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Abstract: The growing data demonstrate that Klotho (KL) is deeply implicated in the diabetic nephropathy. The circu-
lating form of α-Klotho (α-KL) named as soluble KL functions as an endocrine substance that exerts heterogeneous 
actions including the modulation of renal function upon hyperglycemia, regulation of cell compensation, downgrade 
inflammation and anti-oxidation. There is a positive correlation between progression of renal disease/other com-
plications and systemic KL deficiency in diabetes mellitus patients. Restoration by exogenous supplementation or 
stimulation of endogenous KL may prevent and/or ameliorate kidney injury and mitigate development of diabetes 
mellitus. KL signaling is intertwined with mTOR, NF-κB, Wnt and PPAR-γ. KL can possibly emerge on the horizon as a 
candidate for an unprecedented sole biomarker and intervention in patients with diabetes mellitus or the complica-
tion like diabetic nephropathy.
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Introduction

Klotho (KL) is originally identified as an anti-
aging protein, but is subsequently discovered 
to have a multitude of biological effects [1]. KL 
is expressed in multiple tissues and organs, 
but by far, its highest expression is in the distal 
convoluted tubule (DCT) of the kidney [2]. Re- 
cently, the accumulated evidences show that 
α-Klotho (α-KL) has extreme pleiotropic func-
tions. It can regulate the parathyroid hormone 
(PTH) release in the parathyroid gland [3], pro-
duction of 1,25 (OH)2 vitamin D3 [4], anti-oxida-
tion [5], anti- apoptosis [6], anti-senescence 
[6], promotion of angiogenesis and vasculari- 
zation [7], inhibition of fibrogenesis [8] and 
preservation of stem cells [9]. All of the above 
properties of α-KL can potentially mediate its 
renoprotective effects demonstrated in animal 
models. In recent years, the roles of α-KL in dia-
betes mellitus (DM) and diabetic nephropathy 
(DN) have attracted more attention [10], but 
little is known about circulating α-KL levels in 
DM/DN. Meanwhile, thus far, recent studies in 

patients with DM report conflicting data. Some 
studies showed that renal α-KL expression is 
markedly decreased in DN in humans and mice 
[11-14]. In contrast, some other researches find 
that the serum α-KL level is not significantly  
different between patients with diabetes with-
out nephropathy and non-diabetic controls [15, 
16]. Several recent reviews have comprehen-
sively addressed the physiology of α-KL in aging 
[17], renal calcium, phosphate and potassium 
transport [18], and its pathophysiologic role in 
acute kidney injury, development and chronic 
kidney disease progression and its complica-
tions [19]. This study primarily devoted to dis-
cussing the potential effects of insulin on α- 
KL, and the diagnostic, prognostic and thera-
peutic roles of α-KL in DN.

Distribution, conversion and major functions 
of KL

α-KL was firstly discovered by Kuro-o et al. in 
1997 [2]. It was named after KL, one of the 
Moirae (the fates) in Greek mythology who  
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spun the thread of life from her distaff onto her 
spindle [2]. α-KL is predominately expressed  
in both the apical and basolateral membrane  
of kidney distal convoluted tubules and brain 
choroid plexus [20-22]. Mice lacking KL exhibit 
many changes that occur during aging, includ-
ing osteoporosis, infertility, and cognitive de- 
cline. They also have a short life span [2]. In 
contrast, mice overexpressing KL live 30% lon-
ger than wild-type mice and are more resistant 
to oxidative stress [22].

Human KL gene is on the chromosome 13q12, 
which contains 5 exons and 4 introns [23]. 
Human KL protein CDNA transcribes a single-
pass transmembrane protein with 1014 amino 
acids [24]. Most amino acids in the KL peptide 
reside in the amino-terminal extracellular do- 
main, which is followed by a 21-amino-acid 
transmembrane domain, and an 11-amino-acid 
short intracellular carboxy terminus [22].

α-Kl can be cleaved on the cell surface by 
membrane-anchored proteases, including by  
a desintegrin and metalloproteinase (ADAM)-
10, and by ADAM-17. Freathy et al. [25] de- 
monstrated that TAPI-1 and insulin exhibit the 
same effects on KL secretion ex vivo in rat  
kidney slices and overexpression of either 
ADAM10 or ADAM17 leading to an increase in 
both KL1 (molecular mass of 65-70 kDa) and 
KL2 (molecular mass 135 of kDa) fragments, 
whereas silencing of either ADAM10 or AD- 
AM17 with siRNA leading to a decrease of  
both fragments. So, α-KL protein exists in two 
forms, membrane KL (TM-KL) is bound to the 
cell membrane and functions as a co-receptor 
for fibroblast growth factor 23 (FGF23), which  
is required for FGF23 regulation of both renal 
handling of phosphate and renal synthesis of 
calcitriol induced phosphate excretion in kid-
ney [26], and circulating form of KL, detectable 
in plasma and urine, which is also named solu-
ble or secreted Klotho (s-KL). S-KL is derived 
from the proteolytic cleavage of the extracellu-
lar portion of the TM-KL and consists of two 
internal repeats, known as short-form Klotho 
(KL1) and full- length Klotho (KL2), respectively. 
KL1 may be produced through alternative 
mRNA splicing [22, 27]. S-KL level may be 
mainly determined by two possible mecha-
nisms as follows: i) cleavage of α-KL protein  
by proteases such as ADAM 10 or 17 [28], and 
ii) secretion of splice variant form of α-K into 
blood or urine. 

