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Abstract

This article reviews the current understanding of the mechanisms of calcineurin inhibitor—induced
hypertension. Already early after the introduction of cyclosporine in the 1980s, vasoconstriction,
sympathetic excitation and sodium retention by the kidney had been shown to play a role in this
form of hypertension. The vasoconstrictive effects of calcineurin inhibitors are related to
interference with the balance of vasoactive substances, including endothelin and nitric oxide. Until
recently, the renal site of the sodium-retaining effect of calcineurin inhibitors was unknown. We
and others have shown that calcineurin inhibitors increase the activity of the thiazide-sensitive
sodium chloride cotransporter through an effect on the kinases WNK and SPAK. Here, we review
the pertinent literature on the hypertensinogenic effects of calcineurin inhibitors, including neural,
vascular and renal effects, and we propose an integrated model of calcineurin inhibitor-induced
hypertension.
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Introduction

Calcineurin is a calcium- and calmodulin-dependent serine-threonine phosphatase that is
also referred to as protein phosphatase 3. Calcineurin consists of 2 subunits called
calcineurin A and calcineurin B. Calcineurin A is the calmodulin-binding catalytic subunit,
while calcineurin B is the calcium-binding regulatory subunit. In turn, calcineurin A and B
consist of 3 (a, B and v) and 2 isoforms (a and B), respectively, all of which are encoded by
separate genes. Although calcineurin is present in most cell types, and it is also important
during development (1), it is best known for its role in the immune response. That is, when
an antigen-presenting cell interacts with the T-cell receptor on T cells, the cytoplasmic level
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of calcium rises, and this activates calcineurin. Subsequently, calcineurin dephosphorylates a
transcription factor called the cytoplasmic nuclear factor of activated T cells (NFATc).
Dephosphorylation of NFATc causes it to be translocated into the cell nucleus, where it
increases transcriptional activation of early cytokine genes for interleukin-2, interleukin-3,
interleukin-4 and tumor necrosis factor alpha. Together, this effect stimulates the
proliferation and differentiation of leukocytes.

Calcineurin is the target of a drug class known as calcineurin inhibitors (CNIs), which
includes cyclosporine and tacrolimus (2). CNIs mainly inhibit the pathway described above
in T-helper cells, and they are, therefore, potent immunosuppressive drugs. CNIs are
routinely used to prevent rejection after transplantation and occasionally to treat
autoimmune disease. Cyclosporine and tacrolimus were both isolated from fungi found in
soil, and tacrolimus is in fact a macrolide antibiotic. Although cyclosporine and tacrolimus
share the same target protein, they have different cytoplasmic-binding proteins, namely
cyclophilins for cyclosporine, and FK-binding proteins (FKBPs) for tacrolimus (3). To date,
cyclosporine and tacrolimus are still considered the cornerstone of the immunosuppressive
regimen after transplantation, including kidney transplantation. Their proven efficacy in
preventing rejection, however, comes at the cost of adverse effects. Of these effects,
hypertension is among the most common and prominent side effect. Hypertension after
kidney transplantation is important because it increases not only graft failure but also
recipient mortality (4). This topic, therefore, has important clinical implications and was
extensively reviewed recently (5, 6). The current review focuses on the pathogenesis of
CNI-induced hypertension.

