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Abstract

The prevalence of arterial stiffness increases with age while the level of the aging-suppressor
protein klotho decreases with age. The objective of this study is to assess if haplodeficiency of
klotho gene causes arterial stiffness and investigate the underlying mechanism. Pulse wave
velocity, a direct measure of arterial stiffness, was increased significantly in klotho heterozygous
(klotho™~) mice vs. their age-matched wild-type (WT) littermates, suggesting that haplodeficiency
of klotho causes arterial stiffening. Notably, plasma aldosterone levels were elevated significantly
in klotho*/~ mice. Treatment with eplerenone (6 mg/kg/day, IP), an aldosterone receptor blocker,
abolished klotho deficiency-induced arterial stiffening in klotho*/~ mice. Klotho deficiency was
associated with increased collagen and decreased elastin contents in the media of aortas. In
addition, arterial MMP2, MMP9 and TGFp1 expression and myofibroblast differentiation were
increased in klotho™'~ mice. These klotho deficiency-related changes can be blocked by
eplerenone. Protein expression of scleraxis, a transcription factor for collagen synthesis, and LC3-
[1/LC3-1, an index of autophagy, were upregulated in aortas of klotho*/~ mice, which can be
abolished by eplerenone. In cultured mouse aortic smooth muscle cells, aldosterone increased
collagen-1 expression which can be completely eliminated by siRNA knockdown of scleraxis.
Interestingly, alsosterone decreased elastin levels in smooth muscle cells which can be abolished
by siRNA knockdown of Beclin-1, an autophagy-related gene.

Conclusion—This study demonstrated for the first time that klotho deficiency-induced arterial
stiffening may involve aldosterone-mediated upregulation of scleraxis and induction of autophagy
which led to increased collagen-1 expression and decreased elastin levels, respectively.
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Introduction

The klotho gene, which was originally identified as an ‘aging suppressor’ gene in mice,
encodes a single-pass transmembrane protein that is predominantly expressed in the distal
tubular epithelial cells of the kidneys and choroid plexus of the brain. 1-# Insertional
mutation of mouse klotho gene resulted in extensive premature aging phenotypes and
shortens lifespan.l However, overexpression of mouse klotho gene rescued aging
phenotypes and extended lifespan by 20%-30%.5 Therefore, klotho is an anti-aging gene.3

Acrterial stiffness is one of the earliest detectable manifestations of adverse structural and
functional changes within the vessel wall. Increased stiffness of large conduit arteries is a
major risk factor for hypertension.5= It has also been shown that arterial stiffness is an
independent predictor of stroke and ischemic heart disease.® The wall of large arteries,
especially the aorta, thickens and loses elasticity over time which results in an increase in
arterial stiffness.” Elastin and collagen fibers are major determinants of mechanical
properties of large arteries.®~10 Large conduit arteries become stiffer with age due to
fragmentation and degradation of elastin and subsequent replacement by collagen which is
100-1000 times stiffer than elastin.1! Large artery stiffening may be influenced by aging,
hemodynamic forces, and excessive hormones, such as aldosterone.12-14 |t was reported that
patients with hyperaldosteronism have increased arterial stiffness.1> Although excessive
aldosterone may be involved in arterial stiffness,16 the underlying mechanism has yet to be
determined.

The klotho level decreases with agel’ while the prevalence of arterial stiffness increases
with age.18 At age 70 years, the serum level of klotho is less than one half of what it was at
age 40 years.1” Moreover, the serum klotho level is significantly decreased in patients with
arterial stiffness and chronic kidney diseases.1® Therefore, we investigated if
haplodeficiency of klotho causes arterial stiffening. We recently found that haplodeficiency
of klotho upregulates adrenal CYP11B2 expression and aldosterone synthesis.20 Therefore,
we plan to investigate if klotho deficiency causes arterial stiffness by upregulation of
aldosterone levels. To study the potential involvement of aldosterone in the regulation of
arterial stiffness, we assessed the effect of an aldosterone receptor blocker, eplerenone, on
pulse wave velocity in klotho™~ mice. We further evaluated scleraxis (collagen transcription
factor) and Beclin-1 (autopgagy-related gene) in aldosterone-induced collagen synthesis and
elastin degradation in mouse vascular aortic smooth muscle cells (MOVAS).

