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Summary

Kallistatin, an endogenous protein, protects against vascular

injury by inhibiting oxidative stress and inflammation in hyper-

tensive rats and enhancing the mobility and function of endothe-

lial progenitor cells (EPCs). We aimed to determine the role and

mechanism of kallistatin in vascular senescence and aging using

cultured EPCs, streptozotocin (STZ)-induced diabetic mice, and

Caenorhabditis elegans (C. elegans). Human kallistatin signifi-

cantly decreased TNF-a-induced cellular senescence in EPCs, as

indicated by reduced senescence-associated b-galactosidase activ-

ity and plasminogen activator inhibitor-1 expression, and ele-

vated telomerase activity. Kallistatin blocked TNF-a-induced
superoxide levels, NADPH oxidase activity, and microRNA-21

(miR-21) and p16INK4a synthesis. Kallistatin prevented TNF-a-
mediated inhibition of SIRT1, eNOS, and catalase, and directly

stimulated the expression of these antioxidant enzymes. More-

over, kallistatin inhibited miR-34a synthesis, whereas miR-34a

overexpression abolished kallistatin-induced antioxidant gene

expression and antisenescence activity. Kallistatin via its active

site inhibited miR-34a, and stimulated SIRT1 and eNOS synthesis

in EPCs, which was abolished by genistein, indicating an event

mediated by tyrosine kinase. Moreover, kallistatin administration

attenuated STZ-induced aortic senescence, oxidative stress, and

miR-34a and miR-21 synthesis, and increased SIRT1, eNOS, and

catalase levels in diabetic mice. Furthermore, kallistatin treatment

reduced superoxide formation and prolonged wild-type C. ele-

gans lifespan under oxidative or heat stress, although kallis-

tatin’s protective effect was abolished in miR-34 or sir-2.1 (SIRT1

homolog) mutant C. elegans. Kallistatin inhibited miR-34, but

stimulated sir-2.1 and sod-3 synthesis in C. elegans. These in vitro

and in vivo studies provide significant insights into the role and

mechanism of kallistatin in vascular senescence and aging by

regulating miR-34a-SIRT1 pathway.

Key words: aging; oxidative stress; kallistatin; microRNA-

34a; sirtuin 1; vascular senescence.

Introduction

Endothelial progenitor cells (EPCs) are a major contributor to vascular

repair, and can be derived from bone marrow, circulating mononuclear

cells, and cord blood (Lin et al., 2000; Reyes et al., 2002). Circulating

EPCs are the most important cell population for the replenishment of

damaged or senescent endothelial cells. Advanced aging is a major risk

factor for suppressed EPC function (Williamson et al., 2012). Senescent

or impaired EPCs contribute to endothelial dysfunction, which is a

predictor of cardiovascular diseases (Heiss et al., 2005). Type 1 diabetes

is one of cardiovascular-associated diseases characterized by reduced

EPC numbers and vascular repair (Loomans et al., 2004). Moreover, the

nematode Caenorhabditis elegans (C. elegans) has a number of distinct

advantages that are useful for understanding the molecular basis of

organismal dysfunction underlying age-related diseases. Due to its short

life cycle (3.5 days) and conserved longevity genes from worm to human

(Zhou et al., 2011), C. elegans is an ideal model for investigating the

aging process. Consequently, EPCs, streptozotocin (STZ)-induced dia-

betic mice, and C. elegans are valuable models for examining the

mechanisms of vascular senescence and aging.

Oxidative stress is a key inducer of endothelial senescence, with the

inflammatory cytokine TNF-a being the main contributor to reactive

oxygen species (ROS) production (Chen et al., 2008). Upregulation of

antioxidant proteins, such as endothelial nitric oxide synthase (eNOS),

sirtuin 1 (SIRT1), catalase, and manganese superoxide dismutase

(MnSOD), has been shown to protect against oxidative stress-mediated

insults (Wassmann et al., 2004; Ota et al., 2010). eNOS maintains the

redox state of endothelial cells and promotes vasorelaxation through NO

production (Forstermann & Sessa, 2012). SIRT1 is a conservative longevity

gene from yeast to human, and accounts for vascular homeostasis by

activating many antioxidant enzymes, such as eNOS, catalase, and

MnSOD, to diminish ROS (Kitada et al., 2016). Conversely, growing

evidence has shown that microRNA-34a (miR-34a) is a senescence

promoter, as it inhibits SIRT1 through a miR-34a-binding site within the

30 UTRof SIRT1 (Zhao et al., 2010). Furthermore,miR-21, a tumor inducer,

is also involved in EPC senescence (Zhu et al., 2013). The antioxidant

enzymes and pro-senescence miRNAs underlie the molecular basis for

endothelial senescence and aging-associated diseases. Therefore, explo-

ration of effective molecules or compounds that stimulate longevity gene

expression and inhibit the effects of negative regulators may lead to a

prospective enhancement of vascular integrity and lifespan.

Kallistatin was identified in human plasma as a tissue kallikrein-

binding protein and a serine proteinase inhibitor (Chao et al., 1986;

Zhou et al., 1992). Kallistatin consists of two structural elements, an

active site and a heparin-binding site (Chen et al., 2000a,b, 2001),

which regulate a wide spectrum of biological activities (Chao et al.,

2016). The active site of kallistatin is crucial for inhibiting tissue kallikrein

activity, and stimulating eNOS and SIRT1 expression (Chen et al., 2000a,

b; Guo et al., 2015). Kallistatin’s heparin-binding domain is essential for

antagonizing signaling pathways mediated by VEGF, TNF-a, high-

mobility group box-1 (HMGB1), and TGF-b (Miao et al., 2003; Yin

et al., 2010; Li et al., 2014; Guo et al., 2015). Kallistatin administration

attenuates organ damage, inflammation, and oxidative stress associated

with increased eNOS and NO levels in animal models of myocardial
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infarction and salt-induced hypertension (Gao et al., 2008; Shen et al.,

2008; Yin et al., 2010). Kallistatin, via NO stimulation, reduces TNF-a-
induced superoxide production and NADPH oxidase activity in endothe-

lial cells (Shen et al., 2010). Moreover, kallistatin prevents endothelial–

mesenchymal transition (EndMT) by inhibiting TGF-b-induced miR-21,

and increasing SIRT1 synthesis in endothelial cells (Guo et al., 2015).

Importantly, kallistatin treatment increases circulating EPC number and

reduces aortic oxidative stress in hypertensive rats, whereas kallistatin

deficiency decreases EPC levels and exacerbates oxidative vascular injury

(Liu et al., 2012; Gao et al., 2014). In addition, kallistatin promotes

vascular repair by enhancing the viability, migration, and function of

EPCs (Gao et al., 2014). These findings led us to investigate the potential

role of kallistatin in vascular senescence and aging, using both in vitro

and in vivo models.

