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Abstract

Diabetes Mellitus (DM) is metabolic disease associated with hyperlipidemia and arterial hypertension that are
known as major risk factors for coronary heart disease. Diabetic complications are related to increased oxidative
stress due to elevated glucose levels in the plasma. DM patients suffer from higher incidence of micro vascular
complications such as Diabetic Nephropathy (DN). DN is the leading cause of End Stage Renal Disease (ESRD)
and accounts for approximately 40% of all patients who require replacement therapy. Recently, the proximal tubular
damage caused by increased deposition of iron in the lysosomes accompanied with oxidative stress, was described as
another mechanism involved in the pathogenesis of DN. The well-known risk factors for DN are uncontrolled glucose
levels, genetic factors such as Haptoglobin (Hp) and Angiotensin Converting Enzyme (ACE) genes polymorphism.
Despite the availability of various drugs for DN such as converting enzyme inhibitors (ACEls), angiotensin receptor
blockers (ARB) and renin inhibitors (RI), 40% of type 2 DM (T2D) patients will develop ESRD. Hence, the aim of this
review is to understand the importance of klotho protein and vitamin D in the pathogenesis of DN and as a potential

future target for treatment.
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Introduction

Diabetic nephropathy (DN) is the most common renal
complication of diabetes mellitus (DM) and the leading cause of End
Stage Renal Disease (ESRD) and dialysis treatments [1-4]. The tissue
renin angiotensin aldosterone system (RAAS) is well establishes as
mediator of renal fibrosis especially via the angiotensin II (Ag-II)
and aldosterone effect, particularly in DM [5]. In early stages of DM
there is enormous increase in glomerular filtration rate via increased
production of Ag-1I and decreased production of nitric oxide. In vitro
studies showed that when exposed to high glucose levels, mesangial
cells and podocytes increases renin and Ag-II production [5,6]. High
glucose increased free radicals production via Fenton reaction, with
membrane damage. Ag-II also induces increased in oxidative stress,
synthesis of pro inflammatory factors with increased glomerular and
tubular cell damage. The increased production of renin, Ag-II, and pro-
inflammatory factors, can accelerate the fibrogenesis and finally diffuse
glomerulosclerosis [5,7,8].

Recently calcitriol, the active compound of vitamin D, the

1,25-dihydroxyvitamin D3 (1,25(0OH),D,), has been shown to function
as protective pathway during hyperglycemic state, functioning as
negative endocrine regulator of the RAAS by suppressing the renin gene
transcription [9-12]. These so-called non-calcemic activities include
regulation of renal and cardiovascular functions and modulation of
immune response. The molecular basis for the broad functionalities of
vitamin D is the expression of the vitamin D receptor (VDR) in virtually
all tissues in the body. The activities of 1,25(0OH),D, are mediated by the
VDR, a member of the nuclear receptor superfamily [10-14]. Relevant
examples of these non-calcemic activities are regulation of the RAAS,
and the nuclear factor B (NF-kB) pathway, two pathways involved in a
broad range of pathological processes such as DN [12,13,15].

The genetic null mutant mice lacking the VDR develop hyper-
reninemia, hypertension and proteinuria. In type I DM (T1D), VDR
knockout mice develop more severe glomerulopathy than wild type
[15]. On the other hand, klotho protein, present in the distal and
proximal convolute tubules, as well as the secreted klotho regulates
multiple activities, including suppression of growth factor signaling,
synthesis of 1,25(OH)2D3, regulation of several ion channels, and
suppression of oxidative stress [16]. As bioactive molecule, protects
cells from senescence and apoptosis, especially in DM patients [16].

Thus, this review will promote the current understanding of the
molecular biology of klotho, the cross talk with active vitamin D, and
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will present future directions for klotho-vitamin D research in the field
of DN.

Klotho Protein

Klotho, is a novel anti-aging gene encoding a protein with a
multiple pleiotropic effects. The klotho family of proteins consists of
three members: aklotho, fKlotho and yklotho. All three are single-pass
transmembrane proteins. The founder klotho is designated aklotho to
distinguish it from the other two members. aKlotho gene is composed
of five exons, in humans, mice and rats, is highly expressed in the distal
and proximal convolute tubular epithelium of normal adult kidneys
[16-18]. Also is expressed in pancreas, parathyroid and brain. The renal
klotho gene expression is regulated by pathophysiological conditions
including DM especially in DN and cardio-vascular disease [16,19].

aKlotho is encoded as a single-pass transmembrane protein with
a molecular weight of 130 kDa, and it functions as the co-receptor
for fibroblast growth factor-23 (FGF-23) [17,18,20], a bone-derived
hormone that plays a critical role in phosphate homeostasis and vitamin
D biosynthesis in the kidney [19,20]. Klotho is further functions as
an anti-aging protein that extends life span when over-expressed,
suppresses growth factor signaling and oxidative stress, accelerates
aging-like phenotypes when disrupted in mice [21,22]. Klotho protein
exists in two forms: A membrane and secreted form [17]. The soluble
klotho is further well known as anti-apoptotic activity especially in
experimental ischemic acute kidney injury [21].

