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Background-—Kallistatin exerts beneficial effects on organ injury by inhibiting oxidative stress and inflammation. However, the role
of kallistatin in atherosclerosis is largely unknown. Here, we investigated the role and mechanisms of kallistatin in patients with
coronary artery disease (CAD), atherosclerotic plaques of apoE�/� mice, and endothelial activation.

Methods and Results-—Plasma kallistatin levels were analyzed in 453 patients at different stages of CAD. Kallistatin levels were
significantly lower in patients with CAD and negatively associated with CAD severity and oxidative stress. Human kallistatin cDNA
in an adenoviral vector was injected intravenously into apoE�/� mice after partial carotid ligation, with or without nitric oxide
synthase inhibitor (Nx-nitro-L-arginine methyl ester) or sirtuin 1 inhibitor (nicotinamide). Kallistatin gene delivery significantly
reduced macrophage deposition, oxidative stress, and plaque volume in the carotid artery, compared with control adenoviral
injection. Kallistatin administration increased endothelial nitrous oxide synthase, sirtuin 1, interleukin-10, superoxide dismutase 2,
and catalase expression in carotid plaques. The beneficial effects of kallistatin in mice were mitigated by Nx-nitro-L-arginine methyl
ester or nicotinamide. Furthermore, human kallistatin protein suppressed tumor necrosis factor-a–induced NADPH oxidase activity
and increased endothelial nitrous oxide synthase and sirtuin 1 expression in cultured human endothelial cells. These effects were
also abolished by Nx-nitro-L-arginine methyl ester or nicotinamide.

Conclusions-—This was the first study to demonstrate that reduced plasma kallistatin levels in patients are associated with CAD
severity and oxidative stress. Kallistatin treatment prevents carotid atherosclerotic plaque formation in mice by stimulating the sirtuin
1/endothelial nitrous oxide synthase pathway. These findings indicate the potential protective effects of kallistatin on atherosclerosis
in human subjects and mouse models. ( J Am Heart Assoc. 2018;7:e009562. DOI: 10.1161/JAHA.118.009562)
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C ardiovascular disease remains the primary cause of
death worldwide.1,2 Atherosclerosis is the most com-

mon cause of cardiovascular disease.3 Numerous experimen-
tal and clinical studies have demonstrated that
hypercholesterolemia, hypertension, diabetes mellitus, and
smoking are traditional risk factors for atherosclerosis.4

Oxidative stress production from these risk factors is a major

cause of endothelial dysfunction, which is a crucial form of
damage in the pathogenesis of atherosclerosis that con-
tributes to plaque initiation and progression.5 Additionally,
excess production of oxidative stress plays a vital role in
vascular inflammation and leads to infiltration of monocytes/
macrophages in the plaque.6 Many studies support the fact
that antioxidants have therapeutic benefits in the fight
against cardiovascular disease progression, but clinical trials
have failed to show these benefits7; thus, more definitive and
specific investigations are required. In addition, a better
understanding of the complexity of oxidative stress in
vascular biology may lead to more effective therapeutic
strategies.

As an endogenous protein, kallistatin has been shown to
regulate multiple signaling pathways and cell functions.8

Previous studies have demonstrated that kallistatin is
involved in the regulation of vascular biological responses
through its anti-inflammatory, antiangiogenic, and antioxida-
tive properties.9-11 The protective effects of kallistatin on
the heart and kidney are associated with reduced oxidative
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stress and increased NO levels.12,13 Although many of the
antioxidative stress and anti-inflammatory functions of
kallistatin have been studied in recent years, the role of
kallistatin in atherosclerosis remains unknown. Due to the
important roles of inflammation and oxidative stress in all
phases of atherosclerosis development, uncovering the role
of kallistatin in atherosclerosis will not only shed a different
light on the function of kallistatin but also help us
understand the pathogenesis of atherosclerosis.

In this study we hypothesized that kallistatin plays an
important role in maintaining vascular homeostasis, which
has antiatherosclerotic effects, and that its circulating levels
are decreased in patients with coronary artery disease
(CAD). This study was designed to evaluate the relationship
between plasma levels of kallistatin and CAD patients.
Here, we measured the oxidative stress biomarker malon-
dialdehyde (MDA) for comparison. To clarify the biological
functions of kallistatin and its relation to atherosclerosis,
apoE�/� carotid partial ligation model mice fed a high-fat
diet were injected via the tail vein with either adenovirus
containing null cDNA (Ad.Null) or adenovirus carrying the
human kallistatin cDNA (Ad.HKS). We therefore examined
the influence of human kallistatin on low-shear stress–
induced atherosclerosis in mice. We also explored the
mechanism of kallistatin on tumor necrosis factor (TNF)-a-
induced effects in cultured endothelial cells.

Materials and Methods
The data, analytic methods, and study materials will be
made available on request to other researchers for the
purposes of reproducing the results or replicating the
procedure.

Ethics Committee Approval
Each patient gave written informed consent, and the study
protocol was approved by the Ethics Committee of Southeast
University Affiliated Zhongda Hospital and complied with the
Declaration of Helsinki. All animal procedures were based on
the National Institutes of Health guidelines for the use of live
animals and were approved by the Medicine Animal Welfare
Committee of the Medical School of Southeast University
(Nanjing, China).

Study Population
This is a retrospective study on consecutive patients who had
received first-time coronary angiography for diagnostic pur-
poses between September 2015 and December 2015. After
the initial screening, according to coronary angiography
results and based on inclusive and exclusive criteria, 321
inpatients with newly diagnosed CAD and 132 CAD-free
controls (normal coronary angiography or less than a 30%
stenosis) were enrolled in the study.

