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Abstract

Background and Purpose Doxorubicin is a broad-spectrum antineoplastic agent; however, however, its genotoxic/cytotoxic
effects limit its clinical application. Dimethyl fumarate (DMF) is an FDA-approved oral drug shown to have antioxidant,
anti-inflammatory and antimutagenic effects via activating Nrf2 antioxidant pathway. The present study aimed to investigate
the possible protective effect of DMF against doxorubicin-induced chromosomal and DNA damage in rat bone marrow cells.
Experimental Approach Wistar Albino rats of both sexes were administered DMF orally (15mg/kg once daily for 14 days)
alone or with doxorubicin which was injected as a single dose (90 mg/kg at day 14) to induce toxicity. The blood samples were
collected 24 hours after doxorubicin’s injection from all groups to measure the serum levels of MDA, GSH, SOD, and GPx1
and bone marrow was harvested to assess chromosomal aberration, micronucleus, and comet assays. Key Results The rats
in the doxorubicin-only group exhibited a significant decrease in mitotic index and depleted GSH and antioxidants enzymes
serum levels with a significant elevation in MDA serum level, % DNA in Tail, micronucleus appearance and chromosomal
aberrations compared to the control group; DMF pretreatment prior to doxorubicin exposure, significantly-reduced % DNA
in Tail, micronucleus appearance, and chromosomal aberrations, improved mitotic index, restored GSH level and antioxidant
enzymes activity compared doxorubicin-only group. Conclusion and Implication This study revealed that DMF alone has no
DNA-damaging or clastogenic activities; DMF has protective effects against the genotoxicity induced by doxorubicin; thus,
DMF might be a potential chemoprotective agent against doxorubicin-induced toxicity in cancer chemotherapy
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Background and Purpose

Doxorubicin is a broad-spectrum antineoplastic agent; however, its genotoxic/cytotoxic effects limit its clini-
cal application. Dimethyl Fumarate is an FDA-approved to treat multiple sclerosis shown to have antioxidant,
anti-inflammatory and antimutagenic effects via activating Nrf2 pathway. The present study aimed to in-
vestigate the possible protective effect of DMF against doxorubicin-induced chromosomal and DNA damage
in rat bone marrow cells.

Experimental Approach

Wistar Albino rats of both sexes were administered DMF orally (15mg/kg once daily for 14 days) alone
or with doxorubicin which was injected as a single dose (90 mg/kg at day 14) to induce toxicity. The
blood samples were collected 24 hours after doxorubicin’s injection from all groups to measure the serum
levels of MDA, GSH, SOD, and GPx1 and bone marrow was harvested to assess chromosomal aberration,
micronucleus, and comet assays.

Key Results

The rats in the doxorubicin-only group exhibited a significant decrease in mitotic index and depleted GSH
and antioxidants enzymes serum levels with a significant elevation in MDA serum level, % DNA in Tail,
micronucleus appearance and chromosomal aberrations compared to the control group; DMF pretreatment
prior to doxorubicin exposure, significantly-reduced % DNA in Tail, micronucleus appearance, and chromo-
somal aberrations, improved mitotic index, restored GSH level and antioxidant enzymes activity compared
doxorubicin-only group.

Conclusion and Implication

This study revealed that DMF alone has no DNA-damaging or clastogenic activities; DMF has protective
effects against the genotoxicity induced by doxorubicin; thus, DMF might be a potential chemoprotective
agent against doxorubicin-induced toxicity in cancer chemotherapy.

Keywords: Doxorubicin; Dimethyl Fumarate; Genotoxicity; Chromosomal Aberration; Micronucleus assay;
Comet assay.

What is already known

DOX therapy is associated with myelosuppression and genotoxicity, which may lead to secondary malignancy.

2
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DOX-induced genotoxicity/cytotoxicity due to the increased level of oxidative stress and DNA damage in
normal cells.

What does this study add

Oxidative stress inhibition by dimethyl fumarate pretreatment ameliorates DOX-related genotoxic adverse
effects in rats’ bone marrow cells.

