 (002) - 0.07 (003)
-

0.80 (036) - 36 1.86 1.65 0.5

NIC 1.900 þ
RES

42 0.76 (032) þ 0.10 (004) - 0.12 (005)
-

0.98 (041)
þ

41 2.02 2.00 0.85

NIC 3.800 þ
RES

52 0.62 (032) - 0.12 (006) - 0.04 (002)
-

0.77 (040) - 40 1.77 1.60 0.45

NIC 11.400 þ
RES

37 0.38 (014) - 0.14 (005) þ 0.05 (002)
-

0.57 (021) - 20 2.30 1.15 0.00

o-treatments NIC [mM]/RES [0.011 mM] vs. NIC

NIC 0.456 mM 38 0.68 (026) 0.05 (002) 0.00 (0) 0.74 (028) 28 1.54 1.5

NIC 0.456 þ
RES

45 0.69 (031) - 0.04 (002) - 0.07 (003)
-

0.80 (036) - 36 1.86 1.65 0.15

NIC 1.900 46 0.57 (026) 0.04 (002) 0.02 (001) 0.63 (029) 28 1.57 1.25

NIC 1.900 þ
RES

42 0.76 (032) - 0.10 (004) - 0.12 (005)
þ

0.98 (041)
þ

41 2.02 2.00 0.75

NIC 3.800 32 0.62 (020) 0.03 (001) 0.03 (001) 0.69 (022) 28 1.45 1.40

NIC 3.800 þ
RES

52 0.62 (032) - 0.12 (006) - 0.04 (002)
-

0.77 (040) - 40 1.77 1.55 0.15

NIC 11.400 22 1.27 (028) 0.23 (005) 0.05 (001) 1.55 (034) 34 1.71 3.15

NIC 11.400 þ
RES

37 0.38 (014) ↓ 0.14 (005) - 0.05 (002)
-

0.57 (021)
↓

20 2.30 1.10 -2.05

Co-treatments NIC [mM]/RES [0.011 mM] vs. RES [0.011 mM]

RES 0.011 mM 99 0.58 (057) 0.05 (005) 0.04 (004) 0.67 (066) 65 1.58 1.35

NIC 0.0125 þ
RES

40 0.73 (029) - 0.00 (000) - 0.00 (000)
-

0.73 (029) - 29 1.14 1.50 0.15

NIC 0.0250 þ
RES

49 0.96 (047) þ 0.27 (013) - 0.00 (000)
-

1.22 (060)
þ

59 2.08 2.45 1.10

NIC 53 0.62 (033) - 0.04 (002) - 0.66 (035) - 35 1.34 1.35 0.00

(continued on next page)
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Table 7 (continued )