Calcineurin inhibitor-induced hypertension

It is difficult to assess the contribution of CNIs to the development of hypertension after
kidney transplantation, because of the major physiological alterations after transplantation
and concurrent factors contributing to hypertension. These factors include delayed graft
function, volume overload, steroid treatment and the presence of hypertension prior to
kidney transplantation (5). In certain other patient populations treated with CNIs, these
factors play a less important role — for example, in heart, liver or bone marrow transplant
recipients, and in patients with psoriasis. A long-term follow-up study of 1,000 liver
transplant patients treated with tacrolimus showed that 29% had hypertension after 3
months, and 46% had hypertension after 60 months. In patients with a bone marrow or heart
transplant, hypertension was relatively uncommon prior to the introduction of cyclosporine
(~10%), but increased to 30%—-60% and 70%-100%, respectively, after cyclosporine
became the mainstay of treatment (7). In patients with psoriasis treated long-term with
cyclosporine, 21% developed hypertension (8). A meta-analysis of all published trials using
cyclosporine also showed an unequivocal hypertensive effect of cyclosporine (9).
Depending on whom you ask, the primary cause of hypertension is believed to reside in the
nervous system, the vasculature or the kidney. These different perspectives are also present
in discussions of the pathogenesis of CNI-induced hypertension, which is said to be caused
by effects on sympathetic nerve activity, vascular tone or kidney sodium transport. Here, we
review this topic in all 3 aspects, highlighting recent insights (Fig. 1).
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When analyzing the available evidence, a few observations stand out. First, cyclosporine has
been studied more extensively than tacrolimus, which was introduced later. Second, there
are important differences between cyclosporine and tacrolimus. This is most likely due to
differences in their binding proteins; indeed, the complex between the drug and the binding
protein has also been shown to be biologically active (12). Third, different mechanisms
appear to play a role in the acute hypertensive effects of CNIs compared with their more
chronic effects (13). Fourth, CNI-induced hypertension with preserved kidney function
should be distinguished from CNI-induced nephrotoxicity, which is also associated with
hypertension. Finally, many studies showed effects of CNIs on elements of the blood
pressure control system, but did so without analyzing the functional contribution of this
effect on blood pressure.

Vascular effects of calcineurin inhibitors

Vasoconstriction

It has been demonstrated that cyclosporine causes both systemic and renal vasoconstriction
(14, 15). Because captopril does not prevent cyclosporine-induced renal vasoconstriction, it
does not appear to be mediated by angiotensin 11 (15). Instead, renal vasoconstriction is
thought to be caused by the production of endothelin in larger preglomerular arteries where
it acts via the endothelin A receptor (16-18). In liver transplant patients treated with
cyclosporine or tacrolimus, urinary endothelin remains elevated for at least 2 years after
transplantation and is independent of plasma endothelin levels (19). The role of endothelin
in CNI-induced hypertension was illustrated by rat studies in which cotreatment with an
endothelin receptor antagonist partially prevented cyclosporine- and tacrolimus-induced
hypertension (20, 21). Still, the question remains whether endothelin contributes to CNI-
induced hypertension through renal or systemic vasoconstriction (22). Although chronic
renal vasoconstriction with renal hypoperfusion clearly contributes to cyclosporine-induced
nephrotoxicity (23), its role in hypertension is less clear. For example, Kaye and colleagues
showed that although cyclosporine caused acute renal vasoconstriction in heart transplant
patients, arterial blood pressure remained unchanged (14). The opposite is also true:
cyclosporine can induce hypertension before renal vasoconstriction occurs (24).

Impaired vasodilation

Some studies have suggested that CNIs impair vasodilation rather than cause
vasoconstriction. In subcutaneous resistance vessels of normal subjects, cyclosporine
decreased spontaneous relaxation and inhibited endothelium-dependent relaxation, but did
not change the resting tone of the vessels (25). Studies in isolated rat mesenteric artery
resistance vessels showed that cyclosporine impaired vasodilation by reducing nitric oxide
(26). Forearm blood flow studies in kidney transplant patients maintained on cyclosporine
confirmed impaired vasodilation, which was also attributed to a reduction in basal and
stimulated nitric oxide production (27). The effects of CNIs on nitric oxide could be due to
an inhibition of inducible nitric oxide synthase in vascular smooth muscle, although this
effect could only be demonstrated for cyclosporine (28). Tacrolimus did, however, decrease
both the level and activity of endothelial nitric oxide synthase in the aorta of rats (20).
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Polymorphisms in genes encoding endothelial nitric oxide synthase also protected against
hypertension after kidney transplantation (29).