What is the clinical significance

DMF has promising chemoprotective effects against DOX-related oxidative stress-induced geno-
toxic/cytotoxic effects, which might allow the use of DMF as an adjuvant in chemotherapy

1. Introduction

Doxorubicin (DOX), also known as adriamycin, is an important member of the anthracyclines group of
chemotherapeutic drugs; and it has a broad anti-tumour spectrum; where it is used alone or in combina-
tion with other chemotherapeutic agents worldwide in the treatment of haematological malignancies, solid
tumours, soft tissue sarcomas, small-cell lung, and breast carcinoma; moreover, doxorubicin is also the prin-
cipal component in the management of Hodgkin’s disease and lymphomas (1). However, the dose-dependent
response relation of doxorubicin in many anticancer regimens has been well-defined; an increase in its dose re-
stricts its use due to the development of severe cardiotoxicity, in addition to other cytotoxic effects on normal
cells and a substantial negative impact on patient’s health, which poses a significant hurdle in doxorubicin
clinical application (2)(3).

The anti-tumour activity of DOX is mediated through its direct intercalating with deoxyribonucleic acid
(DNA) and by interfering with the function of many enzymes that are necessary for DNA replication,
including topoisomerase-II; where it stabilises the DNA-topoisomerase-II intermediate complex and this, in
turn, leads to the distortion of DNA repairing, which consequently results in DNA double-stranded breakage
and nuclei fragmentation with condensed chromatin (4)(5).

In addition, oxidative stress (OS) and overproduction of free radicals is an essential part of the doxoru-
bicin mechanism of action, where the metabolism of DOX in the body is mediated by NADPH-dependent
cytochrome P-450 that generates free radicals such as semiquinone, quinone, hydrogen peroxide (H2O2),
superoxide anion (O2

*-), and hydroxyl radical (OH@ ) which can deplete glutathione and exhaust antioxi-
dants enzymes, increase lipid, protein and nucleic acid peroxidation (6). Furthermore, the lipid peroxidation
product malondialdehyde (MDA) can interact with the DNA; this consequently can cause inhibition of DNA
replication and chromosomal damage through the formation of DNA adducts; these cytotoxic actions not
only affect cancer cells but also can affect normal cells triggering mutation and chromosomal abnormalities
including chromosomal aberrations and DNA damage (7)(8). Therefore, enhancing the cellular antioxidant
response could reduce doxorubicin-induced oxidative damage.

Dimethyl fumarate (DMF) is a fumaric acid-derived small molecule that exhibits potent antioxidant and
anti-inflammatory properties; DMF is a disease-modifying agent under the brand name “Tecfidera” that
has been FDA-approved to be used to treat patients with severe psoriasis and relapsing-remitting multiple
sclerosis (RRMS) (9). DMF’s antioxidant and anti-inflammatory mechanism of action is thought to involve
the activation of the nuclear factor erythroid 2-related factor 2 (Nrf2), which controls the expression of various
genes that regulates antioxidant and detoxification processes (10). The activation of the Nrf2 pathway by
DMF has been demonstrated in several studies; DMF treatment showed increased Nrf2 protein levels and
gene expression, which was accompanied by increased expression of downstream target genes, including heme
oxygenase 1 (HO-1) and NAD(P)H: quinone oxidoreductase 1 (NQO1), reduced Nf-kB, TGF-β signalling
and cell senescence (11)(12)(13)(14). The present study was designed to test the possible protective effect of
DMF against doxorubicin-induced genotoxicity in rats through the assessment of the extent of chromosomal
aberrations (CAs), micronucleus appearance (MN) and mitotic index (MI) in addition to the utilisation of
the comet assay a sensitive technique to measure the extent of oxidative DNA damage.
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2. Materials and methods

2.1. Chemicals

DMF (Purity >97%, CAS no.624-49-7) and Colchicine (Purity >95%, CAS no.64-86-8) were acquired from
Sigma-Aldrich (St. Louis, MO 63103, USA). Doxorubicin (Doxorubicin HCl 50mg powder for injection,
Khandelwal Labs, India) was purchased from local pharmacies. Fetal calf serum (FCS) was obtained from
Capricon Scientific GmbH, South America, Giemsa stain (Sigma Chemicals, USA). Polysorbate 20 (Tween-
20) was from Sinopharm chemical reagent Co., Ltd, China. All solvents and chemicals used were of analytical
grade.

2.2. Dose selection, preparation, and mode of administration

Doxorubicin was dissolved in 0.9% normal saline, and a single dose of 90mg/kg body weight (BW) was
intraperitoneally (IP) injected based on its success in inducing chromosomal damage in Wister rats (15).

In addition, DMF was prepared as a suspension using 5% tween-20 in double distilled water (DDW); where
it was freshly prepared each day just before treatment and orally administered to rats by the utilisation of
oral gavage as a single dose of 15mg/kg/day which was selected based on the previously-shown protective
effect (16).

2.3. Animals and experimental design

The Graduate Studies and the Ethical Committees of the College of Pharmacy, University of Baghdad,
approved the study protocol.