Transmembrane klotho is a cofactor that converts fibroblastic
growth factor-receptor 1 (FGFR1) into a specific receptor for FGF-
23 and decreases 1,25(0OH),D, synthesis in the kidney. 1,25(OH),D,
stimulates both klotho and FGF-23, and both FGF-23 and klotho
inhibits 1,25(OH),D, via la-hydroxylase. It has also been reported
that the VDR controls expression of the klotho gene. Up regulation
or restoration of klotho by 1,25(0OH),D, may provide a means to slow
down the progression of chronic kidney disease (CKD) and improve
cardiovascular disease especially in the DM patients [16,17,23].

The over expression of klotho in a mouse model of glomerulonephritis
restored mitochondrial function and suppressed mitochondrial DNA
damage in kidney. It also suppresses apoptosis in the hyperglycemic state,
resulting in preservation of renal function [24].

The klotho protein has also endogenous anti fibrotic function via
antagonism of Wnt/f3-catenin signaling, which promotes fibrogenesis,
suggesting that loss of Klotho may contribute to the progression of DN
by accelerated fibrogenesis [24,25]. In addition to the effect of klotho
on Transforming Growth Factor p (TGF-B), suppressive effects of
klotho on the insulin-like growth factor pathway may be associated
with inhibitory action on renal fibrosis [25-28] and cardio-renal
protection in high oxidative stress condition such as diabetes and its
complications.

Decreased Renal Klotho Expression in Early DN in
Humans and Mice

It is generally accepted that klotho expression in the kidney is
markedly decreased in the early stages of DN and in patients with CKD
[23,29]. Although the exact mechanism of how klotho is reduced in
diabetic kidney disease is not well understood, the increased oxidative
stress, Ag-II and TGFp-1 may be involved [22,26]. As we reported
in our previous work, the hyperglycemic state is accompanied by
increased production of reactive oxygen species (ROS) by the Fenton
reaction [3,4].

Hyperglycemia is an important factor in the induction of DN.
High blood glucose induces excessive production of ROS in the renal
mesangial and tubular cells causing membrane damage [22]. Cheng
and his group [30] investigated the effect of insulin and floridzin on
hyperglycemia in DM rats, especially klotho expression. Both insulin
and floridzin reversed the lower klotho expression levels in diabetic
kidneys.

Osamu Asai and his group [29] had published a paper on the role
of klotho in the DN mice. In this study, they showed that renal Klotho
expression levels were decreased in patients with early DN and in the
streptozotocin (STZ) induced mouse model of T1D. In patients with
minimal change glomerulopathy and IgA nephropathy, the reactivity
was significantly reduced in samples from DN patients correlated
with estimated glomerular filtration rate (eGFR), suggesting that renal
Klotho mRNA expression levels were decreased with the progression
of renal failure.

Other study by Lee and his group [31] were the first to demonstrate
that plasma and urine levels of soluble Klotho are significantly elevated
in the DM patients with relatively preserved renal function compared
to control subjects. Hence, in DN, klotho expression levels were
decreased in kidneys of patients with early DN but with increased levels
of plasma and urinary klotho, and that klotho deficiency may serve as
a biomarker as well as a pathogenic factor for the progression of renal
disease and further complications [30,31].

In vivo studies had shown that there is a therapeutic potential of
klotho in several kidney disease models including DN in mice model
[32,33]. Klotho administration has been proven successful in the
protection of kidney function in acute kidney injury in animals induced
by ischemia- reperfusion injury and high glucose induced glomerular
damage [22,25].

Genetic Deficiency of Klotho, Exacerbates Early
Nephropathy in STZ-induced DM in Mice

The recent characterization of the klotho protein that modulates the
expression level of antioxidant enzymes, as well as its high expression
level in the kidney, suggest that klotho plays a role in accelerated
aging and cellular senescence observed in DM [16,17]. More striking
klotho-deficient mice exhibit multiple age-related phenotypes such
as premature death [28,29] whereas mutation of the klotho gene
caused multiple premature-aging phenotypes and shortened life span
[34]. Klotho gene mutant (KL+/- ) and wild-type mice (6-8 weeks)
were injected with multiple low doses of STZ, which known to cause
selective B cell destruction and subsequently modest hyperglycemia
leading to functional damage (albuminuria) and histological lesions
in kidneys [35]. The purpose of this study by Yi Lin and his group
[35] was to investigate the hypothesis that klotho gene deficiency
enhances TGF-Pf1, and Mammalian target of rapamycin (mTOR)
signaling and promotes the development of early DN. One of the
novel findings of this study was that renal klotho deficiency in Klotho-
deficient mice (KL-/-) exacerbated early DN (impaired renal function
and glomerular meningeal matrix expansion) in T1D induced by STZ
[35]. Hyperglycemia by itself is not sufficient to cause this severe renal
damage. However klotho deficiency and hyperglycemia can causes
oxidative damage that may contribute to the exacerbation of DN.