CNIs and the renin-angiotensin system

Besides these direct effects of CNIs on the vasculature, it remains unclear if and, if so, how
CNiIs activate the renin-angiotensin system (30). Although some studies found CNIs to
increase plasma renin activity (31, 32), others observed suppressed levels (13, 33, 34). Some
studies showed that CNIs inhibit the mineralocorticoid receptor, and this effect was held to
be responsible for signs of hypoaldosteronism such as hyperkalemia and acidosis (35, 36).
Indeed, treatment with fludrocortisone alleviated these symptoms in kidney transplant
patients (36). On the other hand, in rats, treatment with the mineralocorticoid receptor
antagonist eplerenone also prevented some of the adverse effects of CNIs, including
hypertension and reductions in glomerular filtration rate and renal blood flow (37). In rats,
cyclosporine led to higher angiotensin Il concentrations in plasma and kidney, and this may
add to hypertension through either vasoconstriction or the production of reactive oxygen
species (38). In smooth muscle cells, cyclosporine caused a twofold increase in the number
of angiotensin Il type 1 receptors, suggesting that the effects of angiotensin Il could be
augmented, even when its plasma levels are unchanged (39). More recently, one study
suggested that inhibition of NFATc by CNIs represses the hepatic nuclear factor 4 alpha and
that this would activate angiotensin Il type 1 receptors to cause vasoconstriction (40).

Differences in vascular effects between cyclosporine and tacrolimus

In comparison with cyclosporine, the effects of tacrolimus on vascular tone are less
consistent. For example, the intravenous infusion of tacrolimus in healthy volunteers caused
hypertension and reduced fractional lithium excretion (an index of proximal tubular sodium
reabsorption), but had no effect on glomerular filtration rate or renal plasma flow (41).
Similarly, Nankivell and colleagues showed that cyclosporine, but not tacrolimus, caused
hypoperfusion of the transplanted kidney when assessed by quantitative color Doppler
imaging (42). In a study in liver transplant patients, cyclosporine and tacrolimus did reduce
glomerular filtration rate and renal blood flow similarly, but tacrolimus caused less
hypertension, possibly because it had less of an effect on systemic vascular resistance (43).
Indeed, studies in which patients were converted from cyclosporine to tacrolimus also
showed a reduction in blood pressure (44, 45).

Sodium-retaining effects of calcineurin inhibitors

A classic study by Curtis and coworkers showed cyclosporine-induced hypertension to be
sodium-dependent (33) (Fig. 2). In this study, 15 kidney transplant patients who used
cyclosporine and had hypertension were compared with 15 matched controls who also had
hypertension, but who were treated with azathioprine. In the patients treated with
cyclosporine, a low sodium diet lowered blood pressure, whereas a high sodium diet raised
blood pressure to hypertensive levels. By contrast, these changes in dietary sodium had no
effect on blood pressure in the patients treated with azathioprine.
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Sodium retention by the sympathetic nervous system

Despite the clear association between CNIs, sodium and blood pressure, the mechanism by
which CNIs cause renal sodium retention has long remained elusive. In part, this may be due
to the fact that renal sodium handling is closely linked to both renal blood flow and the
sympathetic nervous system. For example, an early study in rats showed that cyclosporine-
induced sodium retention was caused by activation of the sympathetic nervous system,
because denervation abrogated the sodium-retaining effect (46). The molecular basis for this
effect was partly unraveled when the phosphoprotein synapsin was linked to CNI-induced
hypertension (47). Synapsin is found on microvesicles in renal sensory nerve endings and
has been implicated in neurotransmitter release. CNI-induced hypertension was attenuated in
synapsin knockout mice (47), although renal sodium excretion was not studied in these
animals. In healthy males, acute cyclosporine, but not acute tacrolimus, caused an increase
in muscle sympathetic nerve activity, whereas sustained cyclosporine and tacrolimus both
suppressed muscle sympathetic nerve activity (13). Furthermore, during sustained CNI
treatment, body weight slightly increased and plasma renin activity decreased, indicating
that the subjects had become volume expanded. This suggests that, at least for cyclosporine,
hypertension switched from being caused by sympathetic excitation to being caused by salt
and water retention (48), which might account for the suppression of sympathetic nerve
activity. In a study design similar to the one used by Curtis and colleagues, Magina et al
showed that blood pressure in patients with psoriasis on cyclosporine was salt-sensitive (49);
however, they were unable to detect changes in plasma or urinary norepinephrine
concentrations.