Subjects with the following conditions were excluded:
acute coronary syndromes or recent myocardial infarction
(<3 months), hepatic or renal dysfunction, active infections or
inflammatory conditions, previous coronary bypass surgery or
percutaneous coronary intervention, congestive heart failure
(New York Heart Association Class III, IV), a history of
malignancy, recent trauma or surgery, or any type of immune-
mediated disease. All subjects underwent quantitative coro-
nary angiography with a cardiovascular measurement system
Angiostar plus (Siemens, Munich, Germany) shortly after
being admitted to the hospital. We categorized 321 patients
as having “significant CAD” (luminal diameter narrowing
≥50%, a severity level previously correlated with reduced
coronary flow reserve according to the clinical standards of
the American College of Cardiology/American Heart Associ-
ation guidelines for coronary angiography). Patients with CAD
were further classified according to the number of diseased
coronary arteries (1-, 2-, or 3-vessel disease). The severity of
CAD on the angiogram was expressed as the sum of the
Gensini scores for each lesion, which are calculated based on
the number of stenotic segments and their respective degrees
of luminal narrowing and localization within all 3 coronary
arteries.14 The control group consisted of 132 subjects with
either normal coronary arteries or nonsignificant CAD. Two
investigators blinded to the clinical data of patients analyzed
the results of the coronary angiogram. We collected the
medication history of control and CAD patients.

Biochemical Assessment
Blood samples were collected from subjects before coronary
angiography. Plasma was obtained from EDTA-treated

Clinical Perspective

What Is New?

• An important finding is that plasma kallistatin levels were
significantly lower in patients with coronary artery disease
and that plasma kallistatin was negatively associated with
oxidative stress and coronary artery disease severity.

• Kallistatin administration inhibited plaque formation by
activating the sitruin1/endothelial nitrous oxide synthase
pathway and inhibiting oxidative stress.

What Are the Clinical Implications?

• The findings suggest a role for kallistatin in the pathophys-
iology of atherosclerosis.

• Upregulation of kallistatin is a potential therapeutic strategy
for the treatment of vascular diseases in the future.
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peripheral blood samples centrifuged at 2000g for 10 min-
utes and stored at �70°C until further analysis. All other
standard hematological and biochemical analyses were rou-
tinely performed in the hospital laboratory.

The concentration of plasma MDA, which reflects oxidative
stress, was determined by the spectrophotometric method
based on the reaction between MDA and thiobarbituric acid.
An MDA assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, Jiangsu, China) was used to determine the degree of
in vivo oxidative stress in 453 patients with CAD and controls.

Human kallistatin levels in plasma were determined using an
ELISA specific for human kallistatin as previously described.15

Animal Models
Low-Shear Stress Induces Atherosclerotic Plaques in
Mice

All surgeries were performed under anesthesia with sodium
pentobarbital (50 mg/kg, intraperitoneal), and efforts were
made to minimize animal suffering. Twelve-week-old male
apoE�/� mice (n=40) were obtained from the Changzhou
Cavens Laboratory Animal Co, Ltd (Changzhou, China). The
animals were fed a Western-type diet for 2 weeks before
surgery. In all animals, the left external and internal carotid
arterial branches were isolated and ligated with 6-0 silk
sutures as previously described.16 One hour after surgery,
mice that underwent partial ligation were randomly adminis-
tered a tail vein injection of Ad.Null or Ad.HKS in a total
volume of 200 lL (29109 plaque-forming units in PBS). Those
mice were divided into 4 groups (n=10 mice per group):
Ad.Null, Ad.HKS, or Ad.HKS+Nx–nitro-L-arginine methyl ester
(L-NAME) 1 mg/mL (Sigma-Aldrich, St. Louis, MO) was
dissolved in water and added directly to the drinking water
of the animals, or Ad.HKS+sirtuin 1 (SIRT1) inhibitor
nicotinamide (NAM); 10 mg/kg by intraperitoneal injection.
L-NAME was used to assess the influence of NO on the
protective effect of kallistatin, and NAM was used to assess
the influence of SIRT1 on the protective effect of kallistatin.
Two weeks later, magnetic resonance imaging (MRI) scans
were performed to measure the carotid diameter and plaque
volume in all animals, and human kallistatin levels in mouse
plasma after gene delivery were determined by ELISA. In
addition, plasma MDA levels were determined using an MDA
assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
Jiangsu, China). Plasma samples were used for the analysis of
TNF-a using a Mouse TNF-a ELISA (Proteintech, Rosemount,
IL) according to the manufacturer’s protocol.

In Vivo MRI
All MRI scans were conducted with a micro-MR animal
scanner (7.0T Bruker PharmaScans, Germany) as previously

described.16 Continuous MRI slices allowed the measurement
of vascular intima and adventitia diameters and areas using
semiautomated computer-assisted quantitative image analy-
sis. Furthermore, we calculated plaque volume by summing
the plaque areas for each slice and then multiplying the
resulting value by the slice thickness.

Morphological Examination and
Immunohistochemistry
At the end of the procedure, the mice were euthanized in a
CO2 chamber. Then, carotid arteries were excised and
immediately embedded in Tissue-Tek OCT compound (Sakura
Finetek Japan Co, Tokyo, Japan; n=5/group). Serial cryosec-
tions were cut on a Leica Cryostat (Wetzlar, Germany) and
stained routinely with hematoxylin and eosin and oil red O.
Superoxide levels in carotid artery plaque were determined
by the fluorescent probe dihydroethidium.11 Briefly, carotid
artery plaque ring segments (7 lm thick) were stained with
2 lmol/L dihydroethidium in a light-protected humidified
chamber at 37°C for 30 minutes. Images were obtained with
a fluorescence microscope (Olympus CK40, Tokyo, Japan).
The intensity of the fluorescence signal was quantitated
using ImageJ software (National Institutes of Health,
Bethesda, MD). Five mice per group were analyzed. The
presence of CD68 (AbD Serotec, Bio-Rad, Hercules, CA)
staining was used to detect macrophages. At least 5
sections were stained per mouse, and quantification was
performed in a blinded manner. TNF-a expression was
stained with antibody against TNF-a from Abcam (Cam-
bridge, MA) using a standard 3-step biotin-streptavidin-
peroxidase immunostain. Carotid arteries were collected in
C57BL/6 and apoE�/� mice. Cryosections 7 lm thick were
subjected to immunohistochemical analysis to detect the
presence of the endogenous mouse kallistatin (Sino Biolog-
ical, Beijing, China). Endothelial nitric oxide synthase (eNOS)
(Cell Signaling Technology, Danvers, MA)/CD31 and SIRT1
(Santa Cruz Biotechnology, Dallas, TX)/CD31 double staining
was used to detect eNOS/endothelium and SIRT1/endothe-
lium colocalization, respectively.