Vitamin D

The role of Vitamin D in the treatment of early stages of
DN is not well understood or proven. The inactive vitamin D is
transported to the liver, where it is hydroxylated in the 25 position
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to yield 25-hydroxyvitamin D, which is the major circulating form
of vitamin D. The 25-hydroxyvitamin D is further hydroxylated by
1-a-hydroxylase in the proximal convolute tubule of the kidney, to
yield 1,25(0OH),D,, which is the active form of vitamin D [36]. The
activities of 1,25(OH)2D3 are mediated by the VDR, a member of the
nuclear receptor superfamily. The most well-known function of the
vitamin D endocrine system is to maintain calcium and phosphorus
homoeostasis; however, studies in the past decades have unveiled a
wide range of activities for vitamin D that extends beyond this function.
These so-called non-calcemic activities include regulation of renal
and cardiovascular functions and modulation of immune response.
Relevant examples of these non-calcemic activities are regulation of the
RAAS and the nuclear factor NF-kB pathway, two pathways involved in
abroad range of pathological processes [37]. In the kidney, vitamin D is
important for maintaining podocytes integrity, suppressing renin gene
expression and inflammation. Therefore, vitamin D has the potential to
have a favorable impact in DN via VDR in kidney protection from DM
oxidative stress injury [38].

Pathways involving vitamin D: The Renin-Angiotensin-
Aldosterone System (RAAS)

Vitamin D is a negative endocrine regulator of the RAAS [37,39]. Li
and his group were the first to demonstrate that 1,25(OH),D, directly
suppressed both plasma renin expression and activity of the renin gene
promoter in cell cultures [37,38]. They also provided in vivo evidence
that inhibition of 1,25(0OH),D, in wild-type mice led to a significant
increase in the expression of renin mRNA and increased plasma renin
levels. Correspondingly, treatment of wild-type mice with 1,25(0OH),D,
suppresses renin transcription [9].

The intra-renal RAS plays a key role in diabetic renal injury. The
Ag-1I, the effector of the RAS, is known to promote podocyte apoptosis
in vitro and in vivo [40]. Glomerular renin was upregulated in DM
wild type mice, and the human VDR transgene, blocked the increase
in renin expression, particularly in the presence of the active vitamin
D compounds. In podocyte cultures, high glucose (HG) induced the
expression of renin and angiotensinogen. As a result intracellular
renin activity and released extracellular Ag-II levels in the media.
These induction were blocked by 1,25(OH)2D3. Moreover, HG-
induced angiotensin 1 (Agl) receptor expression in podocytes was also
attenuated by 1,25(0OH),D,. These data suggest that the 1,25(0OH),D.,-
VDR signaling inhibits the RAAS activation in podocytes, and suppress
HG-induced podocyte apoptosis [5,41,42]. Vitamin D is further
involved in cell differentiation and anti-proliferative pathways and
plays a key role in immunity, vascular function, cardio myocyte health,
insulin resistance, and modulation of RAS. Consequently, vitamin
D deficiency has been associated with arterial hypertension, DM
and a higher frequency of cardiovascular disease and cardiovascular
mortality [41].

Reno protective roles of Vitamin D-VDR signaling

Numerous observational studies showed multiple beneficial effects
of 1,25(OH),D, or vitamin D analog therapy in patients with kidney
disease especially DN that led to a significant survival advantage for
patients receiving the therapy. A key reno protective function of
vitamin D is to reduce albuminuria or proteinuria, a major risk factors
for CKD progression, renal failure, cardiovascular events, and death
[5,42,43]. This anti-proteinuric effect and slowing the progression of
DN is mediated primarily via the RAAS.

Li and his group [14] has shown that in a DM state or under

unilateral ureteral obstruction, genetic deletion of VDR in mice leads
to severe renal injury largely owing to increased activation of the local
RAS in the kidney, resulting in early onset and robust albuminuria,
glomerulosclerosis, and interstitial fibrosis. They also showed that
podocytes express the VDR that is highly inducible by 1,25(0H),D,,
and through VDR, 1,25(0H),D, transcriptionally stimulates the
expression of nephrin, a key slit diaphragm protein synthesized by
podocytes [14].