Effect of CNIs on renal tubular sodium transport

Several studies have sought to identify the renal site of the sodium-retaining effect of CNIs
(recently reviewed in (50)). In principle, one would expect this effect to be on one of the
major apical sodium transporters along the nephron. These include the sodium-hydrogen
exchanger type 3 (NHE3) in the proximal tubule, the sodium-potassium-chloride co-
transporter type 2 (NKCC2) in the loop of Henle, the sodium chloride cotransporter (NCC)
in the distal convoluted tubule or the epithelial sodium channel (ENaC) in the collecting
duct. Using fractional lithium clearances, Canzanello et al suggested cyclosporine-induced
sodium retention to be due to increased sodium reabsorption in the proximal tubule (51),
which might reflect an increase in sympathetic nerve activity and its facilitatory interaction
with angiotensin I1. In rats treated with CNIs, however, NHE3, the main sodium transporter
in the proximal tubule, was either unaffected (52) or even down-regulated (53). Instead,
Esteva-Font et al showed that cyclosporine increased the abundance of NKCC2 in the loop
of Henle in rats (52). The functional significance of this finding on the hypertensive effect of
cyclosporine, however, was not studied. Previously, Aker et al had shown that in MDCK
cells, cyclosporine inhibited NKCC2, whereas tacrolimus stimulated NKCC2 (54). In A6
distal nephron cells, Wang et al showed that cyclosporine increased the open probability of
ENaC (55). According to their studies, the stimulatory effect on ENaC was caused
indirectly, because cyclosporine inhibited the ATP-binding cassette Al transporter to
promote cholesterol uptake.
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Effect of CNIs on the sodium chloride cotransporter

Recently, we also studied the relationship between CNIs and sodium retention by the kidney
(56). Our studies were prompted by the notion that the renal tubular disorders caused by
CNIs bear a striking resemblance to a rare hereditary form of hypertension called familial
hyperkalemic hypertension (FHHL, also called Gordon syndrome or
pseudohypoaldosteronism type 2) (57). Both CNIs and FHHTt are characterized by
hypertension, hyperkalemia, renal tubular acidosis and hypercalciuria (57). Because FHHLt is
caused by mutations in WNK Kkinases that activate NCC (58), our hypothesis was that CNIs
could also activate this pathway. We first demonstrated that wild-type mice treated with the
CNI tacrolimus developed salt-sensitive hypertension, hyperkalemia, renal tubular acidosis
and hypercalciuria, recapitulating the FHHt phenotype. We then showed that tacrolimus
increased WNK3, WNK4, the Ste 20-related kinase SPAK and the phosphorylated form of
NCC in kidney homogenates. We did not find an effect of tacrolimus on NKCC2 or its
phosphorylated form. To exclude a secondary effect of tacrolimus on NCC we confirmed
that calcineurin A-a, the major isoform of calcineurin, colocalized with NCC in the distal
convoluted tubule. As more functional evidence for the involvement of NCC, we showed
that tacrolimus failed to cause hypertension in NCC knockout mice, but caused an
exaggerated hypertensive response in transgenic mice overexpressing NCC.

Patients with CNI-induced hypertension showed a greater increase in fractional chloride
excretion after receiving a thiazide diuretic, suggesting increased NCC activity (59). Bio-
impedance measurements suggested that these patients were volume expanded, which was
reflected in their plasma aldosterone levels, which were reduced. These patients also had a
higher expression of NCC and phosphorylated NCC in their transplant kidney biopsies.
Together, these findings suggested CNI-induced hypertension to be, at least in part, a salt-
sensitive form of hypertension mediated by the WNK-SPAK-NCC pathway. Another group
found similar results using cyclosporine in rats (60). Therapeutically, this implies that CNI-
induced hypertension could be especially sensitive to thiazide diuretics. From a more
mechanistic point of view, the question remains how calcineurin interacts with the kinases
SPAK and WNK. Although this should be resolved by future studies, some of the
possibilities are depicted in Figure 3.