Compound
Crossb

Number of
flies

Spots per Fly (Number of Spots) Statistical Diagnosisa Mean Clone formation

Type Small single
spots

large single
spots

Twin spots Total spots mwhclones mvh clone size
class

per 105 per
cell

Cells divisionc

(1-2 cells) (>2 cells) observed control
connected

m ¼ 2 m ¼ 5 m ¼ 5 m ¼ 5

0.0500 þ
RES

0.00 (000)
-

Co-treatments NIC [mM]/RES [0.011 mM] vs. NIC

NIC 0.0125 44 1.16 (051) 0.43 (019) 0.00 (000) 1.59 (070) 70 2.26 3.25

NIC 0.0125 þ
RES

40 0.73 (029) ↓ 0.00 (000) ↓ 0.00 (000)
-

0.73 (029)
↓

29 1.14 1.50 -1.8

0.0250 41 0.66 (027) 0.00 (000) 0.02 (001) 0.68 (028) 28 1.21 1.40

NIC 0.0250 þ
RES

49 0.96 (047) - 0.27 (013) - 0.00 (000)
-

1.22 (060)
þ

59 2.08 2.45 1.05

NIC 0.050 21 0.67 (014) 0.10 (002) 0.05 (001) 0.81 (017) 17 1.47 1.66

NIC 0.050 þ
RES

53 0.62 (033) - 0.04 (002) - 0.00 (000)
-

0.66 (035) - 35 1.34 1.35 -0.31

HB

RES 0.0004 mM

RES 0.0004 87 0.52 (045) 0.06 (005) 0.01 (001) 0.59 (051) 51 1.84 1.20

NIC 0.456 þ
RES

64 0.36 (023) - 0.11 (007) - 0.00 (000)
-

0.47 (030) - 29 2.21 0.95 -0.25

NIC 1.900 þ
RES

49 0.29 (014) ↓ 0.08 (004) - 0.02 (001)
-

0.39 (019) - 18 2.33 0.75 -0.45

NIC 3.800 þ
RES

78 0.59 (046) - 0.05 (004) - 0.03 (002)
-

0.67 (052) - 52 1.63 1.35 0.15

NIC 11.400 þ
RES

10 0.40 (004) - 0.00 (000) - 0.00 (000)
-

0.40 (004) - 04 1.25 0.80 -0.40

NIC 0.456 99 0.38 (038) 0.07 (007) 0.03 (003) 0.48(048) 47 1.64 0.95

NIC 0.456 þ
RES

64 0.36 (023) - 0.11 (007) - 0.00 (000)
-

0.47 (030) - 29 2.21 0.90 -0.05

NIC 1.900 58 0.47 (027) 0.05 (003) 0.07 (004) 0.59 (034) 34 1.82 1.20

NIC 1.900 þ
RES

49 0.29 (014) - 0.08 (004) - 0.02 (001)
-

0.39 (019) - 18 2.33 0.75 -0.45

NIC 3.800 69 0.36 (025) 0.06 (004) 0.00 (000) 0.42 (029) 28 1.61 0.85

NIC 3.800 þ
RES

78 0.59 (046) þ 0.05 (004) - 0.03 (002)
-

0.67 (052)
þ

52 1.63 1.40 0.55

RES 0.011 mM

RES 0.011 59 0.36 (021) 0.02 (001) 0.02 (001) 0.39 (023) 23 1.43 0.80

NIC 0.456 þ
RES

60 0.37 (022) - 0.10 (006) - 0.02 (001)
-

0.48 (029) - 29 1.97 1.00 0.20

NIC 1.900 þ
RES

60 0.34 (021) - 0.10 (006) - 0.05 (003)
-

0.49 (030) - 29 2.03 1.00 0.20

NIC 3.800 þ
RES

60 0.45 (027) - 0.22 (013) þ 0.00 (000)
-

0.67 (040) - 40 2.42 1.35 0.55

Co-treatments NIC [mM]/RES [0.011 mM] vs. NIC

NIC 0.456 60 0.33 (020) 0.08 (005) 0.02 (001) 0.43 (026) 25 1.64 0.85

NIC 0.456 þ
RES

60 0.37 (022) - 0.10 (006) - 0.02 (001)
-

0.48 (029) - 29 1.97 1.00 0.15

NIC 1.900 58 0.47 (027) 0.05 (003) 0.07 (004) 0.59 (034) 34 1.82 1.2

NIC 1.900 þ
RES

60 0.34 (021) - 0.10 (006) - 0.05 (003)
-

0.49 (030) - 29 2.03 1.0 0.20

NIC 1.900 þ
RES

60 0.34 (021) - 0.10 (006) - 0.05 (003)
-

0.49 (030) - 29 2.03 1.0 0.20

NIC 1.900 þ
RES

60 0.34 (021) - 0.10 (006) - 0.05 (003)
-

0.49 (030) - 29 2.03 1.0 0.20

NIC 3.800 þ
RES

60 0.45 (027) - 0.22 (013) þ 0.00 (000)
-

0.67 (040)
þ

40 2.42 1.35 0.55

Co-treatments NIC [mM]/RES [0.011 mM] vs. RES [0.011 mM]

RES 0.011 mM 60 0.73 (044) 0.07 (004) 0.02 (001) 0.82 (049) 48 1.56 1.65

NIC 0.0125 þ
RES

67 0.54 (036) - 0.00 (000) - 0.04
(003)-

0.58 (039) - 39 1.54 1.20 -0.45

(continued on next page)
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Table 7 (continued )

