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Summary
Immunosuppressants have been associated with increased cardiovascular disease risk. We determined the effects of calcineurin and mammalian target of
rapamycin (mTOR) inhibitor administration on endothelial dysfunction and
associated inflammation and oxidative stress in adult rats. Cyclosporine A (low
and high dose), sirolimus, tacrolimus, everolimus and placebo were administered to 8-week-old male Wistar rats for 10 consecutive days. Aortic vascular
endothelial and smooth muscle function were assessed ex vivo in organ baths.
Maximal aortic contraction to noradrenaline in sirolimus-treated rats was significantly greater than cyclosporine groups, everolimus and placebo, whereas
endothelial-dependent relaxation was significantly impaired with cyclosporine
and tacrolimus compared with everolimus. Endothelial-independent relaxation
was impaired in tacrolimus-treated rats compared with low dose cyclosporine,
everolimus and sirolimus. Sirolimus was associated with a reduction in plasma
interleukin (IL)-1b and tumour necrosis factor (TNF)-a and higher levels of
catalase and total antioxidant status. In nontransplanted rats, vascular dysfunction was evident following administration of cyclosporine A, sirolimus and
tacrolimus, whereas everolimus did not compromise aortic endothelial or
smooth muscle function. At the doses administered in this model, the immunosuppressants exerted varying effects on vascular function.

Introduction
Calcineurin and mammalian target of rapamycin (mTOR)
inhibitors have been associated with increased cardiovascular disease risk due to endothelial dysfunction, hyperlipidemia and diabetes in transplant patients [1,2].
Functional or morphological change of the endothelium
is the stimulus for atherogenesis, and evidence suggests
that endothelial cell dysfunction is the first step in this
process [3,4]. In combination with an increased risk of
cardiovascular disease, a number of immunosuppressants
are also associated with increased nephrotoxicity [5–7].
While nonoxidative pathways, including inflammation,

are implicated in nephrotoxicity [8], there is evidence to
suggest that reducing oxidative stress may reduce vascular
dysfunction [9].
Given the increased risk of cardiovascular disease in
those receiving immunosuppressive therapy [1], a greater
understanding of the impact of immunosuppressive drugs
on vascular function is warranted. To date, differences in
study protocols have made it difficult to compare the
effects of these treatments. The effect of immunosuppressants on vascular function, inflammation and oxidative
stress has not been determined within the same model,
and it remains unknown as to which drug (if any) poses
the least risk for the development of vascular dysfunction.
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The aim of the present investigation was to determine the
effect of administration of calcineurin inhibitors (cyclosporine A and tacrolimus) and mTOR inhibitors (sirolimus and everolimus) on Wistar rat aortic smooth muscle
and endothelial function. Also, markers of glomerular filtration, lipid peroxidation and antioxidant defences and
inflammatory cytokines were measured.
Materials and methods
Animals and experimental overview
Forty-seven 8-week-old male Wistar rats were randomly
allocated to one of six groups to undergo 10 days of therapy: [1] 10 mg/kg cyclosporine A (n = 10) (low dose),
[10] 25 mg/kg cyclosporine A (n = 9) (high dose), [3]
1.0 mg/kg tacrolimus (n = 9), [4] 2.5 mg/kg everolimus
(n = 10), [5] 0.4 mg/kg sirolimus (n = 10) or [6] placebo
(n = 9). Cyclosporine, tacrolimus and sirolimus were
administered via intraperitoneal injection, whereas everolimus was administered via gavage. We had two placebo
groups during the investigation to account for potentially
different effects of the drug vehicles used (intraperitoneal
injection delivery of olive oil and ethanol and gavage
delivery of microemulsion used for everolimus). As we
did not find any differences between our two control
groups, we have presented the control group data for the
cyclosporine vehicle only (olive oil and ethanol). Drug
doses chosen represented those associated with therapeutic doses in animals [9,11–13]. Maximum immunosuppressive effect of sirolimus in a rat model has previously
been reported with an intraperitoneal dose of 0.4 mg/kg
per day when compared with 0.2 and 0.8 mg/kg per day
[14] and 1 week of sirolimus treatment at this dose was
associated with nephrotoxicity reflective of calcineurin
inhibitor therapy. Importantly, dosing at this level has also
been associated with elevated tissue concentrations of the
drug [15], reflects trough levels reported in rats (0.8–
7.4 ng/ml) and is similar to whole blood trough concentrations in pigs (0.5–6.4 ng/ml) during oral sirolimus
treatment at doses between 0.1 and 2.0 mg/kg per day
[16]. For cyclosporine, we recognize that the lower dose is
associated with nephrotoxicity, and for this reason, we did
not solely use a 25 mg/kg/day dose which is more damaging. Our group has previously shown that 25 mg/kg of
Cyclosporine A administration for 7 days resulted in a significant increase in plasma malondialdehyde, methaemoglobin and superoxide dismutase (SOD) and catalase
activities [17]. A 10 mg/kg per day dose of cyclosporine A
for the same duration has been shown to reduce kidney
function [18] and for this reason, we included both high
dose and low dose cyclosporine A groups in the current
investigation. All rats were fed rat chow and water ad libitum and maintained on a 12-h light/dark photo-period
338

