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Reduction in GLP-1 secretory
capacity may be a novel
independent risk factor of coronary
artery stenosis

Chihiro Nagase®’, Masaya Tanno’, Hidemichi Kouzu?, Takayuki Miki, Junichi Nishida?,
Naoto Murakami!, Nobuaki Kokubu?, Nobutaka Nagano?, Ryo Nishikawa?,
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Multiple factors regulate glucagon-like peptide-1 (GLP-1) secretion, but a group of apparently
healthy subjects showed blunted responses of GLP-1 secretion in our previous study. In this study,
we examined whether the reduction in GLP-1 secretory capacity is associated with increased extent
of coronary artery stenosis in non-diabetic patients. Non-diabetic patients who were admitted for
coronary angiography without a history of coronary interventions were enrolled. Coronary artery
stenosis was quantified by Gensini score (GS), and GS =10 was used as an outcome variable based on
its predictive value for cardiovascular events. The patients (mean age, 66.5 + 8.8 years; 71% males,
n=173) underwent oral 75 g-glucose tolerant tests for determination of glucose, insulin and active
GLP-1 levels. The area under the curve of plasma active GLP-1 (AUC-GLP-1) was determined as an
index of GLP-1 secretory capacity. AUC-GLP-1 was not correlated with fasting glucose, AUC-glucose,
serum lipids or indices of insulin sensitivity. In multivariate logistic regression analysis for GS =10,
AUC-GLP-1<median, age and hypertension were selected as explanatory variables, though fasting
GLP-1 level was not selected. The findings suggest that reduction in GLP-1 secretory capacity is a novel
independent risk factor of coronary stenosis.

Although the incidence of acute coronary syndrome and its mortality have been declining in the past few dec-
ades, acute myocardial infarction is still a leading cause of death worldwide. Control of major risk factors of
atherosclerotic diseases, i.e., smoking, hypertension, dyslipidemia and diabetes mellitus, is a fundamental strat-
egy for primary and secondary prevention of coronary artery diseases. Recent development of pharmacological
agents such as PCSK9 antibody and SGLT2 inhibitors have provided multiple options for control of risk factors
in patients. On the other hand, more than 20% of patients with ST-elevation myocardial infarction (STEMI) do
not have major risk factors of atherosclerosis'?, and a significant proportion of patients with prior myocardial
infarction have recurrent cardiovascular events despite guideline-based control of the risk factors, indicating
the presence of “residual” risks®*.

As “residual” risk factors of atherosclerosis, inflammation, residual lipid abnormalities, and residual throm-
bosis risk have been characterized by observational studies and clinical trials®-8. Recently, pleiotropic effects
of glucagon-like peptide-1 (GLP-1), an incretin, have received attention not only for the benefit of GLP-1 ana-
logues in management of diabetes®!® but also for possible involvement in etiologies of various diseases including
hepatic steatosis, renal failure and inflammatory bowel diseases''~'?. GLP-1 receptors are expressed in vascular
endothelial cells and smooth muscle cells’, and experiments using animal models have shown that treatment
with a GLP-1 receptor agonist affords protective effects on vascular endothelial cells and attenuates intimal
hyperplasia and vascular stenosis after vascular injury'*-°. On the other hand, our previous cohort study showed
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that there is a group of apparently healthy subjects with a blunted response of GLP-1 secretion to oral glucose
loading and that their blood pressure was inversely correlated with the response of GLP-1'. Interestingly, plasma
GLP-1 level at baseline or its change after oral glucose loading was not correlated with insulin sensitivity, plasma
glucose, or serum lipids'’. Based on the findings'*""7, we hypothesized that the low response of GLP-1 to feed-
ing is a residual risk factor of coronary atherosclerosis. To test this hypothesis, we prospectively examined the
relationship between GLP-1 secretion capacity and extent of coronary artery stenosis in non-diabetic patients
in the present study.

Methods

This study was approved by the internal review boards in Sapporo Medical University Hospital and its three
affiliated hospitals, Sapporo Circulation Hospital, JR Sapporo Hospital, JCHO Hokushin Hospital, and registered
as Clinical Trials.gov Identifier: NCT02280837. This study was conducted in accordance with the World Medi-
cal Association Declaration of Helsinki and as a project of the BOREAS (Broad-range Organization for REnal,
Arterial and cardiac studies by Sapporo Medical University Affiliates) Study.

