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Activated ROCK/Akt/eNOS 
and ET‑1/ERK pathways 
in 5‑fluorouracil‑induced 
cardiotoxicity: modulation 
by simvastatin
Radwa Nasser Muhammad1*, Nada Sallam1 & Hanan Salah El‑Abhar1,2

5-Fluorouracil (5-FU) is used in the treatment of different solid tumors; however, its use is associated 
with rare, but serious cardiotoxicity. Nevertheless, the involvement of ROCK/NF-κB, Akt/eNOS and 
ET-1/ERK1/2 trajectories in the cardiotoxic effect and in the potential cardioprotective upshot of 
simvastatin has been elusive. Male Wistar rats were allocated into 5-FU (50 mg/kg/week; i.p, 6 weeks), 
simvastatin (15 mg/kg/day; p.o, 8 weeks) treated groups and simvastatin + 5-FU, besides the normal 
control group. 5-FU-induced cardiotoxicity boosted the serum level of N-terminal pro-brain (B-type) 
natriuretic peptide (NT-proBNP), aortic contents of endothelin (ET)-1 and thromboxane (TX) A2, 
as well as cardiac contents of NADPH oxidases (Nox), cyclooxygenase (COX)-2, malondialdehyde 
(MDA), phosphorylated Akt (p-Akt), phosphorylated extracellular signal-regulated kinase (p-ERK)1/2 
and the protein expressions of rho-kinase (ROCK) and caspase-3. On the other hand, it suppressed 
cardiac reduced glutathione (GSH) and phosphorylated endothelial nitric oxide synthase (p-eNOS). 
Contrariwise, co-administration with simvastatin overcame these disturbed events and modulated the 
ROCK/NF-κB, Akt/eNOS and ET-1/ERK1/2 signaling pathways. This study highlights other mechanisms 
than coronary artery spasm in the 5-FU cardiotoxicity and reveals that NT-proBNP is a potential 
early marker in this case. Moreover, the cross-talk between ROCK/ NF-κB, ROS/COX-2/TXA2, Akt/
eNOS and ET-1/ERK1/2 pathways contributes via different means to upsetting the vasoconstriction/
vasodilatation equilibrium as well as endothelial cell function and finally leads to cardiomyocyte stress 
and death—the modulation of these trajectories offers simvastatin its potential cardio-protection 
against 5-FU.

Cardio-oncology has recently gained wide recognition as it explores the relationship between the two clinical 
disciplines; oncology and cardiology. The main objective of cardio-oncology is to respond to the needs of patients 
who receive cancer therapy and to promote research for the development of effective cancer treatment methods, 
while minimizing cardiovascular (CV) events1.

One of the widely used antineoplastic drugs in solid tumors is 5-fluorouracil (5-FU), which is a cornerstone 
therapy in colorectal cancer (CRC)2,3. Although the drug is generally well-tolerated, it also possesses a num-
ber of common toxicities, including gastrointestinal upsets, myelosuppression and neurotoxicity4,5, as well as 
cardiotoxicity6,7. This type of toxicity is less frequently reported and, unfortunately, not often appreciated although 
it can be potentially serious and even lethal8. Roth et al.9 first reported the 5-FU-associated cardiotoxicity, which 
has an incidence that can range up to 35% depending on the dose, the dosing regimen, cardiac comorbidity, 
and susceptibility of patients10. Hence, the reported frequency substantially differs from one study to another. 
Although 5-FU is the second most common cause of chemotherapy-induced cardiotoxicity after anthracyclins, 
it is quite different in terms of its cardiac side effects8.
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The clinical presentation of cardiotoxicity caused by 5-FU is very diverse and wide, but it appears mainly as 
angina-like transient myocardial ischemia in most clinical reports11–13. Nonetheless, the reported cardiac side 
effects range from silent electrocardiographic (ECG) changes up to myocardial infarction, besides congestive 
heart failure, cardiomyopathy, pericarditis, hyper- and hypo-tension, ventricular and supraventricular tachy-
cardia, QT-prolongation, sino-atrial and atrio-ventricular nodal dysfunction, cardiogenic shock, and sudden 
death2,14.

Nevertheless, it is not clinically easy to handle this type of cardiotoxicity because the associated pathophysi-
ological and molecular mechanisms are still poorly investigated. Moreover, the number of animal or laboratory 
studies conducted until now is not sufficient. Based on those few studies, a number of mechanisms were sug-
gested, including coronary artery spasm15, endothelial damage16,17, thrombogenic effects18, and direct myocardial 
toxicity-induced necrosis2,19. Furthermore, the accumulation of toxic metabolites, the occurrence of myocardial 
autoimmune-mediated injury, the disruption of the tri-carboxylic acid cycle within cardiomyocytes and the 
diminished ability of red blood cells to transfer oxygen7 were also reported. However, acute myocardial ischemia 
caused by coronary artery spasm was the most commonly reported and is the most accepted theory up till now7,8.

