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Abstract

Background and purpose: Chemotherapy with doxorubicin (DOX) is associated with toxicity in many organs
including cardiac tissue. A large body of evidence has suggested that phenolic acids, such as protocatechuic
acid (PCA), have beneficial effects on cardiovascular problems. This investigation was conducted to evaluate
the ameliorative properties of PCA against DOX-induced cardiotoxicity in Wistar rats.

Experimental approach: Animals were treated with PCA (50, 100, and 200 mg/kg, orally) for 10 days. On
the 7" day, a single injection of DOX (20 mg/kg/day, i.p.) was administered to induce cardiotoxicity.
Electrocardiography, biochemical analysis of cardiac markers, and histological inspections were performed.
Findings/Results: Pretreatment with PCA, especially at the doses of 100 and 200 mg/kg for 7 days before the
administration of DOX, significantly improved cardiac rhythm and pathological changes, reduced serum levels
of creatine phosphokinase-MB, lactate dehydrogenase, aspartate aminotransferase, lipid peroxides and also
prevented heart weight rise.

Conclusions and implications: The in-vivo findings of the current study revealed that PCA exhibits protective
effects against DOX-induced cardiotoxicity. These results suggest that PCA, a natural phenolic acid, may serve
as a promising candidate for cardioprotective interventions in clinical trials involving chemotherapy with
DOX.
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INTRODUCTION calcium homeostasis and mitochondrial

function, formation of iron complexes, up-

Cardiotoxicity is one of the most important
complications in patients treated with
anticancer chemotherapeutic drugs (1). The
most severe form of cardiomyopathy has been
observed with doxorubicin (DOX). This
antineoplastic  agent  belongs to the
anthracyclines and effectively treats many
cancers (2). Heart damage may occur instantly
after a single dose or with a delay after repeated
doses of DOX with different symptoms
including  heart  palpitations, transient
arrhythmias, hypotension, chest pain, dyspnea,
and fluid retention in the lower limbs (3).
Various mechanisms have been proposed for
the development of cardiomyocyte toxicity
induced by DOX, such as impairment of
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regulation of toll-like receptors (TLRs), and
stimulation of nuclear factor kappa-B (NF-«B)
which initiate oxidative, inflammatory and
apoptotic cascades (4-6). Due to the prevalent
utilization of DOX in chemotherapy protocols,
extensive investigations have sought to
discover novel chemotherapeutic agents aimed
at preventing or alleviating the cardiotoxic
effects associated with its administration.
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Protocatechuic  acid (PCA; 3, 4,
dihydroxybenzoic acid) belongs to the
hydroxybenzoic acid and is an eminent type of
phenolic acid. PCA is found in many plant
sources and is a main metabolite of
anthocyanins and proanthocyanidins (7). There
is  growing evidence  for  various
pharmacological actions of PCA including
antioxidative, antimicrobial, analgesic,
neuroprotective, hepato-protective, anti-tumor,
and anti-inflammatory properties (8,9).

Some  studies have reported the
beneficial impact of PCA in cardiovascular
disorders such as  anti-atherosclerotic,
antihypertensive, and anti-fibrotic actions (10-
12). PCA has been able to reverse the
biochemical alterations associated with diabetic
cardiomyopathy and protect against cardiac
toxicity caused by an environmental toxin
(2,3,7,8-tetracholorodibenzo-p-dioxin; TCDD)
(13,14). In a recent cellular assay, PCA
alleviated oxidative stress and protected
cardiomyocytes against toxicities caused by
arsenic trioxide and DOX (15). Therefore, the
current study aimed to investigate the potential
effects of PCA on DOX-induced cardiotoxicity
in an animal model.

MATERIALS AND METHODS

Animals and experimental design
Male adult Wistar rats, weighing 220 + 20 g,

were acquired from the animal house of the
School of Pharmacy and Pharmaceutical
Sciences, Isfahan University of Medical
Sciences. The rats were maintained at room
temperature of about 20-25 °C and a 12/12-h
light/dark cycle with free access to water and
standard food. Animals were adapted under an
experimental environment for 1 week before
the beginning of the experiment. The research
procedures were per international guidelines for
laboratory animal use and care, and approval
was obtained from the Institutional Research
Ethics Committee of Isfahan University of
Medical Sciences (Ethic Code:
IR.MUI.AEC.1401.020).

