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Abstract
Dipeptidyl peptidase-4 (DPP4) is one of the most potent mammalian serine proteases par-

ticipated in the pathogenesis of subclinical atherosclerosis. Here we investigated whether

the plasma soluble form of DPP4 is associated with the prevalence of coronary artery dis-

ease (CAD) with and without diabetes mellitus (DM). A cross-sectional study was con-

ducted of 496 aged 26–81 years with (n = 362) and without (n = 134) CAD. Plasma DPP4

activity, high sensitive C-reactive protein (hs-CRP), low-density lipoprotein cholesterol

(LDL-C), and high-density lipoprotein levels were measured. The coronary atherosclerotic

plaques were evaluated by coronary angiography. The CAD patients with (n = 84) and with-

out (n = 278) DM had significantly higher DPP4 levels (11.8 ± 3.1 vs. 6.9 ± 3.5 ng/mL,

P<0.01) than the nonCAD subjects. The acute coronary syndrome patients (n = 299) had

elevated DPP4 levels than those with stable angina patients (n = 83). CAD patients even

without DM had increased plasma DPP4 activities as compared with nonCAD subjects

(10.9 ± 4.9 vs. 6.4 ± 3.1, ng/L, P< 0.01). A linear regression analysis revealed that overall,

the DPP4 levels were positively associated with LCL-C and hs-CRP levels as well as syntax

scores. A multiple logistic regression analysis demonstrated that plasma DPP4 activity was

independent predictor of CAD (odds ratio, 1.56; 95% CI, 1.19–1.73; P<0.01). Our study

shows that increased DPP4 activity levels are associated with the presence of CAD and

that the plasma DPP4 level serves as a novel biomarker for CAD even without DM.

Introduction

In the initial years after its discovery, dipeptidyl peptidase-4 (DPP4) (also known as T-cell acti-
vation antigen CD26 or adenosine deaminase complexing protein 2 [ADCP2]) was considered
to be a serine exopeptidase belonging to the S9B protein family and to function to remove X-
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proline dipeptides from the N-terminus of polypeptides (e.g., neuropeptides, neurohormones,
and inflammatory chemokines) in the extracellular space [1]. Over the last five years, emerging
data revealed unexpected roles for DPP family members in intracellular signaling, lipid metab-
olism, oxidative stress production, immune activation, insulin resistance, and inflammation
[2–7]. These activities confer a broad range of molecular functions on the DPP family, with
clinical implications for a potential pathological role in inflammatory and metabolic diseases
[8–11].
Among the eight DPPs known family members, DPP4, which is one of the most potent ser-

ine peptidases, was reported to show widespread expression in mammalian tissues, including
small intestine, kidney, liver, adipose, and heart tissues [12]. DPP4 presents in the circulatory
system and body fluids as a soluble form, in which the extracellular domain of the molecule is
thought to be produced by proteolytic cleavage from the cell surface [13]. The results of studies
using colorimetric enzyme immunohistochemistry revealed that DPP4 protease activity is
localized in the capillary endothelia of rats and human heart tissues [10,13,14]. DPP4 activity
has obtained great interest as a therapeutic target, and DPP4 inhibitors that elongate the insuli-
notropic effect of glucagon-like peptide-1 (GLP-1) are now widely used as antidiabetic drugs
[3]. Accumulating evidence shows that the beneficial actions of DPP4 inhibition (i.e., antiapop-
tosis, antioxidative stress, and anti-inflammation) are most likely partially responsible for the
multiple pleotropic effects targeting the metabolic and atherosclerosis-based cardiovascular
disorders addressed by this class of agents [2–5,8,15–17]. Experimental and clinical studies
revealed that inflammatory states including diabetes mellitus (DM), obesity, and atherosclero-
sis show increased plasma DPP4 levels [10,18,19]. In addition, in cancer biology research, cir-
culating DPP4 activity was demonstrated to be a therapeutic target and biomarker for several
cancers [20,21]. These findings led us to speculate that increased plasma DPP4 activity may be
associated with atherosclerosis-related vascular disease. However, until now it is unclear
regarding the association between circulating DPP4 activity and coronary artery disease
(CAD) in individuals with or without DM.
Consequently, in this study, we examined whether plasma DPP4 activity levels are associ-

ated with the presence of CAD even in patients without DM. Our results demonstrate that
high DPP4 activity levels are independently associated with the prevalence of CAD even after
adjustment for the known CAD risk factors.

Materials and Methods

Study population and definition

This study protocol was approved by the Ethics Committee of Yanbian University Hospital,
and written informed consent was obtained from all patients. We screened a total of 362 conse-
cutive patients referred for percutaneous coronary intervention (PCI) with drug-eluting stent
implantation fromMay 2014 to December 2015 at Yanbian University Hospital. The CAD
patients were sub-grouped into the acute coronary syndrome (including the acute myocardial
infarction [AMI] and the unstable angina pectoris [UAP]; n = 299) and the stable angina pecto-
ris (SAP; n = 63) groups based on their symptoms and clinical examination marks [22,23].
According to the presence/absence of DM, we also divided the CAD patients into CAD/DM(+)
and CAD/DM(-) groups. The 134 age-matched control subjects were also divided into non-
CAD/DM(+) and nonCAD/DM(-). A total of 134 individuals who no significant luminal nar-
rowing of the coronary vessels by a coronary angiography (CAG), no evidence of coronary
artery problem (confirmed as no myocardial infarction [MI] by history, no typical symptom
on exertion, electrocardiogram, and negative exercise test) were considered the nonCAD sub-
jects. Patients were excluded if they had prior evidence of congenital heart disease, primary
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valvular disease, cardiomyopathy, secondary cardiac muscle disease caused by any known sys-
temic condition, or end-stage kidney disease. The patients with DM who were taking a DPP4
inhibitor were also excluded.
SAP was defined if patients had an invariable exertional chest pain for over the 3 months

prior to the patient’s admission to the hospitalization (‘invariable’ indicating the same grade of
excitation provocation and exertion and the same quality, quality, and 3- to 5-min continu-
ance, lighted by nitroglycerin rest [24]. We diagnosedUAP by typical symptom at rest in the
24 hr before the patient was admitted to the hospitalization, T-wave inversion on electrocardio-
gram and/ro depressed ST�0.1 mV but a normal creatine kinase-MB level. AMI was defined
if patients had a history of prolonged typical symptom, an ECG indicative of new ischemia
(new left bundle branch block or new ST-T change) and a elevated biomarker (at least one pos-
itive biomarker: troponin T or creatine kinase-MB) [25].
In the study, dyslipidemia was defined as total cholesterol� 220 mg/dL or lowdensity lipo-

protein cholesterol�140 mg/dL or previously known dyslipidemia. DM was defined if patients
had a history of any anti-diabetic drug, previously known DM, a fasting plasma glucose con-
centration>126 mg/dL, HbA1c levels� 6.5% or/and a random plasma glucose concentration
of>200 mg/ dL [26]. Smoking status was confirmed as positive if patients were had stopped
smoking within 6months before checking coronary or smoking currently. Hypertension was
diagnosed as diastolic blood pressure� 90 mmHg and/or systolic blood pressure� 140
mmHg, or previously known, or medication-dependent [27].
A standard questionnaire was administered by two observers, recording demographic char-

acteristics including age, gender, smoking history, medication history, and clinical history
(hypertension, diabetes, previous MI, previous PCI, previous bypass surgery, and previous
cerebrovascular disease). The measurement of body weight index (BMI) and blood pressure
were as described [23]. Venous blood samples were obtained prior to PCI and stored at –80°C.

