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The renin-angiotensin-aldosterone system
(RAAS) plays a pivotal role in renal pro-
gression and its complications. Accord-
ingly, RAAS blockade has been the corner-
stone of renoprotective interventions.
Vitamin D deficiency is traditionally rec-
ognized as a key factor in the bone and
mineral disturbances of chronic kidney
disease (CKD), and vitamin D supplemen-
tation is standard treatment for many renal
patients. As reviewed elsewhere,1 vitamin
D interacts with the more recently identi-
fied moieties, fibroblast growth factor 23
(FGF-23) and klotho. As such, vitamin D,
FGF-23, and klotho represent an endo-
crine axis involved in the regulation of cal-
cium and phosphate metabolism.

Besides having effects on mineral me-
tabolism, vitamin D deficiency is also asso-
ciated with progressive renal disease and

with mortality in chronic kidney disease
(CKD).2,3 In line with these observations,
the use of vitamin D analogues may pro-
vide with a survival advantage in dialysis
patients,4 and preclinical and clinical data
indicate that vitamin D analogues have ad-
ditional renoprotective effects in addition
to RAAS blockade,5–8 supporting their
clinical relevance. Multiple mechanisms
are likely involved in the protective effects
of vitamin D, including autocrine anti-in-
flammatory and antifibrotic effects, as well
as a suppressive effect on the RAAS. Several
lines of evidence support the impact of vi-
tamin D on RAAS activity at the clinical,
pathophysiological, and molecular level.
The other way round, RAAS activity influ-
ences the vitamin D-FGF-23-klotho axis.
Recent studies show that angiotensin II re-
duces renal expression of klotho, which, in

turn, modulates FGF-23-signaling and
1-alpha hydroxylase, the enzyme convert-
ing calcidiol to calcitriol. As derangement
of the vitamin D-FGF-23-klotho axis asso-
ciates with cardiovascular complications in
several studies, the interactions of this axis
with the RAAS may have therapeutic im-
plications in CKD patients, regarding both
renal and cardiovascular outcomes.

MODULATION OF THE RAAS BY
VITAMIN D

The first clinical studies suggesting an in-
verse relationship between calcitriol and
renin levels were published two decades
ago9,10 and were recently confirmed in a
large cohort study.11 Vitamin D deficiency,
defined as calcidiol levels below 15 ng/ml,
associates with reduced renal plasma flow
responses to infused angiotensin II, sug-
gesting endogenous intrarenal RAAS acti-
vation in vitamin D deficient subjects,12

and intervention with calcitriol decreases
plasma renin and angiotensin II levels in
hemodialysis patients with secondary hy-
perparathyroidism.13
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ABSTRACT
There is increasingly evidence that the interactions between vitamin D, fibroblast
growth factor 23 (FGF-23), and klotho form an endocrine axis for calcium and
phosphate metabolism, and derangement of this axis contributes to the progres-
sion of renal disease. Several recent studies also demonstrate negative regulation
of the renin gene by vitamin D. In chronic kidney disease (CKD), low levels of
calcitriol, due to the loss of 1-alpha hydroxylase, increase renal renin production.
Activation of the renin-angiotensin-aldosterone system (RAAS), in turn, reduces
renal expression of klotho, a crucial factor for proper FGF-23 signaling. The
resulting high FGF-23 levels suppress 1-alpha hydroxylase, further lowering cal-
citriol. This feedback loop results in vitamin D deficiency, RAAS activation, high
FGF-23 levels, and renal klotho deficiency, all of which associate with progression
of renal damage. Here we examine current evidence for an interaction between the
RAAS and the vitamin D-FGF-23-klotho axis as well as its possible implications for
progression of CKD.
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Several mechanistic studies confirming
negative regulation of the renin gene by
calcitriol have been published by the group
of Li et al., who demonstrated increased
renin gene expression in kidneys of vita-
min D receptor (VDR) null mice, accom-
panied by increased plasma angiotensin II
levels, hypertension, and cardiac hypertro-
phy.14 In wild-type mice, conversely, treat-
ment with calcitriol reduces renal renin
production. The negative regulation of
renin by calcitriol seems independent of
calcium and PTH.15 On a molecular level,
calcitriol binds to the VDR and subse-
quently blocks formation of the CRE-
CREB-CBP complexes in the promoter re-
gion of the renin gene, reducing its level of
expression.16