Wistar Albino experimental rats of both sexes aged six weeks with an average weight of 150gm were utilized
in this study; since the animals were acquired and maintained in the College of Pharmacy Experimental
Animal House, University of Baghdad, Iraq; in addition, the experimental rats were acclimatized for one
week prior to starting the experiment; the rats were housed under controlled conditions of a light/dark cycle
(12hours), temperature at (23±2°C) and humidity (50±5%); and had free access to a standard commercial
diet, which was purchased from the local market, and tap water ad libitum .

The experimental animals (32 Rats) were randomly assigned into four groups (n=8) as follows:

Group I : Each rat was orally administered vehicle only (5% tween in DDW) via oral gavage for 14
consecutive days. Then a single dose of normal saline (NaCl) (0.9%) was IP injected 1 hour after the last
vehicle administration on day 14. This group served as the control group.

Group II : Each rat was orally administered DMF only (15mg/kg/day) for 14 consecutive days.

Group III : Each rat was orally-administered vehicle (5% tween in DDW) only via oral gavage for 14 conse-
cutive days. Then a single dose of DOX (90mg/kg) was IP injected 1hour after the last vehicle administration
on day 14. This group served as the model group.

Group IV : Each rat was orally administered DMF (15mg/kg/day) for 14 consecutive days, then a single
dose of DOX (90mg/kg) was IP -injected 1 hour after the last DMF treatment on day 14.

Twenty-four hours after DOX injection (i.e., at day 15), rats were anaesthetised using diethyl ether, blood
samples were collected from the Jugular vein in non-heparinized tubes and were left to clot at room tempera-
ture, then centrifuged for 20 min at 4000 rpm to obtain serum and stored at -20°C for biochemical analysis;
the animals were sacrificed by cervical dislocation, and the rats’ femoral bone marrow (BM) was harvested
and processed for genotoxicity evaluations (17).

2.4. Assessment of Oxidative stress parameters

The obtained serum was used to assess the oxidative/antioxidant status by measuring malondialdehyde
(MDA), Glutathione (GSH), superoxide dismutase (SOD) and glutathione peroxidase (GPx) levels using
commercially available ELISA kits obtained from MyBioSource (San Diego, US).
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2.5. Preparation of bone marrow (BM) cells for the genotoxic evaluations

2.5.1. Evaluation of the Chromosomal aberrations (CAs) and the Mitotic Index (MI)

BM cells were prepared according to the colchicine-hypotonic citrate technique for CAs. Briefly, 2 hours before
sacrifice, rats were IP-injected with colchicine (2mg/kg BW); the femur bone of each animal was taken and
cleaned from tissues and muscles, and then the femoral marrow was flushed out using (0.075M) potassium
chloride into a centrifuge tube and centrifuged at 2000rpm for 10minutes. Additionally, the cells pellets were
fixed in (1:3) acetic acid/methanol (v/v), which was repeated three times; then the cell suspension was
dropped on coded and sterile cleaned frosted slides and then dried followed by staining with 10% Giemsa
stain; and finally, the slides were examined under a light microscope (Japan, Meiji). The frequency of CAs was
scored in at least 100 meta-phase plates per animal; moreover, the chromatid -gaps and -break chromosome
gaps and breaks, ring, deletion and exchanges were recorded; and the MI was obtained by counting at least
1000 cells per animal for dividing cells (18) (19).

2.5.2. Evaluation of the Micronuclei (MN) Appearance

The bone marrow cells were prepared following the method of Schmid (20) with certain adjustments described
by Bhilwade et al. (2004) (21). Each animal’s femur was taken, and the excess tissues and muscles were
removed. The femoral marrow was flushed out using fetal bovine serum (FBS) into a centrifuge tube and
centrifuged at 1500 rpm for 10 min to obtain cells pellet, which was thoroughly mixed, then smeared on
coded and cleaned frosted slides, air-dried and fixed with absolute methanol. The slides were stained in
May–Gruenwald for 5min, then with 10% Giemsa for 10 min, followed by thorough washing with DW. The
slides were dried and examined under a light microscope. At least 1000 cells/animal were screened for scoring
the frequency of micronucleated polychromatic erythrocytes (MNPCEs) (22).