with a room temperature of 21 ± 2 C. Animal body
weight was recorded daily, and drug doses were adjusted
according to changes in body weight. Dosing of each drug
was performed at approximately the same time each day.
On the 10th day, animals were sacrificed. Rats were
administered sodium pentobarbital (90 mg/kg) via intraperitoneal injection. After reaching a surgical plane of
anaesthesia, the abdominal cavity was opened, and rats
were exsanguinated via the abdominal aorta. Approximately 4 ml of blood was collected in EDTA tubes. Erythrocytes and plasma were stored at )80 C until
biochemical analysis. All experimental protocols were
approved by the Animal Experimentation Ethics Committee of The University of Queensland.
Aortic vascular function
All experiments were conducted by the same technician, in
the same laboratory, using the same equipment. Aortic vascular endothelial and smooth muscle function were determined ex vivo in organ baths according to the methods of
Lexis et al. [9] where the isometric tension changes of aortic rings were recorded. All vasoactive drugs [noradrenaline
(NA), acetylcholine (Ach) and sodium nitroprusside
(SNP)] were purchased from Sigma (Sydney, NSW, Australia). The change in isometric force was measured by Grass
FT03 force transducers (Grass, MA) connected to a PowerLab chart recording system using Chart 4.0 recording software (AD Instruments, Sydney, NSW, Australia).
Final drug concentrations
Whole blood cyclosporine A concentrations were determined using a cloned enzyme donor immunoassay with
microgenics reagent kit (Microgenics, CA, USA) on an
Abbott Architect C8000 (Abbott Laboratories, Illinois,
USA). Everolimus concentration was determined using
the Seradyn Innofluor Certican fluorescence polarization
immunoassay run on an Abbott IMx (Abbott Laboratories, Illinois, USA). Tacrolimus and sirolimus concentrations were determined using a microparticle enzyme
immunoassay (Abbott Laboratories, Illinois, USA) run on
an Abbott IMx (Abbott Laboratories, Illinois, USA).
Oxidative stress/antioxidants
Oxidative stress was quantified by measuring plasma concentrations of F2-isoprostanes (8-iso-PGF2a) and malondialdehyde. Isoprostanes were extracted and derivitized
according to the methods of Taylor et al. [19] and Mori
et al. [20] respectively. Samples were analysed using a
Varian 320 MS/MS with a Varian 450 gas chromatograph
equipped with a CP8400 auto sampler using Varian MS
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Workstation – System control software version 6.9.1 (Agilent Technologies, CA, USA). Malondialdehyde was measured via HPLC (Shimadzu, Kyoto, Japan) using the
method of Sim et al. [21].
The activities of glutathione peroxidase (GPX), SOD
and catalase were determined according to the methods
of Wheeler et al. [22], Madesh and Balasubramanian [23]
and Slaughter and O’Brien [24], respectively. The assays
were modified to be performed on a Cobas Mira automated spectrophotometer (Roche Diagnostics, Switzerland). All enzyme activities were normalized to
haemoglobin concentration. Total antioxidant status
(TAS) was determined using the method of Miller et al.
[25] The assay was carried out on the Cobas Mira automated spectrophotometer.
Inflammation
Plasma tumour necrosis factor (TNF)-a and interleukin
(IL)-1b concentrations were quantitatively determined
using a rat cytokine Lincoplex Kit (RCYTO-80K; Millipore, MA, USA). The assay was performed according to
the manufacturer’s instructions and analysed on a Luminex100 (Luminex Corporation, Austin, TX, USA). The
interassay coefficient of variation for TNF-a and IL-1b
were 7.6% and 6.3% respectively. TNF-a and IL-1b concentrations were not determined for the high dose cyclosporine A group.

statistical significance was attained, a Bonferroni post hoc
test was used. P < 0.05 was considered statistically significant. Aortic vascular function data are presented as the
mean ± standard error of the mean (SEM). Comparisons
between groups were made by performing nonlinear
regression analysis with variable slope and least squares
fit. Nonoverlapping 95% confidence intervals for either
maximum contraction or relaxation were considered significantly different. Within treatment comparison was
performed using two way anova (group x concentration)
with Bonferroni correction. Significance was set at
P < 0.05. Data were analysed using Prism 5 for Windows
(GraphPad Software, Inc., CA, USA).
Results
Drug concentration and body weight
Mean blood drug concentrations in the treated animals
during sacrifice (2 h following final dose administered)
were 10 mg/kg cyclosporine A = 2924 ± 303 lg/l, 25 mg/kg
cyclosporine A = 5512 ± 497 lg/l, 0.4 mg/kg sirolimus =
2.03 ± 0.19 lg/l, 1.0 mg/kg tacrolimus = 47.9 ± 6.0 lg/l
and 2.5 mg/kg everolimus = 14.3 ± 1.0 lg/l. Body weight
increased in all groups during the experimental period

