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Background: Doxorubicin (brand name: Adriamycin®) is used to treat solid tissue cancer but it also affects noncancerous tis-
sues. Its mechanism of cytotoxicity is probably related to increased oxidation, mitochondrial dysfunction, and
apoptosis. Melatonin is reported to have antiapoptotic and antioxidative effects. The aim of this study was to
determine whether melatonin would counteract in vitro cytotoxicity of doxorubicin in mouse fibroblasts and
determine the pathway of its action against doxorubicin-induced apoptosis.

Material/Methods: We measured markers of apoptosis (cytochrome-c, mitochondrial membrane potential, and apoptotic cell num-
ber) and oxidative stress (total oxidant and antioxidant status) and calculated oxidant stress index in 4 groups
of fibroblasts: controls, melatonin-treated, doxorubicin-treated, and fibroblasts concomittantly treated with a
combination of melatonin and doxorubicin.

Results: Melatonin given with doxorubicin succesfully countered apoptosis generated by doxorubicin alone, which points
to its potential as a protective agent against cell death in doxorubicin chemotherapy. This also implies that pa-
tients should be receiving doxorubicin treatment when their physiological level of melatonin is at its highest,
which is early in the morning.

Conclusions: This physiological level may not be high enough to overcome doxorubicin-induced oxidative stress, but adju-
vant melatonin treatment may improve quality of life. Further research is needed to verify our findings.
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Background

Doxorubicin (DOX) is an efficient anthracycline group chemo-
therapy drug used to treat hematologic and solid tumors [1],
as it induces oxidative stress, inhibits topoisomerase Il, and
eventually leads to cell death, mainly by apoptosis [1-5]. It
also inhibits cell propagation [2]. DOX causes alteration of mi-
tochondrial function and structure due to DOX accumulation
in mitochondria [6-10]. It has been suggested that the unde-
sired effect of DOX is related to increase oxidative stress in
the cell, triggering apoptosis [9,11,12].

There are strategies to attenuate the toxic effects of doxorubi-
cin, such as dose regulation or combined therapy with antioxi-
dants [13]. However, no effective combination has been found
so far. One of the antiapoptotic agents with some promise is
melatonin. Its antiapoptotic action has been evidenced in the
brain, kidney, pancreas, and liver [14], but findings to the con-
trary have also been reported in vitro [15]). Because it is a small
lipophilic molecule, it is distributed throughout the cell, with sig-
nificant deposition in the mitochondria, where it can attenuate
ischemia-reperfusion and indomethacin-induced damage [16].
It can also modulate mitochondrial function and homeostasis.
Aziriova [17] reported that melatonin even reversed anxiety in-
duced by doxorubicin in rats. One of its unique properties is
that its metabolites also have antioxidative effects, even at low
concentrations [18]. Furthermore, melatonin has low toxicity,
which implies that it may be used safely in patient therapy [19].

Several studies have shown that melatonin can counteract doxo-
rubicin-induced cytotoxicity [18,19] but they have not clarified
the mechanism of its action. Therefore, with our study we want-
ed to determine if the mechanism of melatonin action against
doxorubicin cytotoxicity was via its antioxidative and/or anti-
apoptotic pathway. We tested it in the mouse embryonic fibro-
blast cell line (NIH 3T3) because fibroblasts, which compose
70% of the heart as nanocardiomyocytes [20], are very respon-
sive to chemical, electric, and mechanical signals, and chang-
es made to these signals can affect other cardiac cells [21].

Material and Methods

Experimental design of study

Four groups of NIH3T3 cells were created: the control (Con)
group received DMEM alone; the melatonin (MEL) group re-
ceived melatonin in the dose of 1 uM for 24 h; the doxorubicin
(DOX) group received doxorubicin hydrochloride (Adriblastina
vial 10 mg, Pharmacia) in the dose of 2.6 uM for 24 h, and the
MEL+DOX group received a combination of the doses corre-
sponding to the MEL and DOX alone group. The dose of mel-
atonin may be the key to achieving antiapoptotic effects. At
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high concentrations, melatonin activates the mitochondri-
al pathway by affecting the Bax/Bcl protein balance and the
expressions of caspase-9 and caspase-3 in pancreatic carci-
noma cell line [22]. At low concentrations, however, HSP27,
HSP70, and HSP90 induction prevent the activation of cas-
pase-3 [22]. One study reported that melatonin might inhibit
cell proliferation at physiological (nanomolar and lower) and
pharmacological concentrations (10 pM) but not at concentra-
tions in between [23]. We therefore opted for 1 uM, which is
much higher than the physiological (nanomolar) plasma con-
centrations. Furthermore, we opted to test melatonin effects
when given with doxorubicin at the same time, thus extend-
ing an earlier study by Oz et al. [24], who reported that mel-
atonin was less effective against doxorubicin when given as
pretreatment than when given after doxorubicin.