Quantitative Real-Time PCR
Because the left carotid artery plaque area is very small, we
extracted RNA from half of the mice per group (n=5/group).
Total RNA was extracted from the left carotid artery plaque
area using TRIzol reagent (Invitrogen, Carlsbad, CA). cDNA
was transcribed using a cDNA archive kit (Gene Amp PCR
System 9700, Applied Biosystems, Foster City, CA). Quanti-
tative real-time polymerase chain reaction (PCR) was carried
out using a SYBR Green PCR master mix kit and a ViiA 7 Real-
time PCR system (Applied Biosystems, Foster City, CA).
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Transcription of the housekeeping gene b-actin was deter-
mined by a specific primer/probe mix (Applied Biosystems).
The final quantification was performed using Relative Quan-
tification software (Applied Biosystems). A list of all the
primers used is provided in Table 1.

Total RNA was isolated from cultured cells (see below) with
TRIzol reagent (Invitrogen, Carlsbad, CA) following the man-
ufacturer’s protocol. Total RNA was reverse-transcribed using
the High-Capacity cDNA Reverse Transcription Kit. Real-time
PCR was performed with the TaqMan Gene Expression Assay
using an ABI 7300 real-time PCR system (Applied Biosys-
tems). The primers Hs01009003_m1 and Hs00167166_ml
were used for the detection of SIRT1 and eNOS expression,
respectively, and 18S (Hs99999901_s1) was used as an
internal control.

Endothelial Cell Culture
Primary human umbilical vein endothelial cells used in these
studies were maintained at 37°C under 5% CO2 in Essential
Cell Growth Medium (Clonetics, Cambrex Corporation, East
Rutherford, NJ). Passages 3 and 4 were used in this study.
Human umbilical vein endothelial cells were preincubated with
human kallistatin17 (1 lmol/L) for 30 minutes and then
stimulated with TNF-a (15 ng/mL) for an additional 18 hours.
To determine the role of the SIRT1/eNOS pathway, inhibitors
against eNOS (L-NAME, 100 lmol/L) and SIRT1 (NAM,
5 mmol/L) were added 30 minutes before kallistatin
treatment.

Measurement of NADPH Oxidase Activity
The enzymatic activity of NADPH oxidase in cell homogenates
was assessed by lucigenin-ECL as previously described.11

Fluorescence intensity was continuously monitored for
15 minutes with a fluorescence reader. The chemilumines-
cent signals observed in the absence of the homogenate were
subtracted from the chemiluminescent signals in the samples.
The chemiluminescence signal was corrected by the protein
concentration of each cell homogenate.

Intracellular ROS Detection
The levels of intracellular reactive oxygen species (ROS) were
determined by the ROS-reactive fluorescent indicator 20,70-
dichlorofluorescein diacetate (Molecular Probes, Eugene, OR).
Briefly, human umbilical vein endothelial cells were plated
overnight at a density of 59105 cells/well in a 12-well plate.
After 24 hours of exposure, the medium was removed, and
the cells were washed with PBS and then incubated with
10 lmol/L 20,70-dichlorofluorescein diacetate for 30 minutes
at 37°C. Mean fluorescence intensity of dichlorofluorescein
was measured using the BioTek Synergy H1 Hybrid microplate
reader (excitation, 485 nm; emission, 530 nm; Biotek Instru-
ments, Inc, Winooski, VT).

Western Blot Analysis
Cell lysates containing 25 lg of total protein were resolved
by SDS-PAGE and transferred to polyvinylidene fluoride
membrane (Millipore, Bedford, MA). After being blocked in
a buffer containing 5% nonfat milk, the membranes were
probed with primary antibodies against SIRT1 (Santa Cruz
Biotechnology, Dallas, TX), eNOS (BD Transduction Laborato-
ries, Franklin Lakes, NJ), and b-actin overnight at 4°C.
Chemiluminescence was detected using an ECL-Plus kit
(Perkin-Elmer, Foster City, CA).

Statistical Analysis
All analyses were performed with SPSS 17.0 software
(SPSS, Chicago, IL). For normally distributed parameters,
data are presented as the mean�standard deviation. For
comparisons of means among patient groups and controls,
a standard 1-way ANOVA was used. Categorical variables
were compared using the v2 test. Because plasma kallis-
tatin levels were not normally distributed according to the
Kolmogorov-Smirnov test, the data are presented as the
median (minimum-maximum), and the nonparametric Mann-
Whitney U test and Kruskal-Wallis test were used for the
quantitative variables. Nonparametric bivariate correlations
(Spearman coefficients) were used to study the correlations

Table 1. Primers With Forward and Reverse Sequences Used
in qPCR

Target
Gene Prime Sequences

Annealing
(�C)