Plasma creatinine
Plasma creatinine was determined as a marker of kidney
function using the Jaffe reaction method. Absorbance was
measured at 520 nm on a Cobas Mira automated spectrophotometer.
Statistical analysis
Comparisons of body weight and biochemical data
between drug groups were made using one-way anova. If

Figure 1 Change in body weight over 10 days of immunosuppressant therapy. *Significantly different from low and high dose cyclosporine A, everolimus and tacrolimus. †Significantly different from all
other groups. Data are mean ± SE.

Table 1. Maximal aortic contraction or relaxation and logEC50 following 10 days of immunosuppressive treatment.
NA

SNP

Drug

Emax

pLog EC50

pEmin

Placebo
10 mg Cyclosporine
25 mg Cyclosporine
Tacrolimus
Sirolimus
Everolimus

8.494 (6.79–10.20)
6.74 (5.85–7.63)
6.22 (5.21–7.23)
6.74 (5.05–10.33)
11.27 (10.17–12.38)
7.23 (6.18–8.28)

8.22
6.74
7.40
8.45
7.77
8.03

11.37
10.89
9.76
7.74
10.56
10.78

(10.36–6.07)
(7.97–6.83)
(7.97–6.83)
(14.06–2.84)
(8.21–7.33)
(9.34–6.72)

Ach

(12.13–10.61)
(12.25–9.53)
(10.93–8.58)
(8.90–6.58)
(11.76–9.36)
(12.16–9.41)

pLog IC50

pEMin

pLog IC50

7.32
6.52
7.21
6.85
8.85
7.18

5.49
3.36
3.26
3.14
3.83
5.21

6.65
7.15
6.88
6.78
6.83
6.75

(7.52–7.13)
(6.77–6.26)
(7.55–6.87)
(7.20–6.49)
(8.88–7.32)
(7.54–6.83)

(5.99–4.98)
(3.85–2.87)
(3.83–2.69)
(3.77–2.52)
(4.79–2.87)
(6.32–4.10)

(6.83–6.43)
(7.53–6.76)
()7.29–6.48)
(7.26–6.31
(7.42–6.25)
(7.25–6.26)

Ach, acetylcholine; NA, noradrenaline; SNP, sodium nitroprusside.
Data are presented as mean (95% confidence interval).
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(P < 0.001), and there was a significant difference
between groups across the 10 days (P < 0.001) (Fig. 1).

(a)

Aortic contraction
Maximal aortic contraction in response to NA was significantly increased in the sirolimus group when compared
with low and high dose cyclosporine A and everolimus
(Table 1, Fig. 2a). At NA concentrations greater than
3 lm, smooth muscle contraction was increased in the
sirolimus group when compared with the placebo group
(P < 0.05) There were no significant differences in
contractile responses between other drug groups and the
placebo group.
(b)

Aortic endothelial-dependent relaxation
Administration of low and high dose cyclosporine A and
tacrolimus resulted in reduced maximal aortic endothelial-dependent relaxation responses to ACh when compared with everolimus. Endothelial-dependent relaxation
responses were similar for everolimus and placebo animals, whereas, tacrolimus, cyclosporine A (high and low
dose) and sirolimus administration resulted in reduced
maximal endothelial-dependent relaxation responses when
compared with the placebo group (Table 1, Fig. 2b). Low
and high dose cyclosporine impaired endothelial-dependent relaxation at ACh concentrations greater than 0.3
and 3 lm, respectively (P < 0.01), when compared with
the placebo group. Tacrolimus was also associated with
impaired endothelial-dependent relaxation at ACh concentrations greater than 1 lm (P < 0.05), compared with
the everolimus and placebo groups.

(c)

Aortic endothelial-independent relaxation
Maximal endothelial-independent relaxation (SNP) was
reduced following 10 days of tacrolimus administration
compared with low dose cyclosporine A, everolimus and
sirolimus (Table 1, Fig. 2c). Indeed, at all SNP concentrations greater than 0.1 lm, aortic relaxation was significantly impaired in the tacrolimus group. In contrast,
sirolimus did not affect maximum SNP-induced relaxation, but significantly enhanced relaxation in response to
3–30 nm SNP compared with all other drug treatments
(P < 0.05).
Antioxidant enzyme activity and oxidative stress
There was a significant main effect of treatment on erythrocyte antioxidant enzyme activity (catalase, P < 0.001;
SOD, P < 0.0001; GPX, P = 0.022) (Fig. 3). Sirolimus
was associated with significantly higher catalase activity
340

