
Contents lists available at ScienceDirect

European Journal of Pharmacology

journal homepage: www.elsevier.com/locate/ejphar

Cardiovascular pharmacology

Modulation by NADPH oxidase of the chronic cardiovascular and
autonomic interaction between cyclosporine and NSAIDs in female rats

Ahmed F. El-Yazbia,b, Karim S. Ibrahima, Hanan M. El-Gowellia, Nevine M. El-Deebc, Mahmoud
M. El-Masa,⁎

a Department of Pharmacology and Toxicology, Faculty of Pharmacy, Alexandria University, Alexandria, Egypt
b Department of Pharmacology and Toxicology, Faculty of Medicine, The American University of Beirut, Beirut, Lebanon
c Department of Clinical Pathology, Faculty of Medicine, Alexandria University, Alexandria, Egypt

A R T I C L E I N F O

Chemical compounds:
Cyclosporine A (PubChem CID: 5284373)
Diclofenac potassium (PubChem CID:
23667642)
Celecoxib (PubChem CID: 2662)
Fasudil hydrochloride (PubChem CID:
163751)
Diphenyleneiodonium chloride (PubChem
CID: 2733504)

Keywords:
Cyclosporine
NSAIDs
Blood pressure
Heart rate variability
Oxidative stress

A B S T R A C T

Cyclosporine (CSA) and nonsteroidal antiinflammatory drugs (NSAIDs) are used together to manage arthritic
disorders with an immune component. Previous reports showed contrasting effects for NSAIDs on CSA
nephrotoxicity and acute elevations in blood pressure. Both effects were ameliorated or exaggerated after
selective cyclooxygenase-2 (COX2) and nonselective COX inhibition, respectively. Here we investigated: (i) the
interaction of CSA with NSAIDs possessing variable COX1/COX2 selectivities on hemodynamic, left ventricular
(LV) and cardiac autonomic and histologic profiles, and (ii) role of NADPH-oxidase (NOX)/Rho-kinase (ROCK)
pathway in the interaction. Female rats were pre-instrumented with femoral catheters and treated for 10 days
with CSA (25 mg/kg/day), diclofenac (nonselective NSAIDs, 1 mg/kg/day), celecoxib (COX2 inhibitor, 10 mg/
kg/day), or their combinations. CSA-mediated hypertension was maintained upon co-administration of either
NSAID whereas the concomitant reductions in time- and frequency-domain indices of heart rate variability
(HRV) were accentuated in presence of diclofenac but not celecoxib. The isovolumic relaxation time (Τau), a
measure of diastolic function, was reduced by all regimens whereas LV contractility (dP/dtmax) remained
unaffected. The CSA/diclofenac regimen, but not individual treatments, increased cardiac NOX2 expression and
caused more cardiac structural damage. The inhibition of NOX by diphenyleneiodonium reversed CSA/
diclofenac-evoked increases in MAP, decreases in HRV and Tau, cardiac structural damage, and increased
NOX2 expression. No such effects were observed after ROCK inhibition by fasudil, despite concomitant
decreases in NOX2 expression. In conclusion, CSA/diclofenac-treated female rats exhibit exacerbated
hemodynamic, autonomic, LV, and histopathologic disturbances via ROCK-independent NOX2 upregulation.

1. Introduction

Inflammatory arthritis is a group of joint disorders that involve an
immune component, e.g. rheumatoid arthritis, psoriatic arthritis,
systemic lupus erythematosus, and ankylosing spondylitis. The man-
agement of these disorders involves the use of immunosuppressant
drugs to dampen the immune response, together with NSAIDs. CSA, a
calcineurin inhibitor with immunosuppressant properties (Matsuda
and Koyasu, 2000), is employed as a disease modifying antirheumatic
drug in severe inflammatory arthritis (Fraser et al., 2005; Gossec and
Smolen, 2016). Its use in combination with NSAIDs was recognized to
be associated with increased cardiovascular risk in epidemiological
studies (Lee et al., 2016).

Despite its documented immunosuppressant effects, CSA was
shown to negatively affect cardiac function by different mechanisms

posing a serious challenge to its clinical use. CSA depresses cardiac
functions through altered control of sarcoplasmic reticulum calcium
(Janssen et al., 2000), reductions in stroke volume and cardiac output
(Navarro et al., 1996), and left ventricular diastolic dysfunction
(Therapondos et al., 2002), and impairment of autonomic and arterial
baroreceptor control of cardiac activity (El-Mas et al., 2002). Many of
the peripheral and central effects of CSA are attributed to increased
oxidative stress (El-Mas et al., 2012). NOX2 is blamed for increased
oxidative stress leading to CSA toxicity (Djamali et al., 2012). The
consequent activation of ROCK (Borer et al., 2013) is also implicated in
CSA toxicity (Park et al., 2011).