Materials and Methods
See the Online Supplemental Methods.
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Results

Haplodeficiency of Klotho gene (klotho*") increased arterial pulse wave velocity (PWV)
and serum levels of aldosterone

Avrterial pulse wave velocity (PWV) is a direct measure of arterial stiffness. Interestingly,
PWV of klotho*/~ mice was increased significantly compared to that of age-matched WT
littermates (p<0.01) (Fig. 1A, 15 mo), indicating that klotho deficiency causes arterial
stiffness. Following measurement of PWV, mice were euthanized for measuring serum
aldosterone levels. Notably, serum aldosterone levels were higher in klotho*™/~ mice than in
WT mice (Fig. 1B). Therefore, klotho deficiency increases circulating aldosterone levels.

In another experiment, we monitored PWYV and systolic blood pressure in mice from 14-16
weeks of age. PWV started to increase in klotho*/~ mice around 14 weeks while blood
pressure did not increase significantly by 16 weeks of age (Fig. SLA&B in the online-only
Data Supplement). This result indicated that arterial stiffening preceded the development of
elevation of blood pressure. Western blot analysis indicated that klotho protein expression
was decreased significantly in kidneys and adrenal glands (Fig. S2), which is consistent with
our recent studies.?!

Blockade of aldosterone receptors abolished the increase in PWV in klotho™~ mice

To investigate if upregulation of aldosterone levels is involved in arterial stiffness, we
treated klotho*/~ mice and their WT littermates with eplerenone (6 mg/kg/day, IP), a
specific aldosterone receptor antagonist. Blockade of aldosterone receptors decreased PWV
of klotho™~ mice to the control level following a 3-week treatment (Fig. 2). Eplerenone did
not affect PWV in WT mice (Fig. 2). The results suggest that upregulation of aldosterone
levels may be involved in arterial stiffening due to klotho deficiency. Eplerenone did not
affect body weight in either WT or klotho*’~ mice (Fig. S3).

Haplodeficiency of klotho gene increased collagen expression but decreased elastin levels
in aortas which can be abolished by blockade of aldosterone receptors

To investigate the molecular basis of arterial stiffening, we measured arterial collagen and
elastin levels by immunostaining and western blot assays.?2-24 The Immunostaining assay
showed that aortic collagen expression levels were increased significantly in klotho*/~ mice
(Fig. 3A). Collagen deposition (blue) in klotho™~ mice was mainly found in the medial layer
of the aorta. On the hand, aortic elastin levels (brown) were decreased significantly in
klotho*/~ mice (Fig. 3A). Collagen staining was increased in aortas but not in small arteries
(carotid and femoral arteries) in klotho*/~ mice (Fig. S4), suggesting that klotho deficiency
causes remodeling primarily in large conduit arteries. Western blot analysis confirmed that
klotho deficiency upregulated collagen | expression but downregulated elastin levels in
aortas (Fig. 3B). The ratio of elastin to collagen in aortas was markedly decreased in
klotho™~ mice (Fig. 3A&B), indicating that klotho deficiency causes arterial remodeling.
Blockade of aldosterone receptors by eplerenone abolished the upregulation of collagen and
downregulation of elastin in aortas leading to attenuation of arterial remodeling in klotho*/~
mice. Eplerenone did not affect the ratio of elastin/collagen in WT mice (Fig. 3).
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Haplodeficiency of klotho gene increased arterial MMP2, MMP9 and TGFB1 expression
which can be eliminated by blockade of aldosterone receptors