Evidence shown that TM-KL mainly regulates 
the PTH release in the parathyroid gland [3], 
the production of 1,25 (OH)2 vitamin D3 by neg-
atively regulating the expression of 1a-hydroxy-
lase [29] and transepithelial calcium transport 
in the DCTs via activation of the transient recep-
tor potential vanilloid 5 (TRPV5) channel [30]. 
In contrast, soluble KL (major product KL2) has 
been shown to function as an endocrine sub-
stance and to inhibit four signaling pathways 
simultaneously, offering a major advantage 
over numerous individual inhibitors in clinical 
and preclinical development, including IGF-1 
receptor antibodies, tyrosine kinase [31] and 
Wnt signaling inhibitors [32], TGF-β1 neutraliz-
ing antibodies, soluble TGF-βR2, TGF-β recep-
tor kinase inhibitors [33, 34] and ROCK signal-
ing inhibitors.

Interactions of insulin and KL

It has been tested that α-KL is mainly cleaved 
on the cell surface by membrane-anchored pro-
teases by ADAM-10 and ADAM-17. Some stud-
ies have found that insulin also has the similar 
function. But the precise mechanism of insulin-
induced shedding of α-KL is unknown. 

One possible mechanism is that insulin can 
activate the ADAM17 by the down-regulation  
of Timp-3, an ADAM17 inhibitor. Findings from 
the insulin receptor heterozygous mice (Insr+/-) 
that develop diabetes with more than five  
times increased insulin level in the serum. 
These mice have reduced Timp-3 and increa- 
sed ADAM17 activity [35, 36].

Another possible mechanism is that insulin can 
enhance the activity of ADAM10 and ADAM17. 
Shiraki-Iida et al. [27] find that insulin can 
enhance the activity of sheddase, which sug-
gests the involvement of the insulin signaling 
pathway in the release of KL from cell mem-
branes. So the authors propose a possible neg-
ative feedback loop of insulin regulation by KL, 
in which insulin initiates a signaling cascade 
and/or gene expression that results in the traf-
ficking and/or activation of ADAM10 and/or 
ADAM17. This result, in turn, increases the 
release of the KL proteins (including KL1 and 
KL2 fragments) and other ADAM10 and 
ADAM17 substrates into the medium. KL has 
been shown to block insulin and insulin-like 
growth factor 1 receptor phosphorylation of the 
insulin receptor substrate (IRS) and also subse-
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quent downstream activation of PI3K and Akt-1 
[37, 38]. The KL fragments can then feedback 
through an as-yet-unknown process to turn off 
insulin signaling. TNF-α also has been shown  
to contribute to the inhibition of the insulin sig-
naling pathway [39]. It has been reported that, 
in CHO cells, insulin stimulates a 2- to 3-fold 
increase in the endocytic recycling pathway, 
implicating that the vesicle- associated pro-
teins have an increased chance to be at the  
cell surface [40]. In further support for the  
role of insulin in vesicle trafficking is the re- 
cent report that in adipocytes insulin causes 
the fodrin/spectrin remodeling, leading to the 
translocation of GLUT4 to the membrane [41].

KL in diabetes and DN

Experimental research: There are numerous 
experimental studies showing that KL orches-
trate various pivotal functions though hetero- 
geneous mechanisms in diabetes. Growing  
evidences showed that KL exerts antioxidant 
effects and can provide effective protection 
against the oxidative stress through KL expres-
sion in DN. It has been established that high 
glucose caused an excessive production of 
ROS [42]. Improvements in diabetes- induced 
renal dysfunction and DN by antioxidants are 
evidence for an important role of ROS in kidney 
damage [43]. KL plays a major role in the pro-
tection of kidney due to anti-oxidation in dia- 
betes rats [44-46]. It has been demonstrated 
that KL-overexpressed mice showed increased 
superoxidative dismutase (SOD2) expression  
in muscles and low levels of phosphorylated 
Forkhead box O proteins (FOXOs), in addition to 
the reduced oxidative stress as evidenced by 
lower levels of urinary 8-OHdG, a marker of oxi-
dative damages to DNA [47]. KL could activate 
FOXOs, induce SOD2 expression, and confer 
resistance to oxidative damages and apoptosis 
induced by paraquat or hydrogen peroxide [48]. 

The RhoA/Rho-associated coiled-coil kinase 
(ROCK) signaling pathway has been implicated 
in DN. Regulation of KL expression can be 
achieved through inhibition of RhoA/ROCK sig-
naling pathway [49]. Another study [50] also 
demonstrated that exog enous recombinant 
adeno-associated virus (rAAV) carrying mouse 
KL full-length cDNA (rAAV. mKL) transfection 
inhibited the expression of fibronectin (FN), 
decreased the protein expression of vimentin 
(VIM), which may contribute to the inhibition of 

the mRNA expression and protein activity of 
ROCK. 