Amplicon
Size (bp)

b-actin F:50 GTACCACCATGTACCCAGGC30

R :50AACGCAGCTCAGTAACAGTCC30
60 247

eNOS F:50CTGGCAAGACAGACTACACGAC30

R:50CATCGCCGCAGACAAACAT30
60 278

SIRT1 F:50GGAACCTTTGCCTCATCTACAT30

R:50ATTCCTTTTGTGGGCGTGG30
60 164

IL-10 F:50TGAAGACCCTCAGGATGCG30

R:50TCCAAGGAGTTGTTTCCGTTAG30
60 291

Catalase F:50 ACGCTGAGAAGCCTAAGAACG30

R:50 CTAAGCCCTAACCTTTCATTTC30
60 286

SOD2 F:50 CCAGACCTGCCTTACGACTATG30

R:50 CCTTAGGGCTCAGGTTTGTCC30
60 241

Human
Ser
pina4

F:50 GCATCTTCCCAAGTTCTCCATT 30

R:50 ATGCCGGATAAGTCAGCCCA 30
60 105

eNOS indicates endothelial nitric oxide synthase; IL-10, interleukin 10; qPCR,
quantitative polymerase chain reaction; SIRT1, sirtuin 1; SOD2, superoxide dismutase 2.
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among the level of plasma kallistatin, the Gensini score,
and the level of MDA. Further, linear regression was
performed to determine if the medication history affects the
kallistatin level. To determine if the plasma kallistatin is the
independent risk factor of coronary stenosis, logistic
regression was performed. The Mann-Whitney U test was
used to compare kallistatin levels in groups according to
the number of diseased vessels. In the animal model, data
are presented as the mean�standard deviation. Multiple
comparisons were made by 1-way ANOVA followed by

Bonferroni post hoc tests. P<0.05 indicated statistical
significance.

Results

Baseline Characteristics of Patients and Plasma
Levels of Kallistatin and MDA
Based on the presence of significant luminal stenosis on
coronary angiography, patients were stratified as having

Table 2. Clinical and Biochemical Characteristics of Participants

No CAD Control (n=132)

CAD (n=321)

P Value1-Vessel Disease (n=136) 2-Vessel Disease (n=122) 3-Vessel Disease (n=63)

Sex, M/F, n 60/72 77/59 80/42 45/18 0.300

Age, y 61�13 65�11 68�12 68�12 <0.001

Kallistatin (lg/mL) 30.0 (15.3-78.9) 21.7 (2.1-55.7) 20.6 (0.8-32.0) 17.0 (0.5-25.1) <0.001

MDA (nmol/mL) 4.5�1.1 5.7�1.9 5.8�1.4 6.1�2.6 <0.001

Gensini score 5.7�1.3 14.6�3.3 35.9�7.0 57.5�3.6 <0.001

Hypertension, n 73 96 91 48 0.004

Type 2 diabetes mellitus, n 21 25 31 19 0.070

Smoking, n 21 24 26 19 0.076

eGFR, mL/min 97.5�27.1 88.1�20.2 90.9�16.1 91.2�18.4 0.127

TG, mmol/L 1.2�1.1 1.6�1.2 1.5�1.1 1.8�1.2 0.016

TC, mmol/L 3.1�2.1 3.9�1.6 4.1�1.7 3.8�1.5 <0.001

HDL, mmol/L 0.9�0.6 1.1�0.4 1.1�0.4 1.0�0.4 0.001

LDL, mmol/L 1.9�1.6 2.3�1.1 2.5�1.2 2.3�1.0 0.007

RBC, 91012/L 4.4�0.5 4.5�0.5 4.3�0.7 4.2�1.0 0.019

WBC, 9109/L 6.1�1.7 6.3�2.2 6.7�2.4 7.2�2.3 0.016

N, 9109/L 7.2�3.1 4.3�2.2 5.8�1.0 5.1�2.3 0.653

N% 63.1�10.7 66.2�11.5 66.2�13.1 65.7�20.0 0.313

TnI, ng/mL 0 0.6�0.3 1.4�0.7 1.3�0.5 0.239

BNP, pg/mL 196.7�58.8 280.8�82.8 315.4�68.3 311.8�96.8 0.593

Albumin, g/L 32.3�18.7 37.6�12.2 38.9�8.5 37.7�9.6 0.001

Aspirin, n 99 113 100 55 0.081

Clopidogrel, n 26 59 75 46 <0.001

b -blocker, n 77 76 86 40 0.070

ACEI/ARB, n 39 65 69 41 <0.001

Statin, n 96 122 106 56 0.001

LMWH, n 11 31 54 35 <0.001

OAC, n 8 12 9 2 0.524

CCB, n 40 49 38 18 0.715

Diuretics, n 39 33 50 22 0.027

Nitrate, n 27 38 45 22 0.021

Data are number (%) and mean (SD). ACEI/ARB indicates angiotensin-converting enzyme inhibitors/angiotensin receptor blocker; BNP, B-type natriuretic peptide; CAD, coronary artery
disease; CCB, calcium channel blockers; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; LDL, low-density lipoprotein; LMWH, low-molecular-weight heparins;
MDA, malondialdehyde; N, neutrophils; OAC, oral anticoagulant; RBC, red blood cells; TC, total cholesterol; TG, triglyceride; TnI, troponin I; WBC, white blood cell.
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1-vessel CAD (n=136), 2-vessel CAD (n=122), or 3-vessel CAD
(n=63). Patients without CAD served as controls (n=132).
Table 2 shows the clinical characteristics of the 3 CAD groups
and the control group. There were no significant differences
among the groups in terms of sex ratio, smoking, Troponin I,
B-type natriuretic peptide, or estimated glomerular filtration
rate. Additionally, there were no significant intergroup differ-
ences in the prevalence of diabetes mellitus according to the
v2 test. The results showed that medication history has no
influence on kallistatin level (Table 2).