Figure 2 (a) Aortic smooth muscle contraction (NA) dose response
curve. *Significantly different from all other drug groups (not placebo). †Maximal contraction significantly different from everolimus
and 10 and 25 mg/kg cyclosporine. (b) Endothelial-dependent relaxation (Ach) dose response curve. †Maximal relaxation significantly different from everolimus and placebo. (c) Endothelial-independent (SNP)
relaxation dose response curve. *Significantly different from all other
groups. †Maximal relaxation significantly different from low dose
cyclosporine A, everolimus and sirolimus. Data are mean ± SE.

compared with all other drug groups and the placebo
group (P < 0.0001) (Fig. 3c). There were no significant
differences in catalase activity for the tacrolimus, everolimus or cyclosporine A groups compared with the placebo
group (P > 0.05). SOD activity of the sirolimus group
was significantly greater than the high dose cyclosporine
A group (P < 0.01). Low dose cyclosporine A was
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Figure 3 (a) Catalase activity. *Significantly different from all other groups (P < 0.0001). (b) GPX activity. (c) SOD activity. *Significantly different
from placebo group. †Significantly different from sirolimus and 10 mg/kg cyclosporine groups. (d) Total antioxidant status. *Significantly different
from placebo group. †Significantly different from all other drug groups. Plots represent mean ± 95% confidence interval.

associated with a significantly higher SOD activity compared with the high dose cyclosporine A group
(P < 0.01). SOD activity was significantly greater in the
low dose cyclosporine A, sirolimus and everolimus groups
compared with the placebo (P < 0.01). While there was a
significant main effect of group on GPX activity, there
were no significant post hoc tests.
TAS was significantly different across groups
(P < 0.001) (Fig. 3d). Sirolimus, tacrolimus and everolimus were associated with greater TAS values than the
placebo group (P < 0.01). The mean TAS value of the
sirolimus group was significantly higher than all other
drug groups and the placebo group (P < 0.01). Low
dose cyclosporine A was associated with significantly
lower TAS values than tacrolimus and everolimus
(P < 0.01), whereas the everolimus group TAS value
was significantly higher than both cyclosporine A
groups (P < 0.001).
There was a significant effect of treatment on F2-isoprostanes (P < 0.001). F2-isoprostanes values of the
everolimus group were significantly greater than
low (P < 0.01) and high dose (P < 0.001) cyclosporine
A groups and the sirolimus group (P < 0.01) (Fig. 4a).
Plasma concentrations of malondialdehyde were
not significantly different between groups (P > 0.05)
(Fig. 4b).

Cytokine concentrations
Sirolimus was associated with significantly lower plasma
IL-1b concentration compared with everolimus
(P < 0.05). There were no significant differences between
everolimus and other drug groups or between drug
groups and the placebo group (Fig. 5a).
Plasma concentrations of TNF-a were significantly
lower following sirolimus compared with tacrolimus and
everolimus (P < 0.05). Plasma TNF-a level was also significantly lower following sirolimus compared with the
placebo group (P < 0.05) (Fig. 5b).
Creatinine
Creatinine concentration was significantly elevated following 10 days of 25 mg cyclosporine A administration compared with sirolimus (P < 0.001) and tacrolimus
(P < 0.01) administration (Fig. 6). Everolimus was not
significantly different from other drug groups or the
placebo.
Discussion
This is the first investigation to determine the acute
effects of four commonly used immunosuppressants on
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Figure 4 (a) Plasma F2-isoprostanes. *Significantly different from
everolimus group. (b) MDA. Plots represent mean ± 95% confidence
interval.

aortic smooth muscle and endothelial function, systemic
oxidative stress and inflammation in rats. Blood concentrations of each drug were at therapeutic levels (as previously reported in the literature); however, the study
findings are relevant only in the context of the current
experimental model and doses administered [9,11,12].
While endothelium-dependent and/or -independent relaxation was impaired following cyclosporine A, tacrolimus
and sirolimus, endothelial or smooth muscle function was
not compromised by everolimus. Impaired vascular relaxation is a precursor to cardiovascular pathology [26,27],
and as such, comparison of drugs in post-transplant therapy requires further investigation.
Hyper-responsiveness of the aorta to NA may be attributable to altered endothelial function or the production
of vasoconstrictor prostanoids as a result of oxygenderived free radicals. The present study showed that maximal contractile responses to NA were significantly
enhanced following sirolimus administration. Elevated
TAS may be indicative of elevated radical production,
and indeed H2O2 produced from the conversion of superoxide by SOD is recognized as an endothelium derived
contracting factor [28]. As reactive oxygen species were
not quantified in the present investigation, the precise
342

Figure 5 (a) IL-1b. *Significantly different from everolimus group. (b)
TNF-a. *Significantly different from tacrolimus, everolimus and
placebo groups. Plots represent mean ± 95% confidence interval.