There are growing evidences demonstrated 
that TGFβ1 and mTOR signaling may contribute 
to the exacerbation of early DN in KL+/- mice. 
TGFβ1 has been shown to be linked to renal 
fibrosis in DN in animals and humans [52-54]. 
Suppression of TGFβ1 inhibited hyperglycemia-
induced collagen synthesis and prevented glo-
merular fibrosis and renal insufficiency in db/db 
mice [53, 55]. One study [56] reveals that defi-
ciency of renal KL in KL+/- mutant mice increas- 
ed phosphorylation of Smad2, a key down-
stream signaling of TGFβ1, in diabetic kidney. 
This result supports a notion that endogenous 
KL in kidney may be an important negative reg-
ulator of the TGFβ1 signaling in diabetic mice. 
Several findings have shown that activation of 
mTOR increases the synthesis of matrix pro-
teins that contributes to basement membrane 
thickening and glomerular mesangial matrix 
expansion [57]. A number of studies have 
shown that activation of mTOR plays a crucial 
role in renal hypertrophy and podocyte injury, 
which may contribute to the progressive loss  
of renal function in DN [56, 58]. KL+/- mutant 
mice showed exacerbated kidney damage that 
is likely attributed to KL deficiency-induced en- 
hancement of mTOR signaling.

According to literatures [59], there is a close 
link between PPAR-γ and KL. PPAR-γ is a key 
transcription factor controlling adipogenesis 
and insulin sensitivity. PPAR-γ dimerizes with 
retinoid X receptor and activates the gene 
expression by binding to the cognate PPRE 
within the regulatory region of the target ge- 
nes. A study showed that troglitazone, an ago-
nist for PPAR-γ, augmented the renal KL mRNA 
expression in OLETF (Otsuka Long- Evans Toku- 
shima Fatty) rats [60]. It has also been recent- 
ly described that KL promotes adipocyte dif- 
ferentiation in cultured preadipocytes [61] and 
that overexpression of KL slows the aging pro-
cess through induction of insulin resistance. 
Recently, Zhang et al. [59] established a novel 
transcriptional mechanism that controls the 
expression of KL by showing that KL is a target 
gene of PPAR-γ in the cultured kidney cells as 
well as in mouse kidneys in vivo.

NF-κB pathway maybe is one of the mecha-
nisms related to the function of KL in DN [62]. 
It’s reported that both exogenous soluble α-KL 
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administration and overexpression of membra-
nous α-KL in kidney cell culture suppress NF- 
kB activation and subsequent inflammatory 
cytokine production in the response to TNF-α 
stimulation suggest that α-KL serves as an 
anti-inflammatory modulator [14]. 

KL may preserve beta cells against develop-
ment of diabetes. Lin et al. [51] found that 
β-cell-specific expression of KL attenuated the 
development of diabetes in db/db mice, de- 
creased intracellular superoxide levels, oxida-
tive damage, apoptosis, and endoplasmic re- 
ticulum stress in pancreatic islets. Further- 
more, β-cell-specific expression of KL increa- 
sed expression levels of Pdx-1 (insulin tran-
scription factor), PCNA (a marker of cell pro- 
liferation), and LC3 (a marker of autophagy) in 
pancreatic islets in db/db mice. 

Although this review is focusing on KL’s role on 
diabetic nephropathy, it is noted that mTOR, 
Wnt, NF-κB and PPAR-γ signaling are inter-
twined each other. Therefore, in vivo expres-
sion of KL may offer a new and effective thera-
peutic strategy not only in β-cell dysfunction 
but also in systemic pathology in DM [63-66].  

Clinical research: In recent years, studies on 
soluble KL levels in diabetic patients are scarce 
and inconclusive [67-69]. Several researches 
[70, 71] showed that the KL gene expression 
and protein levels were decreased in patients 
with even early DN [12-14, 72-75]. Of interest, 
studies further demonstrated that restoration 
of α-KL abundance in the kidney by gene trans-
fer could ameliorate angiotensin II-induced  
proteinuria [76]. Other studies also found that 
the replacement or endogenous upregulation 
of α-KL protects the kidneys from renal insults, 
preserves kidney function, and suppresses 
renal fibrosis [77]. 

In contrast, several papers didn’t find the in- 
crease of KL in patients with DN [15, 16, 78]. 
The controversial findings may be multifactori-
al. Firstly, different testing methods can affect 
the results. A reliable ELISA-based assay to 
measure s-KL levels has only recently become 
available [79], these conflicting data have been 
obtained using various commercially available 
assays [80, 81]. Secondly, many factors can 
affect the soluble KL level. Besides insulin, 
AMAD10 and AMAD17, some research show- 
ed that renal α-KL expression levels were in- 

versely correlated with urinary calcium aug-
mentation [82, 83], the use of ACE-inhibitors 
and angiotensin II receptor may have negative 
effect on soluble KL production in type2 diabe-
tes with nephropathy [39, 84]. Therefore, clini-
cally we need to interpret these data with cau-
tion in a certain patient.

On the other hand, more solid evidence shown 
that the increase of soluble KL in DN, but little 
is known about the regulatory mechanism of  
KL in DN. A study found that miR-199b-5p  
targeted KL at two binding sites using the 
MicroRNA.org data bank and that the activa-
tion of miR-199b-5p inhibited the 3’UTR acti- 
vity of KL and down-regulated its expression 
level in HK-2 cells. Some other authors also 
observed the similar research findings [85-87]. 
Therefore, at present, it can be hypothesized 
that the miR-199 family may be at least one of 
the regulatory mechanisms of KL in DN. This 
warranted the further studies.

Conclusions

In conclusion, KL may be an early biomarker 
and a potential therapeutic target in patients 
with DN. Numerous efforts have been made to 
identify the mechanisms of DN, and indeed, 
significant progress has been made. Growing 
studies strongly pose the potential utility of 
endogenous KL restoration or exogenous KL 
replacement as therapeutic options in DN. Re- 
combinant KL administration is efficacious in 
animal studies, but prior to launching clinical 
trials, many further studies still needed. 