In the context of cardiac ischemia and cardiomyocyte injury, it might appear that the gold standard biomark-
ers, namely, cardiac troponins (cTns), are a reliable index20. Yet, the results were inconsistent with 5-FU, and 
the serum level of these cardiac structural proteins might not be trustworthy to reflect the severity of the case21.

Increasing attention has been directed towards other emerging cardiac injury-related markers, the natriu-
retic peptides, including B-type (or brain) natriuretic peptide (BNP) and the inactive N-terminal fragment 
(NT-proBNP). More studies evaluated the utility of BNP and NT-proBNP in the diagnosis and prognosis of 
patients who are suspected of having an acute coronary event22. In fact, as the size and severity of the ischemic 
insult increase, plasma BNP emerges at high rates with acute coronary ischemia. Even though the sensitivity 
and specificity are likely to be insufficient, both peptides are promising prognostic markers in acute coronary 
syndromes23. Moreover, the escalation of these peptides correlates with the severity of aortic stenosis and cardiac 
ischemia/reperfusion injury24,25. Interestingly, it was reported that BNP elevation correlates with suppressing 
the gene expression of endothelin (ET)-1 and prevents the stimulation of several hypertrophic kinases, such as 
protein kinase C (PKC)26.

Besides, accumulating evidence suggests that the Rho-kinase (ROCK) system, identified twenty years ago, 
may play an important role in the development of CV disease (CVD) through augmenting oxidative stress, 
inflammation, endothelial cell (EC) injury, as well as contraction and proliferation of vascular smooth muscle cell 
(VSMC)27. In a feedforward scenario, the expression of ROCKs and their activity in human coronary VSMCs can 
be up-regulated by inflammatory stimuli via PKC and nuclear factor-kappa B (NF-κB)-dependent pathways28. 
Moreover, ROCKs are important negative upstream regulators of endothelial nitric oxide (NO) synthase (eNOS) 
in ECs29. In a mutual effect, the suppression of endothelial NO potentiates ROCK activity in coronary arteries30 
and the inhibition of ROCK pathway leads to rapid phosphorylation and activation of eNOS via the phosphati-
dylinositol-3 kinase (PI3K) /protein kinase B (PKB/Akt) pathway31.

Apart from their lipid lowering effect, different members of the 3-hydroxy-3-methyl-glutaryl-CoA (HMG-
CoA) reductase inhibitors, or commonly statins family, demonstrated their cardioprotective upshot through 
their pleiotropic properties in both pre-clinical and clinical studies, a merit that is partly related to the inhibition 
of ROCKs29,32,33.

Accordingly, we aim at evaluating the possible involvement of some trajectories in the 5-FU-induced CV 
injury and the potential aptitude of simvastatin (Sim) to protect the heart against this chemotherapeutic drug.

Methods
Animals.  Adult male albino Wistar rats weighing 230–250 g were obtained from the animal facility of the 
National Research Centre, (Cairo, Egypt). Rats were housed under controlled environmental conditions at tem-
perature of 25 ± 2 °C, humidity conditions (60 ± 10%), constant light cycle (12 h light/dark), and allowed free 
access to standard chow and water34. The investigation complies with the Guide for Care and Use of Laboratory 
Animals published by the US National Institute of Health (NIH Publication No. 85–23, revised 2011) and was 
approved by the Ethics Committee for Animal Experimentation at Faculty of Pharmacy, Cairo University (Per-
mit Number: PT 1637).

Drugs.  5-FU and Sim were obtained from S.X. Haipu Pharmaceutical Co. (Shanghai, China) and Merck Co. 
(NJ, USA), respectively.

Pharmacological treatments.  After a two-week acclimation period, animals were randomly allocated 
into four groups (n = 15–20 per group). In the first control group, rats received normal physiological saline (2 ml/
kg i.p) once weekly for six successive weeks to serve as the normal control group, whereas animals in the sec-
ond control group were daily gavaged Sim (15 mg/kg/day)35 for eight successive weeks. Rats in the third group 
received 5-FU (50 mg/kg; i.p) once weekly for six successive weeks to serve as the cardiotoxic group and finally, 
those in the fourth group received Sim for one week before the first 5-FU injection, then concomitantly for six 
weeks, and continued alone for another week after the last dose of 5-FU. A fresh suspension of Sim was daily 
prepared in sterile water35. The dose and the dosing schedule of 5-FU were chosen based on a pilot study that 
depended on dosage conversion factors, toxicological studies of 5-FU, and colon cancer treatment regimens in 
humans36–39. Animals were daily recognized for food and water intake and mortality, and were weekly weighed 
to monitor weight loss.
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ECG measurements.  One hour after each 5-FU injection, five to six rats from each group were randomly 
chosen and anaesthetized with thiopental (50 mg/kg, i.p.; Sigma-Aldrich Co., MO, USA). Rats were kept warm 
with a heating lamp to avoid the risk of hypothermia. Subcutaneous peripheral limb electrodes were inserted for 
ECG recording (HPM 7100, Fukuda Denshi, Tokyo, Japan) to determine heart rate (HR), QTc and RR intervals, 
QRS duration, and to test for ST-segment elevation34.