Results

Kallistatin inhibits TNF-a-induced cellular senescence in EPCs

To identify the effect of kallistatin on cellular senescence in cultured EPCs,

we evaluated senescence markers, including SA-b-gal activity, plasmino-

gen activator inhibitor-1 (PAI-1) synthesis, and telomerase activity.

Exposure of EPCs to TNF-a for 6 days markedly increased SA-b-gal-
positive cell numbers compared with the control group, whereas pre-

incubation with purified human kallistatin significantly reduced TNF-a-
induced SA-b-gal-positive cells. Kallistatin alone had no effect on EPC

senescence (Fig. 1A). Quantitative analysis of SA-b-gal staining confirmed

these results (Fig. 1B). TNF-a increased PAI-1 synthesis, whereas kallistatin

significantly suppressed PAI-1 expressionwith or without TNF-a treatment

(Fig. 1C). Moreover, kallistatin prevented TNF-a-mediated suppression of

telomeraseactivity in EPCs (Fig. 1D). These results indicate that kallistatin is

capable of blocking TNF-a-induced EPC senescence.

Kallistatin inhibits TNF-a-induced oxidative stress, and miR-21

and p16INK4a synthesis

To further determine kallistatin’s effect on senescence-associated

oxidative stress in EPCs, fluorescence probe DCFH-DA was used to

detect cellular ROS formation. Representative images show that kallis-

tatin inhibited TNF-a-induced accumulation of cellular ROS in EPCs, and

kallistatin’s effect was abolished by pretreatment with the PI3K inhibitor

LY294002 or the NOS inhibitor L-NAME (Fig. 1E). Quantitative analysis

verified kallistatin’s inhibitory effect on ROS formation (Fig. 1F).

Likewise, kallistatin suppressed TNF-a-induced NADPH oxidase activity,

which was again abolished by LY294002 or L-NAME (Fig. 1G). Kallistatin

alone had no effect on oxidative stress (Fig. 1E–G). These results indicate

that kallistatin inhibits TNF-a-induced oxidative stress via activation of

the PI3K-Akt-eNOS signaling pathway. Kallistatin also antagonized TNF-

a-induced miR-21 synthesis (Fig. 1H). Moreover, kallistatin markedly

reduced the expression of p16INK4a, a cyclin-dependent kinase inhibitor

known to be a senescence-associated inducer of cell cycle arrest (Fig. 1I).

Collectively, these results indicate that kallistatin inhibits TNF-a-induced
oxidative stress, and miR-21 and p16INK4a synthesis.

Kallistatin prevents TNF-a-mediated inhibition of SIRT1, eNOS,

and catalase and stimulates antioxidant gene expression

We next determined the effect of kallistatin on the antioxidant genes of

SIRT1, eNOS, and catalase. Kallistatin treatment increased SIRT1 protein

levels, as determined by Western blot (Fig. 2A, top panel). Moreover,

kallistatin reversedTNF-a-mediated inhibitionof SIRT1, eNOS,andcatalase

expression (Fig. 2A–C). Additionally, kallistatin alone stimulated the

synthesis of these antioxidant enzymes (Fig. 2A–C). Therefore, kallistatin

not only prevented TNF-a-mediated inhibition of eNOS, SIRT1, and

catalase, but also increased the expression levels of antioxidant enzymes.

Kallistatin stimulates antioxidant gene expression through

miR-34a inhibition

As miR-34a is a pro-senescence gene, we examined kallistatin’s effect on

miR-34a. Our results showed that kallistatin markedly inhibited miR-34a

synthesis in EPCs (Fig. 2D). To further determine the role of miR-34a in

kallistatin-mediated stimulation of antioxidant genes, miR-34a was

overexpressed by transfection of miR-34a mimic to EPCs. miR-34a

overexpression suppressed SIRT1, eNOS, and catalase expression com-

pared to the mimic control group, and also abolished kallistatin’s

stimulatory effect on these antioxidant enzymes (Fig. 2E–G). Moreover,

miR-34a overexpression abolished kallistatin’s antisenescence effect,

evidenced by SA-b-gal staining (Fig. 2H). These results indicate that

kallistatin, by inhibiting miR-34a synthesis, prevents miR-34a-mediated

inhibition of SIRT1 and eNOS expression to alleviate EPC senescence.

Kallistatin’s active site is essential for stimulating antioxidant

gene expression: role of tyrosine kinase

To determine which functional domain of kallistatin is essential for the

regulation of miR-34a-SIRT1 pathway, three types of kallistatin,

including wild-type kallistatin, heparin-binding site mutant kallistatin,

and active site mutant kallistatin, were used. We found that both wild-

type kallistatin and heparin-binding site mutant kallistatin effectively

inhibited miR-34a synthesis and elevated SIRT1 and eNOS mRNA levels

in EPCs, but active site mutant kallistatin had no such effects (Fig. 3A–

C). The results indicate that kallistatin’s active site is essential for

modulating the expression of miR-34a, SIRT1, and eNOS in EPCs.

Moreover, genistein, a tyrosine kinase inhibitor, blocked wild-type

kallistatin’s effect in modulating miR-34a, SIRT1, and eNOS synthesis

(Fig. 3A–C), implicating the involvement of a tyrosine kinase. Thus,

kallistatin’s active site is critical for downregulation of miR-34a and

upregulation of SIRT1 and eNOS.

Kallistatin attenuates aortic senescence, oxidative stress, and

miR-34a and miR-21 synthesis, but increases SIRT1, eNOS, and

catalase levels in diabetic mice

We further determined kallistatin’s in vivo effect on vascular senescence

and oxidative stress in aortas of STZ-induced diabetic mice. Aortic

senescence, identified by SA-b-gal staining, was increased in diabetic

mice compared to control mice, while kallistatin treatment prevented

STZ-induced effect (Fig. 4A). Moreover, higher levels of superoxide

formation and NADPH oxidase activity were observed in the aortas of

STZ-induced diabetic mice, but this observation was reversed by

kallistatin administration (Fig. 4B,C). Furthermore, STZ induced a signif-

icant increase of miR-34a and miR-21 synthesis, as well as reduced

SIRT1, eNOS, and catalase mRNA levels in aortas of diabetic mice

compared to control mice, while kallistatin administration reversed STZ-

mediated effect (Fig. 4D–H). Consistently, aortic SIRT1 and eNOS protein

levels were markedly reduced in diabetic mice compared to control mice,

but were restored by kallistatin administration, as determined by

Western blot (Fig. 4I,J). Consistent with the results derived from cultured

EPCs, kallistatin treatment protects against vascular aging and oxidative
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stress in diabetic mice by decreasing miR-34a and miR-21 synthesis and

increasing SIRT1, eNOS, and catalase levels.