Although the hemodynamic profiling of individual NSAIDs is
variable, a strong association exists among their long-term use,
increased blood pressure, and cardiovascular risk (Sudano et al.,
2012; Trelle et al., 2011). A review of the available safety data
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demonstrated that diclofenac use was associated with the highest
cardiovascular risk among nonselective NSAIDs (Farkouh and
Greenberg, 2009). The inhibition of COX2-mediated prostacyclin
synthesis is proposed as the cause for the poor cardiovascular outcomes
(Capone et al., 2010). In addition, prostaglandin F-2α, a product of
COX activity, contributes to myocardial fibrosis in a manner that is
dependent on ROCK activity (Ding et al., 2012) offering a potential for
crosstalk between CSA- and NSAID/COX inhibition-mediated cardio-
toxicity.

Thus, studying the mechanisms underlying the cardiovascular
impairment due to the combined use of CSA and NSAIDs or selective
COX2 inhibitors is prudent. Indeed, earlier studies showed that chronic
use ( > 2 weeks) of the CSA/NSAID combination led to marked
reduction in renal function (Altman et al., 1992) and a two-fold
increase of serum level of diclofenac (Kovarik et al., 1997) indicating
a potential for a hemodynamic interaction between both drug classes.
However, little information is available regarding the hemodynamic
sequels of such an interaction, let alone the involved mechanisms. In
particular, COX selectivity might play a role in the outcome of the
interaction given previous observations of a divergent effect on renal
function (El-Gowelli et al., 2014; Helmy et al., 2015) and the acute
pressor effect of CSA (Ibrahim et al., 2017). In the present study, we
intended to test whether the result of the interaction is dependent on
COX selectivity. To this end, we examined the effect of CSA combina-
tion with diclofenac as a nonselective COX inhibitor (Kato et al., 2001),
and celecoxib as a selective COX2 inhibitor (Kato et al., 2001).
Furthermore, we assessed the cardiac protein expression of NOX2
and ROCK as possible mediators of CSA and NSAID cardiotoxicity. For
the same reason, the effects of pharmacologic inhibition of NOX or
ROCK by DPI and fasudil, respectively, on the observed alterations in
hemodynamic parameters were investigated.

2. Materials and methods

2.1. Animal studies

All experiments were conducted according to a protocol approved
by institutional Animal Care and Use Committee and in accordance
with standard guidelines on the care and use of the laboratory rat.
Female Wistar rats (200–230 g) were obtained from the Faculty of
Pharmacy Animal Facility, Alexandria University, Egypt. Animals were
housed in plastic cages on wood-chip bedding, provided with water and
standard rodent chow (16% protein, Tanta oil and Soap Co., Tanta,
Egypt) ad libitum, and exposed to a 12 h dark/light cycle. Post-
operatively, rats were monitored every 3–4 h during daytime for signs
of weight loss, cyanosis, or illness. Over 90% of operated rats suffered
no complications or unexpected death outcomes at any time prior to
the experimental endpoint. Criteria for euthanasia included weight
loss, infection, or general weakness. At the conclusion of experiments
or in the rare incidence of severe illness, rats were euthanized with an
overdose of thiopental (100 mg/kg i.v).

2.2. Drug regimens

We studied the hemodynamic and cardiac autonomic and structural
effects of individual and combined chronic administration of CSA,
diclofenac, and celecoxib. Six groups of female rats (n=6–8 each) were
used and treated subcutaneously with one of the following regimens for
10 consecutive days: (i) vehicle (Olive oil + DMSO), (ii) CSA (25 mg/
kg/day) (Oriji and Keiser, 1998), (iii) celecoxib (10 mg/kg/day) (El-
Gowelli et al., 2014; El-Mas et al., 2015), (iv) diclofenac (1 mg/kg/day)
(Martinez et al., 2005), (v) celecoxib + CSA, (vi) diclofenac + CSA. To
investigate the role of the NADPH/ROCK oxidative pathway in the
exaggerated hemodynamic and cardiac structural effects induced by the
combined CSA/diclofenac regimen, two additional groups of CSA/
diclofenac-treated female rats were used and treated simultaneously

with i.p. fasudil (ROCK inhibitor, 3 mg/kg/day) (Wesselman et al.,
2004) or diphenyleneiodonium (DPI, NADPH-oxidase inhibitor,
0.75 mg/kg/day) (Wang and Pang, 1993) for 10 days. Working
solutions of all drugs used were prepared so that the maximum volume
of DMSO injected per day would not exceed 0.2 ml, which was injected
to the control group. Preliminary experiments showed that this volume
did not affect the measured hemodynamic parameters when compared
to a daily injection of an equivalent volume of normal saline. For all
rats, intravascular cannulation and subsequent hemodynamic, auto-
nomic, and histopathologic measurements were performed as de-
scribed below.