Study subjects. Patients who met all inclusion criteria on admission were consecutively enrolled from
March 2015 to March 2019. The inclusion criteria were non-diabetic patients at ages of 35-80 years, no change
in therapy for dyslipidemia within 3 months before admission and scheduled coronary angiography (CAG) to
assess coronary artery stenoses. Exclusion criteria were HbA1c level > 6.5%, diabetes mellitus with insulin or oral
anti-diabetic agent treatment, indication for immediate additional medical treatment for coronary artery dis-
ease, indication for emergency coronary intervention, and prior history of percutaneous coronary intervention.
Patients who met at least one of the exclusion criteria were not enrolled in this study. Written informed consent
was obtained from all enrolled study subjects.

Protocol of the study. Eligibility of patients for enrollment was examined on day 1 of hospital admis-
sion. The enrolled study subjects underwent standard blood tests on day 1 or 2 after admission, an oral glucose
tolerance test on day 2 or 3, and CAG on day 3 or a day no later than day 14. Since treatment or checking for
a non-cardiac disease before CAG can delay the schedule of CAG, we set the timing of CAG at 3-14 days after
admission, though CAG was performed in most cases within 5 days after admission.

Oral glucose tolerance test (OGTT). After fasting for more than 10 h, the subjects underwent an oral
75 g-OGTT. Venous blood was sampled before and 30 min, 60 min, and 120 min after oral 75 g glucose loading
for determination of levels of glucose, immunoreactive insulin (IRI), and active GLP-1 (GLP-1[7-36] amide and
GLP-1[7-37]). Glucose and IRI were determined by the hexokinase method and enzyme immunoassay, respec-
tively. Blood samples for GLP-1 assay were collected in tubes containing a DPP-4 inhibitor (BD P700, Becton,
Dickinson and Co.). Plasma active GLP-1 level was determined by using an ELISA kit (GLP-1 Active ELISA Kkit,
EGLP-35k, Millipore Inc.) that measures active GLP-1 without cross-reacting with the inactive form of GLP-
1[9-36]. Capacity of GLP-1 secretion was determined as the area under the curve (AUC) of plasma active GLP-1
level (AUC-GLP-1) in the OGTT by use of the trapezoid rule. Similarly, AUC of plasma glucose (AUC-PG) and
AUC of IRI (AUC-IRI) were also calculated. Homeostasis model assessment-p (HOMA-{) was calculated as an
index of insulin secretion'®.

Assessment of insulin sensitivity and renal function. HOMA of insulin resistance (HOMA-IR) and
Matsuda-DeFronzo index were calculated as indices of insulin sensitivity'®!. Renal function was assessed by
serum creatinine and estimated glomerular filtration rate (eGFR) calculated by an equation for the Japanese
population®.

Assessment of severity of coronary stenosis. Coronary artery stenosis was quantified by Gensini
score?! as in our previous study** and studies in which the impact of non-obstructive coronary lesions on prog-
nosis was examined®*?*!. Gensini score grades narrowing of the lumen as follows: 1, 1-25% stenosis; 2, 26-50%
stenosis; 4, 51-75% stenosis; 8, 76-90% stenosis; 16, 91-99% stenosis; and 32, total occlusion. This score is mul-
tiplied by a factor accounting for the importance of the lesion position in the coronary arterial tree: 5 for the left
main trunk, 2.5 for the proximal left anterior descending artery, 2.5 for the proximal left circumflex artery (3.5 in
the case of left dominance) and 1 for the proximal right coronary artery. The severity of the disease was expressed
as the sum of the scores for individual lesions. Gensini score was calculated by observers who were blinded to the
results of biochemical examinations. Results of CAG performed in the affiliated hospitals were sent to a group in
Sapporo Medical University Hospital for grading Gensini score.

In the present study, we used Gensini score>10 as an outcome variable. The rationale for selection of the
outcome variable is twofold. First, Gensini score data were not normally distributed (see “Results”), thus being
unsuitable for parametric analysis. Second, results of earlier studies*** suggested that Gensini score> 10 is associ-
ated with a significantly increased risk of cardiovascular events, though Gensini score > 10 does not necessarily
mean presence of >50% coronary stenosis.