Experimental protocol

Thirty rats were randomly distributed into 5
groups with 6 rats in each group as follows:
group 1 as the normal control received oral
administration of vehicle (normal saline) for 10
days and intraperitoneal (i.p.) injection of
normal saline on day 7; group 2 as the
cardiotoxicity control group received a single
dose of DOX (20 mg/kg, i.p.) on day 7; groups
3-5 received oral administration of 50, 100, and
200 mg/kg/day of PCA (Cayman Chemical Co.,
USA) for 10 days and i.p. injection of DOX on
day 7.

Doses of PCA were selected based on
previous studies (16,17). A study timeline of
drug administration is depicted in Fig. 1.

Doxorubicin (20 mg/kg, 1.p.)
administration on 7™ day

Day-1

Day-7

Day-10

>
I

ECG was recorded after 24 h.
I| Then.

Protocatechuic acid (50, 100, or 200
mg/kg, orally) treatment for 10 days

samples
heart

blood were

collected and were

removed after scarification.

Fig. 1. A study schematic timeline showing drug (protocatechuic acid and doxorubicin) administration schedule.
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Induction of DOX-induced cardiotoxicity

The model of cardiotoxicity was developed
by a single high dose of i.p. injection
of 20 mg/kg DOX which was used as an
Ebedoxo injection vial (EBEWE Pharma
GmbH Nfg KG Co., Austria) on the 7" day in
rats (18,19). The weight of the animals was
measured at the start of the experiment and then
every other day. After 24 h of the last
treatment, rats were anesthetized with ketamine
(50 mg/kg)/xylazine (5 mg/kg), and a lead
Il electrocardiograph (ECG) was recorded
by computerized data acquisition eWave
system and analyzed with eProbe software
(Science Beam; Parto Danesh Co., Iran). ECG
was assessed for pattern, heart rate,
ST segment, QRS complex, QT interval,
and RR interval alterations. Then, blood
samples were collected by retro-orbital
technique under anesthesia, and serum
was analyzed for biochemical markers
of heart injury and oxidative stress. After
sacrificing the rats under CO> exposure, hearts
were removed, weighed, and immersed in
formalin solution. Tissue samples were further
processed and evaluated for histopathological
changes.

Biochemical assay

The blood samples were centrifuged at 4000
rpm for 10 min to separate the serum to assess
the biochemical parameters of cardiac injury.
Serum concentrations of lactate dehydrogenase
(LDH), creatine phosphokinase-muscle-brain
(CK-MB), and aspartate aminotransferase
(AST) were assessed according to the
manufacturer’s instructions by colorimetric
method (at 340 nm) using standard Kits
manufactured by Pars Azmoon Co. (Iran) via an
auto-analyzer (Nihon Kohden, Japan). Results
are expressed in 1U/L (20).

Lipid peroxidation assay

The malondialdehyde (MDA) content in
serum specimens was determined to calculate
lipid peroxidation. For this mean, the
thiobarbituric acid reactive substances test
was performed by colorimetric assay (at 532
nm) using a commercial kit (Hakiman Shargh
Research Co., Iran). A standard curve was
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depicted and the lipid peroxides concentration
was stated as UM of MDA equivalents (21).

Histopathological examination

The heart samples were fixed in a 10%
buffered formalin solution. After additional
processing, they were embedded in
paraffin blocks, and sections of 5 um
thickness were stained with hematoxylin and
eosin  (H&E). The heart tissue slides
were  Dblindly  checked  for  routine
histopathological alterations including inter-
muscular edema, infiltration of inflammatory
cells, cardiomyocyte degeneration,
myofibrillar  rupture, hemorrhage, and
congestion, at x400 magnification under a light
microscope (16).

Statistical analysis

Data were presented as mean £ SEM and
analyzed by one-way analysis of variance
(ANOVA) followed by Tukey post-hoc test
using SPSS software (version 25.0). Significant
differences were established at P-values less
than 0.05.