Wang [44] used the 2.5-kb human podocin gene promoter to
target Flag-tagged human VDR (hVDR) to podocytes in DBA/2]
mice, a genetic background known to be susceptible to diabetic renal
injury. This podocin gene promoter has been well documented for its
podocyte specificity in driving transgene expression. To test whether
an increase in podocyte VDR would enhance the renoprotective
effect of vitamin D, they compared the therapeutic efficacy of a low-
dose vitamin D analog doxercalciferol between STZ-induced diabetic
wild-type (WT) and hVDR transgenic (Tg) mice. Thus, podocyte VDR
overexpression renders the mice more sensitive to vitamin D therapy.
In fact, TG mice showed significantly reduced albuminuria compared
with WT mice even at baseline. Thus, they provide mechanistic
insights into the ever-increasing epidemiologic and clinical evidence
linking vitamin D deficiency to renal and cardiovascular problems, and
provide molecular basis to explore therapeutic use of vitamin D and its
analogs in the prevention and intervention of these diseases.

The synergistic therapeutic effects of combined vitamin D analog
Paricalcitol (19-Onor-1,25-dihydroxyvitamin D2) with AT1 receptor
antagonist (Losartan) on kidney disease in a model of type 2 diabetic
mice, showed a dramatic therapeutic synergism, manifested by
prevention of progressive albuminuria, restoration of the glomerular
filtration barrier, reversal of the decline in slit diaphragm proteins, and
reduction of glomerulosclerosis [45].

Vitamin D and Klotho cross-talk

The kidney is not only excretory organ but also produce several
active hormones such as erythropoietin, 1,25(OH)2D3, renin and klotho.
Klotho exerts multiple actions on the kidney, and the most important is
regulation of 1,25(OH),D, production [45]. So, Klotho and the vitamin
D endocrine system reciprocally regulate each other (Figure 1). In
homozygous KI -/- mice, extremely high plasma 1,25(OH),D levels
were noted, as well as up-regulation of 1-a-hydroxylase and down-
regulation of 24-hydrolase, which provides in vivo genetic, indirect
evidence that the high circulating 1,25(0H),D, levels are the result
of overproduction and low degradation of 1,25(0OH),D,. The normal
genetic responses to vitamin D supplementation, including down-
regulation of I1-a-hydroxylase transcripts and up-regulation of
24-hydroxylase and VDR transcripts, were impaired in KI -/- mice,
suggesting that normal expression of renal klotho is required for
normal vitamin D homeostasis. On the other hand, the dysregulation
of the vitamin D system may be associated with high mortality in the
K1 -/- mice [16, 17].

A primary increase in 1,25(OH),D, up-regulates klotho expression,
which in turn suppresses 1,25(OH),D, production and likewise an
increase in klotho will suppress 1,25(0H),D, to remove a major
stimulator of klotho production Renal la-hydroxylase resulting in a
decreased conversion of 25-hydroxyvitamin D to 1,25(0OH),D,. FGF-
23 also regulates renal 1,25(0OH),D, levels by inducing expression
of the catabolic enzyme 24- hydroxylase. These functions of FGF-
23 are dependent on the presence of the transmembrane klotho
[16,17,20,23,25].
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Figure 1: Schematic illustration of the kloto-vitamin D axis cross
talk. Normal expression of renal Klotho is required for normal vitamin D
homeostasis via down-regulation of 1-a-hydroxylase transcripts and up-
regulation of 24-hydroxylase. Likewise calcitriol stimulates both Klotho and
FGF-23, and both FGF-23 and Klotho inhibits calcitriol. The podocytes
express the VDR that is highly inducible by 1,25(0H),D,, and, through VDR,
1,25(0OH),D, transcriptionally stimulates the expression of nephrin, a key slit
diaphragm protein synthesized by podocytes. Up regulation or restoration
of Klotho by calcitriol may provide a means to slow down the progression
of CKD and improve cardiovascular disease especially in the DM patients.

Conclusions

The potential utility of Klotho in clinical practice is anticipated to
be at least two-fold. First, klotho may serve as an early and sensitive
biomarker of DN. However its specificity and its prognostic value and
differential diagnostic value in human disease remain to be examined.
Second, Klotho exogenous supplementation and/or up-regulation
of endogenous Klotho production may provide novel therapy for
DN patients to retard or block its progression to advanced CKD by
arresting or slowing progression as well as preventing and reversing
complications. Because we are moving to use klotho as a novel
diagnostic, prognostic, and therapeutic strategy for CKD patients,
identification of proper indications including CKD stage.

The expression of VDR in kidney tissue was significantly decreased
in early stages of DN, and the down-regulation of VDR could be
restored to the normal level by the treatment with Paricalcitol, an
analog of active vitamin D. More the beneficial effects of vitamin D
on renal fibrosis in DN is mediated by VDR via restoration of klotho
expression.
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