Compound
Crossb

Number of
flies

Spots per Fly (Number of Spots) Statistical Diagnosisa Mean Clone formation

Type Small single
spots

large single
spots

Twin spots Total spots mwhclones mvh clone size
class

per 105 per
cell

Cells divisionc

(1-2 cells) (>2 cells) observed control
connected

m ¼ 2 m ¼ 5 m ¼ 5 m ¼ 5

NIC 0.0250 þ
RES

59 0.68 (040) - 0.07 (004) - 0.00 (000)
-

0.75 (044) - 44 1.36 1.55 -0.10

NIC 0.0500 þ
RES

57 0.63 (036) - 0.05 (003) - 0.00 (000)
-

0.68 (039) - 39 1.33 1.40 -0.25

Co-treatments NIC [mM]/RES [0.011 mM] vs. NIC

NIC 0.0125 60 0.68 (041) 0.05 (003) 0.02 (001) 0.75 (045) 42 1.14 1.45

NIC 0.0125 þ
RES

67 0.54 (036) - 0.00 (000) - 0.04
(003)-

0.58 (039) - 39 1.54 1.2 -0.25

NIC 0.0250 60 0.65 (039) 0.03 (002) 0.00 (000) 0.68 (041) - 41 1.29 1.4

NIC 0.0250 þ
RES

59 0.68 (040) - 0.07 (004) - 0.00 (000)
-

0.75 (044) - 44 1.36 1.55 0.15

NIC 0.050 60 0.77 (046) 0.08 (005) 0.00 (000) 0.85 (051) - 51 1.61 1.75

NIC 0.050 þ
RES

57 0.63 (036) - 0.05 (003) - 0.00 (000)
-

0.68 (039) - 39 1.33 1.4 -0.35

a Statistical diagnoses according to Frei and Würgler (1988) m: minimal risk multiplication factor for the assessment of negative results. For the final statistical
diagnosis of all positive (þ) and negative (-) results; (↓) significant decrease; the non-parametric Mann-Whitney and Wilcoxon U-test with significance levels α and β ¼
0.05 was used to exclude false positive or negative diagnoses [Frei and Würgler, 1995]. One side binomial test, significance levels α and β: significative results: þ (α �
0.05; no significant results: - (β � 0.05).

b ST: standard cross; HB: high bioactivation cross.
c Clone frequencies per fly divided by the number of cells examined per fly (48,800) gives an estimate of formation frequencies per cell and per cell division in chronic

exposure experiments [Frei and Würgler, 1995].
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genotoxicity [19,22], most studies have examined the genotoxic effects
of NIC in vitro [23,27]. RES has been attributed multiple beneficial
properties such as being an antioxidant, a free radical scavenger and
increasing longevity [32,33,41,74]. However, very few studies have
examined if RES could modulate the effects of NIC [49–51]. Moreover,
the effect of RES on the putative genotoxic effect of NIC has not been
studied in vivo. Hence, we aimed to determine NIC’s genotoxic potential
using the SMART wing spot test in Drosophila melanogaster and whether
RES could inhibit (RES 0.0004 mM) or increase (RES 0.011 mM) the
genotoxicity of NIC.

Our D. melanogaster SMART wing spot test results showed that, as
expected, NIC was genotoxic in the ST cross, but only at specific con-
centrations. NIC caused lethality at the highest concentration in the HB
cross and was cytotoxic in both crosses, which shows that the XM was
involved in modulating these effects. On the other hand, RES was cyto-
toxic in both crosses at the 0.0004 and 0.011 mM concentrations, and
weakly genotoxic in the ST cross. When NIC and RES were tested in
combination we saw an increase in genotoxicity with both RES concen-
trations tested and a complex interaction between NIC and RES at
different concentrations. The combination of NIC and RES resulted in
alterations of the cell division at most combinations tested. The XM
modulated the effects described. A discussion by treatment follows.

4.1. Nicotine

Several studies in vitro have shown that NIC can induce genotoxic
damage [23,24,26,27,68], alter the cell cycle [20], and decrease cell
viability [21]. Here we tested NIC’s genotoxicity in vivo.We hypothesized
that NIC would be genotoxic and would alter the cell division, as ex-
pected from in vitro study results. Our data showed a non-linear rela-
tionship in the genotoxic effects of NIC in the ST cross, with the lowest
(0.0125 mM) and the highest (11.4 mM) concentrations causing geno-
toxic damage, while the intermediate concentrations (0.025 mM, 0.5
mM, 0.456 mM, 1.9 mM, 3.8 mM) were not genotoxic. In addition, the
11.4 mM NIC concentration was semi lethal in both crosses but had
higher lethality in the HB cross. This may be explained because of NIC’s
12
chemical structure, which generates free radicals and ROS [10,75]. NIC
has been shown to generate ROS and induce oxidative stress [76,77].
However, no NIC concentration was genotoxic in the HB cross. This could
be explained because it is well established that the HB cross is better able
to withstand oxidative stress damage [56,78].

The ST cross has basal and inducible activity of the Cyp450 enzymes
[78]. One possible explanation for these results is that genotoxic damage
occurred because the lowest NIC concentration was too low to recruit the
XM or engage DNA repair mechanisms sufficiently. The intermediate con-
centrations were high enough to recruit the XM and DNA repair mecha-
nisms and the NIC was cleared fast enough that any damage NIC may have
causedwas likely countered, resulting in no genotoxic damage detected on
the SMART test. However, at the highest NIC concentration, in this cross,
theXMandDNA repairmechanismsmayhave been insufficient to clear and
counteract all the damage induced by NIC, and genotoxic damage was
detected. These observations fit a biphasic curve of stress containment,
which is consistent with a response inwhich either insufficient stress (a low
NIC-dose) or excessive stress (a high NIC dose) yield a DNA damage
response (genotoxicity), while the doses in between yield a no damage.