Statistical analysis. Numeric variables are expressed as means + SD or medians (interquartile ranges). The
distribution of each parameter was tested for its normality by using the Shapiro-Wilk W test. Differences in
parameters between groups were tested by one-way analysis of variance, the Kruskal-Wallis test or  * test where
appropriate. Relationships between parameters were examined by calculation of Spearman’s rank correlation
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Overall (n=173) | Male (n=122) | Female (n=51) |p
Age (years) 66.5+8.8 65.6+£8.7 68.9+8.5 0.026
BMI (kg/m?) 24.1+£3.6 24.5+3.2 229+33 0.006
sBP (mmHg) 123.4£17.3 124.5+£16.6 121.0£18.6 0.222
Hypertension (%) 114 (66) 85 (70) 29 (57) 0.105
Fasting PG (mg/dl) 90.4+10.4 91.2+11.0 88.4+8.4 0.115
AUC-PG (a.u.) 1847 +387 1896 +365 1731+414 0.010
Fasting IRI (uIU/ml) 54+3.6 54+3.7 54+34 0.906
AUC-IRI (a.u.) 585+456 593+466 5651432 0.713
Fasting GLP-1 (pmol/l) 1.0 (1.0-2.3) 1.0 (1.0-2.0) 1.0 (1.0-2.3) 0.389
AUC-GLP-1 (a.u.) 447 (271-806) 411 (244-756) | 544 (345-1049) 0.039
LDL-C (mg/dl) 110+28 106 +24 118+35 0.017
HDL-C (mg/dl) 50+13 48+12 56+13 <0.001
Triglyceride (mg/dl) 130£62 139+63 108+53 0.003
S-Cre (mg/dl) 0.85+0.22 0.91+0.20 0.71+0.18 <0.001
eGFR (mL/min/1.73 m?) 67.7+17.1 67.9+£16.0 67.4+19.5 0.870
HbAlc (%) 57+0.4 57+0.4 57+0.3 0.941
U-Alb/U-Cre (mg/gCre) 11.9 (4.4-70.9) 12.1 (4.0-90.5) | 11.8 (4.6-55.3) 0.345
Matsuda-DeFronzo index 10.0£9.3 10.2£10.0 9.6+7.5 0.704
HOMA-IR 1.2+0.8 1.2+0.9 1.2+0.8 0.707
HOMA-f 77.3+51.1 76.5+52.6 79.1+£47.7 0.765
Gensini score 10.8 (4.1-25.8) 13.5(5.0-26.0) |7.0(1.5-18.0) 0.060

Table 1. Baseline characteristics of patients. sBP: systolic blood pressure; BMI: body mass index; PG: plasma
glucose; IRI: immunoreactive insulin; LDL-C: LDL cholesterol; HDL-C: HDL cholesterol; S-Cre: serum
creatinine; eGFR: estimated glomerular filtration rate; HbAlc: hemoglobin Alc; U-Alb/U-Cre: ratio of urinary
albumin to urinary creatinine. Data are means + SD or medians (interquartile ranges).

coeflicients and by multivariate logistic regression analysis. In multivariate logistic analysis, models were pre-
pared by forward selection of explanatory variables, and better fit models were selected by using Akaike Infor-
mation Criterion (AIC). A p value of less than 0.05 was considered statistically significant. All data were analyzed
by using JMP pro 15.1.0 (SAS Institute, Cary, NC).

Results
Clinical characteristics of the subjects. During the enrollment period, 190 patients were eligible for this
study and they completed the protocol. Unfortunately, because of unpredicted trouble in the storage of blood
samples (mechanical failure to keep the temperature of the sample at less than 4 degrees Celsius) in one institute,
samples from 17 patients became unsuitable for analyses. Thus, data for 173 subjects contributed to the present
analyses. Baseline clinical characteristics of the subjects are summarized in Table 1. There were significant dif-
ferences between males and females in age (65.6+8.7 vs. 68.9+8.5 years), body mass index (BMI) (24.5+3.6
vs. 22.9+3.3), AUC of plasma glucose (1896+365 vs. 1731 +414), serum levels of LDL-cholesterol (106 +24
vs. 118 +35 mg/dl), HDL-cholesterol (48 +12 vs. 56 + 13 mg/dl), triglycerides (13963 vs. 108 + 53 mg/dl) and
creatinine (0.91£0.20 vs. 0.71 £0.18 mg/dl).

While fasting GLP-1 levels were not different between males and females, the AUC-GLP-1 value was lower
in males than in females: 411 [244-756] vs. 544 [345-1049] (Table 1). Gensini score in overall subjects was 10.8
[4.1-25.8], and it tended to be larger in males than in females (13.5 [5.0-26.0] vs. 7.0 [1.5-18.0]), though the
difference was not statistically significant.

Relationships between GLP-1 secretory function and metabolic parameters. Because data for
fasting GLP-1 level and AUC-GLP-1 were not normally distributed, their correlations with metabolic param-
eters were examined by Spearman’s rank correlation coeflicients. Fasting GLP-1 and AUC-GLP1 were not sig-
nificantly correlated with age, BMI, levels of plasma glucose, IRI, and serum lipids, indices of insulin sensitivity,
or indices of renal function (Table 2). As expected, there was a significant correlation between fasting GLP-1
level and AUC-GLP-1.