To determine the effects of these treatments on oxidation
and apoptosis, we made the measurements described below.

Cell culture

NIH3T3 cells were grown in poly-L-lysine-coated flasks
(~2.0-2.5x10° cells/mL) in DMEM medium supplemented
with 10% heat-inactivated fetal bovine serum in a humidified
incubator with 5% C0,/95% air mixture at 37°C.

Cell viability

NIH3T3 cells were seeded into 24-well culture plates at 1x10°
cells/well. Viability was assessed by trypan blue exclusion us-
ing a Vi-Cell XR cell viability analyzer (Beckman Coulter, Brea,
CA), which is an automated hemocytometer. Basically, cell sam-
ples were mixed 1:1 with trypan blue, and 50 images were tak-
en for calculation of cell number.

Total oxidant status

Total oxidant status (TOS) was measured with a BioTek pQuant
microplate spectrophotometer using a Rel Assay kit (Cat No:
RLO024; Gaziantep, Turkey) according to the manufacturer’s in-
structions. The results are expressed as a umol H,0, Equiv./L.

Total antioxidant status

Total antioxidant status (TAS) was measured with a BioTek
pQuant microplate spectrophotometer using a Rel Assay kit (Cat
No: RL0017; Gaziantep, Turkey) according to the manufacturer’s
instructions. The results are expressed as mmol Trolox Equiv./L.

Oxidative stress index

Oxidative stress index (OSI) is the ratio between TOS and TAS
levels measured in 6 samples per group.
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Protein levels

The mechanism of apoptosis in fibroblasts was established
by determining protein levels. To prepare cell lysates, NIH3T3
cells were centrifuged at 3000 rpm for 8 min, washed several
times with PBS, resuspended in RIPA buffer (Cat. No. sc-24948;
Santa Cruz Biotechnology), and incubated on ice for 10 min.
The lysates were stored at —20°C until used. Protein levels
were measured using a Qubit fluorometer and quantitation
assays: 100 pg protein sample was mixed with 4xSDS load-
ing buffer and then separated on a 4-12% Bis-Tris gel. After
running, proteins were transferred to a PYDF membrane. We
used primary antibodies against the following proteins: AlIF,
B-actin, ERK %, SAPK/JNK (Cell Signaling), PPAR-y, AMPK, and
cytochrome-c (Abcam, Cambridge, UK). Then we used alkaline
phosphatase-conjugated secondary antibodies (anti-mouse and
anti-rabbit 1/3000). Signals were detected using the NCIP/BNP
kit (Cat. No. ES0006; Millipore, Boston, MA, USA).

F-actin filaments

We looked for actin filaments because doxorubicin has been
reported to inhibit cardiac genes, including a-actin, troponin,
and myosin light chain-2 [25,26]. NIH 3T3 fibroblasts grown on
glass coverslips (~80 000 cells) were left unstimulated (con-
trol) or stimulated with 1 pM melatonin, 2.6 pM doxorubicin,
and melatonin with doxorubicin. They were washed with PBS
and fixed in 5% paraformaldehyde at room temperature for
60 min. Fixed cells were permeabilized in 0.1% (vol/vol) Triton
X-100 in PBS at room temperature for 10 min and blocked in
5% BSA in PBS at room temperature for 60 min. Actin fila-
ments were visualized using Alexa fluor 595 phalloidin, and
nuclei with 4”,6-diamidino-2-phenylindole dichloride (DAPI)
(Invitro Molecular Probes, OR, USA). All images were obtained
on an Olympus BX51 microscope equipped with a DP72 cam-
era controlled by Olympus DP2-TWAIN software.