2.6. Single-cell gel electrophoresis (SCGE) /Comet assay

The comet assay was performed following the method described by Dhawanet al. (23) based on the original
procedure developed by Singh et al. (24). Concisely, the BM was flushed out with the chilled Hanks’ Balanced
Salt Solution (HBSS) buffer into a microcentrifuge tube; then 5μl was mixed with 75μl of 0.5% low melting
agarose solution prepared in 0.9% normal saline and transferred onto frosted slides, which were kept in
lysis buffer (20 mM EDTA, 10% DMSO and 0.1% Triton X-100) for 2 hours at 4 °C. Then the slides were
removed from the lysis buffer and placed on a horizontal electrophoresis gel box; then the slides were kept in
freshly prepared alkaline buffer (Electrophoresis Buffer) with pH>13 for 20 min to unwind the DNA strands.
Electrophoresis was carried out for 30 min at 24 volts (˜0.74 V/cm), 300 milliamperes. The slides were
gently washed in a neutralising buffer for 5min, which was repeated twice to remove the alkaline buffer and
then dried. The slides were stained with 80μL 1X Ethidium Bromide, and a minimum of 50 cells/slide was
captured using a 40x objective on a fluorescent microscope. The comet images were analysed using “Open
Comet” digital imaging software. The percent (%) DNA in Tail, which is the fraction of DNA in the comet
tail divided by the total amount of DNA associated with a cell multiplied by 100, was measured to assess
the extent of oxidative DNA damage.

2.7. Statistical Analysis

The data are demonstrated as Mean ± Standard deviation (SD), and the statistical significance among
groups was determined using one-way analysis of variance (ANOVA) test followed by Tukey’s post-hoc
test for multiple comparisons using GraphPad Prism version 9.5.0. TheP values<0.05 were regarded as
statistically significant.

3. Results

3.1. Effect of DMF on oxidative stress parameters

The antioxidant activity of DMF was assessed in rats following acute DOX exposure, as oxidative stress
plays a vital role in DOX-induced cytotoxicity. Administration of DOX alone (Group III) caused a highly
significant increase (p < 0.0001) in the MDA level in comparison to the control group (Group I) ; However,
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pre-treatment with DMF (Group IV) significantly ameliorated the increase in MDA serum level Fig.
1A . Additionally, DOX alone(Group III) led to significant GSH depletion, as well as SOD and GPx-1
exhaustion, compared to the control group (Group I).In contrast, pre-treatment with DMF prior to DOX
exposure (Group IV) significantly increased the levels of GSH and restored SOD and GPx-1 activity levels
in comparison to the DOX group (Group III), as shown in Fig. 1B-D. Furthermore, DMF alone(Group
II) caused no significant difference in MDA level (p > 0.05) Fig. 1A and significantly increased SOD serum
level (p < 0.001) when compared to the control group

(Group I) Fig. 1C.

Figure 1. Effect of DMF on Oxidative Stress markers in Wister rats. DMF, Dimethyl fumarate;
DOX, doxorubicin. A) serum level of MDA, B) serum level of GSH, C) serum level of SOD, D) serum
level of GPx1; Data are expressed as (mean±SD), (n=8); *** (p < 0.001), **** (p < 0.0001) vs DOX-only
group; ns (P>0.05), no significant difference.

3.2. Effect of DMF on Mitotic index (MI) and Chromosomal Aberrations (CAs)

Table 1 showed that in Group II [rats orally administered DMF alone (15mg/kg/day)], there was a non-
significant difference in the frequency of TCAs (P >0.05) in compassion toGroup I (control).

Furthermore, rats IP injected with a single dose of DOX (90mg/kg) (Group III ) exhibited a significant
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increase(P <0.05) in the frequency of all structural CAs types, total chromosome aberrations, and abnormal
metaphases compared to the control (Group I) rats.

However, in Group IV (DMF pre-treatment prior to DOX (90mg/kg) exposure), there were significant
reductions (P <0.05) in the frequency of TCA, chromatid break, ring formation, and chromosomal break
compared to such frequency values in Group III , with no significant change in the chromatid and chromo-
somal gap appearance, chromosomal fragment deletion, acentric and dicentric chromosome when compared
to (Group III ) rats.

Concerning the mitotic index (MI), table 1 showed that there was a non-significant difference in the percen-
tage of MI (P >0.05) in Group II rats (DMF alone) when compared to the corresponding index in control
(Group I ). Moreover, in rats IP-injected with a single dose of DOX (Group III ) there was a significant
decrease (P <0.05) in the MI value compared to the corresponding index in control (Group I ).

However, in Group IV (DMF pre-treatment prior to DOX exposure), there was a significant increase (P
<0.05) in MI compared to the corresponding index in Group III ( DOX only).