The differences in the plasma kallistatin values among the
3 patient groups and the CAD-free control groups were
significant (P<0.001, Kruskal-Wallis test, Table 2). Further
statistical analysis using the Mann-Whitney U test to compare
groups revealed that the median plasma kallistatin levels in
1-vessel (21.7 mg/L), 2-vessel (20.6 mg/L), and 3-vessel
(17.0 mg/L) CAD patients were dramatically lower than those
in control patients (30.0 mg/L, P<0.001 versus 1-vessel,
2-vessel, and 3-vessel CAD patients) (Figure 1A). Plasma
kallistatin levels were significantly different among patients
with different severities of CAD (P=0.006, 1-vessel versus 2-
vessel; P<0.001, 1-vessel versus 3-vessel; P=0.015 2-vessel
versus 3-vessel). According to Spearman correlation coeffi-
cients, there were negative correlations between kallistatin
levels and the severity of CAD (r=�0.346, P<0.001) and MDA
levels (r=�0.572, P<0.001) (Figure 1B and 1C). The results
showed that after adjustment to the confounding factor, low
plasma level of kallistatin was an independent risk factor of
coronary stenosis (Table 3).

Kallistatin Gene Transfer Inhibits Low-Shear
Stress–Induced Carotid Artery Plaque Formation
in Mice
The apoE�/� mice (n=40) underwent baseline MRI and
were randomly assigned to receive control Ad.Null, Ad.HKS,
Ad.HKS+L-NAME, or Ad.HKS+NAM for a period of 2 weeks.
All mice underwent an MRI scan before they were
euthanized. Ad.HKS tail vein injection prevented left carotid
plaque formation, as indicated by a dramatic increase in the
relative vascular lumen diameter compared with the left
carotid artery diameter of Ad.Null-injected apoE�/� mice
(Figure 2A through 2C). Similarly, a significant reduction in
left carotid artery plaque volume was achieved with Ad.HKS
treatment. The protective effect of kallistatin gene delivery
was blocked by the NOS inhibitor L-NAME and the SIRT1
inhibitor NAM.

We measured human kallistatin expression in apoE�/�

mice by ELISA on day 14 after tail vein injection. Human
kallistatin was detected in the plasma of Ad.HKS-treated
mice (4.03�2.4 ng/mL, n=8) but not in mice injected with
the control virus. We also used real-time PCR to determine

human kallistatin expression in carotid artery. In the
Ad.HKS injection group, there was detectable HKS gene
expression in carotid artery plaque (human kallistatin mRNA
levels 0.02�0.01 [%control]). L-NAME and NAM did not
affect the expression of kallistatin, but kallistatin was not
detectable in Ad.Null mice. There was no difference in lipid
levels (triglycerides, total cholesterol, high-density lipopro-
tein cholesterol, and low-density lipoprotein cholesterol)
between Ad.Null and Ad.HKS apoE�/� mice. MDA and TNF-a
levels were significantly increased in Ad.Null apoE�/� mice
but were reduced in Ad.HKS-injected apoE�/� mice.
Kallistatin’s effect was blocked by L-NAME and NAM
(Figure 2D and 2E).

Immunohistochemistry verified that vascular endogenous
kallistatin expression was most apparent in adventitial layers
of the arterial wall in the normal C57BL/6 mice. Weak
immunostaining for kallistatin was detected throughout the
intima and media. In apoE�/� mice, a strong positive
kallistatin staining was observed in the adventitia of the
control right carotid artery. Compared with the contralateral
segments of the right carotid artery, kallistatin expression was
not increased in the neointimal lesions in the left carotid
artery (n=6) (Figure 2F). These results showed that the
endogenous mouse kallistatin expression was decreased in
atherosclerotic plaques compared with the contralateral
artery of apoE�/� mice and normal vascular tissue.

Kallistatin Reduces Low-Shear Stress–Induced
Inflammatory Cell Accumulation and Oxidative
Stress and Increases eNOS and SIRT1 Expression
in Mice
Hematoxylin and eosin staining showed well-developed
atherosclerotic plaques in the left carotid arteries of Ad.Null
apoE�/� mice (Figure 3A). Ad.HKS injection significantly
reduced the plaque area, but this effect was blocked by
L-NAME and NAM treatment (Figure 3A). As shown in oil
red O staining (Figure 3B), the areas in Ad.HKS apoE�/�

mice that stained positive for lipid in the lesion of carotid
artery were smaller than those in Ad.Null apoE�/� mice.
Monocyte/macrophage accumulation in the plaque was
determined by immunohistochemical staining against CD68
(Figure 3D), a specific marker for monocytes and macro-
phages. We found that kallistatin gene transfer significantly
reduced monocyte/macrophage accumulation in the carotid
artery compared with Ad.Null injection (29�4 versus
17.1�2.6 per high-power field, n=5, P<0.01, Figure 3D
through 3F). We also found that kallistatin gene transfer
significantly decreased superoxide formation (n=5, Fig-
ure 3C through 3G), as determined by the fluorescent
probe dihydroethidium in the carotid artery. Morphometric
analysis revealed total wall fluorescence to be significantly
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decreased in Ad.HKS mice compared with Ad.Null mice.
However, the beneficial effects of kallistatin were blocked
by L-NAME and NAM treatment. When we used immuno-
histochemical analysis to investigate the expression of TNF-a
in the plaque area, we found that kallistatin gene transfer
significantly decreased TNF-a expression (n=5, Figure 3E)
compared with that in mice injected with Ad.Null. Double

staining for eNOS/CD31 and SIRT1/CD31 showed that
Ad.HKS increased eNOS and SIRT1 expression and that the
majority of eNOS-positive and SIRT1-positive cells were also
CD31 positive. Our quantitative analysis showed that
L-NAME inhibited eNOS expression but did not entirely
block SIRT1 expression, whereas NAM completely inhibited
SIRT1 and eNOS expression (Figure 3G and 3H).