Plasma DPP4 activity analysis

We measured each subject’s DPP4 activity by using the DPP4 Glo Protease Assay (Promega,
Madison,WI) with an aminoluciferin substrate. The luminogenic substrate contains the Gly-
Pro sequence recognizedby DPP4. Following DPP4 cleavage, the substrate for luciferase (ami-
noluciferin) is released, resulting in the luciferase reaction and the production of light. For the
bloodDPP4 activity assays, the plasma was isolated using VENOJectII vacuum blood collec-
tion tubes containing anticoagulants without a serine protease inhibitor (Terumo, Tokyo), and
the plasma was then diluted in 0.1 mM Tris-HCl buffer (pH 8.0) by 30-fold. Equal amounts of
diluted plasma (25 μl) were subjected to a DPP4 Glo assay (Promega) in the presence or
absence of the DPP4 inhibitor anagliptin (20 μmol/L). Human recombinant DPP4 (Sigma-
Aldrich) was used to drive a standard curve. The luminescence intensity was calculated using a
luminometer, and we use the anagliptin-sensitive value in relative light units (RLUs) per μl of
plasma to represent the DPP4 activity (ng/L). The inter-assay coefficient of variation was 4.7
and the intra-assay coefficient of variation was 7.0%.

Quantitative coronary angiogram (QCA)

The quantitative coronary angiogram (QCA) was evaluated from angiography exhibiting the
maximal degree of stenosis. We did the QCA analysis using a contour detectionminimum cost
algorithm (DSA Artis Zee Biplane; Siemens, Erlangen, Germany). Patients with CAD had
severe stenosis defined as the presence of�50% diameter stenosis of at least one major artery.
The reference segment diameter was obtained the averages from 5-mm long angiographically
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normal segments proximal to the lesion; if a normal proximal segment could not be identified,
a distal angiographically normal segment was analyzed as described [28].

Laboratory examination

Each subject’s plasma levels of hemoglobin A1c (HbA1c), high sensitive C-reactive protein
(hs-CRP), low-density lipoprotein cholesterol (LDL-C), creatinine, and high-density lipopro-
tein cholesterol (HDL-C) were examined at the clinical laboratory of Yanbian University Hos-
pital (Clinical Laboratory, Yanji, China) [29].

Statistical analysis

All of the statistical analyses were performed using SPSS 16.0 software (SPSS, Chicago, IL).
Normally distributed data are expressed as the mean ± standard deviation (SD), whereas vari-
ables with a skewed distribution were log transformed to approximate normality before analy-
sis. Categorical variables are expressed as the frequency or percentage. The chi-square test was
used to compare the categorical variables among the study groups. We used a one-way
ANOVA (for the comparisons of continuous parameters among three or more groups), fol-
lowed by a Tukey post hoc test to analyze significant differences or Student’s t-test (for the
comparisons of continuous parameters between two groups). Associations between continuous
variables were tested by partial correlation analyses. The elements that were linked at the
P<0.05 level were isolated by a univariate analysis as independent suitable candidates for a
multiple regression analysis, which was applied to study the independent contributing factors
to CAD. We used a linear regression analysis to calculate the correlation coefficients. In all sta-
tistical analyses, two-sided P-values<0.05 were considered significant.

Results

Patients’ laboratory and clinical characteristics

The baseline characteristics of the CAD subjects (n = 362) and nonCAD subjects (n = 134)
were presented in Table 1. There was a significant difference in the gender distribution of two
experimental groups, but no significant between-group difference in age or BMI.
The CAD patients showed a significantly higher prevalence of hypertension; these patients

also showed a significantly higher numbers of current smokers and to have had cerebrovascular
disease or a previousMI, or to have undergone PCI (P>0.05 for comparison). The frequencies
of the CAD patients under intervention with anti-diabetic (insulin), anti-platelet, anti-lipid,
and antihypertensive drugs were all higher than those of the nonCAD subjects.
Based on their symptoms and clinical examination results, the CAD patients were sub-

grouped into UAP+AMI and SAP groups. The laboratory and clinical characteristics of the
UAP+AMI and SAP groups are presented in Table 2. There were no significant differences in
age or BMI between the SAP and UAP+AMI groups (P>0.05 for each comparison).With the
exception of the prevalence of DM and previous cerebrovascular disease, there was no signifi-
cant difference in the medication use and clinical histories between both experimental sub-
groups (P>0.05 for each comparison).

Atherosclerotic lesion characteristics

As presented in Table 2, although there was no significant difference in the target lesion loca-
tions of the left main artery (P>0.05 for each analysis), the UPA+AMI group had a higher
ratio of target lesion location in the left anterior descending artery, left circumflex artery, and
right coronary artery compared to the SAP patients (P<0.05 for all comparisons). In the QCA
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analysis of target lesions, with the exception of reference vessel diameter (P>0.05 for each anal-
ysis), the patients with UAP or AMI had significantly greater diameter stenosis (87.3 ± 9.2 vs.
74.3 ± 7.1 mm, P = 0.04) and lesion length (19.1 ± 4.0 vs. 15.0 ± 4.4 mm, P<0.01) as well as
Syntax score (17.8 ± 7.9 vs. 11.9 ± 6.3, P<0.01) compared to the patients with SAP (Table 2).

Circulating Biomarkers

The CAD group had significantly increased plasma DPP4 levels (11.8 ± 3.1 vs. 6.9 ± 3.5 ng/L,
P<0.01) compared to the nonCAD group (Table 1). The levels of hs-CRP (15.2 ± 28.9 vs.
3.3 ± 9.0 ng/mL, P = 0.04) and hemoglobin A1c (6.0 ± 1.5 vs. 5.5 ± 1.1%, P<0.01) were signifi-
cantly higher in the CAD patients compared to the nonCAD subjects (P<0.01 for each com-
parison), but there was no significant difference in the levels of creatinine (1.0 ± 0.3 vs.
0.9 ± 0.1 mg/dl), LDL-C (102.3 ± 31.2 vs. 93.8 ± 28.9 mg/dl), or HDL-C (43.8 ± 19.5 vs.
47.4 ± 28.5 mg/dl) between the CAD and nonCAD groups (P>0.05 for each parameter
analysis).
In the sub-analysis, the UAP or AMI patients had significantly increased levels of circulat-

ing DPP4 (13.1 ± 4.2 vs. 9.4 ± 3.8 ng/L, P<0.01). The UAP+AMI group patients had also

Table 1. Baseline characteristics.