Table 1. Effect of DMF on the mitotic index (MI) and structural chromosomal aberrations
(CAs) in Wister rats’ bone marrow cells

Groups MI % Structural type of aberration Structural type of aberration Structural type of aberration Structural type of aberration Structural type of aberration Structural type of aberration Structural type of aberration Structural type of aberration TCA %
Chromatid Break Chromatid gap Acentric Dicentric Ring Deletion Chromosome break Chromosome gap

Control 8.5 ± 0.58 0.06 ± 0.008 0.07 ± 0.008 0.25 ± 0.032 0.21 ± 0.041 0.21 ± 0.01 0.04 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 0.125 ± 0.008
DMF 8.6 ± 0.45 0.06 ± 0.008 0.06 ± 0.01 0.22 ± 0.06 0.19 ± 0.01 0.21 ± 0.01 0.03 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.114 ±0.007
Dox 5.4 ± 0.98 * 0.06 ± 0.09 * 0.12 ± 0.04 * 0.31 ± 0.07 0.23 ± 0.04 0.28 ± 0.05 * 0.07 ± 0.01* 0.10 ± 0.03 * 0.11 ± 0.03 * 0.166 ± 0.021*

DMF + Dox 6.7 ± 1.03 # 0.07 ± 0.01# 0.08 ± 0.02 0.26 ± 0.03 0.20 ± 0.01 0.23 ± 0.03 # 0.06 ± 0.01 0.08 ± 0.01 # 0.09 ± 0.04 0.136 ± 0.012 #

Data are expressed as (mean±SD), (n=8). TCA, total chromosomal aberration. DMF, Dimethyl Fumarate;
DOX, Doxorubicin

* p < 0.05 vs vehicle-only (control/Group I)

# p < 0.05 vs. doxorubicin-only (Group III)

3.3. Effect of DMF on Micronucleus (MN) appearance

Table 2 showed no significant difference in the appearance of micronucleated polychromatic erythrocytes
(Mn-PCEs%) in Group II rats compared to the control group.

Furthermore, table 2 also showed that acute exposure to DOX (90mg/kg) (Group III ) caused a significant
increase(P <0.05) in the frequency of MN appearance in comparison to such appearance in control (Group
I ). in contrast, DMF pretreatment prior to DOX Exposure (Group IV ) caused a significant decrease (P
<0.05) in the appearance of Mn-PCEs when compared to Group III .

Table 2. Effect of Dimethyl Fumarate (DMF) on the frequency of micronucleated polychro-
matic erythrocytes (%Mn-PCEs) appearance in Wister rats’ bone marrow cells

Groups % Mn-PCEs
I Control (vehicle-only) 6.91 ± 0.64
II DMF-only 6.58 ± 0.36
III Dox-only 10.21 ± 0.66 *

IV DMF + Dox 9.45 ± 0.39 #

Data are expressed as (mean±SD), (n=8); % Mn-Es: numbers of micronucleated cells/total erythrocytes
scored.
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* p < 0.05 vs the vehicle-only (control)

# p < 0.05 vs the doxorubicin-only/model (Group III)

3.4. Effect of DMF on oxidative DNA damage/comet assay

There was a non-significant difference in the appearance of the comet, which can be seen in the form of intact
nuclei with supercoiled undamaged DNA without comet tail in Group II (DMF only) compared to that in
Group I (control) Fig. 2A ; in addition, DMF alone produced non-statistically significant differences (P
>0.05) in the DNA damage (% DNA in tail) compared to the control fig. 2B .

While acute exposure to DOX (Group III) showed damaged abnormal nuclei with DNA strand breaks in
the form of comet tail emerging as a hollow area; moreover, there was a significant increase (P <0.0001) in
% DNA in tail value in Group III compared to the control group fig 2B . However, the BM cells from the
rats pretreated with DMF prior to DOX (Group IV)exhibited an improvement in the comet appearance;
in addition, to a significant inhibition (P <0.0001) of DNA damage (i.e., a reduction in the value of the %
DNA in tail) compared toGroup III .

Figure 2. Effect of DMF on DNA damage in Wister rats. DMF, Dimethyl fumarate; DOX,
doxorubicin.

A: Photomicrographs showing comet of rats’ bone marrow stained with Ethidium Bromide.

B: DNA damage measured as % DNA in tail; Data are expressed as (mean±SD), (n=8); **** (p < 0.0001)
vs DOX-only group; ns (P >0.05), no significant difference.