Figure 1. Kallistatin levels in the study groups. A, Dispersion graph of plasma kallistatin levels in patients classified according to the number
of diseased vessels. There was a statistically significant difference among patients categorized by the number of diseased vessels (&P<0.001,
Control vs 1-vessel, 2-vessel, or 3-vessel disease; *P=0.006, 1-vessel disease vs 2-vessel disease; ΔP<0.001, 1-vessel disease vs 3-vessel
disease; #P=0.015, 2-vessel disease vs 3-vessel disease). B, A strong negative correlation between plasma kallistatin levels and Gensini score
was observed in all patients (n=456, r=�0.346, P<0.001). C, There was a strong negative correlation between plasma kallistatin levels and MDA
levels in all patients (n=456, r=�0.572, P<0.001). MDA indicates malondialdehyde.
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Kallistatin Increases eNOS, SIRT1, IL-10, SOD2,
and Catalase Expression in Mice
We determined the potential involvement of antioxidative
stress mediator expression in low-shear stress–induced
carotid artery injury in mice. eNOS, SIRT1, interleukin (IL)-
10, superoxide dismutase (SOD)2, and catalase gene expres-
sion in carotid artery plaque were significantly upregulated by
kallistatin treatment, and the effect was blocked by pretreat-
ment with NAM. However, L-NAME abolished kallistatin-
induced eNOS, IL-10, superoxide dismutase 2 (SOD2), and
catalase gene expression but did not block SIRT1 synthesis
(Figure 4A through 4E).

Kallistatin Inhibits TNF-a-Mediated Oxidative
Stress via the SIRT1-eNOS Signaling Pathway in
Human Endothelial Cells
TNF-a treatment significantly increased intracellular NADPH
oxidase activity, while kallistatin significantly blocked these
effects in human endothelial cells. These effects were
eliminated by the NOS inhibitor L-NAME and the SIRT1
inhibitor NAM.

We were able to determine whether or not kallistatin
inhibited TNFa-induced intracellular ROS accumulation using
an ROS-sensitive fluorescence indicator, 20,70-dichlorofluor-
escein diacetate. The accumulation of ROS was elevated by
2-fold after a 24-hour exposure to TNFa. Preincubation with
kallistatin abrogated TNFa-induced ROS accumulation (Fig-
ure 5B). These effects were blocked by the NOS inhibitor
L-NAME and the SIRT1 inhibitor NAM.

Moreover, kallistatin treatment in human umbilical vein
endothelial cells induced a noticeable increase in SIRT1 and
eNOS expression, as evidenced by qPCR and Western blot
analyses (Figure 5B through 5D). However, the stimulatory
effects of kallistatin on SIRT1 and eNOS were blocked by
SIRT1 and/or nitric oxide synthase inhibition. L-NAME did not

block kallistatin-induced SIRT1 expression, indicating that
SIRT1 is upstream of eNOS.

Discussion
In the present study we demonstrated for the first time that
plasma kallistatin levels are decreased in CAD patients and
are inversely associated with the severity of CAD. In addition,
we showed negative correlations between kallistatin levels
and the oxidative stress marker, MDA, in patients. Moreover,
kallistatin gene delivery prevented low-shear stress–induced
carotid plaque formation in apoE�/� mice and inhibited
vascular oxidative stress and carotid plaque formation
through the SIRT1/eNOS pathway. An in vitro study with
cultured endothelial cells further confirmed that kallistatin
inhibited TNF-a-induced oxidative stress formation through
the SIRT1-eNOS pathway. These findings indicate that kallis-
tatin is a potential therapeutic target for the treatment of
atherosclerosis.

Kallistatin is an endogenous plasma protein that has
pleiotropic functions.8 Kallistatin was first identified as a
tissue kallikrein-binding protein that specifically inhibits tissue
kallikrein activity.18 Kallistatin via its heparin-binding site
competes with the binding of VEGF, TNF-a, HMGB1, and TGF-b
to their respective receptors by interacting with cell-surface
heparin sulfate proteoglycans, leading to antiangiogenic, anti-
inflammatory, and antifibrotic activity.9,10,17,19 In human
studies circulating kallistatin levels were shown to be
decreased in patients with liver disease, sepsis, severe
pneumonia, and pulmonary tubuculosis.20-23 The decrease in
kallistatin levels reflects the extent of cirrhosis and the
severity and outcome of sepsis.20-22 Moreover, plasma
kallistatin levels are inversely associated with adiposity,
adverse lipid profiles, and inflammation in apparently healthy
black adolescents.24 Based on previous studies, kallistatin
plays a role in the regulation of vascular homeostasis.
Atherosclerosis is the principal cause of coronary artery
disease, but little is known about the effects of kallistatin on
the risk of atherosclerosis. In this study we measured the
kallistatin levels in 321 CAD patients and 132 non-CAD
controls whose status were all confirmed by angiography. Our
results showed that kallistatin levels were significantly
decreased in CAD patients and revealed negative correlations
between kallistatin levels and the severity of CAD and the
oxidative stress marker MDA. Elevated kallistatin levels have
been reported in patients with type 2 diabetes mellitus with
diabetic vascular complications.25 Angiogenesis is a critical
pathological characteristic of diabetic vascular complications.
Thus, as an antiangiogenic protein, kallistatin may be
reactively increased in patients with diabetic vascular com-
plications. In this study we did not exclude patients with