2.3. Intravascular cannulation

Eight days after starting drug treatments, femoral artery and vein
cannulation was performed as described previously (El-Mas and Abdel-
Rahman, 1997b, 1999). Briefly, rats were anesthetized with thiopental
(50 mg/kg, i.p.). Polyethylene Catheters (consisting of 5-cm PE-10
tubing tightly bonded to 15-cm PE-50 tubing) were placed in the
abdominal aorta and vena cava by insertion through the femoral artery
and vein, for measurement of blood pressure (BP) and intravenous
(i.v.) administration of drugs, respectively. The catheters were sub-
cutaneously tunneled and exteriorized at the back of the neck between
the scapulae. Finally, the catheters were flushed with heparin (0.2 ml,
100 U/ml) and plugged by stainless steel pins. Incisions were closed by
surgical sutures and swabbed with povidone iodine solution. Operated
rats received an intramuscular injection of 60,000 U of penicillin G
benzathine in an aqueous suspension and were housed in separate
cages. Experiments recording blood pressure and hemodynamic para-
meters were conducted on freely-moving conscious rats two days
following the surgery. On the day of the experiment (i.e. 2 days after
intravascular cannulation), the arterial catheter was connected to a BP
transducer (model P23XL; Astro-Med, West Warwick, RI.) that was
attached through MLAC11 Grass adapter cable to a computerized data
acquisition system with LabChart-7 pro software (Power Lab 4/35,
model ML866/P; AD Instruments Pty Ltd., Castle Hill, Australia). The
heart rate (HR) was computed from BP waveforms and displayed on
another channel of the recording system.

After an initial 45 min equilibration period, mean arterial pressure
(MAP) and HR were measured. The isovolumic relaxation time
constant (Tau), which represents the exponential decay of the ventri-
cular pressure during isovolumic relaxation (Matsubara et al., 1995),
and the maximum rate of rise of BP waves (+dP/dtmax), index of LV
contractility (el-Mas and Abdel-Rahman, 1997a), were computed by
LabChart-7 pro software. Time and frequency domain analyses were
also determined as described below.

2.4. Time-domain analysis of heart rate variability (HRV)

Two time-domain measures of the cardiac autonomic activity were
employed, the standard deviation of beat-to-beat intervals (SDNN) and
the root mean square of successive beat-to-beat differences in R-R
interval durations (rMSSD) (El-Mas and Abdel-Rahman, 2005; Omar
and El-Mas, 2004). The RR intervals were computed as the reciprocal
of HR in ms. SDNN is comparable to the total power of the spectrum of
RR variability, which measures the overall autonomic balance of the
heart. rMSSD is largely validated as a measure of the parasympathetic
input to the heart and, therefore, correlates with the high frequency
power of the spectrum (Stein et al., 1994). Each variable was estimated
as a five-minute average through an area of a stable recording pattern.

2.5. Frequency-domain analysis of HRV

Spectral hemodynamic fluctuations, quantitative indices of cardiac
autonomic control (Stein et al., 1994) were used to reflect changes in
sympathetic and vagal outflows. HRV was analyzed in the frequency
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domain using FFT algorithms of R-R data series. The FFT algorithm for
direct transformation of data points into power spectral density graphs
was used. Data were interpolated to obtain equally spaced samples with
an effective sampling frequency of 10 Hz (0.1 s). A second-order
interpolation was employed to fit a smooth curve to the existing data
points and produce a smoother visual representation of data. The
evenly spaced (equidistant) sampling allowed direct spectral analysis
using FFT algorithm. Spectra were integrated into 2 specific frequency
bands, LF (0.25–0.75 Hz) and HF (0.75–3 Hz) bands. Spectral data
were taken as an average of five min values through an area of stable
recording pattern.

2.6. Tissue isolation for histopathological examination and western
blot experiments

At the conclusion of hemodynamic recording, rats were euthanized
by an over dose of thiopental (100 mg/Kg) followed by decapitation
and exsanguination. The chest cavity was opened and the heart was
flushed with an excess sterile saline solution injected through the
ventricles. Hearts collected for histopathological examination were
dissected out of the rats and fixed in 10% formalin. Afterwards, tissues
were embedded in paraffin, cut into 5-μm sections, and stained with
hematoxylin and eosin. Light microscopy was used for evaluation at
400x magnification.

Tissues intended for western blotting were further infused with an
ice-cold freezing solution consisting of 10% trichloroacetic acid and
0.15% dithiothreitol (DTT) in acetone. Heart tissues were dissected
out, minced with a surgical scalpel and transferred to the freezing
solution and kept on ice for 30 min. Afterwards trichloroacetic acid was
washed out of the tissue fragment by acetone containing 0.15% DTT on
ice for an additional 30 min. Tissue fragments were then removed.
Blotted dry on a filter paper and kept overnight in a desiccator to allow
for the acetone to evaporate and prevent the tissue from re-acquiring
humidity. Desiccated tissue was kept at −80 °C until used.