Kallistatin enhances the lifespan of wild-type C. elegans

under oxidative or heat stress, but has no effect in miR-34 or

sir-2.1 (SIRT1) mutant worms

As stress conditions impair C. elegans longevity and induce premature

senescence, we investigated the effect of kallistatin on C. elegans under

oxidative or thermal stress. Paraquat was used to induce oxidative

damage in three strains of C. elegans, including wild-type (N2), miR-34

mutant, and sir-2.1 (SIRT1 analogue) mutant worms. Representative

images showed that kallistatin (1 or 5 lM) markedly reduced paraquat-

induced superoxide formation in C. elegans, as identified by red

fluorescence probe DHE, and the result was confirmed by quantitative

analysis (Fig. 5A). Moreover, the mean lifespan of wild-type C. elegans

was 13.3 � 0.9 days under normal condition at 25 °C, but was

shortened to 7.7 � 0.3 days under paraquat-induced oxidative stress.

Pretreatment with 1 or 5 lM kallistatin reduced the sensitivity to

paraquat and increased mean lifespan of C. elegans by 5.8% or 20.5%

Fig. 1 Kallistatin (KS) inhibits TNF-a-induced endothelial senescence and oxidative stress in EPCs. (A) Representative images of senescence-associated b-gal staining in EPCs

are shown. (B) Quantification analysis of positive SA-b-gal staining cell number from three biological replicates. For each replicate, at least 10 random microscopic fields were

counted. (C) Real-time PCR analysis of PAI-1. (D) Telomerase activity after 24 h of TNF-a treatment. (E) Representative fluorescent images of ROS formation in EPCs were

shown using ROS probe DCFH-DA. EPCs were pre-incubated with PI3K inhibitor LY294002 or NOS inhibitor L-NAME for 30 min in prior to KS treatment. (F) Quantification

analysis of ROS production. (G) NADPH oxidase activity determined by lucigenin chemiluminescence assay. (H) Real-time PCR analysis of p16INK4a, (I) miR-21 in TNF-a treated

EPCs with or without KS addition. n = 3. Values are expressed as mean � SE; *P < 0.05 vs. control, #P < 0.05 vs. TNF-a group.
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(8.2 � 0.3 or 9.3 � 0.4 days), respectively (Fig. 5B). However, kallis-

tatin treatment had no effect on the lifespan of miR-34 or sir-2.1 mutant

worms under oxidative stress (Fig. 5C,D). The results indicate that miR-

34 and sir-2.1 are essential for kallistatin-mediated C. elegans longevity

under oxidative stress.

Kallistatin significantly increased C. elegans thermo-tolerance at

35 °C. Wild-type worm survival rate was 38.9 � 3.9% under thermal

condition, but kallistatin treatment at 1 and 5 lM markedly enhanced

worm survival to 63.3 � 4.4% and 72.1 � 10.5%, respectively

(Fig. 5E). However, kallistatin (1 or 5 lM) had no effect on the survival

of miR-34 mutant or sir-2.1 mutant worms at 35 °C (Fig. 5F,G). Similar

to oxidative stress, these results confirm that kallistatin promotes

C. elegans survival under heat stress via regulating miR-34 and sir-2.1.

Moreover, kallistatin treatment inhibited miR-34, but increased sir-2.1

and sod-3 (MnSOD analogue) synthesis (Fig. 5H–J). Likewise, SOD-3

protein levels were elevated by kallistatin treatment, as evidenced using

SOD-3::GFP co-expression C. elegans as a sod-3 indicator (Fig. 5K).

Collectively, kallistatin inhibits miR-34 synthesis and stimulates sir-2.1

and sod-3 levels in C. elegans, and the regulatory mechanisms parallel

those observed in cultured EPCs and in aortas of diabetic mice.

Discussion

This study demonstrates a novel role of kallistatin in vascular senescence

and aging using cultured EPCs, STZ-induced diabetic mice, and

C. elegans. Recombinant human kallistatin treatment significantly

reduced EPC senescence by blocking TNF-a-induced oxidative stress,

and decreased the senescence markers, PAI-1, miR-21, and p16INK4a, but

increased telomerase activity. Kallistatin via its active site inhibited miR-

34a and stimulated SIRT1, eNOS, and catalase synthesis, whereas

overexpression of miR-34a abolished kallistatin’s effects on these

antioxidant enzymes and antisenescence action. Moreover, kallistatin

suppressed miR-34a and stimulated SIRT1 and eNOS expression, through

interaction with cell surface tyrosine kinase in EPCs. Likewise, kallistatin

administration in STZ-induced diabetic mice alleviated aortic senescence

and oxidative stress associated with reduced miR-34a and miR-21

synthesis and increased SIRT1, eNOS, and catalase levels. Moreover,

kallistatin prolonged wild-type C. elegans lifespan under heat or

oxidative stress conditions by inhibiting miR-34, and stimulating sir-2.1

(SIRT1). These in vitro and in vivo studies support the view that kallistatin

protects against vascular senescence and aging by preventing miR-34a-

Fig. 2 Kallistatin (KS) stimulates SIRT1, eNOS, and catalase synthesis through inhibition ofmiR-34a in EPCs. (A) KS’s effects onmRNA and protein levels of SIRT1, (B) mRNA levels of

eNOS, (C)mRNA levels of catalase, and (D)miR-34a synthesis. (E) SIRT1 expression uponKS treatment inmimic control andmiR-34a-overexpressing EPCs.Mimic control andmiR-34a

mimicwere, respectively, transferred to EPCs for 12 h in prior to KS treatment. (F) eNOS and (G) catalase expression uponKS treatment inmimic control andmiR-34a-overexpressing

EPCs. (H) Representative images of positive SA-b-gal staining inmimic control andmiR-34a-overexpressing EPCs, and quantification analysis from three independent experiments are

shown. n = 3 for A–D, *P < 0.05 vs. control, #P < 0.05 vs. TNF-a group. n = 6 for E-H, *P < 0.05 vs. mimic control. Values are expressed as mean � SE.
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mediated inhibition of SIRT1 and eNOS, thus inhibiting oxidative stress.

The signaling mechanisms of kallistatin’s antisenescence actions are

depicted in Fig. 6.

Oxidative stress is the leading cause of endothelial dysfunction and

senescence. The inflammatory factor TNF-a has the ability to potentiate

ROS generation by activating NADPH oxidase on the endothelial cell

surface (Yoshida & Tsunawaki, 2008). Conversely, eNOS reduces

intracellular superoxide levels through NO formation, which inhibits

NADPH oxidase activity (Fujii et al., 1997). In this study, we demon-

strated that kallistatin inhibits TNF-a-induced oxidative stress via activa-

tion of the PI3K-Akt-eNOS signaling pathway, as kallistatin’s effect is

blocked by LY and L-NAME. Likewise, our previous report showed that

kallistatin antagonizes TNF-a-mediated apoptosis through increased Akt-

eNOS phosphorylation in endothelial cells (Shen et al., 2010). Kallistatin

also promotes the proliferation and migration of EPCs via activation of

Akt-eNOS signaling pathway (Gao et al., 2014). Thus, it is likely that

kallistatin antagonizes TNF-a-induced senescence by activation of Akt

and eNOS phosphorylation in EPCs. In addition, miR-21 modulates ROS

production in several cell types (Zhang et al., 2012; Jiang et al., 2014),

and kallistatin inhibits TGF-b induced miR-21 synthesis in endothelial

cells (Guo et al., 2015). Our current data showed that kallistatin also

blocked TNF-a-mediated miR-21 expression and ROS production in EPCs.