MMPs are a family of proteases that play important roles in extracellular matrix (ECM)
remodeling and degradation. Increased MMP activity could contribute to ECM remodeling
and fibrosis. The immunostaining assay showed that MMP2 and MMP9 expression were
localized in smooth muscle layers (Fig. 4A). We further measured MMPs protein expression
levels by western blots. MMP2 and MMP9 protein expressions were increased significantly
in aortas of klotho™'~ mice (Fig 4B). Blockade of aldosterone receptors by eplerenone
decreased MMP2 and MMP9 expressions to the control levels (Fig. 4B). Eplerenone did not
affect MMP2 and MMP9 expressions in WT mice (Fig. 4B).

TGFp increases matrix protein synthesis and decreases matrix protein degradation, catalyzed
by several enzyme families, including matrix metalloproteinases (MMP), resulting in tissue
fibrosis.2> Western blot analysis showed that TGFB1 expression was increased significantly
in klotho*’~ mice (Fig. 4C), indicating that klotho deficiency upregulated TGFB1 expression.
Blockade of aldosterone receptors by eplerenone decreased TGFB1 expression to the control
level in klotho*™'~ mice (Fig. 4C), suggesting that klotho deficiency-induced upregulation of
TGFp1 was mediated by the upregulation of aldosterone. Eplerenone did not affect TGFf1
expressions in WT mice (Fig. 4C).

Klotho*'~ increased aortic myofibroblast differentiation which can be abolished by
blockade of aldosterone receptors

Myofibroblasts are primarily involved in collagen synthesis and fibrotic formation. The
differentiated myofibroblasts lie in between fibroblasts and smooth muscle cells in
differentiation. Myofibroblasts are characterized by the intermediate filament vimentin like
alpha smooth muscle actin (a-SMA). a-SMA-positive cells were significantly increased in
klotho*/~ mice (Fig. 5), indicating that klotho deficiency promoted myofibroblast
differentiation. Blockade of aldosterone receptors by eplerenone abolished klotho
deficiency-induced myofibroblast differentiation (Fig. 5), suggesting that klotho deficiency-
induced myofibroblast differentiation was mediated by upregulation of aldosterone levels.
Eplerenone did not affect myofibroblasts differentiation in WT mice (Fig. 5).

Aldosterone increased collagen-1 expression in smooth muscle cells by upregulation of
transcriptional factor scleraxis

One of the interesting findings is that scleraxis was up-regulated in aortas of klotho*/~ mice
(Fig. S5A). Blockade of aldosterone receptors by eplerenone decreased scleraxis expression
in klotho*/~ mice to the control level (Fig. S5A), suggesting that klotho deficieny-induced
upregulation of scleraxis was mediated by aldosterone. Scleraxis is a transcription factor that
is implicated in regulating the development of collagen-rich tissues such as tendons.26-27
However, whether it is involved in the collagen synthesis in arterial cells is not clear.

To answer this question, mouse aortic smooth muscle cells (MOVAS) were treated with
aldosterone for 16 h and then harvested for western blot analysis. Aldosterone increased
scleraxis expression and collagen-1 expression in MOVAS (Fig. S5B). To investigate if
scleraxis plays a role in aldosterone-induced up-regulation of collagen-1, we silenced
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scleraxis in MOVAS. Scleraxis siRNA was effective in knocking down scleraxis (Fig. S5C).
Briefly, MOVAS were transfected with scleraxis siRNA (SiSCX) for 48 h before treatment
with aldosterone for another 16 h. Aldosterone increased collagen-1 and scleraxis expression
levels in MOVAS. siRNA-mediated knockdown of scleraxis completely eliminated
upregulation of collagen-1 induced by aldosterone (Fig. S5D). Scleraxis siRNA did not
affect the inhibitory effect of aldosterone on elastin expression in MOVAS (Fig. 6D). These
results suggest that upregulation of scleraxis may mediate the aldosterone-induced increase
in collagen-1 expression in MOVAS.