2.7. Tissue homogenization, protein extraction, and western blotting

Heart tissue samples were weighed and transferred to 1:2 vol of
homogenization buffer containing 0.5% Triton X-100, 0.9% NaCl,
10 mM Tris hydrochloride (pH 7.5). Tissues were homogenized by
3×30 s strokes over ice using T25 digital ULTRA-TURRAX homogeni-
zer (IKA, Germany). Serial dilutions were then made of the tissue
homogenate in a protein extraction buffer containing 1% sodium
dodecylsulfate (SDS), 0.9% NaCl, and 80 mM Tris hydrochloride (pH
6.8). Samples were heated at 95 °C for 10 min, allowed to cool down
and transferred to a rocking shaker CS-NRK (Cleaver scientific Ltd,
UK) and left overnight for protein extraction at 4 °C.

In preliminary experiments, protein extraction was attempted using
various compositions of both Triton X-100 and SDS buffers, however
the protein recovery, as indicated by ROCK2, NOX2, and actin band
intensities, was much better using the extraction buffer containing 1%
SDS. Although commonly used for experiments involving high sensi-
tivity protein detection techniques (El-Yazbi et al., 2015, 2010;
Johnson et al., 2009; Moreno-Dominguez et al., 2014), the use of this
buffer poses a technical challenge whereby the high concentration of
SDS used interferes with commonly used protein assays. Hence, in an
attempt to by-pass this problem, equivalent weights of all samples were
used to prepare the extracts and the signal intensity obtained was
normalized to actin band intensity as a loading control as described
below. Serial dilutions of the extract were prepared and used to
determine the linearity range of the ROCK2/actin or NOX2/actin
signal. A sixteen-fold dilution of the homogenate provided a reasonable
signal within the linearity range for ROCK2 western blotting, while a
four-fold homogenate dilution was necessary to obtain a quantifiable
NOX2 signal that is also within the linearity range.

Protein extracts were then used for SDS-PAGE and blotting as

described previously (El-Yazbi et al., 2010) with an electrophoresis
setup from Cleaver Scientific Ltd. (Warwickshire, UK). Upon conclu-
sion of the electrophoresis run, the polyacrylamide gel was cut at the 70
KD marker. The upper portion was used for transfer, while the lower
portion was stained overnight at room temperature for actin in
coomassie brilliant blue (CBB) solution as mentioned previously (El-
Yazbi et al., 2010). After transfer and fixation, nitrocellulose mem-
branes were blocked in 5% skim milk (Bio-Rad, Hercules, CA, USA) in
Tris-buffered saline containing 0.1% Tween 20 (TBST, Sigma-Aldrich
St. Louis, MO, USA) for 2 h at room temperature. The membranes was
incubated in primary antibodies in 1% skim milk in 0.1% TBST (1:500
for rabbit polyclonal anti-ROCK2 and 1:1000 for rabbit NOX2/
gp91phox polyclonal antibody, Thermoscientific, Waltham, MA, USA)
overnight at 4 °C. After washing with 0.05% TBST (4×5 min), mem-
branes were incubated in 1:5000 horse radish peroxidase-conjugated
goat anti-rabbit secondary antibody in 0.1% TBST for 1 h at room
temperature. After washing 4×5 min with 0.05% TBST and 2×5 min
with TBS, membranes were exposed to WesternSure chemilumines-
cence substrate (LiCor, Lincoln, NE, USA) for 5 min following by image
development using C-DiGit blot scanner (LiCor, Lincoln, USA). Band
optical density was determined for chemiluminescence bands as well as
those for CBB-stained actin using Image J software and a ratio of
arbitrary density units was obtained for the each ROCK2 or NOX2
band and the corresponding actin band to correct for variabilities in
loading and sample concentration [40,41]. In each blot, changes in
sample intensities were expressed as a ratio to the control (vehicle-
treated) sample.

2.8. Drugs

All drugs and chemicals used were from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise specified. DPI and fasudil were purchased
from Tocris Bioscience (Bristol, UK). Dimethylsulfoxide (DMSO) was
used to make working solutions of all drugs other than CSA. CSA was
prepared freshly by 4-fold dilution of the commercially available
Sandimmune® capsule concentrate (100 mg/ml capsule, Novartis
Pharma AG, Basel, Switzerland) in olive oil. A dose of 25 mg/kg/day
was subcutaneously injected in conscious rats for 10 days. Penicillin G
benzathine (Pencitard, NCPC North Best Co. Egypt), povidone-iodine
solution (Betadine, Nile Pharmaceutical Co., Cairo, Egypt), and thio-
pental (Thiopental, Biochemie GmbH, Vienna, Austria) were sourced
from the local market. Both diclofenac potassium and celecoxib were
gifts from the European Egyptian Pharmaceutical Industries
(Alexandria, Egypt).

2.9. Statistical analysis

Values were expressed as means ± S.E.M. The analysis of variance
(ANOVA) followed by Bonferroni post-hoc analysis was used for
multiple comparisons. The analysis was performed using GraphPad
Prism, software release 3.02. Probability levels less than 0.05 were
considered significant.