Kallistatin’s vasoprotective effect has been shown in animal models of

salt-induced hypertension, renal injury, and chronic myocardial infarction

through inhibiting oxidative stress (Gao et al., 2008; Shen et al., 2008,

2010). Consistently, our current study showed that kallistatin attenuated

vascular aging and oxidative stress in conjunction with increased

antioxidant protein levels in the aortas of STZ-induced diabetic mice.

Likewise, kallistatin reduced paraquat-induced superoxide levels, and

improved C. elegans lifespan under oxidative stress by stimulating sir-2.1

(SIRT1) synthesis. Taken together, these in vitro and in vivo studies

indicate that kallistatin, via inhibiting oxidative stress, protects against

vascular senescence and aging.

The longevity factor SIRT1 is a NAD+-dependent histone deacetylase,

and high levels of SIRT1 were shown to inhibit oxidative stress and DNA

damage (Alcendor et al., 2007). SIRT1 activates antioxidant enzymes,

including catalase and MnSOD, by stimulating the FOXO transcription

factors (Brunet et al., 2004). Through a positive feedback loop, SIRT1

activates eNOS, which in turn activates SIRT1 (Ota et al., 2010).

Importantly, SIRT1 is highly expressed during angiogenesis in endothelial

cells, and disrupting SIRT1 abrogates vascular endothelial homeostasis

and remodeling (Potente et al., 2007). Our results indicate that kallistatin

treatment stimulated the expression of SIRT1 and its downstream

antioxidant enzymes eNOS and catalase, as well as antagonized TNF-a-
mediated inhibition of SIRT1, eNOS, and catalase synthesis in cultured

EPCs. Similarly, kallistatin elevated the levels of these antioxidant

enzymes in the aortas of STZ-induced diabetic mice. In C. elegans,

SIRT1 homolog sir-2.1 and MnSOD homolog sod-3 were also increased

upon kallistatin treatment, whereas sir-2.1 mutant abolished kallistatin-

mediated stress resistance. Collectively, these combined results reveal a

critical role of SIRT1 in mediating kallistatin’s effect on oxidative stress

and vascular aging.

The role of miR-34a in regulating cell senescence, differentiation, and

vitality has been extensively highlighted in a wide variety of cells (Tazawa

et al., 2007; Zhao et al., 2010). miR-34a triggers senescence partly

through genetic inhibition of SIRT1 in EPCs (Zhao et al., 2010). This

observation inspired us to explore the potential role of kallistatin in

modulating miR-34a-dependent SIRT1 expression in EPCs. Our results

showed that kallistatin significantly suppressed miR-34a synthesis, but

stimulated eNOS, SIRT1, and catalase expression in EPCs and aortas of

diabetic mice. Intriguingly, overexpression of miR-34a by transfection of

miR-34a mimic abolished kallistatin-induced antioxidant gene expres-

sion. Moreover, miR-34a mimic markedly induced EPC senescence;

however, kallistatin had no effect on miR-34a-induced EPC senescence.

These findings indicate that kallistatin’s antisenescence effect is medi-

ated by suppressing miR-34a synthesis in EPCs. Furthermore, genistein, a

tyrosine kinase inhibitor, blocked kallistatin’s effects on the expression of

miR-34a, eNOS, and SIRT1. The results reveal that kallistatin, through

interacting with tyrosine kinase, downregulates miR-34a leading to

reduced vascular senescence.

Kallistatin via its two structural elements regulates differential signaling

pathways (Chao et al., 2016). Kallistatin’s heparin-binding site is essential

for competing with the binding of VEGF, TNF-a, HMGB1, and TGF-b to

their respective receptors by binding to cell surface heparan sulfate

proteoglycans (Miao et al., 2003; Yin et al., 2010; Li et al., 2014; Guo

et al., 2015). Kallistatin via its heparin-binding site antagonized TNF-a-
induced NF-jB activation and thus inflammatory gene expression (Yin

et al., 2010).Our current finding indicates that kallistatin also antagonized

Fig. 3 The active site of kallistatin (KS) is

essential for modulating miR-34a, eNOS,

and SIRT1 synthesis through interacting

with a tyrosine kinase in EPCs. EPCs were

pre-incubated with or without a tyrosine

kinase inhibitor genistein (GEN) for 30 min,

followed by treatment with wild-type KS

(WTKS), heparin-binding site mutant KS

(HMKS), or active site mutant KS (AMKS)

for additional 24 h. The changes in (A) miR-

34a levels, (B) SIRT1 mRNA levels, and (C)

eNOS mRNA levels were measured by Q-

PCR. n = 3. Values are expressed as

mean � SE; *P < 0.05 vs. control.
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TNF-a-induced senescence and oxidative stress in EPCs. Kallistatin blocks

TNF-a-induced endothelial senescence mediators, miR-21 and p16INK4a.

Likewise, kallistatinmarkedly downregulated TNF-a-inducedexpression of
PAI-1, a pro-atherogenic factor and an endothelial aging marker.

Furthermore, kallistatin reversed TNF-a-mediated inhibitionof telomerase,

which is responsible formaintaining telomere length and cellular integrity.

Consistently, our recent report showed that circulatory kallistatin levels are

positively associatedwith leukocyte telomere length in humans (Zhu et al.,

2016), indicating a potential role of kallistatin in maintaining telomere

length. Therefore, kallistatin via its heparin-binding site blocks TNF-a-
mediated effects in EPCs.Meanwhile, kallistatin’s active site is essential for

stimulating eNOS and SIRT1 in endothelial cells (Guo et al., 2015). In this

study, we showed that kallistatin through its active site inhibited miR-34a

synthesis and stimulated eNOS and SITR1 expression in EPCs. Therefore,

kallistatin, through its two functional domains, displays antisenescence

actions by blocking TNF-a-induced effects, and preventing miR-34a-

mediated inhibition of SIRT1 and eNOS.

The STZ-induced diabetic mouse is a popular model for studying

vascular injury and aging. Kallistatin levels are markedly reduced in

vitreous fluids of patients with diabetic retinopathy and in the retinas in

STZ-induced diabetic rats (Ma et al., 1996; Hatcher et al., 1997).