Results from the HB cross, in which the Cyp450s are over-expressed
[62,78] showed no genotoxic damage in the surviving flies, at any of
the concentrations tested. This supports the idea that increasing the XM
and clearance of NIC [79,80,81] was sufficient to counteract the geno-
toxic damage NIC could have induced.

We infer that NIC induced genotoxicity or aneuploidy at a low con-
centration because several studies of the effects of NIC in vitro have
shown that NIC induces damage at low concentrations. It has been
demonstrated that 1 and 10 μMNIC causes micronuclei and DNA damage
by inducing oxidative stress [67]. But also, NIC has been shown to be
genotoxic in in vitro assays at concentrations larger than 0.5 μM in human
lymphocytes [27]. In addition, NIC at 1–100 μM concentration has been
shown to produce chromosomal aberrations and sister chromatid ex-
change [24]. Sobkowiak and Lesicki (2009) found a dose-response effect
on the DNA fragmentation induced by NIC at 1, 10, and 100 μM con-
centrations on the comet assay in C. elegans [82]. They found that the 100
μM concentration was genotoxic.
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We also found that the cell division was significantly altered. There
was more significant alteration in the ST cross than in the HB cross. If this
was due to oxidative damage, this would explain why there was less
damage in the HB cross, which has elevated levels of expression of XM
phase I and II genes and antioxidant enzymes [56,78,83].
4.2. Resveratrol

RES has been shown to have antioxidant properties, radical scav-
enging activity, and protective activity [32–34,40]. In Drosophila mela-
nogaster, RES was protective against certain chemicals that induce
oxidative stress [43,45,46]. However, RES was not protective against
other oxidant compounds [47,48]. In particular, 0.011 mM RES had been
previously found to be genotoxic and increase the genotoxic damage of
4-NQO in Drosophila melanogaster [48]. Because of the discrepancy in the
literature results regarding RES [42–48], in this study we aimed to
re-examine whether RES at the 0.011 mM concentration was genotoxic.
We also wanted to test a second concentration that has not been reported
to be genotoxic and choose 0.0004mMRES. As expected, the 0.0004mM
RES concentration was not genotoxic. However, the 0.011 mM concen-
tration was not conclusively genotoxic in this investigation. This result
was surprising because the 0.011 mM RES concentration has been re-
ported to be genotoxic in various assays including in the ST cross on the
SMART wing spot test [48], the micronuclei assay, chromosomal aber-
rations test and the hybridization of sister chromatids assay [84,85,86].
This discrepancy may be explained by differences in the genotoxicity of
the 1% EtOH dissolvent control used. We noticed that the number of
spots detected in the dissolvent control was closely correlated to that of
RES.

Both RES concentrations tested altered the mwh clone size class dis-
tribution, from which we inferred that there were mitotic alterations
[54]. Studies about the beneficial effects of RES at similar concentrations
in vitro and in vivo could provide an explanation for these results. It has
been shown that RES 0.01 mM can reduce tumors on mouse skin [87,88].
RES is also known to modulate apoptosis by activating certain caspases
[65,89,90] or activating p53, a tumor suppressor protein that plays an
important role in stopping the cell cycle [91] and trigger DNA repair
[92]. Chen et al. (2013) reported that RES at 0.001 and 0.005 mM pro-
moted cell proliferation and viability, while at 0.02 mM inhibited cell
survival of A549 human adenocarcinoma cells [89]. RES could also be
altering the cell division through a process of auto-oxidation, which
generates O2, H2O2, quinones and semi-quinones that can be cytotoxic
[93,94].
4.3. NIC and RES co-treatments