CNI-induced hypertension: toward an integrated model

How to reconcile the various effects of CNIs on vascular tone, the sympathetic nervous
system and kidney sodium handling? In Figure 1 we propose an integrated model for CNI-
induced hypertension based on the available evidence. This model should be considered as a
hypothetical model, and it will require experimental validation for some of the interactions
shown. Interestingly, however, several recent studies point toward remarkable interactions
among the 3 systems controlling blood pressure. For example, studies in SPAK knockout
mice not only showed that SPAK regulated the phosphorylation of NCC in the kidney (10,
61), but also that SPAK was expressed in vascular smooth muscle, where it colocalized with
NKCC1 (10). SPAK-deficient mice exhibited a blunted response in vascular contractility to
the aq-adrenergic agonist phenylephrine and the NKCC1 inhibitor bumetanide (10). A
primary effect of CNIs on SPAK could explain how CNIs might affect vascular tone and
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kidney sodium reabsorption in parallel, suggesting a common pathway for mechanisms of
hypertension that were previously considered as distinct. Alternatively, the changes in
vasoreactivity during treatment with CNIs could be secondary to increased sodium retention
by the kidney. For example, patients in whom NCC is genetically activated or inactivated
also show changes in vasoreactivity, even though NCC is not expressed in vascular tissue
(62, 63). Similar to the potential interactions between renal sodium handling and vascular
tone, an interaction between the sympathetic nervous system and renal sodium handling was
reported recently (11). In this study, stimulation of the 3,-adrenergic receptor led to
decreased transcription of the gene encoding WNK4 by increasing histone acetylation. In
turn, suppression of WNK4 activated NCC, thereby causing salt-sensitive hypertension.
Extrapolating these results to CNI-induced hypertension may explain the link between the
sympathetic nervous system and sodium retention by the kidney, as originally reported in
1985 (46, 64). As such, these new studies help explain earlier observations and should
ultimately lead not only to a better understanding of CNI-induced hypertension, but also to
better treatments (6, 65).
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Fig. 1.
Model for the effects of calcineurin inhibitors on vascular tone, sympathetic nervous system

and kidney sodium retention. Question marks refer to interactions that have been shown in
other studies, but not in the context of CNIs (10, 11). Ang Il = angiotensin Il; NCC =
sodium chloride cotransporter; ROS = reactive oxygen species; SNS = sympathetic nervous
system; SPAK = Ste20-related kinase; WNK = with no K (K = lysine).
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Fig. 2.

Mean arterial pressures (MAP) (average of 5 measurements each day for each patient) of the
cyclosporine- and azathioprine-treated groups. Patients had similar MAP values on the
control diet (150 mEq). With sodium restriction, the cyclosporine group had a significant
(p<0.01) fall in blood pressure compared with either their baseline values or with the values
of the azathioprine group, which did not decrease with sodium restriction. Adapted from
(33) with permission from Elsevier.
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Fig. 3.
Hypothetical model for the effect of tacrolimus on the sodiumchloride cotransporter (NCC).

An epithelial cell in the distal convoluted tubule (DCT) is shown. Tacrolimus (also FK506)
binds to its intracellular binding protein (FKBP). This complex inhibits calcineurin (CaN).
Because calcineurin is a phosphatase, it may inhibit some kinases under basal conditions. In
the DCT, the kinases WNK3, WNK4 and SPAK interact to phosphorylate and activate
NCC. Therefore, tacrolimus may prevent inhibition of these kinases by calcineurin, allowing
phosphorylation and activation of NCC. This model is largely based on experiments
reported in (56).
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