Together, the associations found in
clinical studies and the supporting mecha-
nistic studies make it plausible that vitamin
D deficiency could indeed contribute to an
inappropriately activated RAAS, as a
mechanism for progression of CKD
and/or cardiovascular disease. This may
well be relevant for therapeutic purposes.
Pharmacologic blockade of the RAAS is the
main therapeutic modality in CKD, and,
despite its proven efficacy, renoprotection
is usually far from complete.17 Several lines
of evidence indicate that persistent RAAS-
activity, either by incomplete pharmaco-
logic blockade or related to the reactive rise
in renin during therapy, can hamper its
therapeutic efficacy. This is suggested by
the added antiproteinuric effect of renin
inhibition to AT1 receptor blockade.18

These findings hypothesize that treatment
with a vitamin D receptor agonist, on top
of conventional RAAS-blockade, would
give additional renoprotection through its
negative regulation of renin.

In line with this notion, several experi-
mental studies confirm that the renopro-
tective effects of vitamin D are mediated at
least in part through the suppression of re-
nal renin expression.5,7 In a recent ran-
domized controlled trial, paricalcitol given
in addition to RAAS blockade further re-
duces albuminuria compared with RAAS
blockade alone in patients with diabetic
nephropathy, although it remains unclear
whether this therapeutic benefit was ob-
tained by an effect on renal renin activity.19

Vitamin D analogues may also have car-

dioprotective effects in association with
suppression of renin in the kidney and
heart.20,21 Whether paricalcitol reduces left
ventricular hypertrophy in stage III/IV
CKD patients is currently under investiga-
tion in the PRIMO study (ClinicalTrials.
gov Identifier: NCT00497146).

Interactions between vitamin D and
other RAAS components have been stud-
ied as well. Aldosterone acts through the
mineralocorticoid receptor, which belongs
to the same superfamily of nuclear recep-
tors as the VDR. Therefore, cross talk be-
tween these receptors and their agonists
could potentially exist, but this has not
been studied so far. Mice that are geneti-
cally deficient for klotho, a protein associ-
ated with downregulation of 1-alpha hy-
droxylase and, thus, limited production of
calcitriol, show excessive levels of calcitriol
but also hyperaldosteronism, which is sim-
ilarly reversed by a vitamin D-deficient
diet.22 Although these findings suggest a
possible interaction between vitamin D
and aldosterone synthesis, it is uncertain
whether hyperaldosteronism is a direct
consequence of hypervitaminosis D. Data
from in vitro studies do not support posi-
tive regulation of aldosterone synthesis by
vitamin D, as treatment of cultured adre-
nocortical cells with calcitriol reduce aldo-
sterone levels.23 In VDR null mice, al-
though there seems to be a trend toward
increased aldosterone levels, the elevation
is not significant as compared with wild-
type mice,24 which is in contrast with the
strong downregulation of renal renin,5

suggesting that the effect on aldosterone
may in fact be through renin. Treatment of
spontaneous hypertensive rats (SHR) with
cholecalciferol also reduces plasma aldo-
sterone levels, but here, also, a direct sup-
pressive effect on renin transcription can-
not be excluded.25 Vice versa, aldosterone
may potentiate the effects of calcitriol, as
demonstrated in cultured renal thick as-
cending limb cells.26 In this study, calcitriol
negatively regulates HCO3

� absorption in
the rat medullary thick ascending limb,
which may contribute to net urine acid
and/or calcium excretion. Addition of al-
dosterone potentiated the effects of cal-
citriol through an ERK-dependent, non-
genomic pathway. This implicates that
cross talk between the mineralocorticoid

receptor and VDR may indeed be present,
and requires further study.

Whether vitamin D modulates the ex-
pression of angiotensin II receptors is un-
known. The only study on this subject re-
ports that in adipocytes, vitamin D
downregulates expression of the AT1 re-
ceptor in a dose-dependent manner,27 but,
to our knowledge, these findings have
never been replicated in other cell types.