Preparation of samples.  At the end of the experimental period, animals were weighed then anaesthetized 
using ketamine/xylazine (60/7.5 mg/kg, i.p) and blood was collected from the femoral vein using non-heparin-
ized capillary tubes for separation of sera. Afterwards, animals were euthanized by cervical dislocation under 
anesthesia to minimize suffering, and the whole heart and thoracic aortic tissues were rapidly excised, washed, 
dried and weighed. The aorta was used as an alternative to the coronary arteries due to limited access to rat coro-
naries and difficulty of their separation, in addition to the very small tissue size. Different studies used the aorta 
and other arteries to study the toxic effect of 5-FU15,17,18.

From each group, heart tissues and the isolated thoracic aortae of six rats were used for histopathological 
examination, whereas the rest (n = 6–10/group) were used for cardiac/aortic biochemical assessments. In the 
latter groups, the heart/rat was incised longitudinally and the first part was homogenized in ice-cold saline to 
prepare 10% homogenate. The other part was used for the preparation of 67% homogenate in RIPA buffer for 
western blotting analysis.

Biochemical analysis.  Serum levels of cTnI and NT‑proBNP.  According to the manufacturer, the serum 
levels of cTnI and NT-proBNP were measured using the corresponding ELISA kits. The kit for cTnI was pro-
cured from Kamiya biomedical company, (WA, USA; Cat# KT-478) and that for NT-proBNP was obtained from 
MSD, (MD, USA; Cat# K153JKD).

Cardiac contents of p‑NF‑κB p65, phosphorylated extracellular signal‑regulated kinase (p‑ERK1/2), p‑Akt 
and p‑eNOS.  The corresponding ELISA kits were used to determine the cardiac contents of p-NF-κB p65 
(Ser536) (Abcam, Cambridge, UK; Cat# ab176647), p-ERK1/2 (Thr202/Tyr204) (Invitrogen, CA, USA; Cat # 
EMS2ERKP), p-Akt (Ser473) (Elabscience, Wuhan, China; Cat # E-EL-R1135) and p-eNOS (Ser1177) (Cell 
Signaling Technology, MA, USA; Cat# 7980C).

Aortic contents of ET‑1 and thromboxane (TX) A2.  The MyBioSource (California, USA) ELISA kits were used 
to quantitatively estimate the aortic contents of ET-1 (Cat # MBS704215) and TXA2 (MBS267231). All ELISA 
kits were used following the manufacturers’ instructions. The aortic content of ET-1 was measured rather than 
the plasma, since the latter is affected by some irrelevant factors in human40.

Cardiac contents of NADPH oxidase (Nox), cyclooxygenase (COX)‑2, reduced glutathione (GSH) and malondial‑
dehyde (MDA).  For the determination of cardiac contents of Nox, COX-2, GSH and MDA, the correspond-
ing commercial kits were used according to the manufacturers’ procedures. The source and catalogue number 
appear in the parenthesis as follows: Nox (LifeSpan Biosciences, WA, USA; Cat # LS-F5720), COX-2 (Cusabio, 
Wuhan, China; Cat # CSB-E13399r), GSH (Biodiagnostic, Cairo, Egypt; Cat# GR 25 11) and MDA (Biodiagnos-
tic, Cairo, Egypt; Cat # MD 25 29).

Cardiac caspase‑3 activity and DNA fragmentation analysis.  The activity of cardiac caspase-3 was assessed with 
the corresponding colorimetric assay kit (R&D Systems Inc, MN, USA; Cat. # K106-100). Absorbance was read 
at 405 nm and results were expressed as nmol pNA/h/mg protein. In addition, DNA fragmentation analysis 
was carried out to reflect the apoptotic process on genomic DNA integrity, where 30 mg of ground heart tissue 
were used for DNA extraction and purification using Gentra Puregene® DNA purification kit (Qiagen, Hilden, 
Germany; Cat. # 158667). The purity and yield of the extracted DNA were assessed using NanoDrop® spectro-
photometer (ThermoFisher Scientific, MA, USA). Finally, 10 µg of DNA per well was run in an electrophoresis 
chamber using 1.5% agarose gel and ethidium bromide. A molecular weight marker DNA (Sigma-Aldrich, MO, 
USA) was loaded to facilitate comparison with the samples. DNA ladders were visualized and photographed 
under UV light.