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Minsheng Yuan, 
Department of Ophthalmology, Belmont Medical 
Associates, 725 Concord Ave Ste 4100, Cambridge 
02138, MA, USA. E-mail: minshengyuansz@163.
com

References

[1] Doi S, Zou Y, Togao O, Pastor JV, John GB, 
Wang L, Shiizaki K, Gotschall R, Schiavi S, 
Yorioka N, Takahashi M, Boothman DA, Kuro-o 
M. Klotho inhibits transforming growth factor-
beta1 (TGF-beta1) signaling and suppress- 
es renal fibrosis and cancer metastasis in 
mice. J Biol Chem 2011; 286: 8655-8665.

mailto:minshengyuansz@163.com
mailto:minshengyuansz@163.com


Klotho in diabetes and diabetic nephropathy

4346 Int J Clin Exp Med 2017;10(3):4342-4349

[2] Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi 
H, Suga T, Utsugi T, Ohyama Y, Kurabayashi M, 
Kaname T, Kume E, Iwasaki H, Iida A, Shiraki-
Iida T, Nishikawa S, Nagai R, Nabeshima YI. 
Mutation of the mouse Klotho gene leads to  
a syndrome resembling ageing. Nature 1997; 
390: 45-51.

[3] Imura A, Tsuji Y, Murata M, Maeda R, Kubota 
K, Iwano A, Obuse C, Togashi K, Tominaga M, 
Kita N, Tomiyama K, Iijima J, Nabeshima Y, 
Fujioka M, Asato R, Tanaka S, Kojima K, Ito J, 
Nozaki K, Hashimoto N, Ito T, Nishio T, 
Uchiyama T, Fujimori T, Nabeshima Y. Alpha-
Klotho as a regulator of calcium homeostasis. 
Science 2007; 316: 1615-1618.

[4] Urakawa I, Yamazaki Y, Shimada T, Iijima K, 
Hasegawa H, Okawa K, Fujita T, Fukumoto S, 
Yamashita T. Klotho converts canonical FGF 
receptor into a specific receptor for FGF23. 
Nature 2006; 444: 770-774.

[5] Mitobe M, Yoshida T, Sugiura H, Shirota S, 
Tsuchiya K, Nihei H. Oxidative stress decreas-
es Klotho expression in a mouse kidney cell 
line. Nephron Exp Nephrol 2005; 101: e67-74.

[6] Ikushima M, Rakugi H, Ishikawa K, Maekawa 
Y, Yamamoto K, Ohta J, Chihara Y, Kida I, 
Ogihara T. Anti-apoptotic and antisenescence 
effects of Klotho on vascular endothelial cells. 
Biochem Biophys Res Commun 2006; 339: 
827-832.

[7] Fukino K, Suzuki T, Saito Y, Shindo T, Amaki T, 
Kurabayashi M, Nagai R. Regulation of angio-
genesis by the aging suppressor gene Klotho. 
Biochem Biophys Res Commun 2002; 293: 
332-337.

[8] Sugiura H, Yoshida T, Shiohira S, Kohei J, 
Mitobe M, Kurosu H, Kuro-o M, Nitta K, 
Tsuchiya K. Reduced Klotho expression level 
in kidney aggravates renal interstitial fibro- 
sis. Am J Physiol Renal Physiol 2012; 302: 
F1252-1264.

[9] Liu H, Fergusson MM, Castilho RM, Liu J, Cao 
L, Chen J, Malide D, Rovira II, Schimel D, Kuo 
CJ, Silvio Gutkind J, Hwang PM, Finkel T. 
Augmented Wnt signaling in a mammalian 
model of accelerated aging. Science 2007; 
317: 803-806.

[10] Hu MC, Moe OW. Klotho as a potential bio-
marker and therapy for acute kidney injury. 
Nat Rev Nephrol 2012; 8: 423-429.

[11] Liu JJ, Liu S, Morgenthaler NG, Wong MD, 
Tavintharan S, Sum CF, Lim SC. Association  
of plasma soluble alpha-klotho with pro-en- 
dothelin-1 in patients with type 2 diabetes. 
Atherosclerosis 2014; 233: 415-418.

[12] Lin Y, Kuro-o M, Sun Z. Genetic deficiency of 
anti-aging gene Klotho exacerbates early ne-
phropathy in STZ-induced diabetes in male 
mice. Endocrinology 2013; 154: 3855-3863.

[13] Asai O, Nakatani K, Tanaka T, Sakan H, Imura 
A, Yoshimoto S, Samejima K, Yamaguchi Y, 
Matsui M, Akai Y, Konishi N, Iwano M, Na- 
beshima Y, Saito Y. Decreased renal a-Klotho 
expression in early diabetic nephropathy in  
humans and mice and its possible role in uri-
nary calcium excretion. Kidney Int 2012; 81: 
539-547.

[14] Zhao Y, Banerjee S, Dey N, LeJeune WS, Sarkar 
PS, Brobey R, Rosenblatt KP, Tilton RG, Ch- 
oudhary S. Klotho depletion contributes to in-
creased inflammation in kidney of the db/db 
mouse model of diabetes via RelA (serine) 536 
phosphorylation. Diabetes 2011; 60: 1907-
1916.