In conclusion, both clinical and mech-
anistic studies suggest that calcitriol,
through the VDR, has a negative regulatory
role on renin gene transcription. Whether
vitamin D also interacts with other RAAS
components is unclear. Correcting vitamin
D deficiency may have renal and cardio-
protective effects, at least in part, through
suppression of the RAAS. The direct sup-
pressive effect of calcitriol on the renin
gene raises the question whether a
feedback loop exists, that is, if the
RAAS also influences vitamin D me-
tabolism. Recent data suggest that in-
deed activation of vitamin D, through
klotho and 1-alpha hydroxylase, could
be affected by angiotensin II.

POSSIBLE EFFECTS OF THE RAAS
ON KLOTHO, FGF-23, AND
VITAMIN D

The possible regulation of vitamin D me-
tabolism by the RAAS is less well defined
than the opposite regulation of the renin
gene by calcitriol. Although there is no ev-
idence that any RAAS component directly
influences the enzyme 1-alpha hydroxylase
or VDR, indirect effects of angiotensin II
on 1-alpha hydroxylase, through klotho
and FGF-23, may play a role.

Negative Regulation of Klotho by
Angiotensin II
Accumulating data suggests that angioten-
sin II negatively regulates the renal expres-
sion of klotho.28–31 In an animal model,
Mitani et al. demonstrated downregula-
tion of renal klotho expression in response
to angiotensin II infusion. Klotho down-
regulation also followed infusion of angio-
tensin II in a nonpressor dose.28 The down-
regulation of klotho was angiotensin II
type 1 (AT1) receptor-dependent, since it
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was completely abolished by losartan and
not by hydralazine. Intriguingly, subse-
quent restoration of klotho abundance in
the kidney by gene transfer improved an-
giotensin II-induced proteinuria, suggest-
ing that nonpressor-driven angiotensin II-
induced proteinuria, at least in part,
depends on loss of klotho.

In cultured tubular epithelial cells, an-
giotensin II-induced AT1-receptor-medi-
ated downregulation of klotho was con-
firmed.29 In a recent elegant study, Yoon et
al. demonstrated, in a mouse model, that
salt restriction, a well-known RAAS-acti-
vating intervention, reduced klotho ex-
pression, which was reversed by losartan.30

The same study revealed that cyclosporin-
induced damage associates with down-
regulation of renal klotho in association
with upregulation of renal RAAS activa-
tion; addition of losartan completely pre-
vented the loss of klotho expression.30

Several other animal models character-
ized by an activated RAAS, including SHR,
noninsulin-dependentdiabeticnephropathy
(Otsuka Long-Evans Tokushima Fatty rats),
and 5/6 nephrectomy, all demonstrate
downregulation of renal klotho.32 The fact
thatrenalklothoexpressionisalsoreducedin
the DOCA salt rat model, characterized by
RAAS suppression and renal damage, also
suggests thatotherfactors, suchastubular in-
jury, contribute to downregulation of klotho
in renal damage. Studies in patients suggest
reducedrenalklothoexpressionpernephron
in kidney sections from CKD patients, as
compared with control kidneys, but whether
this is associated with RAAS activation is un-
clear.33 Interestingly, calcitriol has been
shown to enhance renal klotho expression in
vivo,34 possibly as a consequence of reduced
RAAS activation.

Mechanisms of Klotho
Downregulation
The mechanisms of klotho downregula-
tion by angiotensin II are incompletely un-
derstood. Although direct negative regula-
tion through the AT1 receptor is possible,
other factors, such as oxidative stress, may
contribute. Like angiotensin II, oxidative
stress itself can cause downregulation of re-
nal klotho.31,35 Subsequent administration
of a free-radical scavenger prevented
klotho downregulation induced not only

by oxidative stress but also by infusion of
angiotensin.31 It is well established that an-
giotensin II influences oxidative stress
through the NADPH oxidase system.36–38

Conversely, inhibitors of the RAAS ame-
liorate the production of reactive oxygen
species,39 which could, at least in part, ex-
plain the effects of RAAS inhibitors on
klotho expression.

Interestingly, TNF alpha converting en-
zyme (TACE or ADAM17), which is up-
regulated in the presence of vitamin D de-
ficiency,40 may be involved in cleavage of
the extracellular domain of klotho.41

Moreover, angiotensin II itself also up-
regulates TACE,42 providing another
mechanism for klotho downregulation. It
may be through this mechanism that even
distant inflammation downregulates renal
klotho.43 These preliminary data suggest
that klotho function could be affected by
vitamin D deficiency through proteolytic
activity of TACE, especially under inflam-
matory conditions.