Western blot analysis of ROCK and caspase‑3.  Total cardiac protein content was extracted, using the 
corresponding protein extraction kit (Bio-Rad, CA, USA), then quantified for protein levels using Bicinchoninic 
acid protein assay kit (ThermoFisher Scientific, MA, USA). Following total protein extraction, equal amounts 
(20 μg) of protein were separated by electrophoresis according to their molecular weights on SDS-PAGE, then 
electro-transferred to nitrocellulose membranes (Bio-Rad, CA, USA). The protein expression was assessed as 
previously described by Ahmed et al.41. Concisely, the membranes were incubated overnight with primary anti-
bodies against ROCK (1:1,000, R&D systems, MN, USA; Cat. # AF4790-SP), caspase-3 (1:1,000, MyBioSource, 
CA, USA; Cat. # MBS9382732) or β-actin (1:1,000, ThermoFisher Scientific, MA, USA; Cat. # PA1-183). After-
wards, the membranes were washed and incubated with horseradish peroxidase (HRP)-conjugated secondary 
antibody (1:2,000; ThermoFisher Scientific, MA, USA). The blots were finally developed using the enhanced 
chemiluminescence reagent (Pierce™ western ECL substrate; ThermoFisher Scientific, MA, USA) and signals 
were detected using a charge-coupled device camera-based imager (ChemiDoc MP imager; Bio-Rad, CA, USA). 
Proteins were quantified by the provided image analysis software and results were expressed as arbitrary units 
after normalization to β-actin expression.
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Histopathological examination.  For histological examination, the whole heart and part of the thoracic 
aorta were separated (n = 6/group), rinsed with ice-cold saline and immediately fixed in 10% formal saline. 
Specimens were processed for paraffin embedding, and 5 µm sections were prepared41. The sections were stained 
with hematoxylin and eosin (H&E) (Sigma–Aldrich Chemical Co., MO, USA) and examined blindly under light 
microscope (magnification × 400). Images were captured and processed using Adobe Photoshop (version 8.0)41. 
Cardiac and aortic injury scores were analyzed using the Leica Qwin 500 Image Analyzer (Leica Microsystems, 
Wetzlar, Germany). Random areas were examined for each group (three sections per animal), where both car-
diac and aortic sections were scored from 0 to 4 to describe the severity of each injury hallmark. Score (0) indi-
cated no histopathological lesions, score (1) described a limited focal distribution of lesions, scores (2) and (3) 
described moderate severity with multiple scattered histopathological lesions, and score (4) labelled the presence 
of severe lesions over the entire examined sections42. The assessed cardiac and aortic injury hallmarks included 
vacuolation of the sarcoplasm of cardiomyocytes, congestion of myocardial blood vessels, intermuscular edema, 
intramyocardial inflammatory cells infiltration, focal necrosis of cardiomyocytes and finally, vacuolation of cells 
of tunica media of the aorta.

Statistical analysis.  Data are expressed as means ± standard error of mean (SEM). Statistical analysis, 
graphical representations, and regression analysis were performed using GraphPad Prism software, version 6 
(GraphPad Software Inc., USA). Results were analyzed using one-way analysis of variance test (ANOVA) fol-
lowed by Tukey’s multiple comparisons test. The histopathological injury scores were analyzed using the non-
parametric Kruskal–Wallis test followed by Dunn’s multiple comparison test, and data are expressed as the 
median and range (min–max). For all statistical tests, the level of significance was fixed at P < 0.05.

Results
Effect of Sim on final body weight and mortality in 5‑FU treated animals.  In this study, it was 
noticed that animals treated with 5-FU showed severe nasal, rectal, and ocular heamorrhage, ascites, as well 
as a decrease in food and water consumption, which resulted in a significant decrease in the final body weight 
(213 ± 11.9 vs 310 ± 14.4 g). The drug also resulted in a 60% mortality. On the other hand, co-treatment with Sim 
significantly improved food and water consumption, evidenced by the reduced body wasting, and the percentage 
of mortality was limited to 28%. In addition, 5-FU-associated hemorrhage and ascites were almost absent in Sim 
co-treated group (Table 1).

Effect of Sim on ECG changes in 5‑FU treated animals.  The ECG recording (leads II and III) (Fig. 1) 
depicts the 5-FU-induced abnormalities on cardiac electrophysiology. It caused a two-fold elevation in the ST 
segment and prolonged the QTc duration to reach about 1.1 fold, with no remarkable effect on the QRS duration, 
as compared to the ECG of normal control rats. Additionally, 5-FU treatment prominently peaked the T-wave, 
caused a 13% percent drop in HR and about 15% prolongation in the RR interval duration, as compared to the 
control group. Interestingly, Sim was able to normalize most of the 5-FU-induced ECG alterations, with no sub-
stantial effect on either HR or RR interval (Table 2).

Cardiac injury and stress biomarkers.  As depicted in Fig. 2, administration of 5-FU caused a state of 
myocardial cell stress evidenced by the significant increase in the serum level of (A) NT-proBNP by more than 
three folds, as compared to the control group, an effect that was significantly ameliorated in Sim co-treated 
animals. Contrary to the elevation in NT-proBNP, 5-FU did not show any significant increase in the universal 
cardiac biomarker (B) cTnI, compared to the normal control group. However, Sim in normal rats caused a subtle 
insignificant decrease (14%) in the cTnI, compared to the normal group. This effect was interestingly observed 
in animals receiving 5-FU and co-treated with Sim.

Effect of 5‑FU and Sim treatments on aortic contents of ET‑1 and TXA2.  In the aortic tissue 
(Fig. 3), 5 -FU increased the contents of the two potent vasoconstrictor molecules; viz., (A) ET-1 and (B) TXA2 
by more than 8 and 3 folds, respectively, compared to the control group. On the other hand, Sim co-administra-
tion almost halved these escalations.