Comparison of clinical characteristics between high AUC-GLP-1 and low AUC-GLP-1. Table 3
shows a comparison of clinical characteristics in subjects with AUC-GLP-1 above the median (high AUC-GLP-1
group) and those with AUC-GLP-1 below the median (low AUC-GLP-1 group). The low AUC-GLP-1 group
had higher systolic blood pressure than the high AUC-GLP-1 group, which finding was consistent with results
of our previous study'”. Fasting GLP-1 level and HOMA-IR were higher in the high AUC-GLP-1 group than in
the low AUC-GLP-1 group, while there was no significant difference in AUC-PG, AUC-IRI, serum lipid levels or
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Fasting GLP-1 AUC-GLP-1
Spearmans p | p Spearman’s p | p

Age (years) -0.029 0.705 | -0.017 0.828
BMI (kg/m?) 0.037 0.632 | —0.047 0.539
sBP (mmHg) -0.100 0.191 | -0.072 0.348
Fasting PG (mg/dl) 0.124 0.105 0.072 0.346
AUC-PG (a.u.) 0.045 0.561 | —0.122 0.112
Fasting IRI (uIU/ml) 0.129 0.096 0.143 0.064
AUC-IRI (a.u.) 0.072 0.559 0.067 0.390
Fasting GLP-1 (pmol/l) 0.348 <0.001
AUC-GLP-1 (a.u.) 0.348 <0.001

LDL-C (mg/dl) -0.102 0.181 | -0.024 0.752
HDL-C (mg/dl) -0.141 0.064 0.081 0.291
Triglyceride (mg/dl) -0.030 0.698 | —-0.019 0.809
S-Cre (mg/dl) 0.026 0.734 | -0.102 0.183
eGFR (mL/min/1.73 m?) —-0.003 0.970 0.023 0.762
HbAlc (%) —-0.023 0.765 | —0.043 0.574
log U-Alb/U-Cre (mg/gCre) | —0.103 0.181 | -0.127 0.100
Matsuda-DeFronzo index -0.150 0.052 | —0.121 0.117
HOMA-IR 0.142 0.066 0.146 0.059
HOMA-f 0.059 0.452 0.071 0.359
Gensini score -0.085 0.298 | -0.105 0.198

Table 2. Correlation coefficients for fasting GLP-1 and AUC-GLP-1. sBP: systolic blood pressure; BMI:
body mass index; PG: plasma glucose; IRI: immunoreactive insulin; LDL-C: LDL cholesterol; HDL-C: HDL
cholesterol; S-Cre: serum creatinine; eGFR: estimated glomerular filtration rate; HbA1lc: hemoglobin Alc;
U-Alb/U-Cre: ratio of urinary albumin to urinary creatinine.

High AUC-GLP-1(n=86)* | Low AUC-GLP-1(n=87)* | p
Age (years) 66.1+8.8 67.0+8.8 0.522
Male (%) 56 (65.1) 66 (75.9) 0.093
BMI (kg/m?) 24.0+3.8 242+33 0.652
sBP (mmHg) 120.6+£16.9 125.8+17.2 0.049
Hypertension (%) 55 (64) 59 (68) 0.519
Fasting PG (mg/dl) 90.9+9.1 89.8+11.6 0.507
AUC-PG (a.u.) 1811+383 1881 +390 0.236
Fasting IRI (uIU/ml) 59+3.8 4.8+3.2 0.050
AUC-IRI (a.u.) 633+506 532+396 0.153
Fasting GLP-1 (pmol/l) 1.0 (1.0-2.5) 1.0 (1.0-1.0) <0.001
AUC-GLP-1 (a.u.) 803 (633-1322) 273 (173-373) <0.001
LDL-C (mg/dl) 106 +27 113+30 0.119
HDL-C (mg/dl) 52+13 49+12 0.178
Triglyceride (mg/dl) 128+61 130£61 0.887
S-Cre (mg/dl) 0.84+0.25 0.86+0.19 0.534
eGFR (mL/min/1.73 m?) 68.5+18.1 67.0+£16.2 0.586
HbAlc (%) 57+0.4 57+0.4 0.845
U-Alb/U-Cre (mg/gCre) 10.0 (4.6-50.0) 15.2 (4.0-154.3) 0.619
Matsuda-DeFronzo index 9.4+£9.7 10.8+9.0 0.319
HOMA-IR 1.3+£0.9 1.1+£0.8 0.044
HOMA-f 79.8+50.5 74.1+£51.9 0.469
Gensini score 7.5(2.4-23.1) 15.5 (5.5-26.0) 0.040