CAD (n = 362) nonCAD (n = 134) P value

Age, yrs 61.7 ± 10.1 54.9 ± 11.0 0.18

Female, % 33.0 54.0 < 0.01

BMI, kg/m2 25.4 ± 13.8 25.1 ± 3.7 0.55

Clinical histories

Hypertension, % 63.3 47.8 < 0.01

Diabetes mellitus, % 23.2 16.4 0.08

Current smokers, % 51.0 33.0 < 0.01

Previous MI, % 13.0 0.0 < 0.01

Previous PCI, % 13.0 0.0 < 0.01

Previous bypass surgery, % 1.0 0.0 0.08

Previous cerebrovascular disease, % 13.0 0.0 < 0.01

Blood Examination

LDL-C, mg/dl 102.3 ± 31.2 93.8 ± 28.9 0.31

HDL-C, mg/dl 43.8 ± 19.5 47.4 ± 28.5 0.18

Hemoglobin A1c, % 6.0 ± 1.5 5.5 ± 1.1 0.01

Creatinine, mg/dl 1.0 ± 0.3 0.9 ± 0.1 0.61

hs-CRP, mg/dl 15.2 ± 28.9 3.3 ± 9.0 0.04

DPP4, ng/L 11.8 ± 3.1 6.9 ± 3.5 0.008

Medications

ARBs or ACEIs, % 39.0 23.0 < 0.01

CCBs, % 23.7 17.2 0.001

β-blockers, % 64.8 35.3 0.96

Anti-lipids, % 98.3 87.3 < 0.01

Aspirin, % 98.9 98.5 0.53

Insulin, % 10.3 6.0 < 0.01

Values are expressed as mean ± SD or number (%). BMI, body mass index; MI, myocardial infarction; PCI, percuteneous coronary intervention; LDL-C, low

density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol; hs-CRP, high-sensitive c-reactive protein; DPP4, dipeptidyl peptidase-4; ACEI,

angiotensin converting enzyme inhibitor; ARBs = Angiotensin II receptor blockers; CCBs, calcium channel blockers.

doi:10.1371/journal.pone.0163027.t001
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significantly increased levels of plasma LDL-C (104.0 ± 31.4 vs. 95.5 ± 29.4 mg/dl, P = 0.04)
and hs-CRP (17.8 ± 31.0 vs. 3.0 ± 7.2 ng/mL, P<0.01) and hemoglobin A1c (6.1 ± 1.5 vs.
5.6 ± 1.0%, P = 0.01) compared to the patients with SAP, whereas there was no significant dif-
ference in the HDL-C or creatinine levels between two experimental groups (P>0.05 for all
comparisons).

Table 2. Demographic and Clinical Variables of SAP and UPA+AMI.

SAP (n = 63) UAP+AMI (n = 299) P value

Age, yrs 60.4 ± 8.9 62.0 ± 10.4 0.27

Female, % 44.0 30.0 0.04

BMI, kg/m2 24.4± 2.9 25.6 ± 15.1 0.51

Clinical histories

Hypertension, % 65.1 62.9 0.74

Diabetes mellitus, % 12.7 25.4 0.01

Current smokers, % 48.0 51.0 0.61

Previous myocardial infarction, % 13.0 13.0 1.00

Previous PCI, % 18.0 13.0 0.35

Previous bypass surgery, % 0.0 1.0 0.52

Previous cerebrovascular disease, % 7.0 14.0 0.04

Blood Examination

LDL-C, mg/dl 95.5 ± 29.4 104.0 ± 31.4 0.04

HDL-C, mg/dl 45.0± 21.4 43.7 ± 19.0 0.64

Hemoglobin A1c, % 5.6 ± 1.0 6.1 ± 1.5 0.01

Creatinine, mg/dl 73.7 ± 23.4 82.1 ± 44.5 0.15

hs-CRP, mg/dl 3.0 ± 7.2 17.8 ± 31.0 < 0.01

DPP4, ng/L 9.4 ± 3.8 13.1 ± 4.2 < 0.01

Medications

ARBs or ACEIs, % 37.0 39.0 0.70

CCBs, % 20.0 25.0 0.41

β-blockers, % 54.0 67.0 0.07

Anti-lipids, % 97.0 99.0 0.43

Aspirin, % 100 99.0 0.36

Insulin, % 7.0 11.0 0.24

Target lesion location

Left main artery 1 12 0.35

Left anterior descending artery 45 257 0.02

Left circumflex artery 8 187 < 0.01

Right coronary artery 17 192 < 0.01

QCA of target lesions

Reference vessel diameter, mm 3.4 ± 2.4 2.7 ± 0.8 0.42

Diameter stenosis, % 74.3 ± 7.1 87.3 ± 9.2 0.04

Lesion length, mm 15.0 ± 4.4 19.1 ± 4.0 < 0.01

Stent types

Firebird 40.9 59.1 0.16

Lepu 40.4 40.9 0.68

Syntax score 11.9 ± 6.3 17.8 ± 7.9 < 0.01

QCA, quantitative coronary angiography; other abbreviations are as Table 1. Values are expressed as mean ± SD or number (%).

doi:10.1371/journal.pone.0163027.t002
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Impacts of diabetes and CAD on plasma DPP4 activities

DPP4 inhibitors are the most widely used incretin-based therapy for the management of type 2
DM globally [3]. A few recent clinical studies have demonstrated increased bloodDPP4 activity
in subclinical atherosclerosis (diabetes and obesity) [19]. We therefore sought to examine the
impact of DM on bloodDPP4 activity levels in patients with CAD in the present study. Our
findings indicated that DM significantly increased plasma DPP4 activity in the nonCAD con-
trol subjects (8.0 ± 2.9 vs. 6.4 ± 3.1 ng/L, P<0.01), whereas it tended to increase the blood
DPP4 activity levels in the CAD patients (12.2 ± 4.4 vs. 10.9 ± 4.9 ng/L, P>0.05) (Tables 3 and
4). With the exception of the levels of hemoglobin A1c and insulin treatment or/and BMI and
hs-CRP, there were no significant differences in other laboratory and clinical parameters in the
comparisons of the two experimental groups. Interestingly, we observed that CAD patients
even without DM had increased plasma DPP4 activities as compared with nonCAD subjects
(10.9 ± 4.9 vs. 6.4 ± 3.1, ng/L, P< 0.01), suggesting that CAD pathogenesis may also result in
increase in plasma DPP4 activity.

Association between DPP4 activity and CAD patients with and without

DM

We observed the DPP4 activities positively correlated with the levels of both LDL-C (r = 0.23,
P<0.01) and hs-CRP (r = 0.41, P<0.01), whereas they were not correlated with the HDL-C lev-
els (r = 0.05, P>0.05). The DPP4 activities were also positively correlated with the stenosis
(r = 0.24, P<0.05) and lesion length (r = 0.19, P<0.05) shown by the CAG in patients with
CAD.
As shown in Table 5, the logistic regression analysis revealed that CAD significantly associ-

ated with age, gender, hs-CRP, hypertension, LDL-C, and DPP4. The data from the multiple
logistic regression analysis with gender and age as well as hs-CRP, LDL-C, hypertension,
LDL-C, and DPP4 demonstrated that age (odds ratio [OR] 1.08; 95% confidence interval [CI]
1.05–1.11; P<0.01), gender (OR 0.29; 95% CI 0.17–0.49; P<0.01), hypertension (OR 3.65; 95%
CI 1.98–5.78; P<0.01), and the levels LDL-C (OR 1.01; 95% CI 1.00 to 1.02; P = 0.02), hs-CRP
(OR 1.06; 95% CI 1.02–1.11; P<0.01), and DPP4 (OR 1.56; 95% CI 1.19–1.73; P<0.01) were
significantly correlated with CAD (Table 5).