Table 3. Logistic Regression Analysis of Variables

Variable P Value OR 95% CI

Kallistatin, lg/mL <0.001 0.890* 0.861 to 0.920

DM (yes or no) 0.787 0.912 0.466 to 1.783

Age, y 0.798 1.004 0.977 to 1.031

Hypertension (yes or no) 0.103 0.612 0.339 to 1.105

Albumin, g/L 0.032 0.926 0.863 to 0.994

WBC (9109/L) 0.119 1.122 0.971 to 1.298

CI indicates confidence interval; DM, diabetes mellitus; OR, odds ratio; WBC, white blood
cell.
*Every 1 lg/mL decline in the kallistatin level was associated with an 11% increased
risk of coronary stenosis.
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Figure 2. Kallistatin inhibited low-shear stress–induced carotid artery plaque formation. A, Representative magnetic resonance images
in cross-sectional views through the carotid arteries. The red arrow indicates the cross section of the left carotid artery, and the blue
arrow indicates the cross section of the right carotid artery. B, Quantitative analysis of left carotid artery diameter in the Ad.HKS and
Ad.Null groups. L-NAME and NAM blocked the effects of kallistatin (n=10, *P<0.05 vs the Ad.Null-, L-NAME-, or NAM-treated groups). C,
Quantitative analysis of left carotid artery plaque volume in the Ad.HKS and Ad.Null groups. L-NAME and NAM blocked the effect of
kallistatin; n=10 (*P<0.05 vs the Ad.Null-, L-NAME- or NAM-treated groups). D, Plasma MDA levels in apoE�/� mice. E, Plasma TNF-a
levels in apoE�/� mice. F, Distribution of mouse kallistatin expression in atherosclerotic lesions and normal vascular tissue. Data are
presented as the mean�SEM; n=10, *P<0.05 vs the Ad.Null-, L-NAME-, or NAM-treated groups. Ad.HKS indicates adenovirus containing
kallistatin cDNA; Ad.Null, adenovirus containing null cDNA; L-NAME, Nx-nitro-L-arginine methyl ester; MDA, malondialdehyde; NAM,
nicotinamide; SEM, standard error of the mean; TNF-a, tumor necrosis factor-a.
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diabetes mellitus, and there was no significant intergroup
difference in the prevalence of diabetes mellitus.

The causes of decreased plasma kallistatin in CAD patients
are not yet known. Oxidative stress exhibits opposite effects
on kallistatin expression by down- or up-regulation depending

on oxygen concentration.26 High oxygen inhibits kallistatin
expression, whereas mild oxygen stimulates kallistatin syn-
thesis in human endothelial cells and mouse kidney. Our
previous report showed that kallistatin expression is down-
regulated by oxidative stress via activating Jun amino-terminal

Figure 3. Kallistatin led to morphological changes in the atherosclerotic plaques of apoE�/� mice.
A, Representative images of HE staining. Original magnification is 910 (n=5 in each group). B, Oil red
O staining of carotid specimens of mice in the Ad.Null group, the Ad.HKS group, and L-NAME- or NAM-
treated groups (n=5 in each group). C, Representative images of superoxide formation labeled by the
red fluorescence dye dihydroethidium in the carotid artery of Ad.Null mice, Ad.HKS mice, Ad.HKS+L-
NAME mice, and Ad.HKS+NAM mice (n=5 in each group). D, Representative images of CD68
immunostaining in lesion areas of the left carotid artery (n=5 in each group). E, Immunohistochemical
assessments of the protein level of TNF-a in carotid plaque (n=5 in each group). F, Quantitative
analyses of CD68-positive cells in the 4 groups (n=5 in each group, *P<0.05 vs the Ad.Null-, L-NAME-,
or NAM-treated groups). G, Fluorescence intensity was measured by a fluorescence microscope and
quantified with Image software (n=5 in each group, *P<0.05 vs the Ad.Null-, L-NAME-, or NAM-treated
groups). H, Colocalization of PE red fluorescence (SIRT1) and FITC green fluorescence (CD31) within
plaques (940 magnification) in the carotid arteries of the Ad.Null, Ad.HKS, Ad.HKS+L-NAME, and
Ad.HKS+NAM groups with labeled cell nuclei (blue) (n=5 in each group). Regions shown at a higher
magnification (far right) are indicated by yellow boxes. Endothelial cell-specific SIRT1 fluorescence was
measured on the luminal side of the internal elastic lamina only and expressed in mean pixel intensity
per area (n=5 in each group, #P<0.05 vs the Ad.Null- and NAM-treated groups). I, Colocalization of PE
red fluorescence (eNOS) and FITC green fluorescence (CD31) within carotid artery plaques (940
magnification) of the 4 groups with labeled cell nuclei (blue). Regions shown at a higher magnification
(far right) are indicated by yellow boxes. Endothelial cell-specific eNOS fluorescence was measured on
the luminal side of the internal elastic lamina only and expressed in mean pixel intensity per area
(*P<0.05 vs the Ad.Null-, L-NAME-, or NAM-treated groups). We observed that red fluorescence (SIRT1,
eNOS) and green fluorescence (CD31) signals were colocalized in the Ad.HKS group. Scale
bar=50 lm. Ad.HKS indicates adenovirus containing kallistatin cDNA; Ad.Null, adenovirus containing
null cDNA; DAPI, 40,6-diamidino-2-phenylindole; DHE, dihydroethidium; eNOS, endothelial nitric oxide
synthase; FITC, fluoroisothiocyanate; HE, hematoxylin and eosin; L-NAME, Nx-nitro-L-arginine methyl
ester; NAM, nicotinamide; PE, phycoerythrin; SIRT1, sirtuin 1; TNF-a, tumor necrosis factor-a.
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kinases–FOXO1 pathway in endothelial cells.27 Kallistatin is
mainly expressed in the liver and is widely distributed in the
cardiovascular system, blood vessels, and endothelial cells.28

Immunohistochemistry shows that endogenous mouse kallis-
tatin expression was not increased in atherosclerotic plaques
compared with contralateral artery of apoE�/� mice and
normal vascular tissue. Our study suggests that decreased
plasma kallistatin levels may be the result of overconsumption
of kallistatin in patients under oxidative stress conditions and
suppressed kallistatin synthesis conditions in endothelial
cells.27 The involvement of kallistatin in coronary syndrome
and at different stages of diabetes mellitus is complicated,
and it remains to be further investigated in future studies.