RESULTS

Effect of PCA on ECG parameters and heart
weight

As seen in Fig. 2, a single administration of
DOX (20 mg/kg) caused significant changes in
ECG pattern including elevation of the ST
segment, prolongation of QT interval, a
decrease in RR interval, and an increase in heart
rate versus the normal pattern attained in the
control group (Table 1).

Pretreatment with PCA at 100 and
200 mg/kg significantly reversed ST elevation
and QT prolongation. All doses of PCA
increased RR interval and reduced the heart rate
in animals with DOX-induced cardiotoxicity,
especially the dose of 200 mg/kg (Fig. 2 and
Table 1).

Exposure to DOX also resulted in a
significant increase in the relative weight of the
heart (heart/body weight ratio). Administration
of various doses of PCA could significantly
prevent heart weight increase in this
cardiotoxicity model (Table 1).
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Fig. 2. Representative electrocardiograph traces of lead IT for (A) normal control group; (B) doxorubicin-induced
cardiotoxicity control; (C-E) protocatechuic acid treated groups with doses of 50, 100, and 200 mg/kg, respectively.

Table 1. Effect of PCA on rats’ electrocardiogram parameters and relative heart weight in DOX-induced
cardiotoxicity. Values are expressed as mean + SEM, n = 6. *P < 0.05 and #P < 0.01 indicate significant differences
in comparison with the normal control; "P < 0.05, "P < 0.01, and P < 0.001 versus DOX group.

Groups Heart rate RR-interval ST elevation QRS QT interval Relative heart
P (BPM) (ms) (NY)] (ms) (ms) weight (%)

Normal 274.7+9.6 218.3+8.6 98.0+6.7 43317 96.0£4.6 0.38 £0.012
DOX 321.7+8.7% 186.8 +5.1% 138.0 + 8.2 429+15 117.8 £2.3# 0.48 + 0.023#
DOX + PCA 285.8+4.3" 211.5+32" 109.6+£9.5 43.0+1.3 108.3+2.9 0.40 £ 0.016"
(50 mg/kg)
DOX + PCA 280.5+6.1" 213.9+45" 95.0+5.7" 425+1.38 97.4+22™ 0.41 +0.018"
(100 mg/kg)
DOX + PCA 255.0+9.4™ 236.3+ 7.7 93.2+4.1" 412+19 97.5+5.6™ 0.41+0.011"
(200 mg/kg)
PCA, Protocatechuic acid; DOX, doxorubicin; BPM, beats per minute; ms, millisecond; puV, microvolts.

Effect of PCA on biochemical parameters DOX also led to a significant

Figure 3 designates the effect of PCA on
serum biochemical markers of cardiac injury in
DOX-induced  cardiotoxicity.  Following
exposure to DOX, the serum level of LDH
activity considerably increased compared to
that of the normal control group. Pretreatment
with PCA at 100 and 200 mg/kg significantly
decreased the activity of this enzyme when
compared to the DOX control group (Fig. 3A).

An elevation in the serum activity of CK-
MB was observed after the administration of
DOX, which was meaningfully reduced after
receiving PCA at 100 and 200 mg/kg (Fig. 3B).
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upsurge in AST activity. Administration of
PCA (100 and 200 mg/kg) notably decreased
AST levels compared with DOX control rats
(Fig. 3C).

Effect of PCA on lipid peroxidation

As seen in Fig. 4, animals' exposure to
DOX resulted in a major increase in the
serum content of MDA compared to the

normal control rats. Treatment with PCA
at 100 and 200 mg/kg significantly
attenuated the MDA concentration in
rats’ serum.
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Fig. 3. Effect of PCA at 50-200 mg/kg on serum biochemical parameters of cardiac injury in rats with DOX-induced
cardiotoxicity. (A) LDH, (B) CK-MB, and (C) AST. Values are expressed as mean = SEM, n = 6. *#P < 0.001 indicates
significant differences in comparison with the normal control receiving NS. “P < 0.05, “P < 0.01, and "™P < 0.001 versus
DOX group. PCA, Protocatechuic acid; DOX, doxorubicin; LDH, lactate dehydrogenase; CK-MB, creatine

phosphokinase-muscle-brain; AST, aspartate aminotransferase; NS, normal saline.
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Fig. 4. Effect of PCA at 50-200 mg/kg on serum MDA level in rats with DOX- induced cardiotoxicity. #*P < 0.001

indicates a significant difference in comparison with the normal control receiving NS; ™P < 0.01 and P < 0.001 versus
DOX group. PCA, Protocatechuic acid; DOX, doxorubicin; MDA, malondialdehyde; NS, normal saline.
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Effect of PCA on body weight changes