Aldosterone decreased elastin levels in smooth muscle cells through induction of

autophagy

The ratio of LC3-11 to LC3-1, a reliable marker of autophagy, was upregulated in aortas of
klotho*/~ mice (Fig. S6A). Blockade of aldosterone receptors by eplerenone abolished
klotho deficiency-induced upregulation of the ratio of LC3-11/LC3-I. In cultured MOVAS,
aldosterone increased the ratio of LC3-11/LC3-I ratio and decreased elastin expression (Fig.
S6B).

To assess if autophagy plays a role in aldosterone-induced downregulation of elastin, we
silenced Beclin-1, an autophagy-related gene. Beclin-1 siRNA effectively knocked down
Beclin-1 and inhibited autophagy in MOVAS (Fig. S6C). Briefly, MOVAS were transfected
with Beclin-1 siRNA (siBCNZ1) for 48 h before treatment with aldosterone for another 16 h.
Aldosterone upregulated Beclin-1, elastase, MMP2, and MMP9 expression but decreased
elastin levels in MOVAS (Fig. S6D). These changes were abolished by siRNA knockdown
of Beclin-1 (Fig. S6D), suggesting that autophay may be involved in elastin degradation
induced by aldosterone. Beclin-1 siRNA did not affect the promoting effect of aldosterone
on collagen-1 expression in MOVAS (Fig. S6D).

Discussion

Klotho was originally identified as an aging-suppressor gene.3 Mutation of klotho gene
causes multiple premature aging phenotypes and shortens life span.! This study
demonstrates, for the first time, that haplodeficiency of klotho gene caused arterial
stiffening. Arterial stiffening is one of the earliest detectable manifestations of adverse
structural and functional changes within the vessel wall.8 An increase in arterial stiffness is
an independent risk factor for cardiovascular morbidity and mortality.”> 28-31 |n humans, a
decrease in serum level of soluble klotho is an independent biomarker of pronounced arterial
stiffness in patients with chronic kidney disease.19 Conversely, an increase in plasma klotho
levels is associated with reduced arterial stiffness in postmenopausal women.32

This study demonstrated that arterial stiffening occurred prior to the elevation of blood
pressure, suggesting that arterial stiffening was not attributed to hypertension. The recent
Framingham study showed that large artery stiffness precedes the development of
hypertension.33 This report indicated that arterial stiffening may be the cause of
hypertension.33 Two longitudinal studies have demonstrated that arterial stiffness predicts
an increase in systolic blood pressure and incident hypertension.34-35 High fat diet-induced
arterial stiffening also preceded the development of hypertension.36 In this study, we
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showed that hyperaldosteronism may mediate arterial stiffening due to klotho deficiency
(Fig. 1-5). Indeed, a high level of aldosterone itself is sufficient to cause elastin degradation
and increase collagen synthesis in smooth muscle cells (Fig. S5 & S6). Although
hypertension could also contribute to vascular remodeling and stiffening, it is, however, a
slow process. Nevertheless, this study does not exclude the possibility that persistent
elevation of BP may also contribute to the progression of arterial stiffening in this model in
its later stage. The limitation of this study is that it does not elucidate the relationship of
arterial stiffening and hypertension (causality).

Serum levels of klotho decrease with age after age 4017 while the prevalence of arterial
stiffening and hypertension increases with age.” Our study provides the first experimental
evidence that klotho deficiency may be a pathological factor for arterial stiffness. Klotho*/~
mice were used which mimics a half klotho reduction in the aged population 17. The
development of arterial stiffening in klotho*/~ mice is a slow and gradual structural
remodeling process starting at low level of stiffening (Fig. 1, S1). Arterial stiffening in
klotho*/~ mice is a natural model which may be moderate vs other models, e.g., the high fat/
high sucrose-induced model.38 Klotho homozygous (—/-) mice demonstrate early and
extensive aging phenotypes and die before the age of 8 weeks (body weight = 8 grams).!
Klotho homozygous mice also develop severe hyperphosphatemia and soft tissue
calcification.3~ As a result, klotho homozygous mice were not used.