Consequences of Downregulated
Klotho and FGF-23 Resistance
The klotho gene encodes two proteins
from five exons: membrane bound klotho
(mKlotho; molecular weight 130 kD) and
secreted klotho (sKlotho; 80 kD), which is
a product of alternative splicing.44,45 A
third form of klotho, a cleavage product of
the extracellular domain of mKlotho, is re-
ferred to as cut-Klotho (cKlotho).45 Al-
though, under physiologic conditions, the
klotho gene is expressed only in selected
tissues, including distal tubular segments
of the kidney, klotho null mice have the
phenotype of generalized aging.46 A recent
study demonstrated that klotho deficiency
causes vascular calcification in CKD.47 The
similarity between klotho and FGF-23
mice led to the discovery that klotho is
mandatory for FGF-23 signaling by modi-
fication of the low-affinity FGF receptor
(FGFR1), leading to the high-affinity re-
ceptor that comprises the membrane-
bound FGFR1/klotho complex.48,49 Only
mKlotho, and not one of the circulating
forms, can form an FGF-23 receptor from
FGFR1.50

As a consequence of klotho downregu-
lation, the high-affinity FGFR1/klotho
complex is reduced, inducing FGF-23-re-

sistance. Thus, by its effect on klotho, an-
giotensin II could theoretically be involved
in induction of FGF-23 resistance. In CKD,
FGF-23 resistance abates fractional excre-
tion of phosphate, leading to further hy-
perphosphatemia and thus providing an-
other trigger for FGF-23 release.51 As a
consequence of high FGF-23 levels, vita-
min D activation is suppressed. Adminis-
tration of recombinant FGF-23 to normal
mice reduces renal expression of 1-alpha
hydroxylase and increases renal CYP24A1,
resulting in low calcitriol levels;52 this effect
is mediated by extracellular signal-regu-
lated kinase (ERK).53 Both FGF-23 and
klotho null mice display increased expres-
sion of 1-alpha hydroxylase.54,55 This sug-
gests that klotho, in concert with FGF-23,
participates in an inhibitory feedback loop
that results in the suppression of calcitriol
synthesis.34 High levels of FGF-23 suppress
activation of vitamin D and are associated
with progression of CKD,56 left ventricular
mass and geometry,57,58 atherosclerosis,59

and mortality in dialysis patients.60 Clinical
data suggest that the mechanisms underly-
ing the association between FGF-23 and
vascular complications are multiple, in-
cluding suppression of vitamin D activa-
tion, reducedfetuin-Alevels,andendothelial
dysfunction, partially through asymmetrical
dimethyl arginine (ADMA).61 Moreover,
higher FGF23 is associated with proteinuria
throughout several ranges of CKD,61 inde-
pendently of levels of active vitamin D.62

Besides its role as part of the FGF-23 re-
ceptor complex, the �-glucuronidase ac-
tivity of klotho is important in stabilizing
the abundance of the TRPV5 in the apical
membrane of tubular cells.55,63 Loss of re-
nal klotho in CKD33 may thus lead to renal
calcium loss, providing another impulse
for vitamin D activation. In addition, over-
expression of klotho provides renoprotec-
tion in mouse64 and rat65 models of renal
damage, suggesting that renal loss of klotho,
asobservedinCKD,mayresult inrenaldam-
age.

Finally, klotho appears to have distant
effects, especially on the vasculature. Al-
though it is possible that the originally de-
scribed phenotype of premature aging in
klotho-deficient mice46 is the consequence
of disturbed regulation of calcium, phos-
phate, and vitamin D metabolism in the
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kidney, several recent reports suggests that
klotho has specific functions at distant tis-
sues. Klotho, for example, protects endo-
thelial cells against oxidative-stress in-
duced apoptosis.66,67 An elegant study
demonstrated that klotho-deficient mice
have endothelial dysfunction, which could
be restored by parabiosis with wild-type
mice, suggesting that klotho might be in-
volved in nitric oxide synthesis.68 At least
part of the beneficial effects of klotho may
be mediated by inhibition of insulin/IGF-1
signaling, thereby improving resistance
against oxidative stress.69 Recently it was
shown that klotho modulates intracellular
calcium handling in endothelial cells
through the VEGF receptor and TRPC-1,
and thus protects these cells from loss of
integrity through apoptosis.70 The resem-
blance of the abovementioned observa-
tions with the effects of RAAS activation
suggests that a part of the clinical picture as
observed in a state of RAAS activation in

CKD might in fact be due to klotho defi-
ciency.