Decreased kallistatin levels are also observed in the kidney of STZ-

induced diabetic mice and in TNF-a-induced senescent human EPCs

(unpublished data). Moreover, endogenous kallistatin plays a protective

role in multi-organ function, as depletion of kallistatin by neutralizing

antibody injection augmented cardiovascular and renal damage, and

increased oxidative stress, inflammation, and endothelial cell loss in

hypertensive rats (Liu et al., 2012). Furthermore, kallistatin treatment

exerts renoprotective effects in diabetic nephropathy by suppressing ROS

and inflammatory gene expression in mice (Yiu et al., 2016). Accumu-

lating evidence indicates that kallistatin acts as a potent antioxidant and

anti-inflammatory agent in cultured cells and animal models (Gao et al.,

2008; Shen et al., 2010; Yin et al., 2010; Li et al., 2014; Guo et al.,

2015). As oxidative endothelial injury and aging are observed in

Fig. 4 Kallistatin (KS) attenuates vascular aging and superoxide production, and miR-21 and miR-34a synthesis, and stimulates antioxidant gene expression in the aortas of

diabetic mice. (A) Representative images of SA-b-gal staining in thoracic aortas from control mice, STZ-induced diabetic mice, and KS-treated diabetic mice (n = 6 each

group). (B) Representative images of superoxide formation labeled by red fluorescence dye hydroethidine (DHE) in the aortas of control mice, diabetic mice, and KS-treated

diabetic mice (n = 6 each group). (C) NADPH oxidase activity in aortas of control mice, diabetic mice, and KS-treated diabetic mice (n = 6 each group). (D) KS’s effects on the

synthesis of miR-34a, (E) miR-21, (F) SIRT1, (G) eNOS, and (H) catalase in the aortas of control mice and diabetic mice determined by Q-PCR. (I) Representative Western blots

of SIRT1 and (J) eNOS in the aortas of control mice, diabetic mice, and KS-treated diabetic mice. Values are expressed as mean � SE; *P < 0.05 vs. control group; #P < 0.05

vs. STZ group.
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diabetes, kallistatin may have a role in protection against vascular

damage in diabetic disease. Indeed, our current study showed that

kallistatin treatment in STZ-induced diabetic mice attenuated aortic

senescence and superoxide formation, in association with reduced miR-

34a and miR-21, and increased SIRT1, eNOS, and catalase synthesis. The

findings in diabetic mice support the concept that kallistatin plays a

protective role in vascular injury and aging by regulating miR-34a, SIRT1,

and eNOS synthesis.

Caenorhabditis elegans is a prominent model for aging study, as

pathways mediating longevity and metabolism are conserved from

C. elegans to mammals. Heat or oxidative stress induces elevated levels

of ROS and cellular damage in C. elegans, leading to accelerated aging

(Rodriguez et al., 2013). In this study, we demonstrated that kallistatin

treatment improved C. elegans lifespan or survival under oxidative

stress or heat conditions. Previous studies showed that miR-34 loss-of-

function mutation or sir-2.1 (SIRT1 homolog) overexpression in C. el-

egans markedly delayed the age-related physiological decline and

prolonged lifespan in response to stress conditions (Tissenbaum &

Guarente, 2001; Yang et al., 2013). Herein, we showed that kallistatin

treatment inhibited miR-34 and stimulated sir-2.1 and sod-3 synthesis in

wild-type C. elegans. Kallistatin’s protective effect in the longevity of

wild-type C. elegans was abolished in miR-34 or sir-2.1 mutant

C. elegans under stress conditions. Consistent with the findings in

EPCs and diabetic mice, these results further verify that kallistatin’s anti-

aging effect is dependent on miR-34 inhibition and sir-2.1 (SIRT1)

activation. Collectively, these findings provide significant insights

regarding the mechanism of kallistatin in regulating the aging process

via miR-34a-SIRT1 pathway.

In conclusion, this is the first study to demonstrate the protective role

of kallistatin in vascular senescence and aging. Kallistatin’s anti-aging

effect is mainly attributed to suppression of oxidative stress by

preventing miR-34a-mediated inhibition of antioxidant gene expression.

This study established an essential role of kallistatin’s active site in the

regulation of miR-34a, SIRT1, and eNOS synthesis by interaction with a

tyrosine kinase. As kallistatin is an endogenous protein, minimal side

effects are expected with kallistatin treatment. Therefore, this study

opens a new prospective in kallistatin-based therapeutic intervention in

age-associated cardiovascular diseases.

Fig. 5 Kallistatin (KS) enhances the Caenorhabditis elegans survival under heat or oxidative stress by modulating miR-34-sir-2.1 pathway. (A) Representative images of

in vivo superoxide formation labeled with fluorescence dye DHE in wild-type C. elegans, and densitometric analysis of in situ ROS generation were shown. (B) Survival curve

of wild-type (N2) strain, (C) miR-34 mutant, and (D) sir-2.1 mutant. Caenorhabditis elegans were treated with or without KS for 48 h, and subjected to paraquat-induced

oxidative injury at 25 °C. (E) Average survival ratios of wild-type (N2) worm, (F) miR-34 mutant, and (G) sir-2.1 mutant. Worms were treated with or without KS for 48 h, and

cultured at 35 °C for 6 h for heat shock. (H) KS’s effect on miR-34 synthesis. (I) sir-2.1 mRNA and (J) sod-3 mRNA levels in wild-type C. elegans were determined by Q-PCR.

(K) Representative images of SOD-3::GFP C. elegans treated with KS for 24 h. n = 3. Values are expressed as mean � SE; *P < 0.05 vs. control.
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Experimental procedures

Purification and characterization of recombinant human

kallistatins

Recombinant human kallistatin was secreted into serum-free medium of

cultured HEK293T cells, and the cultured medium was concentrated by

ammonium sulfate precipitation followed by nickel affinity chromatogra-

phy as described previously (Chen et al., 2000a,b; Li et al., 2014). Wild-

type kallistatin, heparin-binding site mutant kallistatin (K312A/K313A),

and active site mutant kallistatin (A377T) were expressed in E. coli and

purified as described (Chen et al., 2000a,b). The purity and identity of

human kallistatin were verified by SDS-PAGE and Western blot using a

specific monoclonal antibody (Chao et al., 1996; Li et al., 2014).

Isolation and culture of EPCs

EPCs were isolated from human umbilical cord blood as described (Gao

et al., 2014). The study was approved by the Medical University of

South Carolina Human Research (Pro00017277). EPCs were isolated by

density gradient centrifugation using Ficoll-Paque PLUS (GE Healthcare,

Waukesha, WI, USA) and cultured in endothelial basal medium 2 with

10% fetal bovine serum and supplements (Lonza, Walkersville, MD,

USA).

b-Galactosidase staining

EPCs at 80% confluency in 12-well plates were pre-incubated with

kallistatin (1 lM) for 30 min and then treated with TNF-a (10 ng mL�1)

for 6 days. The senescence phenotype was detected using the b-
galactosidase staining kit (Cell Signaling, Danvers, MA, USA). The

number of positive senescence-associated b-galactosidase (SA-b-gal)

cells was observed by light microscopy (Olympus CK40, Japan) in 10

randomly chosen low-power fields (9 200) and expressed as a

percentage of counted cells.