As shown in Fig. 5, the body weight changes
of all rats had a slight upward trend in the first
7 days of treatment. However, there was a strict
fall in the rats’ body weight after administration
of DOX. Treatment with various doses of PCA
was not able to prevent body weight loss
induced by DOX.

Effect of PCA on heart histopathology
Assessment of the H&E-stained sections of
heart tissue displayed a normal architecture of
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cardiomyocytes in the heart of normal control
rats (Fig. 6A). Meanwhile, pathological
alterations including degeneration and rupture
of myocytes, multiple areas of hemorrhage and
congestion of blood vessels were seen in the
heart tissues of rats with DOX-induced
cardiotoxicity (Fig. 6B). Pretreatment with
PCA at 50 mg/kg had no effect (Fig. 6C).
However, administration of PCA at 100 mg/kg
(Fig. 6D) and 200 mg/kg (Fig. 6E) showed
minimal myocyte rupture and fewer areas of
hemorrhage.

5

7 9 11

Time (day)

Fig. 5. Effect of PCA at 50-200 mg/kg on body weight changes in rats with DOX-induced cardiotoxicity. #P < 0.01
indicates a significant difference compared to the normal control receiving NS. PCA, Protocatechuic acid; DOX,

doxorubicin; NS, normal saline.

Fig. 6. Representative H&E sections of heart tissue for (A) the normal control; (B) doxorubicin-induced cardiotoxicity
group; (C-E) protocatechuic acid-treated rats at doses of 50, 100, and 200 mg/kg, respectively. Magnification: x400. Blue
arrows indicate areas of hemorrhage and congestion and the black-thin arrow (in part B) shows the degeneration of

myocytes.

60



DISCUSSION

In this study, pretreatment with PCA at
100 and 200 mg/kg ameliorated the
DOX-induced cardiotoxicity in rats followed
by the improvements in ECG pattern and heart
histopathological changes, and declining MDA
and biochemical markers of cardiac injury. The
protective role of PCA as a natural phenolic
acid has been proven in many organ damages
such as hippocampal neuronal death caused by
seizures, hepato-renal toxicities induced by
various oxidant and anti-neoplastic agents, and
endothelial dysfunction in diabetic conditions
(22-25). A previous in-vitro study showed that
PCA could protect cardiomyocytes against
arsenic trioxide and DOX toxicities by
regulating the oxidative stress pathway through
declining TLR4 expression and hydroperoxide
levels and increasing total antioxidant power
(15).

The current in-vivo investigation examined
the effect of PCA pretreatment on parameters of
cardiac damage in rats after acute exposure to
DOX. The DOX-induced cardiotoxicity was
established by heart histopathological
alterations, elevated ST segment, prolonged QT
interval, lessened RR interval, and increased
heart rate, as well as a significant increase in the
activities of serum CK-MB, LDH, AST, and the
content of lipid peroxides, and also cardiac
weight gaining.

Myocardial cell toxicity caused by DOX is

strictly associated with producing large
amounts of oxidants and free radicals,
inflammatory  cytokines, and iron-DOX

complexes leading to various forms of cell
death (4,5). DOX induces intrinsic pathway,
caspase-independent, and extrinsic apoptosis
pathways in cardiomyocytes (26). This
activates TLRs and the formation of
inflammasomes and subsequent initiation of
pyroptosis in cardiac tissue (27).
Cardiomyocyte injury caused by DOX
resulted in the leakage of cardiac enzymes such
as LDH, CK-MB, and AST into the circulation.
Based on the data obtained from ECG, DOX
increased heart rate in our study, however,
contradictory effects on heart rate and QTc
interval have been reported in different animal
studies that may be affected by DOX dosages
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and time of the ECG recording (28,29). It is
important to note that arrhythmia, such as
tachycardia or bradycardia, has been mentioned
as the side effect of doxorubicin in clinical
studies (30). Moreover, although QT intervals
are affected by human heart rate, studies have
shown a weak correlation between QT and RR
intervals in mice and rats (31,32).