CAN THE VITAMIN D-FGF-23-
KLOTHO AXIS BE MONITORED
AND TARGETED?

The data summarized here suggest a rela-
tionship between RAAS activation, low re-
nal klotho levels, and high FGF-23 levels in
CKD patients, all of which associate with
adverse outcomes. Future studies are
needed to address whether adequate renal
klotho, as measured, for instance, by frac-
tional phosphate excretion, vitamin D, or
FGF23 levels, (possibly) circulating klotho,
or a combination of these factors, could be
a therapeutic target. Targeting klotho defi-
ciency in CKD, which could be achieved by
optimizing RAAS blockade and correction
of vitamin D deficiency, may further re-

duce cardiovascular disease and progres-
sion of kidney injury.

Conclusions
Emerging evidence demonstrates the neg-
ative regulation of the RAAS by calcitriol,
providing renoprotective effects of vitamin
D analogues in addition to RAAS blockade
in CKD. A growing number of studies sup-
port suppression of 1-alpha hydroxylase by
angiotensin II through renal downregula-
tion of klotho and subsequent FGF-23 re-
sistance (summarized in Figure 1, left
panel). Besides its effects on vitamin D me-
tabolism, high levels of FGF-23 or FGF-23
resistance, due to klotho deficiency, are as-
sociated with endothelial dysfunction, car-
diovascular morbidity and mortality, and
progression of CKD.71 In CKD, loss of ca-
pacity for excreting phosphate by reduced
nephron mass and loss of klotho due to
RAAS activation and tubulointerstitial
damage both further enhance circulating
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Figure 1. Cross talk between vitamin D (red), FGF-23-Klotho (yellow), and the RAAS (blue) in healthy subjects and patients with chronic
kidney disease. In the normal situation (left panel), active vitamin D (1,25(OH)2 vitamin D), generated by renal 1-alpha hydroxylase,
suppresses renal renin production. When the RAAS is not activated (low angiotensin II), renal klotho levels are sufficient to allow normal
function of the FGF-23 receptor. Therefore, levels of FGF-23, a negative regulator of 1-alpha hydroxylase, are normal under these
conditions. In chronic kidney disease (right panel), the RAAS, vitamin D, FGF-23 and klotho are concertedly disturbed. (1) Activity of
1�-hydroxylase is reduced due to nephron loss and high FGF-23 in CKD, leading to (2) reduced production of 1,25(OH)2-vitamin D,
which in turn upregulates renal renin production. (3) The subsequent higher levels of angiotensin II cause renal klotho loss and (4)
disrupted FGF-23 signaling, impairing phosphaturia and rising FGF-23 levels. RAAS activation, vitamin D deficiency, high FGF-23 levels
and low renal klotho have all been associated with adverse renal outcome in CKD.
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levels of FGF-23 and reduce levels of active
vitamin D (Figure 1, right panel). Further
derangement of these interconnected axes
may well contribute to the cardiovascular
complications of CKD.

RAAS inhibition and supplementation
of vitamin D deficiency are well-estab-
lished interventions for prevention of pro-
gressive renal function loss and its extrare-
nal complications, as recommended by
current guidelines72 (http://www.nice.org.
uk/cg73). Interestingly, these interventions
appear to share a part of their beneficial ef-
fects by interrupting the vicious cycle of in-
creasing FGF23 resistance due to klotho
deficiency. However, the protection
against renal progression and its extrarenal
complications by current therapy is far
from complete, prompting for improve-
ment of treatment strategies. Currently,
management of blood pressure and pro-
teinuria by RAAS blockade and vitamin D
supplementation are independent compo-
nents of the treatment regimen. Their sep-
arate and combined impact on the FGF-
23-klotho axis is not monitored, nor is it a
treatment target. It would be attractive to
hypothesize that targeting optimization of
this axis, particularly optimal levels of renal
klotho, could enhance therapeutic efficacy,
either by adapting titration strategies for cur-
rently available drugs or by novel agents.
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