3. Results

3.1. Effects of CSA, diclofenac, celecoxib, and their combination on
hemodynamics

Fig. 1 illustrates the effects of chronic treatment by CSA, diclofenac,
celecoxib, and their combinations on MAP (1A) and HR (1B).
Compared to control (vehicle-treated) animals, animals treated with
CSA or diclofenac showed an increased MAP. As well, the CSA/
diclofenac combination demonstrated an increased MAP, however,
the magnitude of this increase was not more than that caused by either
drug alone. On the other hand, while animals treated with celecoxib
alone did not show a similar increase in MAP, treatment with CSA/
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celecoxib combination increased MAP in a manner similar to CSA and/
or diclofenac.

Yet, changes in HR driven by the same chronic treatment protocols
followed a different pattern. None of the three drugs led to a change in
HR on its own. Both CSA/diclofenac and CSA/celecoxib combinations
led to an increase in HR to levels higher than those seen in rats treated
with the vehicle or individual drugs (Fig. 1B).

3.2. Effect of the CSA, diclofenac, celecoxib, and their combination on
LV function

Effects on left ventricular function are demonstrated in Fig. 1C &
D. The maximum rate of rise of BP waves (+dP/dtmax) was used as an
index of LV contractility. Although a trend was detected for increased
LV contractility in rat groups chronically treated with CSA or diclofe-
nac, no significant changes were detected among all treatment groups.
On the contrary, the isovolumic relaxation time constant (Tau),
calculated to represent LV diastolic function, was equally reduced by
treatment with either CSA or celecoxib on their own, and by treatment
with the CSA/diclofenac or CSA/celecoxib combinations.

3.3. Diclofenac, but not celecoxib, aggravates CSA effects on HRV

Fig. 1E and F summarize the effects of chronic treatment on time
domain measures of HRV. Treatment with CSA alone reduced SDNN,
which correlates with the total autonomic control of HR, an effect that
was further exacerbated upon combining CSA and diclofenac.
Treatment with either of diclofenac or celecoxib on their own did not
affect the SDNN value, however, the combination of celecoxib and CSA
reduced SDNN to the same extent as CSA alone. On the other hand,
although a trend towards rMSSD reduction was apparent in case of the
CSA-treated group, no single treatment was found to produce a
significant effect on this parameter representing the parasympathetic
activity. Nevertheless, CSA/celecoxib combination reduced rMSSD
compared to the control group, while CSA/diclofenac combination
reduced this value compared to both control and CSA-treated animals.

A similar pattern of effects was observed upon examination of the
frequency domain parameters of HRV as shown in Fig. 2. CSA
treatment reduced total power and this effect was increased in case
of the CSA/diclofenac combination. Similar to the effect on SDNN,

single treatment with diclofenac or celecoxib did not affect the total
power, and celecoxib did not seem to alter the effect of CSA when used
in combination. HF and LF oscillations of HRV, which represent
parasympathetic and sympathetic activities, respectively, were simi-
larly affected by the different treatments. A trend towards reduction
was observed in animals treated with CSA but was not significant. Only
treatments with combinations between CSA and diclofenac or celecoxib
showed a reduction compared to the control group, with the CSA/
diclofenac treatment reducing HF and LF further compared to the CSA-
treated group. The LF/HF ratio was equally reduced by CSA alone,
CSA/diclofenac, and CSA/celecoxib. Neither diclofenac nor celecoxib
on its own affected this ratio.

3.4. Modulation by NOX/ROCK signaling of the CSA/NSAIDs
interaction

Protein expression levels of NOX2 and ROCK2 were examined by
western blotting in heart tissue samples obtained from treated animals.
As shown in Fig. 3A, ROCK2 expression was not affected in any of the
treatment groups. On the other hand, NOX2 protein levels were
increased in the cardiac tissue samples obtained from the animals in
the CSA/diclofenac treated group compared to both control (vehicle-
treated) animals and CSA-treated animals (Fig. 3B). Furthermore, this
increased expression level was reduced in animal groups treated with
fasudil or DPI while receiving the CSA/diclofenac combination.

As shown in Fig. 4, the effects of ROCK inhibition by fasudil and
NOX inhibition by DPI on the CSA/diclofenac-induced alteration of
hemodynamic and HRV parameters were not similar. While DPI
normalized the parameters under study and bring them back to the
level measured in the control animal group, fasudil appeared to lack
this effect. Parameters recorded from animals receiving fasudil on top
of CSA/diclofenac did not show a reversal of the effects brought about
by CSA/diclofenac. Increases in MAP and HR were reduced to the
control level in the group treated with DPI. As well, the isovolumetric
relaxation time constant and the LF/HF ratio were increased to control
level in the same group. Despite a lack of significant change in dP/dtmax

by CSA/diclofenac in the first place, NOX inhibition by DPI appeared to
reduce this parameter in the CSA/diclofenac-treated group.