Inflammation is triggered by oxidative stress, and inflam-
mation is 1 of the manifestations of oxidative stress. The
mechanism by which inflammation induces oxidative stress, or
how oxidative stress triggers inflammation, is unclear.29 As a
plasma protein, kallistatin is expressed in vascular tissues,30

and it exerts anti-inflammatory and antioxidative stress
functions.9 Oxidative stress suppresses kallistatin expression
in cultured endothelial cells.27 We further investigated the
effects of kallistatin on low-shear stress–induced carotid

artery atherosclerosis in a mouse model. Serum oxidative
stress markers have been reported to be significantly
increased in apoE�/� mice,31 and low-shear stress–induced
damage can lead to local plaque formation and endothelial
dysfunction.32 We used Ad.HKS virus tail vein injection to
increase human kallistatin protein levels in a partial carotid
artery ligation apoE�/� mouse model. Mice that received the
Ad.Null virus exhibited significant carotid artery plaque
formation, inflammation, and oxidative stress. The diameter
of the left artery was also very small compared with that of the
right artery. Kallistatin gene delivery significantly increased the
left carotid diameter and decreased carotid plaque formation.
In the group that received the human kallistatin gene,
macrophage accumulation, oxidative stress, TNF-a, and MDA
levels were significantly decreased, and SIRT1 and eNOS
expression were increased. CD31 has a key role in the
maintenance of vascular integrity: immunofluorescence stain-
ing results showed there is a strong diffuse staining of CD31 in
the carotid artery plaque in the Ad.HKS group when compared
with the Ad.Null group. Based on our results, the
antiatherosclerotic effect of kallistatin is dependent on its
anti-inflammatory and antioxidative stress properties. We then

Figure 3. Continued

DOI: 10.1161/JAHA.118.009562 Journal of the American Heart Association 11

Kallistatin Inhibits Atherosclerosis Yao et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



used the eNOS inhibitor L-NAME and the SIRT1 inhibitor NAM
on a murine atherosclerotic model to explore the roles of
eNOS and SIRT1 in the known beneficial effect of kallistatin.

Our results clearly showed that L-NAME and NAM could block
the protective effect of kallistatin and that the mice in the
Ad.HKS+L-NAME and Ad.HKS+NAM groups had significant

I

H

Figure 3. Continued
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plaque formation. Partial carotid artery ligation with Ad.Null
injection in the apoE�/� model resulted in low eNOS, SIRT1,
IL-10, SOD2 and catalase expression, and Ad.HKS significantly
increased eNOS, SIRT1, IL-10, SOD2, and catalase expression.
NAM completely blocked the effect of kallistatin, whereas L-
NAME reduced kallistatin-induced eNOS, IL-10, catalase, and
SOD2 expression but did not block SIRT1 expression.

SIRT1 is an NAD+-dependent class III histone deacetylase
that mediates the effects of caloric restriction on lifespan and
metabolic pathways in various organisms.33 SIRT1 and eNOS
play a central role in improving endothelium-dependent
vascular function.34 Our recent study showed that kallistatin
prevents endothelial progenitor cell senescence by regulating
the microRNA-34a–SIRT1 pathway.35 Laminar shear stress

enhances endothelial function by increasing SIRT1 activity
and activating eNOS.36 Overexpression of the human SIRT1
gene in endothelial cells of atherosclerotic mice results in
increased eNOS expression.37 There is also considerable
evidence that SIRT1 can upregulate cellular antioxidant
enzymes such as SOD2 and catalase.38,39 In this study
kallistatin increased the expression of SOD2, a mitochondria-
specific isoform of SOD that can attenuate mitochondrial
oxidative damage, through the SIRT1-eNOS pathway. More-
over, Kallistatin increased the expression of both SOD2 and
catalase, suggesting that mitochondrial antioxidative capacity
was increased. Our study consistently showed that oxidative
stress is significantly decreased in the plasma and vascular
wall after kallistatin treatment. In the in vitro study, kallistatin

Figure 4. Effect of kallistatin on eNOS (A), SIRT1 (B), IL-10 (C), SOD2 (D), and catalase (E) expression in low-shear stress–induced
carotid artery plaques in vivo (n=5 in each group, *P<0.05 vs the Ad.Null-, L-NAME-, or NAM-treated groups. #P<0.05 vs the Ad.Null- and
NAM-treated groups). Ad.HKS indicates adenovirus containing kallistatin cDNA; Ad.Null, adenovirus containing null cDNA; eNOS,
endothelial nitric oxide synthase; IL, interleukin; L-NAME, Nx-nitro-L-arginine methyl ester; NAM, nicotinamide; SIRT1, sirtuin 1; SOD2,
superoxide dismutase 2.
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inhibited TNF-a–mediated oxidative stress and increased
SIRT1 and eNOS expression. NAM administration abolished
kallistatin-induced SIRT1 and eNOS expression, whereas
L-NAME did not inhibit SIRT1 expression, confirming that
SIRT1 is an upstream activator of eNOS.

This study shows that kallistatin is negatively associated
with the presence and severity of CAD in patients and that
high expression of kallistatin prevents carotid artery plaque
formation and oxidative stress accumulation in low-shear
stress–induced plaques in mice. Kallistatin may thus serve as
a potential therapeutic target for the treatment of CAD.

This study has some limitations, which should be pointed
out. The small patient population and the retrospective

case-control study do not allow us to draw a causation
hypothesis about low kallistatin level and the occurrence of
coronary heart disease. Hospital-based CAD-free controls may
cause selection bias.
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Figure 5. Effect of kallistatin protein (KS) on TNF-a–induced HUVECs. NADPH oxidase activity (A), intracellular ROS accumulation (B), relative
SIRT1 mRNA expression levels (C), relative eNOS mRNA expression levels (D), and SIRT1 and eNOS protein expression (E). Data are presented
as the mean�SEM (n=5, *P<0.05 vs the TNF-a, TNF-a+KS+NAM, and TNF-a+KS+ L-NAME groups. #P<0.05 vs the TNF-a and TNF-a+KS+NAM
groups). eNOS indicates endothelial nitric oxide synthase; HUVEC, human umbilical vein endothelial cells; KS, kallistatin; L-NAME, Nx-nitro-L-
arginine methyl ester; NAM, nicotinamide; ROS, reactive oxygen species; SIRT1, sirtuin 1; TNF-a, tumor necrosis factor-a.
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