Figure 6 Plasma creatinine. *Significantly different from sirolimus
and tacrolimus groups. Plots represent mean ± 95% confidence
interval.

mechanism for NA hyper-responsiveness remains to be
determined.
Endothelium-dependent relaxation was also impaired
following administration of sirolimus. Sirolimus eluting
stenting has been associated with impaired endotheliumdependent relaxation, a reduction in NO bioavailability
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and increased production of reactive oxygen species [29].
The observed arterial hyper-responsiveness following sirolimus may be attributable to impaired NO signalling,
and may also explain the impaired endothelium-dependent relaxation in this group.
There was no impairment of ex vivo smooth muscle
contraction following administration of cyclosporine A,
tacrolimus or everolimus. Treatment with cyclosporine A
has previously been associated with arterial hypertension
and elevated augmentation index [30,31], that may be
mediated via an increase in protein kinase C which inhibits endothelial NO [32]. No ex vivo hyper-responsiveness
of the aorta in low or high dose cyclosporine A-treated
rats was observed in the present study, supporting the
findings of Lexis et al. [9] who showed that 10 days of
cyclosporine A does not potentiate NA-induced contraction of the rat aorta. Our findings also support those of
Can et al. [33], who reported that 14 days of tacrolimus
(1 mg/kg per day) did not influence aortic contraction
in vitro. While our findings in relation to the effects of
cyclosporine on smooth muscle contraction are similar to
Lexis et al. [9] those in relation to endothelial-independent contraction were not. The potential differences in
aortic function and antioxidant enzymes between the
studies may be attributable to the different rat strains
(Sprague Dawley [9] compared with Wistar in the present
study). Endothelial dysfunction caused by proteinuria
[34] and cellular production of oxidants [35] is strain
specific, and it is therefore possible that immunosuppressant drugs exert differential effects between strains, given
the strain-dependent differences in physiology. These
findings highlight that strain specific vascular function
requires further investigation.
Supraclinical and clinical doses of tacrolimus have been
associated with endothelial dysfunction in both animal
models and human transplant recipients [36,37].
Recently, Can et al. [33] showed that 14 days of tacrolimus therapy in Wistar rats (1 mg/kg per day) is associated with impaired relaxation responses to ACh. The
present study supports these findings. Impaired endothelial-dependent relaxation of mouse aorta following
in vitro application of tacrolimus has been linked to
altered intracellular calcium release affecting eNOS [38].
Cyclosporine A has been shown to inhibit inducible NO
synthase induction at the mRNA level in cultured rat
endothelial cells (nonspecified strain) [39], and may be a
potential mechanism for the observed impairment of
endothelial-dependent relaxation following cyclosporine
A. Cyclosporine A has also been shown to impair Achinduced aortic relaxation (in a Lewis rat) due to a
decrease in smooth muscle intracellular cGMP, which
inhibits calcium entry to the cell [40]. While cyclosporine
A, sirolimus and tacrolimus impaired aortic relaxation,