Fig. 1. Effects of 10-day treatment with CSA (25 mg/kg/day), celecoxib (COX2 inhibitor, 10 mg/kg/day), diclofenac (nonselective COX inhibitor, 1 mg/kg/day), or their combinations
on mean arterial pressure (MAP, A), heart rate (HR, B), LV contractility (dP/dtmax, C), isovolumic relaxation time (Tau, τ, D), and time-domain indices of HRV (SDNN, E, and rMSSD, F)
in female rats. *P < 0.05 vs. control values, +P < 0.05 vs. CSA values. Values are means ± S.E.M. of 6–8 observations. #P < 0.05 vs. celecoxib values, and $P < 0.05 vs. diclofenac values.
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Fig. 2. Effects of 10-day treatment with CSA (25 mg/kg/day), celecoxib (COX2 inhibitor, 10 mg/kg/day), diclofenac (nonselective COX inhibitor, 1 mg/kg/day) on frequency-domain
indices of HRV (total power, A; HF power, B; LF power, C; and LF/HF ratio, D). Values are means ± S.E.M. of 6–8 observations. *P < 0.05 vs. control values, +P < 0.05 vs. CSAvalues,
and $P < 0.05 vs. diclofenac values.

Fig. 3. Representative western blots and quantitative data for ROCK2 (A) and NOX2 (B) protein expression in cardiac tissue from female rats treated with CSA, celecoxib, diclofenac, or
their combinations. Values are means ± S.E.M. of 5 observations for ROCK2 and 3 observations for NOX2. *P < 0.05 vs. control, +P < 0.05 vs. CSA, $P < 0.05 vs. diclofenac, and #P < 0.05
vs. CSA + diclofenac.
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3.5. Histopathological profiles

Fig. 5 shows representative photomicrographs of the subepicardial
(left panels) and the papillary muscle (right panels) regions of the
hearts obtained from animals in different treatment groups. Signs of
ischemic degeneration of cardiomyocytes apparent as cytosolic vacuo-
lation and cardiomyolysis were observed in tissue samples obtained
from CSA-treated animals (Fig. 5B). These effects were intensified in
tissue sections obtained from animals treated with the CSA/diclofenac
combination (Fig. 5F). A similar pattern was not evident in case of the
group treated with CSA/celecoxib combination (Fig. 5E). Single treat-
ment with diclofenac produced necrosis with cell swelling and edema
(Fig. 5D). These effects were observed to a much lesser extent in case of
celecoxib-treated animals (Fig. 5C). DPI treatment of the animals
receiving CSA/diclofenac combination protected against the myocar-
dial lesions produced by the combination (Fig. 5H). Protection against
the CSA/diclofenac lesions was also observed upon treatment with

fasudil, however to a much lesser extent (Fig. 5G).

4. Discussion

Independent lines of evidence implicated CSA and COX inhibitors
in negative cardiovascular and hemodynamic outcomes. Previous
studies from our laboratory showed that chronic administration of
the nonselective COX inhibitor indomethacin enhanced CSA-mediated
nephrotoxicity and increased renal oxidative stress in male rats (Helmy
et al., 2015), as opposed to the effects of celecoxib, a selective COX2
inhibitor, which ameliorated CSA-induced renal toxicity and hyperten-
sion (El-Mas et al., 2015). The aims of the present study were to
examine LV, autonomic, and histopathological effects of chronic
administration of a combination of selective and non-selective COX
inhibitors with CSA in female rats and investigate whether ROCK and
NOX activity would underlie any of the observed changes. Our findings
were: 1) the hypertensive effect of CSA was preserved after concurrent

Fig. 4. Effect of inhibition of NADPH-oxidase (diphenyleneiodonium, DPI) or Rho-kinase (fasudil) on cardiovascular abnormalities (MAP, A; HR, B; LF/HF ratio, C; dP/dtmax, D;
isovolumic relaxation constant τ, E) caused by the combined CSA/diclofenac regimen. Values are means ± S.E.M. of 6–8 observations. *P < 0.05 vs. control values, +P < 0.05 vs. CSA
+diclofenac values.
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administration of diclofenac or celecoxib, 2) diclofenac tended to
potentiate CSA-mediated cardiotoxicity, particularly on HRV and
histopathological derangements, more so than celecoxib, and 3)
pharmacological inhibition of NOX, but not ROCK, ameliorated the
cardiotoxic effects and associated NOX2 overexpression caused by the
CSA/diclofenac combination.