Telomerase activity assay

EPCs were pre-incubated with or without 1 lM kallistatin for 30 min

prior to the addition of 10 ng mL�1 TNF-a for 24 h. Cells were lysed

with nondenaturing lysis buffer. Telomerase activity was measured using

TRAPEZE RT telomerase detection kit (EMD Millipore, Billerica, MA, USA).

NADPH oxidase activity assay

The enzymatic activity of NADPH oxidase was assessed by a lumines-

cence assay in the presence of lucigenin (250 lM) and NADPH substrate

(100 lM; Sigma, St Louis, MO, USA) as described (Liu et al., 2010).

Fluorescence intensity was continuously monitored for 15 min with a

TD20/20 luminometer. The chemiluminescent signal was corrected by

the protein concentration of each sample homogenate.

Detection of superoxide formation

Cellular ROS generation was detected using the peroxide-sensitive

fluorescent probe 20,70-dichlorodihydrofluorescein diacetate (DCFH-DA;

Sigma) as described (Shen et al., 2010). EPCs were seeded in 6-well

plates and were incubated for 30 min with 5 mM DCFH-DA. EPCs were

pretreated with human kallistatin (1 lM) for 30 min before the TNF-a
(10 ng mL�1) addition for 30 min. To determine the role of PI3K-Akt-

eNOS pathway, EPCs were pretreated with PI3K inhibitor LY294003

(5 lM) or iNOS inhibitor L-NAME (100 lM) for 30 min in prior to

kallistatin treatment. To quantify ROS levels, EPCs were seeded onto a

96-well fluorescence plate and treated as above. Relative fluorescence

Fig. 6 Proposed mechanisms by which

kallistatin inhibits endothelial senescence

and aging. Kallistatin via its heparin-binding

site antagonizes TNF-a-mediated miR-21

synthesis, ROS formation, PAI-1 and

p16INK4a expression, and telomerase activity

in EPCs. Kallistatin via its active site prevents

miR-34a-mediated inhibition of antioxidant

genes SIRT1, eNOS, and catalase and SOD-

3. The tyrosine kinase inhibitor, genistein,

blocks kallistatin’s ability to modulate miR-

34a and antioxidant gene expression.
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was measured using the fluorescence plate reader (Biotek, Winooski, VT,

USA) at 485-nm excitation and 535-nm emission.

Superoxide levels in aortas were determined by fluorescent probe

DHE (Shen et al., 2010). Briefly, aortic ring segments (8 lm thick) were

stained with 3 lM DHE in a light-protected humidified chamber at 37 °C

for 30 min. Images were obtained with a fluorescence microscope

(Olympus CK40, Japan).

For ROS staining in C. elegans, worms were washed, incubated with

3 lM DHE for 30 min and anesthetized with 5 mM levamisole (Sigma).

Caenorhabditis elegans were then transferred to glass slides, sealed with

70% glycerol, and imaged with a fluorescence microscope (Olympus

CK40, Japan). Fluorescence intensity was analyzed using IMAGE J software

(National Institutes of Health, Bethesda, MD, USA).

RNA extraction and real-time quantitative PCR (Q-PCR)

Total RNAwas extracted using TRIzol as per themanufacturer’s instructions.

Total RNA was reverse-transcribed using the High-Capacity cDNA Reverse

Transcription Kit ormicroRNAReverse TranscriptionKit (Applied Biosystems,

Foster City, CA, USA). RT primers for miRNAs were used as follows: U6 for

EPCs and mice, has-miR-34a and has-miR-21 for EPCs, mmu-miR-34a-3p

and mmu-miR-21 for mice, and U18 and cel-miR-34 for C. elegans. Real-

time PCR was performed with Taqman Gene Expression Assay kit (Applied

Biosystems). Human 18S and U6 were used as internal control genes for

quantifyingmRNA andmiRNA expression in EPCs, respectively. GAPDH and

U18 were used as internal control genes for quantifying mRNA and miRNA

expression inC. elegans, respectively. GAPDH andU6were used as internal

controls for quantifyingmRNAandmiRNAexpression inmice. The following

primers were used: 18S (Hs99999901_s1), U6 snRNA (001973), p16INK4a

(Hs00923894_m1), hsa-miR-34a (002316), eNOS (Hs01574659_m1), SIRT1

(Hs01009006_m1), catalase (Hs00156308_m1), PAI-1 (Hs01126606_m1),

GAPDH (Mm99999915_g1), eNOS (Mm00435217_m1), SIRT1

(Mm00490758_m1), catalase (Mm00437992_m1), U18 (001764), miR-34

(Ce241995_mat), GAPDH (Ce02425762_m1), sir-2.1 (Ce02459018_g1),

and sod-3 (Ce02404515_g1). Data were analyzed with 2�DDCt value

calculation using control genes for normalization.

Western blot analysis

Proteins from cell lysates or tissue lysates were separated by a 10% SDS-

polyacrylamide gel electrophoresis and transferred to a nitrocellulose

membrane. After being blocked in 7% nonfat milk, protein blots were

probedwith a primary antibody followed by incubationwith a peroxidase-

conjugated secondary antibody. Primary antibodieswere rabbit polyclonal

anti-SIRT1, mouse monoclonal anti-eNOS, mouse monoclonal anti-b-
actin, and rabbit monoclonal anti-GAPDH. Chemiluminescence was

detected by the ECL-plus kit (GE Healthcare). Band intensity was

quantified by IMAGE J software (National Institutes of Health).

miRNA transfection

For miR-34a overexpression, EPCs were transfected with 5 pM of miR-

34a mimic or control miRNA (Fisher Scientific, Pittsburgh, PA, USA) with

Lipofectamine RNAiMAX reagent (Fisher Scientific) for 12 h according to

the manufacturer’s protocol.

Diabetic mouse experiments

All procedures complied with the standards for care and use of animal

subjects as stated in the Guide for the Care and Use of Laboratory

Animals. The protocol for all animal studies was approved by the

Institutional Animal Care and Use Committee at the Medical University

of South Carolina. Male wild-type C57/BL6 mice (7–8 weeks of age)

were purchased from Harlan and housed in germ-free environment.

Mice (male, 12-week-old) were fasted for 16 h and subjected to 6-day

continuous intraperitoneal injections of streptozotocin (STZ,

60 mg kg�1; Sigma) to induce type 1 diabetes. Sodium citrate buffer

alone (0.1 M, pH 4.5) was injected in control animals. Mice with blood

glucose > 250 mg dL�1 were considered diabetic and used in this study.