Discussion

Previous experimental reports showing that DPP4 inhibition by genetic or pharmacological
intervention alters vascular wall remodeling and atherosclerosis in mice [2,5,16,30] led us to
hypothesize that serine protease DPP4 plays an important role in the initiation and progression
of atherosclerosis. Limited information about is available regarding DPP4’s functions in
humans, with the exception that plasma DPP4 activity has been shown to be increased in
inflammation-relatedmetabolic disorders (including obesity and diabetes) and carotid arterial
atherosclerosis onset [18,19]. The results of the present study provide additional evidence to
support the possible participation of DPP4 in atherosclerosis-based CADwith and without
DM.

DPP4 and inflammation/atherogenic lesion characterization

Accumulating evidence suggest that among the members if the DPP family, DPP4 is one of
the important and abundant serine proteolytic enzyme synthesized by the blood cells and
cardiovascular tissues, and that it is relevant to inflammation-associatedmetabolic disorders
and their implications [3,8]. However, no previous study has examined the bloodDPP4
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concentrations in patients with or without CAD, to our knowledge. Our findings demonstrated
the CAD patients had increased plasma DPP4 levels compared to the nonCAD subjects. The
multivariable logistic regression analysis revealed that circulating DPP4 was independently
associated with CAD. Because human metabolic states resulted in increased levels of DPP4
activity in the blood [18,19], we propose that elevated plasma sCD26 can use as a novel bio-
marker for CAD. Circulating DPP4 activity was recently targeted to treat patients with meta-
static prostate cancer [21]. Pharmacological inhibition also mitigated injury-related neointimal
formation and high fat diet-induced atherosclerosis in several animal models [5,16,30]. DPP4
is broadly distributed in mammalian tissues (i.e., small intestine, liver, adipose, kidney, heart
tissues) [12]. A recent review noted that its multiple activities confer a broad range of functions
of DPP4, with implications for potential pathophysiologic roles in metabolic and inflammatory
disorders [3]. Thus, the inhibition of plasma DPP4 activity by DPP4 inhibitors could represent
a commonmechanism underlying their pleotrophic effects on inflammatory atherosclerosis-
based cardiovascular disease.
CRP has been shown to be one of the acute-phase reactants underlying systematic inflam-

mation, and that CRP exists predictive value for cardiovascular disorder or risk factors in
healthy subjects [31,32]. Blood CRP can also be used to distinguish between unstable and
unstable and stable coronary problem; e.g., patients with ACS had higher CRP levels compared
to patients with SAP [31,33], and CAD patients had higher hs-CRP levels compared to those of

Table 3. Demographic and Clinical Variables of nonCAD/DM(+) and nonCAD/DM(-).

nonCAD/DM(+) (n = 22) nonCAD/DM(-) (n = 112) P value

Age, yrs 54.2 ± 9.0 55.0 ± 11.4 0. 75

Female, % 59.1 53.57 0.64

BMI, kg/m2 26.5 ± 3.3 24.8 ± 3.7 0.05

Clinical histories

Hypertension, % 63.6 44.6 0.11

Diabetes mellitus, % 100 0

Current smokers, % 20.0 35.14 0.15

Previous myocardial infarction, % 0.0 0.0

Previous PCI, % 4.6 0.0 0.33

Previous bypass surgery, % 0 0

Previous cerebrovascular disease, % 9.1 7.1 0.75

Blood Examination

LDL, mg/dl 94.2± 24.4 93.7 ± 29.8 0.94

HDL, mg/dl 55.0 ± 50.7 46.0 ± 22.2 0.45

Hemoglobin A1c, % 6.9 ± 1.7 5.3 ± 0.7 < 0.01

Creatinine, mmol/L 64.0 ± 23.8 69.1 ± 20.0 0.29

hs-CRP, mg/dl 7.7 ± 18.1 2.4 ± 5.5 0.02

DPP4, ng/L 8.0 ± 2.9 6.4 ± 3.1 < 0.01

Medications

ARBs or ACEIs, % 27.3 22.3 0.62

CCBs, % 13.6 17.9 0.63

β-blockers, % 50.0 32.4 0.12

Anti-lipids, % 90.9 86.6 0.58

Aspirin, % 100 98.2 0.53

Insulin, % 31.8 0.0 < 0.01

Abbreviations are as Table 1. Values are expressed as mean ± SD or number (%).

doi:10.1371/journal.pone.0163027.t003
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nonCAD control subjects [33]. The proinflammatory effects of DPP4 have been partially
addressed by clinical and experimental studies [34,35]. The positive correlation that we
observedbetweenDPP4 and hs-CRP supports our hypothesis that elevated levels of plasma
DPP4 levels are associated with local inflammation within the arteries of patients with CAD. In

Table 4. Demographic and Clinical Variables of CAD/DM(+) and CAD/DM(-).

CAD/DM(+) (n = 84) CAD/DM(-) (n = 278) P value

Age, yrs 61.5 ± 9.7 61.82 ± 10.3 0. 779

Female, % 44.1 29.5 0.019

BMI, kg/m2 25.8 ± 3.0 24.3± 3.6 < 0.01

Clinical histories

Hypertension, % 73.8 60.1 0.02

Diabetes mellitus, % 100.0 0.0

Current smokers, % 42.9 52.9 0.10

Previous myocardial infarction, % 13.4 13 0.92

Previous PCI, % 8.5 15.1 0.08

Previous bypass surgery, % 0.0 0.72 0.44

Previous cerebrovascular disease, % 16.1 12.3 0.39

Blood Examination

LDL, mg/dl 105.3± 32.6 101.7 ± 29.8 0.37

HDL, mg/dl 42.4 ± 17.4 44.3± 19.9 0.45

Hemoglobin A1c, % 7.4 ± 1.7 5.6 ± 1.0 < 0.01

Creatinine, mmol/L 0.8 ± 0.4 0.7 ± 0.2 0.98

hs-CRP, mg/dl 12.0 ± 20.3 16.2 ± 31.0 0.16

DPP4, ng/L 12.2 ± 4.4 10.9 ± 4.9 0.06

Medications

ARBs or ACEIs, % 40.5 38.9 0.79

CCBs, % 29.6 22.0 0.18

β-blockers, % 70.7 63.0 0.19

Anti-lipids, % 100 97.8 0.31

Aspirin, % 100 98.5 0.54

Insulin, % 43.9 0.0

Abbreviations are as Table 1. Values are expressed as mean ± SD or number (%).

doi:10.1371/journal.pone.0163027.t004

Table 5. Independent predictors of CAD According to Multivariable Logistic Regression Analysis.