Mitochondrial membrane potential measurement

Mitochondria are targets of doxorubicin, and play an impor-
tant role in initiating apoptosis. NIH 3T3 cells (~80 000) were
harvested and allowed to attach on coverslips over the night.
Then the cells were exposed to melatonin, DOX, and melatonin
with DOX for 24 h. Mitochondrial membrane potential (MMP)
was measured using a Sigma-Aldrich kit, Cat. No. CS0390 ac-
cording the manufacturer’s instructions. Briefly, the cells were
incubated with JC-1 dye with a 5% C0,/95% O, air mixture
at 37°C for 20 min. JC-1 dye is specific for the mitochondrial
membrane. Healthy mitochondria have a high electrochemi-
cal potential, and JC-1 dye crosses the membrane to form red
aggregates on fluorescence. Unhealthy mitochondria with low
potential prevent JC-1 dye from accumulating, and fluorescence
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Figure 1. Cell viability across the groups. Con — control group;
MEL — melatonin group; DOX — doxorubicin group;
MEL+DOX — melatonin plus doxorubicin group. All data
are expressed as mean +SEM.

Cell viability (% control)

After incubation the cells were rinsed with staining buffer. The
coverslips were directly observed under a fluorescence micro-
scope (Olympus BX51 Microscope equipped with a DP72 cam-
era, controlled by Olympus DP2-TWAIN software).

Apoptotic cell count

The cells were cultured in 6-well plates with coverslips over-
night. After they were divided into groups, the coverslips were
washed twice with PBS and fixed in 4% paraformaldehyde so-
lution for 1 h at room temperature. The coverslips were then
rinsed with PBS, incubated in permeabilization solution (0.1%
Triton-X-100 in 0.1% sodium citrate, freshly prepared), and
the apoptotic cells labelled with a terminal deoxynucleotidyl-
transferase-mediated dUTP nick end-labeling (TUNEL) kit from
Roche (Cat. No. 1684795; Mannheim, Germany) following the
manufacturer’s instructions. All images were obtained on an
Olympus BX51 microscope equipped with a DP72 camera and
controlled with Olympus DP2-TWAIN software. The apoptot-
ic (TUNEL-positive) cells were quantified using the automat-
ed cell counting in Image) with ITCN plugin (Automatic Nuclei
Counter plugin) (NIH). Summarly, images were converted to a
binary image for 8-bit. Dark areas represent cells. Then, ITCN
was used for cell counter for 15 images for every groups, and
the total areas of groups were the same.

Statistical analysis

For statistical analysis we used Excel and the SPSS version
16.0. All results are expressed as mean +SEM. Normal distri-
bution was tested using Levene’s test. To compare the results
between the groups, we used multiple analyses of variance
(ANOVA), followed by a post hoc protected Tukey test. p<0.05
was considered to be significant for all data.
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Figure 2. The effect of melatonin on oxidative

W05 stress in fibroblast cells treated with
354 HTAS doxorubicin. There were no significant
mosi differences in TOS and OSI between

treatment groups in Figure 2. TOS

— total oxidant status; TAS — total
antioxidant status, OSI — oxidative
stress index. Con — control group; MEL
— melatonin group; DOX — doxorubicin
group; MEL+DOX — melatonin plus
doxorubicin group. All data are
expressed as mean +SEM.
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Figure 3. The effect of melatonin on mitochondrial membrane potential in fibroblast cells treated with doxorubicin. Red fluorescence
represents healthy mitochondria having a high electrochemical potential and green fluorescence represents unhealthy
mitochondria having a low electrochemical potential (100x magnification). Con — control group (A); MEL — melatonin group
(B); DOX — doxorubicin group (C); MEL+DOX — melatonin plus doxorubicin group (D).
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Con MEL DOX
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Figure 4. The effect of melatonin on protein

affected by oxidative stress

’ in fibroblast cells treated with
doxorubicin. Con — control group; MEL
— melatonin group; DOX — doxorubicin
group; MEL+DOX — melatonin plus

doxorubicin group. (A) Cytochrome-c;
(B) AIF — apoptosis inducing factor;

(C) ERK1/2 - extracellular signal-
regulated kinases; (D) SAPK/JNK —
stress-activated kinases; (E) PPAR-y
— peroxisome proliferator-activated
receptor gamma; (F) AMPK — AMP-
activated protein kinase; (G) PCNA —
proliferating cell nuclear antigen; (H)
B-actin.