Immunosuppressants and vascular function

everolimus was not associated with impaired vascular
function. Despite sirolimus and everolimus being structurally related, everolimus is more hydrophilic with a
shorter half-life and greater bioavailability compared with
sirolimus [41]. This article is not the first to report differences in physiological variables between the drugs. There
is evidence to suggest that everolimus is associated with
improved blood lipid profile when compared with sirolimus [42], that patients on everolimus eluting stents have
reportedly lower rates of myocardial infarction and target
vessel revascularization when compared with those on
sirolimus eluting stents [43], and that when sirolimus and
everolimus are paired with cyclosporine, they exert differential effects on mitochondrial metabolism in the brain
[44]. Although structurally related, everolimus and sirolimus have been shown to influence physiological variables
differently.
Everolimus was, however, associated with were significantly elevated systemic F2-isoprostanes compared with
cyclosporine A and sirolimus. Concentrations of malondialdehyde were unaffected by calcineurin and mTOR
immunotherapy, highlighting the sensitivity of F2-isoprostanes as a marker of lipid peroxidation when compared
with malondialdehyde. The impact of long term elevated
systemic F2-isoprostane concentrations on vascular function is yet to be determined.
In combination with impaired endothelium-dependent
relaxation, tacrolimus impaired endothelium-independent
relaxation compared with low dose cyclosporine A, everolimus and sirolimus. SNP induces vascular relaxation as a
donor of NO, whose release from SNP is enzyme dependent. Recently, Bonaventura et al. [45] showed that SNPinduced relaxation is potentiated in endothelial intact aorta
segments from Wistar rats when compared with denuded
segments. This suggests that vessels with unimpaired relaxation in response to ACh (functioning endothelium) may
have a potentiated response to SNP. Precontracted
denuded human radial arteries have been shown to relax in
response to increasing sirolimus concentrations in vitro,
mediated by smooth muscle ATP-K+ channels [46]. While
sirolimus was not directly added to organ baths in the present study, endothelium-independent relaxation was greatest in the sirolimus group when compared to other drug
groups. The lower levels of inflammatory cytokines
observed following sirolimus may also be responsible for
enhanced endothelium-independent relaxation. A reduction in TNF-a and IL-6 mRNA has previously been shown
in human vascular smooth muscle cells following exposure
to sirolimus [47] and this reduced expression would
enhance the effect of NO on vascular relaxation.
Enhanced relaxation in response to SNP in the sirolimus
group may also be attributable to higher levels of SOD.
SOD has previously been shown to restore SNP-induced
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relaxation in the diabetic Wistar rat [48]. In the present
study, SOD activity was increased following everolimus, sirolimus and low dose cyclosporine A. Tacrolimus was not
associated with an increase in SOD activity, and this group
experienced impaired endothelium-dependent relaxation.
Chronic calcineurin use is associated with morphological changes of the kidney and a decline in kidney function [49]. Serum creatinine levels have previously been
reported to be significantly elevated following 6 days of
cyclosporine administration at 25 mg/kg per day compared with control rats, whereas sirolimus administered
at 1 mg/kg per day did not affect creatinine concentration
[50]. In this study, plasma creatinine concentration was
significantly elevated following high dose cyclosporine
compared with sirolimus and tacrolimus. High dose
cyclosporine A was the only immunotherapy not associated with an increase in SOD or TAS. Alterations in kidney function may be independent of oxidative stress;
however, SOD activity of the cyclosporine group was significantly lower than the sirolimus group. SOD activity
may be protective against kidney dysfunction as elevated
SOD activity has been shown to be protective against
acetaminophen-induced nephrotoxicity [51].
Vascular dysfunction was evident following acute
administration of some immunosuppressants that has
implications for the development of pathologies such as
cardiovascular disease. While this investigation investigated the effect of immunosuppressants on vascular function and oxidative stress in isolation, it is important to
consider the influence of organ transplant on these measures and dosing effects, and also to consider application
of these results to humans. It is necessary to state that the
clinical efficacy of these drugs should not be ignored, and
therefore a combination of these immunotherapies and
different doses, which may be superior in treatment efficacy, should also be investigated, and as such clinical outcome studies comparing these agents and varying doses
are required. The present data and data from trials such
as the ASCERTAIN trial comparing combined everolimus
and calcineurin therapy [52] may prove valuable in
informing post-transplant immunotherapy.
Funding
This work was supported by Jansen-Cilag, Wyeth and
Novartis. The authors have no relationship with the supporting bodies.
References
1. Howard RJ, Patton PR, Reed AI, et al. The changing
causes of graft loss and death after kidney transplantation.
Transplantation 2002; 73: 1923.

344

2. Zhang R, Kumar P, Ramcharan T, Reisin E. Kidney transplantation: the evolving challenges. Am J Med Sci 2004;
328: 156.
3. Gotlieb AI. Smooth muscle and endothelial cell function
in the pathogenesis of atherosclerosis. Can Med Assoc J
1982; 126: 903.
4. Rudijanto A. The role of vascular smooth muscle cells on
the pathogenesis of atherosclerosis. Acta Med Indones
2007; 39: 86.
5. Aliabadi AZ, Pohanka E, Seebacher G, et al. Development
of proteinuria after switch to sirolimus-based immunosuppression in long-term cardiac transplant patients. Am J
Transplant 2008; 8: 854.
6. Boratynska M, Banasik M, Watorek E, et al. Conversion to
sirolimus from cyclosporine may induce nephrotic proteinuria and progressive deterioration of renal function in
chronic allograft nephropathy patients. Transplant Proc
2006; 38: 101.
7. Sabry AA, Elagroudy AE, El-dahshan KF, El-Rahim MA,
Sobh MA. Is sirolimus a nephrotoxic drug? A report of
five cases Transplant Proc 2007; 39: 1406.
8. Galletti P, Di Gennaro CI, Migliardi V, et al. Diverse
effects of natural antioxidants on cyclosporin cytotoxicity
in rat renal tubular cells. Nephrol Dial Transplant 2005; 20:
1551.
9. Lexis LA, Fenning A, Brown L, Fassett RG, Coombes JS.
Antioxidant supplementation enhances erythrocyte antioxidant status and attenuates cyclosporine-induced vascular
dysfunction. Am J Transplant 2006; 6: 41.
10. Prabhakar U, Eirikis E, Reddy M, et al. Validation and
comparative analysis of a multiplexed assay for the
simultaneous quantitative measurement of Th1/Th2
cytokines in human serum and human peripheral blood
mononuclear cell culture supernatants. J Immunol Methods
2004; 2: 27.
11. DiJoseph JF, Fluhler E, Armstrong J, Sharr M, Sehgal SN.
Therapeutic blood levels of sirolimus (rapamycin) in the
allografted rat. Transplantation 1996; 62: 1109.
12. Rizell M, Lindner P. Inhibition of mTOR suppresses
experimental liver tumours. Anticancer Res 2005; 25: 789.
13. Ikezumi Y, Kanno K, Koike H, et al. FK506 ameliorates
proteinuria and glomerular lesions induced by anti-Thy
1.1 monoclonal antibody 1-22-3. Kidney Int 2002; 61:
1339.
14. Nielsen FT, Starklint H, Dieperink H. Impaired glomerular
and tubular function as a short-term effect of sirolimus
treatment in the rat. Am J Nephrol 2005; 25: 411.
15. Napoli KL, Wang ME, Stepkowski SM, Kahan BD. Distribution of sirolimus in rat tissue. Clin Biochem 1997; 30:
135.
16. Granger DK, Cromwell JW, Chen SC, et al. Prolongation
of renal allograft survival in a large animal model by oral
rapamycin monotherapy. Transplantation 1995; 59: 183.
17. Lexis LA, Richards RS, Fassett RG, Coombes JS. Cyclosporine A-induced changes to erythrocyte redox balance is