A few studies have tested the interaction between NIC and RES and
showed that RES can decrease NIC’s effects, both in vitro and in vivo
[49–53]. Our results demonstrate that RES modulates the effects of NIC.
However, these RES concentrations had different effects on the toxicity
and genotoxicity of the NIC concentrations tested. We detected unex-
pected effects in the ST cross and with the higher RES concentration
(0.011 mM). For example, in the 0.0125 mM NIC þ 0.011 mM RES and
11.4 mM NICþ 0.011 mM RES co-treatments in the ST cross, there was a
clear decrease in the frequency of small and total spots, which can be
interpreted as a protective effect of RES 0.011 mM on the genotoxicity
induced by NIC at the 0.0125 mM or 11.4 mM concentrations. Saliently,
the genotoxic damage caused by 0.0125 mM NIC diminished by 50% in
combination with 0.011 mM RES. This may be explained by: a) the
antioxidant effect of RES [95]; b) an increase in apoptotic damage [65,
87,88]; c) RES activation of sirtuins, which could have diminished NIC’s
cellular damage [96]. However, in the 11.4 mM NIC þ 0.011 mM RES
co-treatment compared against RES there was an increase in the fre-
quency of large spots (Table 5) which could indicate an interaction be-
tween NIC and RES that led to an increase in the early genotoxic damage.
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All these effects correlate with our data that the cell division was affected
in all the previously mentioned conditions tested.

On the other hand, the 0.025 mM NIC þ 0.011 mM RES, 0.456 mM
NIC þ 0.011 mM RES, 1.9 mM NIC þ 0.0004 mM RES, 1.9 mM NIC þ
0.011 mM, 3.8 mM NIC þ 0.011 mM RES and 11.4 mM NIC þ 0.0004
mM RES were genotoxic in the ST cross, while only the 0.456 mM NIC
(0.456)þ 0.0004 RES and 3.8 mMNICþ 0.0004 RES co-treatments were
genotoxic in the HB cross. These results could indicate a pro-oxidant
effect by RES when in combination with NIC and influenced by the
Cyp450s levels. RES could have antioxidant and cytotoxic effects, as a
function of its concentration, the length of exposure, and the compound
with which it becomes conjugated [97].

4.4. Relevance to humans

The sequence similarity between D. melanogaster and mammals at the
nucleotide and amino acid sequence levels is about 40% between ho-
mologs and as high as 80–90% for conserved functional domains [98].
The high correspondence between the proteins and genes involved in the
xenobiotic metabolism in D. melanogaster and humans further support
that D. melanogaster is an adequate model organism for research to
identify the biological processes involved in the metabolism of drugs and
toxins [99]. Moreover, more than 60% of human disease-causing genes
have an ortholog in Drosophila melanogaster [100]. This high conserva-
tion at the genetic and molecular levels has allowed research to evaluate
the effects of drugs of potential clinical relevance to humans that may be
toxic, affect survival, or be involved in cancer, obesity, sleep and
neurological disorders, polycystic disease and traumatic brain injury
[101]. Similarly, Drosophila has been successfully used to explore novel
therapeutic strategies [102]. The Drosophilamodel and the SMART assay
in particular have been successfully used to detect carcinogenic chem-
icals, with reports in the literature including research on tamoxifen
[103]; https://monographs.iarc.who.int/agents-classified-by-the-iarc/],
benzidine [104] and bleomycin [105], among many others. In addition,
van Schaik y Graf [106,107] used the SMART assay in Drosophila to show
six tricyclic antidepressants (TCAs) were genotoxic. A subsequent
epidemiological study by Sharpe et al. [108] showed an increase in breast
cancer rate ratios associated with heavy TCA exposure 11–15 years later.
A recent review paper of this model further supports its applicability to as
a human disease model for genotoxic testing [109].

5. Conclusions

Most of the genotoxic effects we observed were on small spots, which
suggests late damage, cell arrest or aneuploidogenic genotoxic damage
[54]. If such late damage was due to the XM, then the genotoxicity of the
NIC 0.0125 mM concentration in the ST cross could be explained by
having basal Cyp450 levels, while in the HB cross, NIC 0.0125 mM was
metabolized more quickly, and hence it was not genotoxic. Our results
show complex relationships between NIC and RES and provide evidence
that the interaction between oxidant and putative antioxidant com-
pounds cannot be assumed as protective as a general event. Based on the
results of this investigation we conclude that the genotoxic effects of RES
are weak, which explains the results from Due~nas et al. [48], who re-
ported RES as a genotoxic agent, while we found in this work that RES
was not genotoxic. This happens when the differences in spot frequencies
between RES and its dissolvent control (EtOH) are small or limited. In our
study, NIC was genotoxic at concentrations in which the XM could be
unable to effectively cope with NIC’s toxicity. These results suggest a
modulation between NIC and RES that depends on their concentrations
and on the XM. This modulation is not always beneficial and can lead to
increased genotoxic and toxic damage. In addition, both RES and NIC
alone and in combination altered the cell division, which shows they can
cause damage independently of their genotoxic effects. These complex
interactions show that more research is needed in vivo to uncover possible
unanticipated harmful effects of RES.

https://monographs.iarc.who.int/agents-classified-by-the-iarc/
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