Table 1.   Effect of Sim on 5-FU-induced changes in final body weight and mortality. Values are presented as 
the mean of 15–20 experiments ± SEM. Statistical analysis was carried out using one-way ANOVA followed 
by Tukey’s post-hoc test; as compared to normal (*), Sim (#), and 5-FU (@)-treated groups (p < 0.05). 5-FU 
5-fluorouracil, Sim simvastatin.

Final body weight (g) % of mortality

Control 310 ± 14.4 0

Sim 315 ± 9.56 0

5-FU 213 ± 11.9*,# 60

5-FU + Sim 289 ± 16.1@ 28
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Effect of 5‑FU and Sim treatments on cardiac ERK 1/2, ROCK, caspase‑3 and genomic DNA 
integrity.  As shown in Fig. 4, 5-FU bolstered the cardiac content of (A) p-ERK1/2 by more than 5 folds and 
sharply (13 folds) induced the protein expression of (B) ROCK, a regulator of calcium ion intake, contractility, 
and cell death. These effects entailed the apoptotic marker (C) caspase-3 (10 folds), as compared to the normal 
control animals (see Supplementary Fig. S2). The latter finding was further confirmed by the (D) 81% escalation 
of its activity. Finally, apoptotic cell death was further confirmed by the (E) marked disruption of intact genomic 

Figure 1.   ECG recording from (A) Normal control, (B) Sim-treated, (C, D) 5-FU-treated and (E) 5-FU + Sim 
treated groups. ECG shows normal pattern, except in panels (C, D), which clearly show elevation in the ST 
segment (red arrow). 5-FU 5-fluorouracil, Sim simvastatin.

Table 2.   Effect of Sim on 5-FU-induced changes in ECG findings. Values are presented as the mean of 10 
experiments ± SEM. Statistical analysis was carried out using one-way ANOVA followed by Tukey’s post-hoc 
test; as compared to normal (*), Sim (#), and 5-FU (@)-treated groups (p ˂ 0.05). 5-FU 5-fluorouracil, bpm 
beat per minute, HR heart rate, Sim simvastatin.

ST-elevation (mV) QTc duration (ms) QRS duration (ms) RR interval (ms) HR (bpm)

Control 0.131 ± 0.0078 399 ± 4.90 56.14 ± 1.55 306.5 ± 6.386 194.2 ± 4.347

Sim 0.134 ± 0.0065 382 ± 10.50 54.00 ± 2.70 334.0 ± 4.121 182.9 ± 2.593

5-FU 0.259 ± 0.0149*,# 441 ± 7.09*,# 62.14 ± 1.68# 360.1 ± 7.412*,# 171.3 ± 3.259*,#

5-FU + Sim 0.122 ± 0.0087@ 400 ± 5.21@ 61.14 ± 2.07 347.1 ± 7.262* 170.9 ± 2.167*,#
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Figure 2.   Effect of 5-FU and Sim treatments on serum levels of (A) NT-proBNP and (B) cTnI. Values are 
presented as the mean of 6–8 experiments ± SEM. Statistical analysis was done using one-way ANOVA followed 
by Tukey’s post-hoc test; as compared to normal (*), Sim (#), and 5-FU (@)-treated groups (p < 0.05). 5-FU 
5-fluorouracil, cTnI cardiac troponin I, NT-proBNP N-terminal pro-brain natriuretic peptide, Sim simvastatin.
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DNA, characterized by a striking laddering pattern. On the other hand, Sim co-administration thwarted the 
5-FU effects and suppressed these upshots markedly.

Cardiac oxidative and inflammatory status
Administration of 5-FU triggered cardiac oxidative stress (Fig. 5) as manifested by the marked upsurge of (A) 
total Nox and (B) MDA that were associated with a 23% decrease in (C) GSH. Moreover, 5-FU boosted the 
inflammatory enzyme (D) COX-2, which enhanced its downstream molecule (E) p-NF-κB p65, compared to 
the control group. However, to signify its antioxidant and anti-inflammatory properties, Sim reduced Nox, lipid 
peroxidation, COX-2 and p-NF-κB p65, but replenished the defence molecule GSH.

Effect of 5‑FU and Sim treatments on cardiac contents of p‑Akt and p‑eNOS.  As illustrated in 
Fig. 6, 5-FU triggered the cardiac tissue content of (A) p-Akt by more than seven-folds, compared to the normal 
control group, an effect that was further escalated upon treatment with Sim. It is noteworthy to mention that Sim 
in the normal animals also elevated this kinase by 3 folds relative to the normal group. However, this picture was 
the opposite in the Akt down-stream target; where 5-FU sharply declined the cardiac content of (B) p-eNOS by 
about 80%, as compared to the control group, to be reverted by the administration of Sim.