Discussion

Although DOX is used for treating a broad range of solid tumours, nevertheless, its use is associated with
severe adverse effects such as cardiotoxicity and myelosuppression (2)(3). The reduced efficacy of DOX in
treating cancer and the significant genotoxicity was reported to be related to the direct DNA damage caused
by such chemotherapeutic drug and its ability to interact with the DNA molecule and interfering with
the activity of topoisomerase-II enzyme, thus, interfering with DNA replication and repair; furthermore,
DOX may have an indirect effect through the generation of free radicals, and this consequently leads to
the depletion of the antioxidants, increasing lipid, protein and nucleic acid peroxidation, DNA double-strand
breakage and chromosomal aberration in normal cells (4)(7). Therefore, reducing the DOX induced unwanted
effects on normal cells would enable broader use in chemotherapeutic regimens and improve outcomes in
cancer patients.
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In the current study, the data showed that acute exposure to DOX caused a significant increase in the
serum level of MDA, depleted GSH and antioxidant enzymes, induced structural chromosomal aberration
and increased micronuclei appearance in addition to stimulated DNA damage compared to those in control
(Group I ) as shown in Fig 1A, tables 1 and 2, and figure 2 A&B, respectively. These results are agreeable
with previous studies stating that DOX caused oxidative stress, clastogenic changes and DNA damage
(25)(26)(27). In addition, DOX has a noticeable inhibitory effect on the cell division and the mitotic index
value, which is agreeable with the earlier findings reported in previous studies (15)(28)(29). Furthermore, the
results revealed that DMF (15mg/kg/day) alone caused a non-significant difference in TCAs, MN appearance
and the % DNA in Tail of the comet; this might indicate that DMF may have no clastogenic or DNA damaging
effects on rats’ BM in vivo .

However, DMF (15mg/kg/day) orally administered for 14 days to rats prior to doxorubicin (90mg/kg) ex-
posure (Group IV ) significantly reduced MDA level, restored GSH level and antioxidant enzymes activity
compared to Group III which supports its antioxidant role. Moreover, in rats of Group IV , DMF signi-
ficantly reduced (P <0.05) TCAs, MN appearance and % DNA in Tail compared to those in the control
group; thus, it efficiently protected against DOX-induced genotoxic effects in rats’ BM [Fig. 1B-D, Tables 1
and 2 and Fig. 2B].

There are no previous studies regarding the protective effect of DMF against genotoxicity induced by DOX
in vivo . Thus, the present study possibly is the first that demonstrates the modulatory effect of DMF
pre-treatment on DOX-induced chromosomal and DNA damage effects in rats’ BM in vivo .

The mechanism underlying DMF anticlastogenic effect against DOX could be related to its antioxidant acti-
vity, as it might reduce the DOX-mediated free radicals’ generation, inhibited the formation of DNA adduct,
and reduced DNA and chromosomal damage since DOX is well-renowned for inducing cellular oxidative stress
(OS) and subsequent DNA damage; what’s more, DMF showed to have an anticarcinogenic/antimutagenic
activity in animal models by modulating NrF2 axis (30)(31); furthermore, DMF was previously-reported
to show a protective activity against myocardial Ischemic/Reperfusion which is related to DMF mediated
improved cellular viability, reduced oxidative stress and enhanced the expression of Nrf2-regulated antioxida-
tive genes; in addition, DMF was reported to prevent apoptosis, increase the survival rate and proliferation
of human adipose-derived mesenchymal stem cells (hASCs) against oxidative stress which is mediated by
upregulation of HO-1 and NQO-1 expression (32). Similarly, DMF has been shown to induce apoptosis in
cancer and damaged cells, which may facilitate the reduction in the appearance of chromosomal damage
(33).

Conclusion

According to results obtained from this study, it can be concluded that oral administration of DMF
(15mg/kg/day) alone has no DNA damaging effect or clastogenic activity. Its administration prior to IP
injection of DOX improved the mitotic index and reduced the extent of DNA damage and chromosomal
damage, and MN appearance in Wistar rats BM cells under the present experimental conditions; thus, DMF
might be a potential chemoprotective agent against doxorubicin-induced adverse effect in cancer chemother-
apy; consequently, DMF might help prevent reproductive abnormalities, secondary malignancy development
and myelosuppression in cancer patients.

References

1. Young RC, Ozols RF MC. The anthracycline antineoplastic drugs. N Engl J Med. 1981;305:139–53.

2. Hitchcock-Bryan S, Gelber RD, Cassady JR SS. The impact of induction anthracycline on long-term
failure-free survival in childhood acute lymphoblastic leukaemia. Med Pediatr Oncol. 1986;14:211–5.