Our findings also indicated that DOX
administration induced weight loss in the
animals. The effects of DOX on crucial factors
of lipid and glucose metabolism, including

peroxisome  proliferator-activated receptor
gamma (PPARy) and 5' adenosine
monophosphate  (AMP)-activated  protein

kinase (AMPK), may lead to body weight loss
and atrophy of adipose tissue (33).

In the current study, pretreatment with PCA
at 100 and 200 mg/kg exhibited protective
effects against DOX-induced cardiotoxicity in
rats as demonstrated by the improvements in
cardiac rhythm and pathological changes,
dropping serum levels of CK-MB, LDH, AST,
and MDA, and the prevention of the increase in
the weight of hearts.

Beneficial cardiovascular effects of PCA
have been observed in several cellular and
animal investigations (13-15). In a model of
diabetic ~ cardiomyopathy  studied by
Bhattacharjee et al. treatment with PCA (50 and
100 mg/kg, orally) showed beneficial cardiac
effects through reversing the serum levels of
LDH, C-reactive protein, CK, troponin I and Il
in rats. Their findings revealed the impact of
PCA on the modulation of polyol enzyme
expression, augmentation of intracellular ATP
(adenosine triphosphate) concentration, and
reduction of collagen deposition in the heart
tissues besides anti-hyperglycemic and anti-
hyperlipidemic activities. Moreover, they
reported potent antioxidative effects for PCA
since it lessened protein carbonylation, lipid
peroxidation, and reactive oxygen species
(ROS) production, enhanced glutathione,
catalase, and superoxide dismutase levels,
increased co-enzyme Q9 and Q10 and
prevented DNA fragmentation and oxidation in
the heart tissues (13).

In a study conducted by Ciftci et al. PCA
(100 mg/kg) protected rats’ cardiac tissue
against oxidative injury caused by a toxic
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environmental agent (TCDD) by reducing lipid
peroxide, elevating antioxidant defense, and
subsequently preventing hemorrhage and
necrosis (14).

A recent investigation also displayed that
pretreatment with PCA (10 and 20 mg/kg)
could protect kidney tissue from toxicity
induced by DOX by regulating the
cyclooxygenase-2 and inducible nitric oxide
activities, reducing the lipid peroxide levels,
and enhancing the antioxidant enzymes (34).

The protective effects of PCA may be
mediated through enhancing the antioxidant
capacity, upregulation of nuclear factor
erythroid 2-related factor 2, reducing ROS
formation, decreasing NF-«B level, inhibition
of inflammatory mediator expression such as
tumor necrosis factor-a and interleukin-1p,
diminution of mitochondrial dysfunction,
suppression of caspase-3, lessening expression
of Bax (Bcl-2-associated X protein) and

increasing expression of Bcl-2 (B-cell
lymphoma 2) and subsequently inhibition of
apoptosis (35).

In addition to chemo-preventive properties,
PCA has exhibited anti-neoplastic and anti-
metastatic effects in some tumor cells by
promoting apoptosis and hindering cell
migration and invasion, suggesting its potential
for use in combination chemotherapy to
augment the therapeutic efficacy and decrease
organ toxicities (36,37).

The major limitation of the present study
included the lack of investigation of the
possible mechanisms involved in the protective
effects of PCA against DOX-induced
cardiotoxicity. Although we evaluated various
electrocardiography, biochemical, and
histological parameters of cardiac toxicity,
echocardiographic assessments may better
prove the cardiomyopathy in this model.

CONCLUSION

The results of the present study confirmed
that PCA alleviates DOX-induced
cardiotoxicity in rats by improving ECG
patterns and histopathological alterations of
hearts and dropping serum levels of lipid
peroxides and cardiac enzymes. Accordingly,
PCA can be suggested as a potential candidate
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for cardio-protection in clinical trials during
chemotherapy with DOX.
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