Consistent with previous observations (El-Mas et al., 2015, 2012),
CSA administration produced a hypertensive effect manifested as an
increase of ~10 mm Hg of MAP. Although, a similar increase in arterial
pressure was observed in animal groups receiving diclofenac alone, no
additive effect was seen in animals treated with a CSA/diclofenac
combination. This latter result is in contrast to the additive hyperten-
sive effect seen upon concomitant administration in acute studies
(Ibrahim et al., 2015). However, it is in agreement with the results of a
previous study where CSA was administered chronically in combina-
tion with another nonselective COX inhibitor, indomethacin (El-Mas
et al., 2015), indicating a potential adaptive response for the additive
hypertensive effect upon chronic administration. This adaptive change
upon chronic administration is supported by MAP findings in the
celecoxib-treated groups. A single entity treatment with celecoxib did
not appear to affect MAP, yet the combination of CSA/celecoxib still
showed the hypertensive effect in contrast to findings in the acute study

where celecoxib opposed the CSA-induced increase in blood pressure
(Ibrahim et al., 2015).

One important objective of the current study was to examine the
CSA/NSAIDs interactions on cardiac autonomic control. To such end,
HRV analysis was used as a non-pharmacological approach to estimate
cardiac autonomic control (Kleiger et al., 2005). The data revealed that
although CSA had no effect on isolated components of time (rMSSD,
Fig. 3) and frequency (LF and HF oscillations, Fig. 4) domain analysis,
indices of total HRV (SDNN and total power) were significantly
reduced compared with respective vehicle-treated values. The falls in
HRV may explain the increased arrhythmogenic propensity and sudden
death seen in CSA users (LoVecchio and Goltz, 2000; Semeniuk et al.,
2003). Moreover, the current data showed for the first time that the
reductions in HRV elicited by CSA could be modified differently by
NSAIDs depending on their respective COX selectivity. The CSA-
mediated effect was preserved or even exacerbated after co-treatment
with celecoxib and diclofenac, respectively. Clinically, these findings
would predict increased incidence of cardiac disease in individuals
receiving the combined CSA/diclofenac therapy.

This conclusion was corroborated by histopathological examination
of ventricular tissues. Apart from a greater extent of myocardial
damage observed with single entity treatment with diclofenac com-

Fig. 5. Photomicrographs (H and E) of cardiomyocytes in the subepicardial (left) and papillary muscle (right) regions of female rats treated with vehicle (A), CSA (B), celecoxib (C),
diclofenac (D), CSA+ celecoxib (E), CSA+ diclofenac (F), CSA+ diclofenac+ fasudil (G), or CSA+ diclofenac+ DPI (H). CSA caused ischemic myofiber degeneration evidenced as
cytoplasmic vacuolation, cardiomyolysis (black arrows), effects that were intensified in rats treated concurrently with diclofenac (red arrows) but not celecoxib. Single treatment with
diclofenac produced necrosis with edema and cell swelling (blue arrows) in contrast to less effect for celecoxib. Compared with fasudil, DPI caused better protection against myocardial
lesions induced by CSA+DIC. Scale bars depicted on the micrograph panels represent 50 µm.
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pared to celecoxib, signs of ischemic damage seen as a consequence of
CSA treatment were worsened by concomitant administration of
diclofenac, more so than in case of celecoxib. Data from previous work
support a protective effect for celecoxib, where it was shown to lower
BP (Cunha et al., 2010), mitigate oxidative autonomic dysfunction
(Chuang et al., 2013), and oppose CSA-mediated hypertension and
nephrotoxicity (El-Mas et al., 2015; Helmy et al., 2015). The discre-
pancies in the way celecoxib impacted the CSA effects in these latter
studies (protection) and in the current one (preservation) might be
attributed to differences in the rat sex employed in the two instances
(males versus females). More studies are needed to examine the roles
of gender and hormonal specificities of the CSA/NSAIDs interaction.

In addition to its negative influences on overall HRV, CSA produced
another two important cardiac effects that still manifested even after
the simultaneous administration of diclofenac or celecoxib. First, there
was a reduction in LF/HF ratio, which suggests a shift in the cardiac
sympathovagal balance towards parasympathetic dominance. Second,
the isovolumic relaxation time (Tau) was reduced, reflecting improved
diastolic function. This, however, was not associated by any changes in
LV contractility as indicated by the maintained maximum rate of rise of
BP waves (dP/dtmax). Clearly the finding of increased cardiac para-
sympathetic dominance may not be coherent with the decreases in
indices of overall HRV observed in the same rat model.
Parasympathetic activity is believed to correlate positively with HRV
(Chuang et al., 2013) and prevent arrhythmia and sudden death in
heart failure patients after myocardial infarction (Vanoli et al., 1991;
Zheng et al., 2005). It should be remembered, however, that despite the
importance of spectral analysis of HRV in defining the cardiac
autonomic control, HRV might also be influenced by non-autonomic
mechanisms. For example, (Bernardi et al., 1989) demonstrated that
the residual HF oscillations seen after autonomic blockade or cardiac
transplantation relates to mechanical sinus modulation by respiration.
Recent evidence also suggests that several levels of neural control filter
the effect of increased cardiac vagal activity, with a predominant role
for local or intrinsic cardiac ganglia (Ardell et al., 2015).