ª 2012 The Authors
Transplant International ª 2012 European Society for Organ Transplantation 25 (2012) 337–346

Shing et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

time course-dependent. Basic Clin Pharmacol Toxicol 2005;
97: 135.
Schmitz V, Klawitter J, Bendrick-Peart J, et al. Metabolic
profiles in urine reflect nephrotoxicity of sirolimus and
cyclosporine following rat kidney transplantation. Nephron
Exp Nephrol 2009; 111: e80.
Taylor AW, Bruno RS, Frei B, Traber MG. Benefits of prolonged gradient separation for high-performance liquid
chromatography-tandem mass spectrometry quantitation
of plasma total 15-series F-isoprostanes. Anal Biochem
2006; 350: 41.
Mori TA, Croft KD, Puddey IB, Beilin LJ. An improved
method for the measurement of urinary and plasma
F2-isoprostanes using gas chromatography-mass
spectrometry. Anal Biochem 1999; 268: 117.
Sim AS, Salonikas C, Naidoo D, Wilcken DE. Improved
method for plasma malondialdehyde measurement by
high-performance liquid chromatography using methyl
malondialdehyde as an internal standard. J Chromatogr B
Analyt Technol Biomed Life Sci 2003; 785: 337.
Wheeler CR, Salzman JA, Elsayed NM, Omaye ST, Korte
Jr DW. Automated assays for superoxide dismutase, catalase, glutathione peroxidase, and glutathione reductase
activity. Anal Biochem 1990; 184: 193.
Madesh M, Balasubramanian KA. Microtiter plate assay
for superoxide dismutase using MTT reduction by superoxide. Indian J Biochem Biophys 1998; 35: 184.
Slaughter MR, O’Brien PJ. Fully-automated spectrophotometric method for measurement of antioxidant activity of
catalase. Clin Biochem 2000; 33: 525.
Miller NJ, Rice-Evans C, Davies MJ, Gopinathan V, Milner
A. A novel method for measuring antioxidant capacity and
its application to monitoring the antioxidant status in premature neonates. Clin Sci (Lond) 1993; 84: 407.
Laurent S, Boutouyrie P, Asmar R, et al. Aortic stiffness is
an independent predictor of all-cause and cardiovascular
mortality in hypertensive patients. Hypertension 2001; 37:
1236.
Levy AS, Chung JC, Kroetsch JT, Rush JW. Nitric oxide
and coronary vascular endothelium adaptations in hypertension. Vasc Health Risk Manag 2009; 5: 1075.
Gao YJ, Lee RM. Hydrogen peroxide is an endotheliumdependent contracting factor in rat renal artery. Br J Pharmacol 2005; 146: 1061.
Jabs A, Gobel S, Wenzel P, et al. Sirolimus-induced vascular dysfunction Increased mitochondrial and nicotinamide
adenosine dinucleotide phosphate oxidase-dependent
superoxide production and decreased vascular nitric oxide
formation. J Am Coll Cardiol 2008; 51: 2130.
Jardine AG. Assessing the relative risk of cardiovascular
disease among renal transplant patients receiving tacrolimus or cyclosporine. Transpl Int 2005; 18: 379.
Seibert F, Behrendt C, Schmidt S, Van der Giet M, Zidek
W, Westhoff TH. Differential effects of cyclosporine and
tacrolimus on arterial function. Transpl Int 2011; 24: 708.