Single Multiple

Odds Ratio Estimate 95% CI P value Odds Ratio Estimate 95% CI P value

Age (year) 1.06 1.04–1.085 < 0.01 1.08 1.05–1.11 < 0.01

Gender 0.41 0.27–0.613 < 0.01 0.29 0.17–0.49 < 0.01

BMI (kg/m2) 0.78 0.98–1.022 0.82

Diabetes mellitus, % 1.54 0.92–2.583 0.053

Hypertension, % 1.88 1.26–2.811 0.002 3.65 1.98–5.78 < 0.01

LDL cholesterol (mg/dl) 1.01 1.00–1.017 0.007 1.01 1.00–1.02 0.02

HDL cholesterol (mg/dl) 0.99 0.99–1.00 0.14

hs-CRP, mg/dl 1.06 1.03–1.09 < 0.01 1.06 1.02–1.11 < 0.01

DPP4, ng/L 1.43 1.35–1.87 < 0.01 1.56 1.19–1.73 0.004

Multiple regression model includes all variables at baseline with P < 0.05 by univariable analysis. Abbreviations are as in Table 1. CI, confidence interval.

doi:10.1371/journal.pone.0163027.t005

DPP4 and Coronary Artery Disease

PLOS ONE | DOI:10.1371/journal.pone.0163027 September 21, 2016 9 / 14



the analysis of the subgroups of patients with CAD, we observed increased levels of DPP4 activ-
ity and hs-CRP in the UAP or AMI patients compared to patients with SAP. The analysis of
the QCA of target lesions revealed that the UAP or AMI patients had higher values of diameter
stenosis and lesion length as well as Syntax scores compared to the SAP group. In addition, the
linear regression analysis revealed that in CAD patients, the DPP4 levels were also positively
correlated with the stenosis and lesion length analyzed by the CAG. Collectively, these findings
indicate that increased bloodDPP4 levels provide important information on angiographic
severity, the extent of inflammation and coronary artery disease.

The impact of DM on plasma DPP4 levels in the CAD and non-CAD

groups

A pair of recent clinical studies have described the clinical implications of elevated plasma
DPP4 activity in conditions such as cerebral ischemia and osteoporosis [36,37]. Over the last
five years, DPP4 inhibitors as a new class of anti-DM drugs have been widely used to manage
patients with type 2 DM [2]. Consistent with a report that patients with inflammatorymeta-
bolic states such as diabetes had increased levels of bloodDPP4 activity [3], we observed that
the levels of plasma DPP4 were higher in the nonCAD/DM(+) subjects than in that of the con-
trol subjects, suggesting a potential role of DPP4 in the pathogenesis of metabolic disease and
the management of this disease. It should be noted that our CAD patients with DM had a ten-
dency to have increasedDPP4 levels compared to the CAD-alone patients. In contrast to the
nonCAD/DM(+) group patients, DM had no effect on the plasma hs-CRP levels in the patients
with CAD. The lack of a significant effectmight be in due part to the absence of a difference in
the same extent of the inflammation between the CAD/DM(+) and CAD/DM(-) groups. Fur-
ther investigations are needed to resolve this issue.

DPP4 and lipid metabolism

We observed a positive correlation between the plasma DPP4 and LDL-C levels. LDL-C is rec-
ognized an critical factor in atherogenesis [38]. Lipoprotein uptake and metabolism by mainly
macrophages in atherosclerotic plaque are critical pathologic steps in atherogenesis [39,40].
The relationship between hyperlipidemia and DPP4 activity has been studied extensively.
Genetic or pharmacological intervention targeted toward DPP4 activity improved plasma dys-
lipidemia in mice [41,42]. DPP4 inhibition reduced postprandial lipemia as evidenced by the
decreases in blood triglyceride, apolipoprotein B-48, and apolipoprotein B-100 levels following
a mixedmeal [43,44]. Clinical evidence indicates that the ability of DPP4 inhibitors to amelio-
rate plasma dyslipidemia is likely to contribute to the cardiovascular benefits [3]. We therefore
speculate that DPP4 may participate in the development and progression of CAD partly
through its impact on lipid metabolism.

Study limitations

Study limitations should be considered. First, the small numbers of participants limited the
power to prove differences and relationships. Secondly, although the relationship between
plasma DPP4 activities and atherosclerotic plaque stenosis and plaque length analyzed by
QCA in all CAD patients was significant, the molecular examinations combined with the intra-
vascular ultrasound combined and optimal coherence tomography was not designed to study
causality in patients., Third, bloodDPP4 activity is not coronary-specific.The widespread
expression of DPP4 in blood vessels, myeloid stem cells/progenitor cells, and myocardium has
been reported [3]. It is very difficult to separate DPP4 activities from different tissues (myocar-
dium, bone, fat, etc.) and arteries (the cerebral artery, peripheral artery, carotid artery, etc.).
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Fourth, over 50% of the nonCAD subjects with hypertension or diabetes were not suitable to
include in the healthy control group. Fifth, CAD patients with several cardiac diseases as men-
tioned in the Methods sectionwere excluded. It is unclear how their inclusion or exclusion
would influence the present results. In addition, the indexes of actual and prior metabolic con-
trols in our study are lacking. Here, we have also no data showing difference in waist girth or in
waist-to-hip ration between the different our study populations. Further studies will be
required to investigate these issues.
Indeed, DPP4 activity is increased in proinflammatory states including obesity, diabetes

mellitus, and atherosclerosis [18,19]. Accumulating evidence from genetic and pharmacologi-
cal interventions targeted toward DPP4 proteolytic function in animal models of disease seems
to indicate that salutary effects including in heart failure and in totality seem to suggest the pos-
sibility of beneficial cardiovascular effects in patients. However, recent large scar randomized
clinical trials focused on cardiovascular events in high-risk patients with type 2 DM on best
drug therapy seem to show no significant differences compared with placebo with regards to
the composite end point of stroke, MI, and cardiovascular death during a long-term follow-up
period [45,46]. Experimental evidence indicates that the noncatalytic function of DPP4
(including its roles as a binding to several extracellularmatrix proteins including adenosine
deaminase and co-stimulatorymolecule) in humans can serves to larger role for DPP4 outside
of its catalytic function [3]. Future basic and clinical studies will be required to target toward
the relative contribution of the non-enzymatic versus enzymatic molecular function in meta-
bolic and inflammatory cardiovascular diseases and address the heart failure safety signals and
demonstrate a beneficial effect of this class in cardiovascular complications associated with
diabetes.
In conclusion, the results of the present study demonstrated that increased bloodDPP4 lev-

els are positively and independently associated with CAD, even without DM. Although a large-
scale longitudinal clinical study is needed, our findings suggest that DPP4 exhibits a therapeu-
tic target for atherosclerosis-based cardiovascular disease and that the monitoring of blood
DPP4 protein and activities would be useful for the assessment of the risk of the cardiovascular
disease.

Author Contributions

Funding acquisition:GY XC.

Investigation: GY YLi XL DJ GZ JJ WX CF CXDDHJ CJ RS LP YLei KY.

Project administration:GY LC XC.

Supervision:LC XC.

Validation: LC XC.

Visualization: XL HJ.

Writing – original draft:GY.

Writing – review & editing: YLi XC.

References

1. Matteucci E, Giampietro O. Dipeptidyl peptidase-4 (CD26): knowing the function before inhibiting the

enzyme. Curr Med Chem 2009; 16:2943–51. doi: 10.2174/092986709788803114 PMID: 19689275

2. Matsubara J, Sugiyama S, Sugamura K, Nakamura T, Fujiwara Y, Akiyama E, et al. A dipeptidyl pepti-

dase-4 inhibitor, des-fluoro-sitagliptin, improves endothelial function and reduces atherosclerotic

DPP4 and Coronary Artery Disease

PLOS ONE | DOI:10.1371/journal.pone.0163027 September 21, 2016 11 / 14

http://dx.doi.org/10.2174/092986709788803114
http://www.ncbi.nlm.nih.gov/pubmed/19689275


lesion formation in apolipoprotein E-deficient mice. J Am Coll Cardiol 2012; 59:265–76. doi: 10.1016/j.

jacc.2011.07.053 PMID: 22240132

3. Zhong J, Maiseyeu A, Davis SN, Rajagopalan S. DPP4 in cardiometabolic disease: recent insights

from the laboratory and clinical trials of DPP4 inhibition. Circ Res 2015; 116:1491–504. doi: 10.1161/

CIRCRESAHA.116.305665. PMID: 25858071

4. Moon JY, Woo JS, Seo JW, Lee A, Kim DJ, Kim YG, et al. The dose-dependent organ-specific effects

of a dipeptidyl peptidase-4 inhibitor on cardiovascular complications in a model of type 2 diabetes.