Histopathological findings in the heart and aorta.  Treatment with 5-FU altered the myocardial 
structure (Fig. 7), where the (C1–C3) photomicrographs showed vacuolization in the sarcoplasmic tissue, inter-
muscular edema, congestion of myocardial blood vessels, and focal necrosis of cardiomyocytes associated with 
inflammatory cells infiltration. However, these morphological changes were not detected in the (D) 5-FU + Sim 
section, guided by the (A) normal structure shown in the normal control group and (B) normal group treated 
with Sim. Moreover, sections of the aortic tissue (Fig. 8) showed normal structure in both (A) normal control 
and (B) normal animals treated with Sim, whereas (C1–C3) sections of 5-FU-treated group showed vacuoliza-
tion of cells of tunica media. However, this alteration was not obvious in (D) 5-FU + Sim treated group. In the 
same context, cardiac and aortic injury scores were markedly improved by Sim treatment (Table 3).

Discussion
The current study highlights the involvement and crosstalk of several signaling pathways in the 5-FU-induced 
cardiac injury. These pathways include the ET-1/ERK1/2, ROS/COX-2/TXA2, ROCK/NF-κB, as well as Akt/
eNOS which augment the vasoconstriction/vasodilation imbalance and trigger cell demise by apoptosis. The 
study also substantiates the cardioprotective potential of Sim against 5-FU-induced injury by manipulating these 
pathways. The histopathological examination and cardiac function tests further support the biochemical findings.

In our study, 5-FU was shown to cause significant weight loss and body wasting, which were associated with 
high mortality, a result that matches earlier studies showing the anorexic effect of 5-FU in rodents43. This effect 
was partially related to the 5-FU-induced mucositis and the impaired tight junctions43, an effect that was possibly 
ameliorated by Sim44, resulting in a better weight gain.

Studying the cardiotoxic effect of 5-FU, our data showed no elevation in the serum level of cTnI, the gold 
standard of cardiomyocyte injury. However, this unexpected finding concurs with previous studies in which 
cardiac troponins were not detected in the sera of patients receiving 5-FU, even those in whom a clinical evidence 
of cardiotoxicity was prominent14,45.

Apart from cTnI, the European Cardiology Society has endorsed both NT-proBNP and BNP to be assessed in 
patients with a history of ACS and in the management of heart failure46,47. Our results showed that NT-proBNP, 
the one with longer half-life and stability48, was markedly elevated in 5-FU-treated rats, demonstrating car-
diomyocyte injury and stress. This data concurs with earlier studies conducted on patients receiving 5-FU and 
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Figure 3.   Effect of 5-FU and Sim treatments on aortic tissue contents of (A) ET-1 and (B) TXA2. Values are 
presented as the mean of 6 experiments ± SEM. Statistical analysis was done using one-way ANOVA followed 
by Tukey’s post-hoc test; as compared to normal (*), Sim (#), and 5-FU (@)-treated groups (p < 0.05). 5-FU 
5-fluorouracil, ET-1 endothelin-1, Sim simvastatin, TXA2 thromboxane A2.
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Figure 4.   Effect of 5-FU and Sim treatments on cardiac (A) content of p-ERK, (B) expression of ROCK, (C) 
expression and (D) activity of caspase-3 and (E) DNA fragmentation analysis, in which 5-FU group shows DNA 
laddering. Values are presented as the mean of 6–8 experiments ± SEM. Statistical analysis was carried out using 
one-way ANOVA followed by Tukey’s post-hoc test; as compared to normal (*), Sim (#), and 5-FU (@)-treated 
groups (p < 0.05). 5-FU 5-fluorouracil, M, marker DNA (1 kb), p-ERK1/2 (Thr202/Tyr204), phosphorylated 
extracellular signal-regulated kinase 1/2 at Thr 202 & Tyr 204, ROCK rho-kinase, Sim simvastatin.
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Figure 5.   Effect of 5-FU and Sim co-treatment on cardiac tissue contents of (A) Nox, (B) MDA, (C) GSH, (D) 
COX-2 and (E) p-NF-κB p65. Values are presented as the mean of 6–8 experiments ± SEM. Statistical analysis 
was carried out using one-way ANOVA followed by Tukey’s post-hoc test; as compared to normal (*), Sim 
(#), and 5-FU (@)-treated groups (p < 0.05). 5-FU 5-fluorouracil, COX-2 cyclooxygenase-2, GSH glutathione 
reduced form, MDA malondialdehyde, p-NF-κB p65 (Ser536) phosphorylated nuclear factor-kappa B p65 at Ser 
536, Nox NADPH-oxidase, Sim simvastatin.
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Figure 6.   Effect of 5-FU and Sim treatments on cardiac tissue contents of (A) p-Akt and (B) p-eNOS. Values 
are presented as the mean of 6–7 experiments ± SEM. Statistical analysis was carried out using one-way 
ANOVA followed by Tukey’s post-hoc test; as compared to normal (*), Sim (#), and 5-FU (@)-treated groups 
(p < 0.05). 5-FU 5-fluorouracil, p-Akt (Ser473) phosphorylated protein kinase B at Ser 473, p-eNOS (Ser1177) 
phosphorylated endothelial nitric oxide synthase at Ser 1177, p-ERK1/2 (Thr202/Tyr204) phosphorylated 
extracellular signal-regulated kinase 1/2 at Thr 202 & Tyr 204, Sim simvastatin.