3. Karim S, Bhandari U, Kumar H, Salam A, Siddiqui MAA, Pillai K. Doxorubicin induced cardiotoxicity
and its modulation by drugs. Indian J Pharmacol. 2001 Jan 1;33:203–7.

4. Gewirtz. A critical evaluation of the mechanisms of action proposed for the antitumor effects of the

9



P
os

te
d

on
17

A
p
r

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
68

17
31

29
.9

98
52

77
1/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

anthracycline antibiotics adriamycin and daunorubicin. Biochem Pharmacol. 1999;57(7):727–241. Available
from: doi: 10.1016/s0006-2952(98)00307-4. PMID: 10075079.

5. Chen, Tzu, Wu, Yan, Chung, Yu, Hwu, Yeukuang, Cheng, Hsun, Mou, Yuan and WL. Prob-
ing the Dynamics of Doxorubicin-DNA Intercalation during the Initial Activation of Apoptosis by Flu-
orescence Lifetime Imaging Microscopy (FLIM). PLoS One. 2012;7:(9): e44947. Available from:
https://doi.org/10.1371/journal.pone.0044947

6. Quiles J, Huertas J, Battino M, Mataix J, Ramirez-Tortosa M. Antioxidant nutrients and adriamycin
toxicity. Toxicology. 2002 Nov 1;180:79–95.

7. Muller I, Jenner A, Bruchelt G, Niethammer D, Halliwell B. Effect of Concentration on the Cyto-
toxic Mechanism of Doxorubicin—Apoptosis and Oxidative DNA Damage. Biochem Biophys Res Commun.
1997;230(2):254–7. Available from: https://www.sciencedirect.com/science/article/pii/S0006291X96958982

8. Swift L, Rephaeli A, Nudelman A, Phillips D, Cutts S. Doxorubicin-DNA Adducts Induce a Non-
Topoisomerase II-Mediated Form of Cell Death. Cancer Res. 2006 Jun 1;66:4863–71.

9. Xu Z, Zhang F, Sun F, Gu K, Dong S, He D. Dimethyl fumarate for multiple sclerosis. Cochrane Database
Syst Rev. 2015;(4). Available from: https://doi.org//10.1002/14651858.CD011076.pub2

10. Mori S, Kurimoto T, Maeda H, Nakamura M. Dimethyl Fumarate Promotes the Survival of Retinal
Ganglion Cells after Optic Nerve Injury, Possibly through the Nrf2/HO-1 Pathway. International Journal of
Molecular Sciences. 2021; Vol. 22.

11. Manai F, Amadio M. Dimethyl Fumarate Triggers the Antioxidant Defense System in Human Retinal
Endothelial Cells through Nrf2 Activation. Antioxidants. 2022; Vol. 11.

12. Yamaguchi Y, Kanzaki H, Katsumata Y, Itohiya K, Fukaya S, Miyamoto Y, et al. Dimethyl fumarate
inhibits osteoclasts via attenuation of reactive oxygen species signalling by augmented antioxidation. J Cell
Mol Med. 2018 Feb 1;22(2):1138–47. Available from: https://doi.org/10.1111/jcmm.13367

13. Campolo M, Casili G, Biundo F, Crupi R, Cordaro M, Cuzzocrea S, et al. The Neuroprotective Effect
of Dimethyl Fumarate in an MPTP-Mouse Model of Parkinson’s Disease: Involvement of Reactive Oxygen
Species/Nuclear Factor-κB/Nuclear Transcription Factor Related to NF-E2. Antioxid Redox Signal. 2016
Dec 23;27(8):453–71. Available from: https://doi.org/10.1089/ars.2016.6800

14. Meseguer-Ripolles J, Lucendo-Villarin B, Tucker C, Ferreira-Gonzalez S, Homer N, Wang Y, et al.
Dimethyl fumarate reduces hepatocyte senescence following paracetamol exposure. iScience. 2021 Jun
25;24(6). Available from: https://doi.org/10.1016/j.isci.2021.102552

15. Antunes LMG, Takahashi CS. Effects of high doses of vitamins C and E against doxorubicin-induced chro-
mosomal damage in Wistar rat bone marrow cells. Mutat Res Toxicol Environ Mutagen. 1998;419(1):137–43.
Available from: https://www.sciencedirect.com/science/article/pii/S138357189800134X

16. Oh CJ, Park S, Kim J-Y, Kim H-J, Jeoung NH, Choi Y-K, et al. Dimethylfumarate attenuates restenosis
after acute vascular injury by cell-specific and Nrf2-dependent mechanisms. Redox Biol. 2014;2:855–64.
Available from: https://www.sciencedirect.com/science/article/pii/S2213231714000755

17. Khudhair AR, Al-Shawi NN. Possible Protective Effects of Lutein against Ciprofloxacin Induced Bone
Marrow Toxicity in Rats. Iraqi J Pharm Sci. 2021;30(1):233–9.