Interestingly, haplodeficiency of klotho gene increased the level of circulating aldosterone
(Fig. 1), which was supported by an observation by Fischer et al who showed that plasma
levels of aldosterone were elevated significantly in klotho™~ mice.3” Our recent study
showed that haplodeficiency of klotho gene upregulates adrenal CYP11B2 expression
leading to increased aldosterone synthesis.20 To investigate if upregulation of aldosterone
levels is involved in klotho deficiency-induced arterial stiffness, we treated klotho*/~ mice
with an aldosterone receptor blocker, eplerenone. Notably, blockade of the aldosterone
action by eplerenone: (1) abolished the increase of PWV, (2) largely rescued arterial
collagen deposition and elastin degradation, (3) eliminated the increases in arterial MMP2,
MMP9 and TGFp1 expression, and (4) attenuated myofibroblasts differentiation in aortas in
klotho™~ mice. Together, this study provides the first evidence that klotho deficiency-
induced arterial stiffening is mediated by upregulation of aldosterone levels.

Using mouse vascular aortic smooth muscle cells (MOVAS), we further investigated the
molecular mechanism of klotho deficiency-induced upregulation of collagen expression and
downregulation of elastin levels, the critical basis of arterial stiffness. Scleraxis, a member
of the basic helix-loop-helix (bHLH) family of transcription factors, is specifically
expressed in tendons and ligaments, where it can be detected from early progenitor cells to
mature fibroblasts.38-40 Scleraxis is sufficient to upregulate expression of the collagen 1a2
gene in primary cardiac fibroblasts.#1~42 Indeed, scleraxis regulates expression of the
collagen 1al gene in tenocytes, and scleraxis gene deletion results in defects in the
development of intermuscular and force-transmitting tendons concomitant with type |
collagen loss.26-27 We showed that scleraxis was upregulated in the aorta of klotho*/~ mice
(Fig. S5). Interestingly, blockade of aldosterone receptors by eplerenone abolished
upregulation of scleraxis expression, suggesting that aldosterone may be involved in klotho
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deficiency-induced upregulation of scleraxis. Although aldosterone is known to increase
arterial stiffening,6 the underlying mechanism is unclear. In cultured MOVAS, aldosterone
increased scleraxis expression and collagen-1 expression. Scleraxis may mediate
aldosterone-induced upregulation of collagen-1 expression which can be eliminated by
siRNA knockdown of scleraxis. This is the first study demonstrating that scleraxis is
expressed in aortic SMCs and may be involved in collagen synthesis. In addition, the
findings reveal a previously unidentified role of aldosterone in regulating expression of
scleraxis, a key transcription factor for collagen synthesis.

Autophagy is a primary cellular pathway for lysosomal degradation and recycling of long-
lived proteins and organelles. Autophagy plays an important role in maintaining cell and
organ homeostasis under both basal and various stressful conditions.*3-44 Accumulating
evidence suggests that aldosterone may induce autophagy to remove protein
aggregation.*>-46 However, whether autophagy causes extracellular matrix protein changes
and contributes to arterial stiffening has never been investigated. We demonstrate that klotho
deficiency upregulated autophagy in aortas which was mediated by aldosterone (Fig. S6). In
cultured SMCs, aldosterone induced autophagy and increased elastase, MMP2, and MMP9
expression leading to decreased elastin levels (Fig. S6). We showed that upregulation of
autophagy may mediate aldosterone-induced degradation of elastin because inhibition of
autophagy by siRNA knockdown of Beclin 1 abolished aldosterone-induced upregulation of
elastase, MMP2 and MMP9 expression and downregulation of elastin. This is the first report
showing that autophagy may induce elastin degradation. Further studies are warranted to
assess the relationship of Beclin-1 and elastase/MMPs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Perspective

Our study provides the first experimental evidence that arterial stiffness due to klotho
deficiency is mediated by upregulation of aldosterone levels which increase scleraxis
expression and induce autophagy. It is new and interesting that klotho deficiency-induced
upregulation of scleraxis expression and induction of autophagy induce collagen
synthesis and elastin degradation, respectively. Accumulation of stiffer collagen and
degeneration of compliant elastin fibers are considered the key structural remodeling
contributing to arterial stiffening.
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Figure 1.