Results

Cell viability

Cell viability is expressed as the percentage of control cell vi-
ability (taken to be 100%). We found no significant differenc-
es between the groups (Figure 1).

The effect of melatonin on oxidative stress induced by
doxorubicin

Figure 2 shows the effects of melatonin on oxidative stress in
fibroblast cells across the groups. Even though it lowered TOS
in the combination group (Mel+DOX) in respect to the DOX
group (or other groups for that matter), the differences in TOS
and OSI were not statistically significant. MEL groups of OSI,
TOS, and TAS levels were not different from Con.

The effect of melatonin on doxorubicin-induced dissipation
of mitochondrial membrane potential

The control and MEL group had normal healthy mitochondria,
represented by red fluorescence (Figure 3A and B). Although
DOX dissipated the MMP, resulting in green fluorescence
(Figure 3C), MEL given with DOX restored the MMP (Figure 3D).

The effect of melatonin on doxorubicin-induced changes in
protein levels

Cytochrome-c levels
Cytochrome-c regulates the apoptosis-dependent mitochon-

drial pathway. DOX increased its level but melatonin in the
MEL+DOX group restored it to lower levels (Figure 4A).
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Figure 5. The effect of melatonin on F-actin distribution in fibroblasts treated with doxorubicin (100x magnification). Con — control
group (A); MEL — melatonin group (B); DOX — doxorubicin group (C); MEL+DOX — melatonin plus doxorubicin group (D).

Apoptosis-inducing factor levels

Apoptosis-inducing factor (AIF) plays a crucial role in caspase-
independent apoptosis. It is located in the inner membrane of
mitochondria. DOX caused its release into the cytosol (Figure 4),
but MEL counteracted its release (Figure 4B).

Extracellular signal-regulated kinase expression

ERK 1 and 2 participate in the regulation of cell adhesion,
cell migration, cell survival, and differentiation [27]. The DOX-
treated cells showed a very low expression of both ERK 1 and 2.
Co-treatment with MEL recovered their expressions (Figure 4C).

Stress-activated protein kinases levels
SAPK participates in cellular stress response, including differ-

entiation and proliferation [28]. DOX lowered its level while
co-treatment with MEL restored it (Figure 4D).

Peroxisome proliferator-activated receptor gamma protein
levels

Peroxisome proliferator-activated receptor gamma (PPAR-y)
plays a crucial role in fatty acid and glucose metabolism reg-
ulation. DOX lowered PPAR-y levels, but MEL+DOX attenuat-
ed its effect (Figure 4E).

AMP-activated protein kinase levels

AMPK maintains cell energy homeostasis by balancing ATP
production when energy changes. DOX lowered the AMPK
level, but it was improved in the MEL+DOX group (Figure 4F).

Proliferating cell nuclear antigen level

Proliferating cell nuclear antigen (PCNA) assists in DNA rep-
lication and is a common marker of proliferation. As expect-
ed, co-treatment with MEL countered the PCNA-lowering ef-
fect of DOX (Figure 4G).
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Figure 6. Apoptosis in fibroblasts treated with melatonin and doxorubicin (100x magnification). Green fluorescence represents
healthier cells than red fluorescence (100x magnification). Con — control group (A); MEL — melatonin group (B);
DOX — doxorubicin group (C); MEL+DOX — melatonin plus doxorubicin group (D).

The effect of melatonin on doxorubicin-modulated
ab distribution of F-actin

150
Figure 5 shows stained F-actin (red) and nucleus (blue) in NIH
3T3. DOX increased the formation of filopodia (Figure 5C),
but co-treatment with MEL counteracted the stress, restoring
F-actin to normal (Figure 5D). Only melatonin treatment also
50+ C increased filopodia formation in the cells (Figure 5B).