PLoS One 2016; 11:e0150745. http://dx.doi.org/10.1371/journal.pone.0150745 doi: 10.1371/journal.

pone.0150745 PMID: 26959365

5. Akita K, Isoda K, Shimada K, Daida H. Dipeptidyl-peptidase-4 inhibitor, alogliptin, attenuates arterial

inflammation and neointimal formation after injury in low-density lipoprotein (LDL) receptor-deficient

mice. J Am Heart Assoc 2015; 4:e001469. doi: 10.1161/JAHA.114.001469 PMID: 25770025

6. Nistala R, Habibi J, Lastra G, Manrique C, Aroor AR, Hayden MR, et al. Prevention of obesity-induced

renal injury in male mice by DPP4 inhibition. Endocrinology 2014; 155:2266–76. doi: 10.1210/en.2013-

1920 PMID: 24712875

7. Sauve M, Ban K, Momen MA, Zhou YQ, Henkelman RM, Husain M, et al. Genetic deletion or pharma-

cological inhibition of dipeptidyl peptidase-4 improves cardiovascular outcomes after myocardial

infarction in mice. Diabetes 2010; 59:1063–73. doi: 10.2337/db09-0955 PMID: 20097729

8. Zhong J, Rao X, Rajagopalan S. An emerging role of dipeptidyl peptidase 4 (DPP4) beyond glucose

control: potential implications in cardiovascular disease. Atherosclerosis 2013; 226:305–14. doi: 10.

1016/j.atherosclerosis.2012.09.012 PMID: 23083681

9. Lamers D, Famulla S, Wronkowitz N, Hartwig S, Lehr S, Ouwens DM, et al. Dipeptidyl peptidase 4 is a

novel adipokine potentially linking obesity to the metabolic syndrome. Diabetes 2011; 60:1917–25. doi:

10.2337/db10-1707 PMID: 21593202

10. Shigeta T, Aoyama M, Bando YK, Monji A, Mitsui T, Takatsu M, et al. Dipeptidyl peptidase-4 modu-

lates left ventricular dysfunction in chronic heart failure via angiogenesis-dependent and -independent

actions. Circulation 2012; 126:1838–51. doi: 10.1161/CIRCULATIONAHA.112.096479 PMID:

23035207

11. Broxmeyer HE, Hoggatt J, O’Leary HA, Mantel C, Chitteti BR, Cooper S, et al. Dipeptidylpeptidase 4

negatively regulates colony-stimulating factor activity and stress hematopoiesis. Nat Med 2012;

18:1786–96. doi: 10.1038/nm.2991 PMID: 23160239

12. Mentlein R. Dipeptidyl-peptidase IV (CD26)—role in the inactivation of regulatory peptides. Regul Pept

1999; 85:9–24. PMID: 10588446

13. Yu DM, Yao TW, Chowdhury S, Nadvi NA, Osborne B, Church WB, et al. The dipeptidyl peptidase IV

family in cancer and cell biology. FEBS J 2010; 277:1126–44. doi: 10.1111/j.1742-4658.2009.07526.x

PMID: 20074209

14. Lojda Z. Studies on dipeptidyl(amino)peptidase IV (glycyl-proline naphthylamidase). II. Blood vessels.

Histochemistry 1979; 59:153–66. PMID: 429202

15. Aoyama M, Kawase H, Bando YK, Monji A, Murohara T. Dipeptidyl peptidase 4 inhibition alleviates

shortage of circulating glucagon-like peptide-1 in heart failure and mitigates myocardial remodeling

and apoptosis via the exchange protein directly activated by cyclic AMP 1/Ras-Related protein 1 axis.

Circ Heart Fail 2016; 9:e002081. doi: 10.1161/CIRCHEARTFAILURE.115.002081 PMID: 26721911

16. Ervinna N, Mita T, Yasunari E, Azuma K, Tanaka R, Fujimura S, et al. Anagliptin, a DPP-4 inhibitor,

suppresses proliferation of vascular smooth muscles and monocyte inflammatory reaction and attenu-

ates atherosclerosis in male apo E-deficient mice. Endocrinology 2013; 154:1260–70. doi: 10.1210/en.

2012-1855. PMID: 23337530

17. Barbieri M, Rizzo MR, Marfella R, Boccardi V, Esposito A, Pansini A, et al. Decreased carotid athero-

sclerotic process by control of daily acute glucose fluctuations in diabetic patients treated by DPP-IV

inhibitors. Atherosclerosis 2013; 227:349–54. doi: 10.1016/j.atherosclerosis.2012.12.018 PMID:

23375680

18. Zheng TP, Yang F, Gao Y, Baskota A, Chen T, Tian HM, et al. Increased plasma DPP4 activities pre-

dict new-onset atherosclerosis in association with its proinflammatory effects in Chinese over a four

year period: A prospective study. Atherosclerosis 2014; 235:619–24. doi: 10.1016/j.atherosclerosis.

2014.05.956 PMID: 24968315

19. Zheng TP, Liu YH, Yang LX, Qin SH, Liu HB. Increased plasma dipeptidyl peptidase-4 activities are

associated with high prevalence of subclinical atherosclerosis in Chinese patients with newly diag-

nosed type 2 diabetes: a cross-sectional study. Atherosclerosis 2015; 242:580–8. doi: 10.1016/j.

atherosclerosis.2015.07.042 PMID: 26318108

20. Javidroozi M, Zucker S, Chen WT. Plasma seprase and DPP4 levels as markers of disease and prog-

nosis in cancer. Dis Markers 2012; 32:309–20. doi: 10.3233/DMA-2011-0889 PMID: 22674411