A total of 18 mice were randomly assigned to three groups: control

group (n = 6), diabetes group (n = 6), and diabetes + kallistatin group

(20 mg kg�1 body weight, n = 6). Mice were injected with kallistatin

intraperitoneally every 2 days after verification of diabetes. One week

after kallistatin injection, thoracic aortas were collected for histological

analysis or gene expression analysis.

Caenorhabditis elegans treatments

Wild-type (N2) C. elegans, sir-2.1 mutant strain VC199 (ok434), miR-34

mutant strain (gk437), and SOD-3::GFP strain CF1553 (muIs84) were

obtained from the Caenorhabditis Genetics Center (St. Paul, MN).

Caenorhabditis elegans were cultured and maintained at 25 °C on

nematode growth medium (NGM) seeded with E. coli OP50. N2 worms

were treated with different concentrations of kallistatin (1 or 5 lM) from
L4 stage (adult) for 3 days. Total RNA was extracted for real-time PCR.

Stress resistance assay

For heat-shock assay, age-synchronized N2 L4 worms (n = 30) were pre-

incubated with or without kallistatin (1 or 5 lM), and were cultured with

daily exchanged fresh medium plates. Two days later, adult worms were

exposed at 35 °C for 6 h. The survival of worms was recorded after

thermal stress by touching or tapping as monitored under microscope

(AmScope). For oxidative stress resistance assay, age-synchronized N2L4

worms (n = 50) were pre-incubated with or without kallistatin (1 or

5 lM). Next, the three groups were separately transferred to NGM plates

containing 2 mM paraquat (Sigma). Survival of the worms was scored

daily until the death of last worm.

Statistical analysis

Data are expressed as means � SE of three independent experiments.

Student t-test and analysis of variants were used to assess differences.

Survival curves between treatment groups were compared using the

nonparametric log-rank test. A value of P < 0.05 was considered

statistically significant.

Author contributions

Youming Guo, Pengfei Li, Lee Chao, and Julie Chao conceived and

designed the experiments. Youming Guo, Pengfei Li, Zhirong Yang, Lin

Gao, and Jingmei Zhang performed the experiments. Youming Guo and

Pengfei Li analyzed the data. Youming Guo, Pengfei Li, Eugene Chang,

Zhirong Yang, Julie Chao, and Lee Chao contributed reagents/materials/

analysis tools. Youming Guo, Pengfei Li, Grant Bledsoe, and Julie Chao

wrote the paper.

Funding

This study was supported by the National Institutes of Health grant

HL118516.

Novel role of kallistatin in vascular aging, Y. Guo et al. 845

ª 2017 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.



Conflict of interest

None declared.

References

Alcendor RR, Gao S, Zhai P, Zablocki D, Holle E, Yu X, Tian B, Wagner T, Vatner SF,

Sadoshima J (2007) Sirt1 regulates aging and resistance to oxidative stress in the

heart. Circ. Res. 100, 1512–1521.
Brunet A, Sweeney LB, Sturgill JF, Chua KF, Greer PL, Lin Y, Tran H, Ross SE,

Mostoslavsky R, Cohen HY, Hu LS, Cheng HL, Jedrychowski MP, Gygi SP, Sinclair

DA, Alt FW, Greenberg ME (2004) Stress-dependent regulation of FOXO

transcription factors by the SIRT1 deacetylase. Science 303, 2011–2015.
Chao J, Tillman DM, Wang MY, Margolius HS, Chao L (1986) Identification of a

new tissue-kallikrein-binding protein. Biochem. J. 239, 325–331.
Chao J, Schmaier A, Chen LM, Yang Z, Chao L (1996) Kallistatin, a novel human

tissue kallikrein inhibitor: levels in body fluids, blood cells, and tissues in health

and disease. J. Lab. Clin. Med. 127, 612–620.
Chao J, Bledsoe G, Chao L (2016) Protective role of kallistatin in vascular and organ

injury. Hypertension 68, 533–541.
Chen VC, Chao L, Chao J (2000a) A positively charged loop on the surface of

kallistatin functions to enhance tissue kallikrein inhibition by acting as a

secondary binding site for kallikrein. J. Biol. Chem. 275, 40371–40377.
Chen VC, Chao L, Chao J (2000b) Reactive-site specificity of human kallistatin

toward tissue kallikrein probed by site-directed mutagenesis. Biochim. Biophys.

Acta 1479, 237–246.
Chen VC, Chao L, Pimenta DC, Bledsoe G, Juliano L, Chao J (2001) Identification of

a major heparin-binding site in kallistatin. J. Biol. Chem. 276, 1276–1284.
Chen X, Andresen BT, Hill M, Zhang J, Booth F, Zhang C (2008) Role of reactive

oxygen species in tumor necrosis factor-alpha induced endothelial dysfunction.

Curr. Hypertens Rev. 4, 245–255.
Forstermann U, Sessa WC (2012) Nitric oxide synthases: regulation and function.

Eur. Heart J. 33, 829–837, 837a–837d.
Fujii H, Ichimori K, Hoshiai K, Nakazawa H (1997) Nitric oxide inactivates NADPH

oxidase in pig neutrophils by inhibiting its assembling process. J. Biol. Chem.

272, 32773–32778.
Gao L, Yin H, Smith RJ, Chao L, Chao J (2008) Role of kallistatin in prevention of

cardiac remodeling after chronic myocardial infarction. Lab. Invest. 88, 1157–
1166.

Gao L, Li P, Zhang J, Hagiwara M, Shen B, Bledsoe G, Chang E, Chao L, Chao J

(2014) Novel role of kallistatin in vascular repair by promoting mobility,

viability, and function of endothelial progenitor cells. J. Am. Heart Assoc. 3,
e001194.

Guo Y, Li P, Bledsoe G, Yang ZR, Chao L, Chao J (2015) Kallistatin inhibits TGF-

beta-induced endothelial-mesenchymal transition by differential regulation of

microRNA-21 and eNOS expression. Exp. Cell Res. 337, 103–110.
Hatcher HC, Ma JX, Chao J, Chao L, Ottlecz A (1997) Kallikrein-binding protein

levels are reduced in the retinas of streptozotocin-induced diabetic rats. Invest.

Ophthalmol. Vis. Sci. 38, 658–664.
Heiss C, Keymel S, Niesler U, Ziemann J, Kelm M, Kalka C (2005) Impaired

progenitor cell activity in age-related endothelial dysfunction. J. Am. Coll.