[15] van Ark J, Hammes HP, van Dijk MC, Lexis CP, 
van der Horst IC, Zeebregts CJ, Vervloet MG, 
Wolffenbuttel BH, van Goor H, Hillebrands JL. 
Circulating alpha-klotho levels are not dis-
turbed in patients with type 2 diabetes with 
and without macrovascular disease in the ab-
sence of nephropathy. Cardiovasc Diabetol 
2013; 12: 116.

[16] Kacso IM, Bondor CI, Kacso G. Soluble serum 
Klotho in diabetic nephropathy: relationship to 
VEGF-A. Clin Biochem 2012; 45: 1415-1420.

[17] Kuro-o M. A potential link between phosphate 
and aging-lessons from Klotho-deficient mice. 
Mech Ageing Dev 2010; 131: 270-275.

[18] Huang CL, Moe OW. Klotho: a novel regula- 
tor of calcium and phosphorus homeostasis. 
Pflugers Arch 2011; 462: 185-193.

[19] Hu MC, Kuro OM, Moe OW. Secreted Klotho 
and chronic kidney disease. Adv Exp Med Biol 
2012; 728: 126-157.

[20] Chang Q, Hoefs S, van der Kemp AW, Topala 
CN, Bindels RJ, Hoenderop JG. The beta-gluc-
uronidase klotho hydrolyzes and activates the 
TRPV5 channel. Science 2005; 310: 490-493.

[21] Hu MC, Kuro-o M, Moe OW. Klotho and kidney 
disease. J Nephrol 2010; 23: S136-144.

[22] Kurosu H, Yamamoto M, Clark JD, Pastor JV, 
Nandi A, Gurnani P, McGuinness OP, Chikuda 
H, Yamaguchi M, Kawaguchi H, Shimomura I, 
Takayama Y, Herz J, Kahn CR, Rosenblatt KP, 
Kuro-o M. Suppression of aging in mice by the 
hormone Klotho. Science 2005; 309: 1829-
1833.

[23] Matsumura Y, Aizawa H, Shiraki-Iida T, Nagai R, 
Kuro-o M, Nabeshima Y. Identification of the 
human klotho gene and its two transcripts en-
coding membrane and secreted klotho pro-
tein. Biochem Biophys Res Commun 1998; 
242: 626-630.

[24] Wang Y, Sun Z. Current understanding of 
klotho. Ageing Res Rev 2009; 8: 43-51.

[25] Freathy RM, Weedon MN, Melzer D, Shields B, 
Hitman GA, Walker M, McCarthy MI, Hattersley 
AT, Frayling TM. The functional “KL-VS” variant 



Klotho in diabetes and diabetic nephropathy

4347 Int J Clin Exp Med 2017;10(3):4342-4349

of KLOTHO is not associated with type 2 dia- 
betes in 5028 UK Caucasians. BMC Med Ge- 
net 2006; 7: 51. 

[26] Mitobe M, Yoshida T, Sugiura H, Shirota S, 
Tsuchiya K, Nihei H. Oxidative stress decreas-
es Klotho expression in a mouse kidney cell 
line. Nephron Exp Nephrol 2005; 101: e67-
e74.

[27] Shiraki-Iida T, Aizawa H, Matsumura Y, Sekine 
S, Iida A, Anazawa H, Nagai R, Kuro-o M, 
Nabeshima Y. Structure of the mouse klotho 
gene and its two transcripts encoding mem-
brane and secreted protein. FEBS Lett 1998; 
424: 6-10.

[28] Chen CD, Podvin S, Gillespie E, Leeman SE, 
Abraham CR. Insulin stimulates the cleavage 
and release of the extracellular domain of 
Klotho by ADAM10 and ADAM17. Proc Natl 
Acad Sci U S A 2007; 104: 19796-19801.

[29] Tsujikawa H, Kurotaki Y, Fujimori T, Fukuda K, 
Nabeshima Y. Klotho, a gene related to a syn-
drome resembling human premature aging, 
functions in a negative regulatory circuit of  
vitamin D endocrine system. Mol Endocrinol 
2003; 17: 2393-2403.

[30] Chang Q, Hoefs S, van der Kemp AW, Topala 
CN, Bindels RJ, Hoenderop JG. The beta-gluc-
uronidase klotho hydrolyzes and activates the 
TRPV5 channel. Science 2005; 310: 490-493.

[31] Weroha SJ, Haluska P. IGF-1 receptor inhibitors 
in clinical trials-early lessons. J Mammary 
Gland Biol Neoplasia 2008; 13: 471-483.

[32] Huang SM, Mishina YM, Liu S, Cheung A, 
Stegmeier F, Michaud GA, Charlat O, Wiellette 
E, Zhang Y, Wiessner S, Hild M, Shi X, Wilson 
CJ, Mickanin C, Myer V, Fazal A, Tomlinson R, 
Serluca F, Shao W, Cheng H, Shultz M, Rau C, 
Schirle M, Schlegl J, Ghidelli S, Fawell S, Lu C, 
Curtis D, Kirschner MW, Lengauer C, Finan PM, 
Tallarico JA, Bouwmeester T, Porter JA, Bauer 
A, Cong F. Tankyrase inhibition stabilizes axin 
and antagonizes Wnt signalling. Nature 2009; 
461: 614-620.

[33] Yingling JM, Blanchard KL, Sawyer JS. Deve- 
lopment of TGF-β signalling inhibitors for can-
cer therapy. Nat Rev Drug Discov 2004; 3: 
1011-1022.