Immunosuppressants and vascular function

32. Oriji GK, Keiser HR. Nitric oxide in cyclosporine
A-induced hypertension: role of protein kinase C.
Am J Hypertens 1999; 1: 1091.
33. Can C, Erol A, Cinar M, Olukman M, Ulker S, Evinc A.
Therapeutic concentrations of tacrolimus do not interfere
with endothelial nitric oxide synthesis in rat thoracic aortas and coronary arteries. J Cardiovasc Pharmacol 2007; 50:
399.
34. Ulu N, Schoemaker RG, Henning RH, et al. Proteinuriaassociated endothelial dysfunction is strain dependent. Am
J Nephrol 2009; 30: 209.
35. Johannesen J, Pociot F, Karlsen AE, Mandrup-Poulsen T,
Nerup J. Strain-dependent difference in inducible nitric
oxide synthesis (iNOS) expression in rat pancreatic islets
correlates with interferon regulating factor 1 (IRF-1) and
heat shock protein 70 (HSP70) expression. Eur Cytokine
Netw 2001; 12: 501.
36. Takeda Y, Miyamori I, Furukawa K, Inaba S, Mabuchi H.
Mechanisms of FK 506-induced hypertension in the rat.
Hypertension 1999; 33: 130.
37. Oflaz H, Turkmen A, Kazancioglu R, et al. The effect of
calcineurin inhibitors on endothelial function in renal
transplant recipients. Clin Transplant 2003; 17: 212.
38. Cook LG, Chiasson VL, Long C, Wu GY, Mitchell BM.
Tacrolimus reduces nitric oxide synthase function by binding to FKBP rather than by its calcineurin effect. Kidney
Int 2009; 75: 719.
39. Marumo T, Nakaki T, Hishikawa K, Suzuki H, Kato R,
Saruta T. Cyclosporin A inhibits nitric oxide synthase
induction in vascular smooth muscle cells. Hypertension
1995; 2: 764.
40. Rego A, Vargas R, Wroblewska B, Foegh ML, Ramwell
PW. Attenuation of vascular relaxation and cyclic GMP
responses by cyclosporin A. J Pharmacol Exp Ther 1990;
252: 165.
41. Kirchner GI, Meier-Wiedenbach I, Manns MP. Clinical
pharmacokinetics of everolimus. Clin Pharmacokinet 2004;
43: 83.
42. Tenderich G, Fuchs U, Zittermann A, Muckelbauer R,
Berthold HK, Koerfer R. Comparison of sirolimus and everolimus in their effects on blood lipid profiles and haematological parameters in heart transplant recipients. Clin
Transplant 2007; 21: 536.
43. Raber L, Juni P, Nuesch E, et al. Long-term comparison of
everolimus-eluting and sirolimus-eluting stents for coronary revascularization. J Am Coll Cardiol 2011; 57: 2143.
44. Serkova N, Jacobsen W, Niemann CU, et al. Sirolimus, but
not the structurally related RAD (everolimus), enhances
the negative effects of cyclosporine on mitochondrial
metabolism in the rat brain. Br J Pharmacol 2001; 133:
875.
45. Bonaventura D, Lunardi CN, Rodrigues GJ, Neto MA,
Bendhack LM. A novel mechanism of vascular relaxation
induced by sodium nitroprusside in the isolated rat aorta.
Nitric Oxide 2008; 18: 287.

ª 2012 The Authors
Transplant International ª 2012 European Society for Organ Transplantation 25 (2012) 337–346

345

Immunosuppressants and vascular function

Shing et al.

46. Ghatta S, Tunstall RR, Kareem S, Rahman M, O’Rourke
ST. Sirolimus causes relaxation of human vascular smooth
muscle: a novel action of sirolimus mediated via ATPsensitive potassium channels. J Pharmacol Exp Ther 2007;
320: 1204.
47. Ma KL, Ruan XZ, Powis SH, Moorhead JF, Varghese Z.
Anti-atherosclerotic effects of sirolimus on human vascular
smooth muscle cells. Am J Physiol Heart Circ Physiol 2007;
292: H2721.
48. Reyes-Toso CF, Linares LM, Witriw A, Vazquez MB, Ricci
CR, Cardinali DP. Antioxidants restore aortic ring relaxation in pancreatectomized rats. Life Sci 2007; 20: 1467.

346

49. Naesens M, Kuypers DR, Sarwal M. Calcineurin inhibitor
nephrotoxicity. Clin J Am Soc Nephrol 2009; 4: 481.
50. Klawitter J, Bendrick-Peart J, Rudolph B, et al. Urine
metabolites reflect time-dependent effects of cyclosporine
and sirolimus on rat kidney function. Chem Res Toxicol
2009; 22: 118.
51. Ilbey YO, Ozbek E, Cekmen M, et al. Melatonin prevents
acetaminophen-induced nephrotoxicity in rats. Int Urol
Nephrol 2009; 41: 695.
52. Holdaas H, Midtvedt K, Seron D, et al. Everolimus in
maintenance renal transplant recipients: the ASCERTAIN
Study. Transpl Int 2009; 22: 172.

ª 2012 The Authors
Transplant International ª 2012 European Society for Organ Transplantation 25 (2012) 337–346