DPP4 and Coronary Artery Disease

PLOS ONE | DOI:10.1371/journal.pone.0163027 September 21, 2016 12 / 14

http://dx.doi.org/10.1016/j.jacc.2011.07.053
http://dx.doi.org/10.1016/j.jacc.2011.07.053
http://www.ncbi.nlm.nih.gov/pubmed/22240132
http://dx.doi.org/10.1161/CIRCRESAHA.116.305665
http://dx.doi.org/10.1161/CIRCRESAHA.116.305665
http://www.ncbi.nlm.nih.gov/pubmed/25858071
http://dx.doi.org/10.1371/journal.pone.0150745
http://dx.doi.org/10.1371/journal.pone.0150745
http://dx.doi.org/10.1371/journal.pone.0150745
http://www.ncbi.nlm.nih.gov/pubmed/26959365
http://dx.doi.org/10.1161/JAHA.114.001469
http://www.ncbi.nlm.nih.gov/pubmed/25770025
http://dx.doi.org/10.1210/en.2013-1920
http://dx.doi.org/10.1210/en.2013-1920
http://www.ncbi.nlm.nih.gov/pubmed/24712875
http://dx.doi.org/10.2337/db09-0955
http://www.ncbi.nlm.nih.gov/pubmed/20097729
http://dx.doi.org/10.1016/j.atherosclerosis.2012.09.012
http://dx.doi.org/10.1016/j.atherosclerosis.2012.09.012
http://www.ncbi.nlm.nih.gov/pubmed/23083681
http://dx.doi.org/10.2337/db10-1707
http://www.ncbi.nlm.nih.gov/pubmed/21593202
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.096479
http://www.ncbi.nlm.nih.gov/pubmed/23035207
http://dx.doi.org/10.1038/nm.2991
http://www.ncbi.nlm.nih.gov/pubmed/23160239
http://www.ncbi.nlm.nih.gov/pubmed/10588446
http://dx.doi.org/10.1111/j.1742-4658.2009.07526.x
http://www.ncbi.nlm.nih.gov/pubmed/20074209
http://www.ncbi.nlm.nih.gov/pubmed/429202
http://dx.doi.org/10.1161/CIRCHEARTFAILURE.115.002081
http://www.ncbi.nlm.nih.gov/pubmed/26721911
http://dx.doi.org/10.1210/en.2012-1855.
http://dx.doi.org/10.1210/en.2012-1855.
http://www.ncbi.nlm.nih.gov/pubmed/23337530
http://dx.doi.org/10.1016/j.atherosclerosis.2012.12.018
http://www.ncbi.nlm.nih.gov/pubmed/23375680
http://dx.doi.org/10.1016/j.atherosclerosis.2014.05.956
http://dx.doi.org/10.1016/j.atherosclerosis.2014.05.956
http://www.ncbi.nlm.nih.gov/pubmed/24968315
http://dx.doi.org/10.1016/j.atherosclerosis.2015.07.042
http://dx.doi.org/10.1016/j.atherosclerosis.2015.07.042
http://www.ncbi.nlm.nih.gov/pubmed/26318108
http://dx.doi.org/10.3233/DMA-2011-0889
http://www.ncbi.nlm.nih.gov/pubmed/22674411


21. Nazarian A, Lawlor K, Yi SS, Philip J, Ghosh M, Yaneva M, et al. Inhibition of circulating dipeptidyl pep-

tidase 4 activity in patients with metastatic prostate cancer. Mol Cell Proteomics 2014; 13:3082–96.

doi: 10.1074/mcp.M114.038836 PMID: 25056937

22. Cheng XW, Kikuchi R, Ishii H, Yoshikawa D, Hu L, Takahashi R, et al. Circulating cathepsin K as a

potential novel biomarker of coronary artery disease. Atherosclerosis 2013; 228:211–6. doi: 10.1016/j.

atherosclerosis.2013.01.004 PMID: 23369704

23. Li X, Li Y, Jin J, Jin D, Cui L, Rei Y, et al. Increased serum cathepsin K in patients with coronary artery

disease. Yonsei Med J 2014; 55:912–9. doi: 10.3349/ymj.2014.55.4.912 PMID: 24954318

24. Gibbons RJ, Chatterjee K, Daley J, Douglas JS, Fihn SD, Gardin JM, et al. ACC/AHA/ACP-ASIM

guidelines for the management of patients with chronic stable angina: executive summary and recom-

mendations. A Report of the American College of Cardiology/American Heart Association Task Force

on Practice Guidelines (Committee on Management of Patients with Chronic Stable Angina). Circula-

tion 1999; 99:2829–48. doi: 10.1161/01.CIR.99.21.2829 PMID: 10351980

25. Thygesen K, Alpert JS, Jaffe AS, Simoons ML, Chaitman BR, White HD, et al. Third universal definition

of myocardial infarction. Eur Heart J 2012; 33:2551–67. doi: 10.1161/CIR.0b013e31826e1058 PMID:

22922414

26. Fox CS, Golden SH, Anderson C, Bray GA, Burke LE, de Boer IH, et al. Update on Prevention of Car-

diovascular Disease in Adults With Type 2 Diabetes Mellitus in Light of Recent Evidence: A Scientific

Statement From the American Heart Association and the American Diabetes Association. Circulation

2015; 132:691–718. doi: 10.2337/dci15-0012 PMID: 26246173

27. Go AS, Bauman MA, Coleman King SM, Fonarow GC, Lawrence W, Williams KA, et al. An effective

approach to high blood pressure control: a science advisory from the American Heart Association, the

American College of Cardiology, and the Centers for Disease Control and Prevention. Hypertension

2014; 63:878–85. doi: 10.1016/j.jacc.2013.11.007 PMID: 24243703

28. Mintz GS, Nissen SE, Anderson WD, Bailey SR, Erbel R, Fitzgerald PJ, et al. American College of Car-

diology Clinical Expert Consensus Document on Standards for Acquisition, Measurement and Report-

ing of Intravascular Ultrasound Studies (IVUS). A report of the American College of Cardiology Task

Force on Clinical Expert Consensus Documents. J Am Coll Cardiol 2001; 37:1478–92. doi: 10.1016/

S0735-1097(01)01175-5 PMID: 11300468

29. Zhao G, Li Y, Cui L, Li X, Jin Z, Han X, et al. Increased circulating cathepsin K in patients with chronic

heart failure. PLoS One 2015; 10:e0136093. doi: 10.1371/journal.pone.0136093 PMID: 26302400

30. Ta NN, Schuyler CA, Li Y, Lopes-Virella MF, Huang Y. DPP-4 (CD26) inhibitor alogliptin inhibits ath-

erosclerosis in diabetic apolipoprotein E-deficient mice. J Cardiovasc Pharmacol 2011; 58:157–66.

doi: 10.1097/FJC.0b013e31821e5626 PMID: 21558879

31. Hermus L, Lefrandt JD, Tio RA, Breek JC, Zeebregts CJ. Carotid plaque formation and serum biomark-

ers. Atherosclerosis 2010; 213:21–9. doi: 10.1016/j.atherosclerosis.2010.05.013 PMID: 20627248

32. Drakopoulou M, Toutouzas K, Stefanadi E, Tsiamis E, Tousoulis D, Stefanadis C. Association of

inflammatory markers with angiographic severity and extent of coronary artery disease. Atherosclero-

sis 2009; 206:335–9. doi: 10.1016/j.atherosclerosis.2009.01.041 PMID: 19264307

33. Geluk CA, Post WJ, Hillege HL, Tio RA, Tijssen JG, van Dijk RB, et al. C-reactive protein and angio-

graphic characteristics of stable and unstable coronary artery disease: data from the prospective PRE-

VEND cohort. Atherosclerosis 2008; 196:372–82. PMID: 17157301

34. Cordero OJ, Salgado FJ, Vinuela JE, Nogueira M. Interleukin-12 enhances CD26 expression and

dipeptidyl peptidase IV function on human activated lymphocytes. Immunobiology 1997; 197:522–33.