Cardiol. 45, 1441–1448.
Jiang Y, Chen X, Tian W, Yin X, Wang J, Yang H (2014) The role of TGF-beta1-miR-

21-ROS pathway in bystander responses induced by irradiated non-small-cell

lung cancer cells. Br. J. Cancer 111, 772–780.
Kitada M, Ogura Y, Koya D (2016) The protective role of Sirt1 in vascular tissue: its

relationship to vascular aging and atherosclerosis. Aging 8, 2290–2307.
Li P, Bledsoe G, Yang ZR, Fan H, Chao L, Chao J (2014) Human kallistatin

administration reduces organ injury and improves survival in a mouse model of

polymicrobial sepsis. Immunology 142, 216–226.
Lin Y, Weisdorf DJ, Solovey A, Hebbel RP (2000) Origins of circulating endothelial

cells and endothelial outgrowth from blood. J. Clin. Invest. 105, 71–77.
Liu Y, Bledsoe G, Hagiwara M, Yang ZR, Shen B, Chao L, Chao J (2010) Blockade of

endogenous tissue kallikrein aggravates renal injury by enhancing oxidative

stress and inhibiting matrix degradation. Am. J. Physiol. Renal Physiol. 298,
F1033–F1040.

Liu Y, Bledsoe G, Hagiwara M, Shen B, Chao L, Chao J (2012) Depletion of

endogenous kallistatin exacerbates renal and cardiovascular oxidative stress,

inflammation, and organ remodeling. Am. J. Physiol. Renal Physiol. 303, F1230–
F1238.

Loomans CJ, de Koning EJ, Staal FJ, Rookmaaker MB, Verseyden C, de Boer HC,

Verhaar MC, Braam B, Rabelink TJ, van Zonneveld AJ (2004) Endothelial

progenitor cell dysfunction: a novel concept in the pathogenesis of vascular

complications of type 1 diabetes. Diabetes 53, 195–199.
Ma JX, King LP, Yang Z, Crouch RK, Chao L, Chao J (1996) Kallistatin in human

ocular tissues: reduced levels in vitreous fluids from patients with diabetic

retinopathy. Curr. Eye Res. 15, 1117–1123.
Miao RQ, Chen V, Chao L, Chao J (2003) Structural elements of kallistatin required

for inhibition of angiogenesis. Am. J. Physiol. Cell Physiol. 284, C1604–C1613.
Ota H, Eto M, Ogawa S, Iijima K, Akishita M, Ouchi Y (2010) SIRT1/eNOS axis as a

potential target against vascular senescence, dysfunction and atherosclerosis. J.

Atheroscler. Thromb. 17, 431–435.
Potente M, Ghaeni L, Baldessari D, Mostoslavsky R, Rossig L, Dequiedt F, Haendeler

J, Mione M, Dejana E, Alt FW, Zeiher AM, Dimmeler S (2007) SIRT1 controls

endothelial angiogenic functions during vascular growth. Genes Dev. 21, 2644–
2658.

Reyes M, Dudek A, Jahagirdar B, Koodie L, Marker PH, Verfaillie CM (2002) Origin

of endothelial progenitors in human postnatal bone marrow. J. Clin. Invest. 109,
337–346.

Rodriguez M, Snoek LB, De Bono M, Kammenga JE (2013) Worms under stress:

Caenorhabditis elegans stress response and its relevance to complex human

disease and aging. Trends Genet. 29, 367–374.
Shen B, Hagiwara M, Yao YY, Chao L, Chao J (2008) Salutary effect of kallistatin in

salt-induced renal injury, inflammation, and fibrosis via antioxidative stress.

Hypertension 51, 1358–1365.
Shen B, Gao L, Hsu YT, Bledsoe G, Hagiwara M, Chao L, Chao J (2010) Kallistatin

attenuates endothelial apoptosis through inhibition of oxidative stress and

activation of Akt-eNOS signaling. Am. J. Physiol. Heart Circ. Physiol. 299,
H1419–H1427.

Tazawa H, Tsuchiya N, Izumiya M, Nakagama H (2007) Tumor-suppressive miR-34a

induces senescence-like growth arrest through modulation of the E2F pathway

in human colon cancer cells. Proc. Natl Acad. Sci. USA 104, 15472–15477.
Tissenbaum HA, Guarente L (2001) Increased dosage of a sir-2 gene extends

lifespan in Caenorhabditis elegans. Nature 410, 227–230.
Wassmann S, Wassmann K, Nickenig G (2004) Modulation of oxidant and

antioxidant enzyme expression and function in vascular cells. Hypertension 44,
381–386.

Williamson K, Stringer SE, Alexander MY (2012) Endothelial progenitor cells enter

the aging arena. Front. Physiol. 3, 30.

Yang J, Chen D, He Y, Melendez A, Feng Z, Hong Q, Bai X, Li Q, Cai G, Wang J,

Chen X (2013) MiR-34 modulates Caenorhabditis elegans lifespan via repressing

the autophagy gene atg9. Age 35, 11–22.
Yin H, Gao L, Shen B, Chao L, Chao J (2010) Kallistatin inhibits vascular

inflammation by antagonizing tumor necrosis factor-alpha-induced nuclear

factor kappaB activation. Hypertension 56, 260–267.
Yiu WH, Wong DW, Wu HJ, Li RX, Yam I, Chan LY, Leung JC, Lan HY, Lai KN,

Tang SC (2016) Kallistatin protects against diabetic nephropathy in db/db

mice by suppressing AGE-RAGE-induced oxidative stress. Kidney Int. 89, 386–
398.

Yoshida LS, Tsunawaki S (2008) Expression of NADPH oxidases and enhanced H(2)

O(2)-generating activity in human coronary artery endothelial cells upon

induction with tumor necrosis factor-alpha. Int. Immunopharmacol. 8, 1377–
1385.

Zhang X, Ng WL, Wang P, Tian L, Werner E, Wang H, Doetsch P, Wang Y (2012)

MicroRNA-21 modulates the levels of reactive oxygen species by targeting SOD3

and TNFalpha. Cancer Res. 72, 4707–4713.
Zhao T, Li J, Chen AF (2010) MicroRNA-34a induces endothelial progenitor cell

senescence and impedes its angiogenesis via suppressing silent information

regulator 1. Am. J. Physiol. Endocrinol. Metab. 299, E110–E116.
Zhou GX, Chao L, Chao J (1992) Kallistatin: a novel human tissue kallikrein

inhibitor. Purification, characterization, and reactive center sequence. J. Biol.

Chem. 267, 25873–25880.
Zhou KI, Pincus Z, Slack FJ (2011) Longevity and stress in Caenorhabditis elegans.

Aging 3, 733–753.
Zhu S, Deng S, Ma Q, Zhang T, Jia C, Zhuo D, Yang F, Wei J, Wang L, Dykxhoorn

DM, Hare JM, Goldschmidt-Clermont PJ, Dong C (2013) MicroRNA-10A* and

MicroRNA-21 modulate endothelial progenitor cell senescence via suppressing

high-mobility group A2. Circ. Res. 112, 152–164.
Zhu H, Chao J, Raed A, Huang Y, Bhagatwala J, Parikh S, Dong Y (2016) Plasma

kallistatin is associated with leukocyte telomere length in young African

Americans. FASEB J. 30, 625.

Novel role of kallistatin in vascular aging, Y. Guo et al.846

ª 2017 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.