[34] Prud’homme GJ. Pathobiology of transforming 
growth factor β in cancer, fibrosis and immuno-
logic disease, and therapeutic considerations. 
Lab Invest 2007; 87: 1077-1091.

[35] Federici M, Hribal ML, Menghini R, Kanno H, 
Marchetti V, Porzio O, Sunnarborg SW, Rizza  
S, Serino M, Cunsolo V, Lauro D, Mauriello  
A, Smookler DS, Sbraccia P, Sesti G, Lee DC, 
Khokha R, Accili D, Lauro R. Timp3 deficiency 
in insulin receptor-haploinsufficient mice pro-
motes diabetes and vascular inflammation via 
increased TNF-alpha. J Clin Invest 2005; 115: 
3494-3505.

[36] Solano DC, Sironi M, Bonfini C, Solerte SB, 
Govoni S, Racchi M. FASEB J 2000; 14: 1015-
1022.

[37] Torres PU, Prie D, Molina-Bletry V, Beck L, Silve 
C, Friedlander G. Klotho: an antiaging protein 
involved in mineral and vitamin D metabolism. 
Kidney Int 2007; 71: 730-737.

[38] Unger RH. Klotho-induced insulin resistance: a 
blessing in disguise? Nat Med 2006; 12: 56-
57.

[39] Pedersen BK. The anti-inflammatory effect of 
exercise: its role in diabetes and cardiovascu-
lar disease control. Essays Biochem 2006; 42: 
105-117.

[40] Johnson AO, Subtil A, Petrush R, Kobylarz  
K, Keller SR, McGraw TE. Identification of an 
insulin-responsive, slow endocytic recycling 
mechanism in Chinese hamster ovary cells. J 
Biol Chem 1998; 273: 17968-17977.

[41] Liu L, Jedrychowski MP, Gygi SP, Pilch PF. Role 
of insulin-dependent cortical fodrin/spectrin 
remodeling in glucose transporter 4 transloca-
tion in rat adipocytes. Mol Biol Cell 2006; 17: 
4249-4256. 

[42] Ha H, Lee HB. Reactive oxygen species amplify 
glucose signalling in renal cells cultured under 
high glucose and indiabetic kidney. Nephrology 
(Carlton) 2005; 10: S7-10.

[43] Shah SV, Baliga R, Rajapurkar M, Fonseca VA. 
Oxidants in chronic kidney disease. J Am Soc 
Nephrol 2007; 18: 16-28.

[44] Cheng MF, Chen LJ, Cheng JT. Decrease of 
Klotho in the kidney of streptozotocin- indu- 
ced diabetic rats. J Biomed Biotechnol 2009; 
2010: 98-116.

[45] Haruna Y, Kashihara N, Satoh M, Tomita N, 
Namikoshi T, Sasaki T, Fujimori T, Xie P, Kanwar 
YS. Amelioration of progressive renal injury  
by genetic manipulation of Klotho gene. Proc 
Natl Acad Sci U S A 2007; 104: 2331-2336.

[46] Sugiura H, Yoshida T, Tsuchiya K, Mitobe M, 
Nishimura S, Shirota S, Akiba T, Nihei H. Klotho 
reduces apoptosis in experimental ischaemic 
acute renal failure. Nephrol Dial Transpl 2005; 
20: 2636-2645.

[47] Yamamoto M, Clark JD, Pastor JV, Gurnani P, 
Nandi A, Kurosu H, Miyoshi M, Ogawa Y, Cas- 
trillon DH, Rosenblatt KP, Kuro-o M. Regulation 
of oxidative stress by the anti-aging hormone 
klotho. J Biol Chem 2005; 280: 38029-38034.

[48] Ikushima M, Rakugi H, Ishikawa K, Maekawa Y, 
Yamamoto K, Ohta J, Chihara Y, Kida I, Ogihara 
T. Anti-apoptotic and anti-senescence effects 
of Klotho on vascular endothelial cells. 
Biochem Biophys Res Commun 2006; 339: 
827-832.

[49] Narumiya H, Sasaki S, Kuwahara N, Irie H, 
Kusaba T, Kameyama H, Tamagaki K, Hatta T, 
Takeda K, Matsubara H. HMG-CoA reductase 
inhibitors up-regulate anti-aging klotho mRNA 



Klotho in diabetes and diabetic nephropathy

4348 Int J Clin Exp Med 2017;10(3):4342-4349

via RhoA inactivation in IMCD3 cells. Car- 
diovasc Res 2004; 64: 331-336.

[50] Deng MH, Luo YM, Li YK, Yang QC, Deng  
XQ, Wu P, Ma HX. Klotho gene delivery amelio-
rates renal hypertrophy and fibrosis in strepto-
zotocin-induced diabetic rats by suppressing 
the Rho-associated coiled-coil kinase signal- 
ing pathway. Mol Med Rep 2015; 12: 45-54.

[51] Lin Y, Sun Z. In vivo pancreatic β-cell-specific 
expression of anti-aging gene Klotho: a novel 
approach for preserving β-cells in type 2 dia- 
betes. Diabetes 2015; 64: 1444-1458.

[52] Chiarelli F, Gaspari S, Marcovecchio ML. Role 
of growth factors in diabetic kidney disease. 
Horm Metab Res 2009; 41: 585-593.