PMID: 9413751

35. Ikushima H, Munakata Y, Iwata S, Ohnuma K, Kobayashi S, Dang NH, et al. Soluble CD26/dipeptidyl

peptidase IV enhances transendothelial migration via its interaction with mannose 6-phosphate/insu-

lin-like growth factor II receptor. Cell Immunol 2002; 215:106–10. doi: 10.1016/S0008-8749(02)00010-

2 PMID: 12142042

36. Yakovleva AA, Zolotov NN, Sokolov OY, Kost NV, Kolyasnikova KN, Micheeva IG. Dipeptidylpepti-

dase 4 (DPP4, CD26) activity in the blood serum of term and preterm neonates with cerebral ischemia.

Neuropeptides 2015; 52:113–7. doi: 10.1016/j.npep.2015.05.001 PMID: 26051627

37. Zheng T, Yang L, Liu Y, et al. Plasma DPP4 activities are associated with osteoporosis in postmeno-

pausal women with normal glucose tolerance. J Clin Endocrinol Metab 2015; 100:3862–70. doi: 10.

1210/jc.2015-2233 PMID: 26259132

38. Stone NJ, Robinson JG, Lichtenstein A. The new cholesterol treatment guidelines. N Engl J Med 2013;

370:1957.

39. Tabas I, Bornfeldt KE. Macrophage phenotype and function in different stages of atherosclerosis. Circ

Res 2016; 118:653–67. doi: 10.1161/CIRCRESAHA.115.306256 PMID: 26892964

DPP4 and Coronary Artery Disease

PLOS ONE | DOI:10.1371/journal.pone.0163027 September 21, 2016 13 / 14

http://dx.doi.org/10.1074/mcp.M114.038836
http://www.ncbi.nlm.nih.gov/pubmed/25056937
http://dx.doi.org/10.1016/j.atherosclerosis.2013.01.004
http://dx.doi.org/10.1016/j.atherosclerosis.2013.01.004
http://www.ncbi.nlm.nih.gov/pubmed/23369704
http://dx.doi.org/10.3349/ymj.2014.55.4.912
http://www.ncbi.nlm.nih.gov/pubmed/24954318
http://dx.doi.org/10.1161/01.CIR.99.21.2829
http://www.ncbi.nlm.nih.gov/pubmed/10351980
http://dx.doi.org/10.1161/CIR.0b013e31826e1058
http://www.ncbi.nlm.nih.gov/pubmed/22922414
http://dx.doi.org/10.2337/dci15-0012
http://www.ncbi.nlm.nih.gov/pubmed/26246173
http://dx.doi.org/10.1016/j.jacc.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24243703
http://dx.doi.org/10.1016/S0735-1097(01)01175-5
http://dx.doi.org/10.1016/S0735-1097(01)01175-5
http://www.ncbi.nlm.nih.gov/pubmed/11300468
http://dx.doi.org/10.1371/journal.pone.0136093
http://www.ncbi.nlm.nih.gov/pubmed/26302400
http://dx.doi.org/10.1097/FJC.0b013e31821e5626
http://www.ncbi.nlm.nih.gov/pubmed/21558879
http://dx.doi.org/10.1016/j.atherosclerosis.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/20627248
http://dx.doi.org/10.1016/j.atherosclerosis.2009.01.041
http://www.ncbi.nlm.nih.gov/pubmed/19264307
http://www.ncbi.nlm.nih.gov/pubmed/17157301
http://www.ncbi.nlm.nih.gov/pubmed/9413751
http://dx.doi.org/10.1016/S0008-8749(02)00010-2
http://dx.doi.org/10.1016/S0008-8749(02)00010-2
http://www.ncbi.nlm.nih.gov/pubmed/12142042
http://dx.doi.org/10.1016/j.npep.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/26051627
http://dx.doi.org/10.1210/jc.2015-2233
http://dx.doi.org/10.1210/jc.2015-2233
http://www.ncbi.nlm.nih.gov/pubmed/26259132
http://dx.doi.org/10.1161/CIRCRESAHA.115.306256
http://www.ncbi.nlm.nih.gov/pubmed/26892964


40. Cheng XW, Huang Z, Kuzuya M, Okumura K, Murohara T. Cysteine protease cathepsins in atheroscle-

rosis-based vascular disease and its complications. Hypertension 2011; 58:978–86. doi: 10.1161/

HYPERTENSIONAHA.111.180935 PMID: 21986502

41. Conarello SL, Li Z, Ronan J, Roy RS, Zhu L, Jiang G, et al. Mice lacking dipeptidyl peptidase IV are

protected against obesity and insulin resistance. Proc Natl Acad Sci USA 2003; 100:6825–30. doi: 10.

1073/pnas.0631828100 PMID: 12748388

42. Flock G, Baggio LL, Longuet C, Drucker DJ. Incretin receptors for glucagon-like peptide 1 and glu-

cose-dependent insulinotropic polypeptide are essential for the sustained metabolic actions of vilda-

gliptin in mice. Diabetes 2007; 56:3006–13. doi: 10.2337/db07-0697 PMID: 17717280

43. Tremblay AJ, Lamarche B, Deacon CF, Weisnagel SJ, Couture P. Effect of sitagliptin therapy on post-

prandial lipoprotein levels in patients with type 2 diabetes. Diabetes Obes Metab 2011; 13:366–73. doi:

10.1111/j.1463-1326.2011.01362.x PMID: 21226820

44. Matikainen N, Manttari S, Schweizer A, Ulvestad A, Mills D, Dunning BE, et al. Vildagliptin therapy

reduces postprandial intestinal triglyceride-rich lipoprotein particles in patients with type 2 diabetes.

Diabetologia 2006; 49:2049–57. doi: 10.1007/s00125-006-0340-2 PMID: 16816950

45. Green JB, Bethel MA, Armstrong PW, Buse JB, Engel SS, Garg J, et al. Effect of Sitagliptin on Cardio-

vascular Outcomes in Type 2 Diabetes. N Engl J Med. 2015; 373:232–42. doi: 10.1056/

NEJMoa1501352 PMID: 26052984

46. White WB, Cannon CP, Heller SR, Nissen SE, Bergenstal RM, Bakris G, et al. Alogliptin after acute

coronary syndrome in patients with type 2 diabetes. N Engl J Med. 2013; 369:1327–35. doi: 10.1056/

NEJMoa1305889 PMID: 23992602

DPP4 and Coronary Artery Disease

PLOS ONE | DOI:10.1371/journal.pone.0163027 September 21, 2016 14 / 14

http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.180935
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.180935
http://www.ncbi.nlm.nih.gov/pubmed/21986502
http://dx.doi.org/10.1073/pnas.0631828100
http://dx.doi.org/10.1073/pnas.0631828100
http://www.ncbi.nlm.nih.gov/pubmed/12748388
http://dx.doi.org/10.2337/db07-0697
http://www.ncbi.nlm.nih.gov/pubmed/17717280
http://dx.doi.org/10.1111/j.1463-1326.2011.01362.x
http://www.ncbi.nlm.nih.gov/pubmed/21226820
http://dx.doi.org/10.1007/s00125-006-0340-2
http://www.ncbi.nlm.nih.gov/pubmed/16816950
http://dx.doi.org/10.1056/NEJMoa1501352
http://dx.doi.org/10.1056/NEJMoa1501352
http://www.ncbi.nlm.nih.gov/pubmed/26052984
http://dx.doi.org/10.1056/NEJMoa1305889
http://dx.doi.org/10.1056/NEJMoa1305889
http://www.ncbi.nlm.nih.gov/pubmed/23992602