From a mechanistic perspective, CSA- or NSAIDs-mediated cardi-
otoxicity was reported to involve increased oxidative stress due to NOX
activation and increased ROCK activity (Ding et al., 2012; Djamali
et al., 2012; Park et al., 2011). As mentioned previously, the current
results as well as results of our previous work (El-Gowelli et al., 2014;
El-Mas et al., 2015; Ibrahim et al., 2015) suggest that worsening of the
CSA-induced cardiotoxic effect occurs primarily with concomitant
COX1 inhibition. As such, pharmacologic and protein expression
studies were performed here to investigate whether the activation of
this oxidative pathway underlies the aggravated HRV and histopatho-
logical responses evoked by the CSA/diclofenac regimen. NOX inhibi-
tion by DPI normalized MAP, HR, LV function, and HRV parameters
and reduced the myocardial lesions in animals receiving CSA/diclofe-
nac, indicating a pivotal role for NOX activation in the combined
detrimental cardiac effects of this combination. Given the implication
of NOX2 in adverse cardiac outcomes including contractile dysfunction
in response to pressure overload (Grieve et al., 2006) and myocardial
infarction (Looi et al., 2008), in addition to it being implicated in CSA-
induced toxicity (Djamali et al., 2012), we studied its expression levels
in different treatment groups. A role for NOX in the CSA/diclofenac-
mediated cardiotoxicity was further supported by the increases NOX2
protein levels in myocardial tissue from animals treated with CSA/
diclofenac combination. Moreover, a reduction of NOX2 protein
expression levels to values comparable to the control group was also
observed in CSA/diclofenac-treated animals concomitantly receiving
DPI. Whether this reduction in expression goes hand-in-hand with
reduction in activity cannot be directly inferred from our present
results given that a similar observation was recorded for fasudil
treatment (discussed below).

Unlike NOX, no changes were detected in the expression levels of
cardiac ROCK2 between different treatment groups. From a functional

perspective, treatment with fasudil, ROCK inhibitor, did not affect any
of the changes in hemodynamic and HRV parameters seen with CSA/
diclofenac treatment. Yet on the other hand, fasudil showed some
protection on histopathological examination, though it was not as
effective as DPI. Thus, a crosstalk between ROCK and NOX pathways
in the CSA/diclofenac-mediated cardiotoxicity cannot be fully dis-
counted. A potential explanation could be based on the observation
that fasudil treatment was found to reduce the increased NOX2 protein
expression in animals receiving CSA/diclofenac. However, given the
discrepancy between the lack of effect on functional parameters and the
observed reduction in expression, the manner in which NOX2 protein
levels and enzyme activity correlate remains to be examined.

It is important to elaborate on the relevance of doses of various
drugs employed in the current study. The selected dose of cyclosporine
(25 mg/kg/day) lies within a range previous shown to correspond to
maximum and minimum plasma concentrations of therapeutic doses in
humans (5–30 mg/kg) (Tavares et al., 2002). Our group, as well as
others, found that this dose consistently elevates BP after 7–10 days of
treatment (El-Mas et al., 2012; Nasser et al., 2014; Oriji and Keiser,
1998). Regarding NSAID doses, the selected celecoxib dose (10 mg/kg/
day) is equivalent to a 100 mg human dose, representing the lowest
therapeutic range (Nair and Jacob, 2016). Yet, this dose was shown to
inhibit over 75% of COX2 activity in a rat model of inflammation
(Muscara et al., 2000) and abrogate the detrimental effects of CSA in
acute (Ibrahim et al., 2017) and chronic settings (El-Gowelli et al.,
2014; El-Mas et al., 2015). Although the diclofenac dose used in this
study (1 mg/kg/day) is equivalent to a human dose that is below these
used therapeutically (Nair and Jacob, 2016), it was previously reported
to have anti-inflammatory and pro-hypertensive effects in rats
(Martinez et al., 2005, 2004). In preliminary experiments, higher doses
(4 mg/kg) were associated with increased mortality. As for fasudil, a
dose similar to that used in the current study was reported to protect
against cardiovascular remodeling on chronic use for up to 32 days
(Wesselman et al., 2004). DPI dose (0.75 mg/kg/day) was selected to
correspond to the maximal pharmacological effect observed in a
previous study following injection in rats (Wang and Pang, 1993).

In conclusion, our results provide evidence that COX inhibition
potentiate the CSA effects on hemodynamic and autonomic control of
cardiac activity, with a greater tendency for non-selective COX
inhibitors. This exacerbated effect involves an increased NOX expres-
sion/activity with a potentially elevated production of reactive oxygen
species. Although, earlier reports directly implicate ROCK in CSA- or
NSAIDs-mediated cardiotoxicity, the same cannot be argued based on
our current results. Yet, an indirect role for ROCK cannot be ruled out.
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