Figure 7.   Effect of Sim on 5-FU-induced histological changes in cardiomyocytes. Photomicrographs (A–D) 
represent specimens taken from the heart and changes are indicated in the panel by black arrows. Slides of (A) 
normal control group and (B) normal animals treated with Sim show unremarkable changes, while that from 
(C1) 5-FU group shows intermuscular inflammatory cells infiltration associated with edema. Additionally, (C2, 
C3) slides from 5-FU group show focal necrosis of cardiomyocytes associated with congestion of myocardial 
blood vessel, as well as vacuolization of the sarcoplasm of cardiomyocytes. However, slide from animals treated 
with (D) 5-FU + Sim shows no histopathological changes. 5-FU 5-flourouracil, Sim simvastatin (H&E × 400; 
scale bar: 20 µm).
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showing cardiac stretch remodeling49. It also supports the studies conducted on patients who received continu-
ous 5-FU infusion50 or complained about atypical chest pain two days after the first chemotherapeutic dose51. 
Hence, based on the present work and the clinical data available hitherto, NT-proBNP might be a promising 
marker for 5-FU cardiotoxicity.

Besides, arterial vasoconstriction induced by 5-FU has been amply reviewed52,53, which supports the boost-
ing effect of 5-FU on the potent vasoconstrictor ET-1, and hence matches the findings of Porta et al.54 and pins 
down the theory of 5-FU-induced coronary vasospasm55. A positive correlation between ET-1 and NT-proBNP is 
plausible, since a synchronized elevation between the two markers was reported here and earlier56. The increased 
ET-1 entailed its downstream molecule ERK1/2, which matches previous studies57,58 and points to the related 
hypertrophic responses and endothelial dysfunction59; however, the transient spasm of the coronaries cannot 
solely account for 5-FU cardiotoxicity. Cardiomyocytes injury was confirmed by the histopathological findings 
reported herein and previously6,10,60, with the vacuolization being a prominent feature in both the heart and 
aorta, indicating degenerative processes61 and cardiotoxicity62. This was also supported by the altered cardiac 
electrophysiology, which could reflect an acute myocardial injury.

It is worth mentioning that Sim co-treatment normalized NT-proBNP, ET-1, and p-ERK1/2 and prevented 
most of the functional and histological abnormalities. These findings are consistent with a wide range of studies 
revealing the cardioprotective effect of statins on cardiac histology following a variety of injurious insults63,64. 
However, scarce data links the cardioprotective effect of Sim to the inhibition of NT-proBNP65 or ET-166. In 
addition, various studies displayed the inhibitory impact of Sim on ERK1/2 activation, phosphorylation and 
signaling67–69, a result that was also supported by the present study.

Figure 8.   Effect of Sim on 5-FU-induced histological changes in aortic tissue. Photomicrographs from a-d 
represent specimens taken from the aorta. Sections from (a) normal control group and that (b) treated with Sim, 
show normal histological layers with no histopathological changes. On the contrary, sections of (c1–c3) 5-FU 
treated animals show vacuolation of cells of tunica media, whereas section (d) from 5-FU + Sim group shows no 
histopathological changes. 5-FU 5-flourouracil; Sim simvastatin (H&E × 400; scale bar: 20 µm).

Table 3.   Effect of Sim on cardiac and aortic injury scores. Values (n = 6) are expressed as median (min–max). 
Statistical analysis was performed using Kruskal–Wallis nonparametric one-way ANOVA followed by Dunn’s 
multiple comparison test; as compared to normal (*), Sim (#), and 5-FU (@)-treated groups (p < 0.05). 5-FU 
5-fluorouracil, Sim simvastatin.

Cardiac injury/lesion score Aortic histopathology score

Control 0.0 (0–0) 0.0 (0–0)

Sim 0.0 (0–0) 0.0 (0–0)

5-FU 3 (2–4)*,# 3.5 (3–4)*,#

5-FU + Sim 0.5 (0–1)@ 0.5 (0–1)@
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Moreover, 5-FU is thought to mediate cardiac injury by triggering oxidative stress as reported hitherto2,5,19,70; 
this was confirmed here by the increased Nox enzyme which produces reactive oxygen species (ROS) along with 
lipid peroxidation, as well as the decreased defense molecule GSH. The exact cause of ROS overproduction was 
not clear; however, several pathways crosstalk increased ROS production. The 5-FU-associated ET-1 elevation 
activates Nox71,72, and in a feedforward signal, ROS stimulate ET-1 via the MAPK/ERK1/2-dependent pathway to 
further mediate a negative impact on ECs73. Moreover, ROS activate other molecules, such as COX isoforms that 
also contribute to endothelial dysfunction73; all of which are facts that support the current findings. On the other 
hand, the aptitude of Sim for reducing Nox activity, lipid peroxidation, ET-1/ERK 1/2 signal and COX-2 enzyme, 
as well as the enhancement of the defense molecule coincides with previous reports59,74,75 and highlights its anti-
oxidant and anti-inflammatory effects that are partially responsible for its cardioprotective effect against 5-FU.