100

Apoptotic cell counts

0 j i The effect of melatonin on doxorubicin-induced apoptosis
Con MEL DOX MEL+DOX

DOX significantly increased the number of apoptotic cells to
Figure 7. Apoptotic cell counts in fibroblasts treated with 123437 vs. control (23+6), whereas co-treatment with MEL de-
melatonin and doxorubicin. Con — control group; creased it to 30+6. Only MEL treated cells were not altered to
MEL — melatonin group; DOX — doxorubicin group; apoptotic cells (22+5; Figures 6, 7).
MEL+DOX — melatonin plus doxorubicin group. # p<0.05
vs. Con, ® p<0.05 vs. MEL, € p<0.05 vs. DOX. All data are
expressed as mean +SEM.

Discussion

Our results have confirmed our hypothesis that melato-
nin would counteract the adverse effects of doxorubicin: it
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preserved mitochondrial membrane potential, and restored
cytochrome-c and AIF levels as mechanisms of apoptosis and,
therefore, decreased apoptotic cell count.

For the antioxidative action, our dosage was less efficient. An ear-
lier study reported that oxidative stress induced by doxorubicin
was higher in rats exposed to 24-h light than in rats kept in 24-h
dark [29]. This finding suggests that melatonin could reverse oxi-
dative stress induced by doxorubicin, even at physiological levels.
However, our melatonin dose of 1 uM did not have a significant
effect on OSI and has confirmed the findings by Santofimia-
Castafio et al. [30]. Instead, it showed a dominant antiapoptotic
effect. A previous study indicated that MEL cotreated with DOX
in rats with hepatoma did not decrease the anticancer effect of
DOX, and even decreased the effect of DOX on noncancerous
tissue (e.g., heart) by decreasing apoptotic cell numbers [31].

In our study, melatonin restored MMP reduced by doxorubicin.
This result is consistent with earlier reports [32,33]. Melatonin
stimulates the biogenesis of mitochondria and upregulates
PPAR-gamma. It has been reported to enhance mitochondri-
al function and quantity [34]. In our study, doxorubicin low-
ered the PPAR-gamma protein level, which plays an impor-
tant role in regulating mitochondrial energy production [35].
Wang et al. [36] reported that one of the PPAR-gamma agonists
attenuated apoptosis by inhibiting NF-kB and MAPK P38 sig-
naling pathways. A similar antiapoptotic mechanism through
PPAR-gamma was reported by Mahmoud-Awny et al. [37].

Currently, however, less is known about the modulation of apop-
tosis by melatonin in fibroblasts exposed to doxorubicin. In our
study, melatonin given with doxorubicin increased the PPAR-
gamma and AMPK levels, which suggests that there is a link be-
tween these 2 proteins [38]. Also, AMPK is related to circadian
rythm [39]. To the best of our knowledge, our study is the first
to suggest a trimodal relationship between AMPK-PPAR-gamma
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and melatonin. Furthermore, we found a positive interaction
between AMPK and ERK1/2. An earlier study reported that 1
UM of melatonin elevated ERK1/2 and SAP/JNK levels [30]. The
observed changes could improve PCNA levels and cell prolif-
eration of fibroblasts. All this suggests that melatonin coun-
ters doxorubicin’s cytotoxicity by increasing cell proliferation
and inhibiting apoptosis. The AMPK-PPARY pathway might be
critical in the regulation of apoptosis induced by doxorubicin.

Apoptosis is one of the most important pathways of doxoru-
bicin toxicity. This is why we felt it was worth seeking the ex-
act mechanism of apoptosis induced by doxorubicin, as finding
this mechanism could lead to new cardioprotective chemo-
therapy strategies.

However, our study has its limitations. First of all, the mela-
tonin concentration we used is higher than the physiological
level [34]. The other limitation is related to this study being
in vitro, as we cannot tell how melatonin will behave in living
organisms until in vivo studies are performed. Lastly, the pro-
tein level of melatonin’s receptors was not evaluated. We hope
that future studies will overcome these limitations and inves-
tigate the relationship between melatonin and AMPK-PPARy
in doxorubicin cytotoxicity even more closely.

Conclusions

Our study has provided evidence that melatonin has potential
as an adjuvant in doxorubicin chemotherapy, which could at-
tenuate its adverse effects without reducing its effectiveness
in cancer cells. If proved efficient, this could result in new car-
dioprotective strategies that may involve preserving the pa-
tient’s circadian rhythm. Future in vivo studies will be necessary
to test the therapeutic value of melatonin administration with
doxorubicin to determine how it behaves in living organisms.
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