18. Ford CE, Hamerton JL. A Colchicine, Hypotonic Citrate, Squash Sequence for
Mammalian Chromosomes. Stain Technol. 1956 Jan 1;31(6):247–51. Available from:
https://doi.org/10.3109/10520295609113814

19. Julian Preston R, Dean BJ, Galloway S, Holden H, McFee AF, Shelby M. Mammalian in vivo cytogenetic
assays Analysis of chromosome aberrations in bone marrow cells. Mutat Res Toxicol. 1987;189(2):157–65.
Available from: https://www.sciencedirect.com/science/article/pii/0165121887900218

10



P
os

te
d

on
17

A
p
r

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
68

17
31

29
.9

98
52

77
1/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

20. Schmid W. The micronucleus test. Mutat Res Mutagen Relat Subj. 1975;31(1):9–15. Available from:
https://www.sciencedirect.com/science/article/pii/0165116175900588

21. Bhilwade HN, Chaubey RC, Chauhan PS. Gamma ray induced bone marrow micronucleated erythro-
cytes in seven strains of mouse. Mutat Res Toxicol Environ Mutagen. 2004;560(1):19–26. Available from:
https://www.sciencedirect.com/science/article/pii/S138357180400035X

22. MacGregor JT, Heddle JA, Hite M, Margolin BH, Ramel C, Salamone MF, et al. Guidelines for the con-
duct of micronucleus assays in mammalian bone marrow erythrocytes. Mutat Res Toxicol. 1987;189(2):103–
12. Available from: https://www.sciencedirect.com/science/article/pii/0165121887900164

23. Bajpayee M, Kumar A, Dhawan A. The Comet Assay: Assessment of In Vitro and In Vivo DNA Damage
BT - Genotoxicity Assessment: Methods and Protocols. In: Dhawan A, Bajpayee M, editors. New York,
NY: Springer New York; 2019. p. 237–57. Available from: https://doi.org/10.1007/978-1-4939-9646-9 12

24. Singh NP, McCoy MT, Tice RR, Schneider EL. A simple technique for quantitation of low
levels of DNA damage in individual cells. Exp Cell Res. 1988;175(1):184–91. Available from:
https://www.sciencedirect.com/science/article/pii/0014482788902650

25. Larramendy ML, Dulout FN, Bianchi NO, Olivero OA. In vivo dose—response relationship in bone-
marrow cells of mice treated with adriamycin. Mutat Res Toxicol. 1980;79(2):133–40. Available from:
https://www.sciencedirect.com/science/article/pii/0165121880900816

26. Dulout FN, Larramendy ML, Olivero OA. Effect of caffeine on the frequency of
chromosome aberrations induced in vivo by triethylenemelamine (TEM) and adriamycin
(ADR) in mice. Mutat Res Mol Mech Mutagen. 1981;82(2):295–304. Available from:
https://www.sciencedirect.com/science/article/pii/0027510781901597

27. Manjanatha MG, Bishop ME, Pearce MG, Kulkarni R, Lyn-Cook LE, Ding W. Genotoxicity of doxoru-
bicin in F344 rats by combining the comet assay, flow-cytometric peripheral blood micronucleus test, and
pathway-focused gene expression profiling. Environ Mol Mutagen. 2014 Jan 1;55(1):24–34. Available from:
https://doi.org/10.1002/em.21822
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Figure 1. Effect of DMF on Oxidative Stress markers in Wister rats. DMF, Dimethyl fumarate;
DOX, doxorubicin.

serum level of MDA, B) serum level of GSH, C) serum level of SOD, D) serum level of GPx1.

Data are expressed as (mean±SD), (n=8); *** (p < 0.001), **** (p < 0.0001) vs DOX-only group; ns
(P>0.05), no significant difference.

Figure 2. Effect of DMF on DNA damage in Wister rats. DMF, Dimethyl fumarate; DOX,
doxorubicin.

A: Photomicrographs showing comet of rats’ bone marrow stained with Ethidium Bromide.

B: DNA damage measured as % DNA in tail.

Data are expressed as (mean±SD), (n=8); **** (p < 0.0001) vs DOX-only group; ns (P >0.05), no significant
difference.
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