Haplodeficiency of Klotho gene (klotho*/") increased arterial pulse wave velocity (PWV)
and serum aldosterone levels. (A) PWV was measured in klotho*/~ and age-mated WT mice
by 10-MHz Doppler probes (n=14). (B) Serum aldosterone levels were measured by ELISA
(n=6). Data are expressed as mean+SE and analyzed by a one-way ANOVA. **p<0.01 vs.
WT group.

Hypertension. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duasnueln Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

N

w

—

Pulse Wave Velocity (m/s)
< N

Page 14

1 Vehicle
Bl Eplerenone

WT Klotho +/-

Figure 2.
Blockade of aldosterone receptors abolished the increase of PWV in klotho*/~ mice. PWV

was measured after treatment with eplerenone for 3 weeks. Data are expressed as mean+SE
and analyzed by two-way ANOVA. n=7. *p<0.05 vs. WT group; #p<0.05 vs. klotho*/~-
vehicle group.
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Figure 3.

Haplodeficiency of klotho gene increased collagen expression but decreased elastin levels in
aortas which can be abolished by blockade of aldosterone receptors. (A)
Immunohistochemical analysis of collagen-1 (blue) and elastin (brown). (B) Western blot
analysis of collagen-1 and elastin. Data are expressed as mean+SE and analyzed by a two-
way ANOVA. n=5. *p<0.05, **p<0.01 vs. WT group; #p<0.05, #p<0.01 vs. klotho*/~-
vehicle group. Scale bar = 20 um.

Hypertension. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Chen et al.

Page 16

A WT Klotho +/-

Vehicle Eplerenone Vehicl

B P

R
2

WT Klotho*"

B Vehicle Eplerenone Vehicle Eplerenone c WT Klotho**
MMP2 b_ —— e s S R SN~ ﬂ 74 kDa Vehicle Eplerenone _Vehicle Eplerenone
MMPS [ S S T S S S S a2 kpa O = = RES=HERE === 12kDa
a-Tubulin - — — c— v w50 kDa a-Tubulin s === 50 kDa
[
= = g 0.49 O Vehicle @ Eplerenone
% 0.49 O Vehicle Il Eplerenone § 0.37 O Vehicle I Eplerenone o 55
S 0.
So3 *x 5 =
= 0.2 3 0.2
3 0.2 3 =0
- < -
& 0.1 2 01 =01
200 § 0.0 200
& wT Klotho +/- ’ wT Klotho +/- WT Klotho +/-

Figure4.
Haplodeficiency of klotho gene increased arterial MMP2, MMP9 and TGFB1 expression

which can be eliminated by blockade of aldosterone receptors. (A) Immunohistochemical
staining results of MMP2 and MMP9. (B) Western blot analysis of MMP2 and MMP9
expression. (C) Western blot analysis of TGFB1 expression. Data are expressed as mean+SE
and analyzed by two-way ANOVA. n=5, *p<0.05, **p<0.01 vs WT

group; #p<0.05, #p<0.01 vs klotho*/~-vehicle group. Scale bar = 20 pm
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Figure5.
Klotho*/~ increased aortic myofibroblasts differentiation which can be abolished by

blockade of aldosterone receptors. Myofibroblast differentiation was evaluated by a-SMA
positive cells using immunohistochemical staining. The semi-quantitative data are expressed
as mean+SE and analyzed by two-way ANOVA. n=5, **p<0.01 vs WT group; #p<0.05 vs
klotho*/~-vehicle group. Scale bar = 20 pm.
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