[53] Lehmann R, Schleicher ED. Molecular mecha-
nism of diabetic nephropathy. Clin Chim Acta 
2000; 297: 135-144.

[54] Zhu Y, Usui HK, Sharma K. Regulation of  
transforming growth factor beta in diabetic  
nephropathy: implications for treatment. Se- 
min Nephrol 2007; 27: 153-160.

[55] Ziyadeh FN, Hoffman BB, Han DC, Iglesias-De 
La Cruz MC, Hong SW, Isono M, Chen S, 
McGowan TA, Sharma K. Long-term prevention 
of renal insufficiency, excess matrix gene ex-
pression, and glomerular mesangial matrix ex-
pansion by treatment with monoclonal anti-
transforming growth factor-βantibody in db/db 
diabetic mice. Proc Natl Acad Sci U S A 2000; 
97: 8015-8020.

[56] Lin Y, Kuro-o M, Sun Z. Genetic deficiency of 
anti-aging gene Klotho exacerbates early ne-
phropathy in STZ-induced diabetes in male 
mice. Endocrinology 2013; 154: 3855-3863.

[57] Mariappan MM. Signaling mechanisms in the 
regulation of renal matrix metabolism in diabe-
tes. Exp Diabet Res 2012; 2012: 749812.

[58] Lieberthal W, Levine JS. Mammalian target of 
rapamycin and the kidney. II. Pathophysiology 
and therapeutic implications. Am J Physiol 
Renal Physiol 2012; 303: F180-191.

[59] Zhang H, Li Y, Fan Y, Wu J, Zhao B, Guan Y, 
Chien S, Wang N. Klotho is a target gene of 
PPAR-γ. Kidney Int 2008; 74: 732-739.

[60] Yamagishi T, Saito Y, Nakamura T, Takeda S, 
Kanai H, Sumino H, Kuro-o M, Nabeshima Y, 
Kurabayashi M, Nagai R. Troglitazone improves 
endothelial function and augments renal 
klotho mRNA expression in Otsuka Long-Evans 
Tokushima Fatty (OLETF) rats with multiple ath-
erogenic risk factors. Hypertens Res 2001; 24: 
705-709.

[61] Chihara Y, Rakugi H, Ishikawa K, Ikushima M, 
Maekawa Y, Ohta J, Kida I, Ogihara T. Klotho 
protein promotes adipocyte differentiation. 
Endocrinology 2006; 147: 3835-3842.

[62] Zhao Y, Banerjee S, Dey N, LeJeune WS, Sarkar 
PS, Brobey R, Rosenblatt KP, Tilton RG, Ch- 
oudhary S. Klotho depletion contributes to in-

creased inflammation in kidney of the db/db 
mouse model of diabetes via RelA (serine) 536 
phosphorylation. Diabetes 2011: 60: 1907-
1916.

[63] Yuan M, Pino E, Wu L, Kacergis M, Soukas AA. 
Identification of Akt-independent regulation  
of hepatic lipogenesis by mammalian target  
of rapamycin (mTOR) complex 2. J Biol Chem. 
2012; 287: 29579-29588.

[64] Cai D, Yuan M, Frantz DF, Melendez PA, Hansen 
L, Lee J, Shoelson SE. Local and systemic insu-
lin resistance resulting from hepatic activation 
of IKK-beta and NF-kappaB. Nat Med 2005; 
11: 183-190.

[65] Banks AS, McAllister FE, Camporez JP, Zushin 
PJ, Jurczak MJ, Laznik-Bogoslavski D, Shulman 
GI, Gygi SP, Spiegelman BM. An ERK/Cdk5 axis 
controls the diabetogenic actions of PPARγ. 
Nature 2015; 517: 391-395.

[66] Lee JM, Wagner M, Xiao R, Kim KH, Feng D, 
Lazar MA, Moore DD. Nutrient-sensing nuclear 
receptors coordinate autophagy. Nature 2014; 
516: 112-115. 

[67] Ishizaka N, Matsuzaki G, Saito K, Furuta K, 
Mori I, Nagai R. Downregulation of klotho gene 
expression in streptozotocin-induced diabetic 
rats. Geriatr Gerontol Int 2007; 7: 285-292. 

[68] Cheng MF, Chen LJ, Cheng JT. Decrease of 
Klotho in the kidney of streptozotocin-indu- 
ced diabetic rats. J Biomed Biotechnol 2012; 
2010: 513853.

[69] Koh N, Fujimori T, Nishiguchi S, Tamori A, 
Shiomi S, Nakatani T, Sugimura K, Kishimoto T, 
Kinoshita S, Kuroki T, Nabeshima Y. Severely 
reduced production of klotho in human chronic 
renal failure kidney. Biochem Biophys Res 
Commun 2001; 280: 1015-1020.

[70] Asai O, Nakatani K, Tanaka T, Sakan H, Imura 
A, Yoshimoto S, Samejima K, Yamaguchi Y, 
Matsui M, Akai Y, Konishi N, Iwano M, Nabe- 
shima Y, Saito Y. Decreased renal α-Klotho ex-
pression in early diabetic nephropathy in hu-
mans and mice and its possible role in urinary 
calcium excretion. Kidney Int 2012; 81: 539-
547.