Besides the redox imbalance, the increased ERK1/2 and COX-2 paralleled with the enhanced TXA2 in the 
5-FU-treated group. The current results confirm the interconnected loop between these molecules as reported 
earlier in a model of hypertension76, and in 5-FU-induced permanent damage to hepatic ECs, with TXA2 being 
the major player77.

The vasoconstrictor/vasodilator imbalance detected in the 5-FU-treated group was further substantiated by 
the low cardiac content of eNOS compared to the augmented vasoconstrictors; viz., ET-1 and TXA2. The modula-
tion of several molecules by 5-FU led ultimately to a decrease in NO, the vasodilator molecule. As reported earlier, 
NO is reduced following the inhibition of eNOS, and the augmentation of TXA276,78 and ROS79,80. Therefore, 
suppression of the aortic TXA2 in Sim co-treated animals could be attributed to the Sim-mediated suppression 
of COX-2 and ROS.

Our results also highlighted the role of 5-FU in mediating the activation of the ROCK/NF-κB signaling path-
way, which augments vasoconstriction and endothelial dysfunction. Both molecules are linked to the surplus 
production of ROS81, and in a mutual role, Nox-derived ROS stimulate NF-κB signaling82. Moreover, the up-
regulation of different Nox subunits was responsible for the activation of ROCK that promotes the development 
of CVD27,76. Additionally, the activation of NF-κB and ROCK reduces the stability of eNOS mRNA83. Therefore, 
inhibition of both ROCK and NF-κB in the Sim-treated group further indicates its cardioprotective and vaso-
dilator capacities. Hunter and coworkers84 reported that NO mediates an anti-ET-1 effect in cardiomyocytes via 
the inhibition of the ROCK cascade in the context of cardiac hypertrophy. Moreover, ROCK inhibitors have an 
outstanding vasodilator activity27. Additionally, statins were reported to stabilize eNOS mRNA by the inhibition 
of Rho geranyl-geranylation, independent from their cholesterol lowering activity27,73. These findings, thus, prove 
the crosstalk between several factors to shape part of the 5-FU-induced CVD scenario and emphasize that their 
regulation can be a target therapy, as documented here upon administration of Sim.

Apart from their role in ROS production, increasing vascular tone, and endothelial disruption, activated 
ROCKs end up with cell death85. The present study pinned down the apoptotic fate of cardiomyocytes exposed 
to 5-FU, where it heightened both the expression and activity of caspase-3 to support earlier findings in different 
models of CVDs29,85. The apoptotic process was demonstrated further by the prominent DNA fragmentation. On 
the other hand, Sim co-treatment completely abolished caspase-3 protein over-activation, partially by inhibiting 
ROCK to concur with the study of Ahmed et al.41.

The PKB or Akt, a downstream effector of the PI3K and an important activator of eNOS83,86, is another kinase 
assessed in this study. Although 5-FU caused a remarkable elevation in this kinase, this was not reflected on its 
downstream molecule, eNOS. This effect may indicate a potential compensatory mechanism that failed to face 
the vasoconstrictor mediators. A possible support to this hypothesis is the further elevation of this kinase by 
Sim co-treatment, compared to 5-FU; an effect that was coupled by an activation in the eNOS and the inhibition 
of the vasoconstrictor mediators, as stated earlier in this work. Besides the vasodilatory role of Akt, it also has 
an impact on apoptosis. Our results coincide with previous data stating that statins rapidly activate endothelial 
Akt at the serine residue 47387, thus improving its protein kinase activity to protect against cardiomyocyte 
apoptosis in ischemia/ reperfusion injury in mice. Moreover, Kureishi et al.86 reported that Sim enhanced the 
phosphorylation/activation of eNOS and inhibited apoptosis in vitro in an Akt-dependent pattern. Again, the 
Akt/eNOS hub is linked to ROCK signaling, where inhibition of the latter in rat striatal tissues by Sim led to the 
activation of PI3K/Akt/eNOS signaling pathway with a subsequent increase in the production and bioavailability 
of endothelial NO and protection against neurodegeneration41.

Conclusion
Based on the current data, it was revealed that coronary vasospasm cannot solely account for all the cardiotoxicity 
manifestations associated with 5-FU treatment and that the cardiac lesions observed in animals treated with 5-FU 
demonstrate a direct toxic effect on the myocardium. Despite the obvious contribution of the imbalanced redox 
system, inflammatory mediators, and apoptotic damage in such injury, the ischemic insult cannot be neglected, 
since a profound increase in multiple biomarkers and a disruption in the cardiac electrical activity were observed. 
Moreover, it seems that NT-proBNP, rather than cTnI, is a potential marker for early 5-FU cardiotoxicity and 
that several trajectories, namely, ROCK/ NF-κB, Akt/eNOS, ET-1/ERK1/2, and ROS/COX-2/TXA2 signaling 
pathways, intermingle to induce such toxic effect. Hence, Sim through its ability to modulate these cascades can 
be nominated as a cardioprotective agent against the cardiotoxic effect of 5-FU.
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