[71] Kim MK, Chung SW, Kim DH, Kim JM, Lee EK, 
Kim JY, Ha YM, Kim YH, No JK, Chung HS, Park 
KY, Rhee SH, Choi JS, Yu BP, Yokozawa T, Kim 
YJ, Chung HY. Modulation of age-related NF-κB 
activation by dietary zingerone via MAPK path-
way. Exp Gerontol 2010; 45: 419-426.

[72] Kacso IM, Bondor CI, Kacso G. Soluble serum 
klotho in diabetic nephropathy: relationship to 
VEGF-A. Clin Biochem 2012; 45: 1415-1420.

[73] Asai O, Nakatani K, Tanaka T, Sakan H, Imura 
A, Yoshimoto S, Samejima K, Yamaguchi Y, 
Matsui M, Akai Y, Konishi N, Iwano M, Nabe- 
shima Y, Saito Y. Decreased renal alpha-Klotho 
expression in early diabetic nephropathy in hu-
mans and mice and its possible role in urinary 



Klotho in diabetes and diabetic nephropathy

4349 Int J Clin Exp Med 2017;10(3):4342-4349

calcium excretion. Kidney Int 2012; 81: 539-
547.

[74] Devaraj S, Syed B, Chien A, Jialal I. Validation 
of an immunoassay for soluble Klotho protein: 
decreased levels in diabetes and increased 
levels in chronic kidney disease. Am J Clin 
Pathol 2012; 137: 479-485.

[75] Kang WL, Xu GS. Atrasentan increased the ex-
pression of klotho by mediating miR-199b-5p 
and prevented renal tubular injury in diabetic 
nephropathy. Sci Rep 2016; 6: 19979.

[76] Lim SC, Liu JJ, Subramaniam T, Sum CF. 
Elevated circulating alpha-klotho by angioten-
sin II receptor blocker losartan is associated 
with reduction of albuminuria in type 2 diabet-
ic patients. J Renin-Angio-Aldo S 2014; 15: 
487-490.

[77] Hu MC, Kuro-o M, Moe OW. Secreted klotho 
and chronic kidney disease. Adv Exp Med Biol 
2012; 728: 126-157.

[78] Lee EY, Kim SS, Lee JS, Kim IJ, Song SH, Cha 
SK, Park KS, Kang JS, Chung CH. Soluble 
α-Klotho as a novel biomarker in the early 
stage of nephropathy in patients with type 2 
diabetes. PLoS One 2014; 9: e102984.

[79] Yamazaki Y, Imura A, Urakawa I, Shimada T, 
Murakami J, Aono Y, Hasegawa H, Yamashita T, 
Nakatani K, Saito Y, Okamoto N, Kurumatani 
N, Namba N, Kitaoka T, Ozono K, Sakai T, 
Hataya H, Ichikawa S, Imel EA, Econs MJ, 
Nabeshima Y. Establishment of sandwich 
ELISA for soluble alpha-Klotho measurement: 
age-dependent change of soluble alpha-Klotho 
levels in healthy subjects. Biochem Biophys 
Res Commun 2010; 398: 513-518.

[80] Devaraj S, Syed B, Chien A, Jialal I. Validation 
of an immunoassay for soluble Klotho protein: 
decreased levels in diabetes and increased 
levels in chronic kidney disease. Am J Clin 
Pathol 2012; 137: 479-485.

[81] Kacso IM, Bondor CI, Kacso G. Soluble serum 
Klotho in diabetic nephropathy: relationship to 
VEGF-A. Clin Biochem 2012; 45: 1415-1420.

[82] Imura A, Iwano A, Tohyama O, Tsuji Y, Nozaki  
K, Hashimoto N, Fujimori T, Nabeshima Y. Se- 
creted Klotho protein in sera and CSF: impli- 
cation for post-translational cleavage in re-
lease of Klotho protein from cell membrane. 
FEBS Lett 2004; 565: 143-147.

[83] Asai O, Nakatani K, Tanaka T, Sakan H, Imura 
A, Yoshimoto S, Samejima K, Yamaguchi Y, 
Matsui M, Akai Y, Konishi N, Iwano M, Nabe- 
shima Y, Saito Y. Decreased renal a-Klotho ex-
pression in early diabetic nephropathy in hu-
mans and mice and its possible role in urinary 
calcium excretion. Kidney Int 2012; 81: 539-
547.

[84] de Borst MH, Vervloet MG, ter Wee PM, Navis 
G. Cross talk between the renin-angiotensin-
aldosterone system and vitamin D-FGF-23-
klotho in chronic kidney disease. J Am Soc 
Nephrol 2011; 22: 1603-1609.

[85] He XJ, Ma YY, Yu S, Jiang XT, Lu YD, Tao L, Wang 
HP, Hu ZM, Tao HQ. Up-regulated miR-199a-5p 
in gastric cancer functions as an oncogene 
and targets Klotho. BMC Cancer 2014; 14: 
218.

[86] Nesca V, Guay C, Jacovetti C, Menoud V, Peyot 
ML, Laybutt DR, Prentki M, Regazzi R. Identi- 
fication of particular groups of microRNAs that 
positively or negatively impact on beta cell 
function in obese models of type 2 diabetes. 
Diabetologia 2013; 56: 2203-2212.

[87] Yan ST, Li CL, Tian H, Li J, Pei Y, Liu Y, Gong YP, 
Fang FS, Sun BR. MiR-199a is overexpressed 
in plasma of type 2 diabetes patients which 
contributes to type 2 diabetes by targeting 
GLUT4. Mol Cell Biochem 2014; 397; 45-51.