Table 3. Baseline characteristics of patients grouped according to AUC-GLP-1 being higher or lower than its
median value. sBP: systolic blood pressure; BMI: body mass index; PG: plasma glucose; IRI: immunoreactive
insulin; LDL-C: LDL cholesterol; HDL-C: HDL cholesterol; S-Cre: serum creatinine; eGFR: estimated
glomerular filtration rate; HbAlc: hemoglobin Alc; U-Alb/U-Cre: ratio of urinary albumin to urinary
creatinine. Data are means+ SD or medians (interquartile ranges). *Patients with higher or lower level of AUC-
GLP-1 than median value (446.5).
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GS<10 (n=70) | GS>10 (n=82) |p
Age (years) 65.1+£9.7 67.9+7.5 0.042
Male (%) 47 (64) 60 (77) 0.070
BMI (kg/m?) 23.7+£3.9 245+3.4 0.159
sBP (mmHg) 119+17 127+18 0.012
Hypertension (%) 42 (57) 57 (73) 0.035
Fasting PG (mg/dl) 89.5+9.1 90.4+11.0 0.579
AUC-PG (a.u.) 1812 +348 1872+420 0.339
Fasting IRI (uIU/ml) 57+3.8 58+3.5 0.787
AUC-IRI (a.u.) 637+470 616459 0.779
Fasting GLP-1 (pmol/l) 1.0 (1.0-2.3) 1.0 (1.0-2.0) 0.280
AUC-GLP-1 (a.u.) 567 (329-912) 407 (269-793) 0.165
AUC-GLP-1<median (%) | 28 (38) 45 (58) 0.011
LDL-C (mg/dl) 108+29 110+29 0.560
HDL-C (mg/dl) 5113 49+12 0.600
Triglyceride (mg/dl) 120+62 13860 0.079
S-Cre (mg/dl) 0.85+0.24 0.86+0.20 0.904
eGFR (mL/min/1.73 m?) 67.0£18.2 67.7+16.2 0.813
HbAlc (%) 57+04 57+0.4 0.657
U-Alb/U-Cre (mg/gCre) 8.0 (43-31.6) | 8.6 (3.8-25.9) 0.623
Matsuda-DeFronzo index 8.6+6.1 8.8+7.4 0.899
HOMA-IR 1.3+0.9 1.3+0.8 0.747
HOMA-f 81.2+52.9 83.9+50.2 0.753
Gensini score 4.0 (1.0-7.0) 24.3 (16.0-34.6) <0.001

Table 4. Baseline characteristics of patients grouped according to Gensini score being <10 or 2 10. GS: Gensini
score; sBP: systolic blood pressure; BMI: body mass index; PG: plasma glucose; IRI: immunoreactive insulin;
LDL-C: LDL cholesterol; HDL-C: HDL cholesterol; S-Cre: serum creatinine; eGFR: estimated glomerular
filtration rate; HbAlc: hemoglobin Alc; U-Alb/U-Cre: ratio of urinary albumin to urinary creatinine. Data are
means + SD or medians (interquartile ranges).

Matsuda-DeFronzo index between the two groups. Interestingly, Gensini score was significantly smaller in the
high AUC-GLP-1 group than in the low AUC-GLP-1 group.

Relationships between high Gensini score and metabolic parameters. Table 4 shows compari-
sons of clinical characteristics between subjects with Gensini score < 10 and those with Gensini score>10. Age
and systolic blood pressure were higher and hypertension and subjects with AUC-GLP-1 below median were
more frequent in the group with Gensini score>10 than those in the group with Gensini score < 10. Levels of
fasting plasma glucose, IRI, serum lipids or indices of insulin resistance were not significantly different between
the two groups (Table 4).

Multivariate logistic analysis for Gensini score > 10 was performed by using sex, age, BMI, HOMA-IR, history
of hypertension, LDL-cholesterol, HDL-cholesterol, eGFR, and high AUC-GLP-1 (i.e., AUC-GLP-1>median)
as possible explanatory variables, and better fit models were selected by using AIC. As shown in Table 5, low
AUC-GLP-1 was selected as an explanatory variable for Gensini score> 10 with significantly high odds ratio in
Model 1 in which sex, age and hypertension were included as explanatory variables. Low AUC-GLP-1 had a sig-
nificantly high odds ratio for Gensini score > 10 also in Model 2 in which sex, age, hypertension and eGFR were
incorporated as other variables. We additionally performed analyses by dividing the study subjects according
to tertiles of AUC-GLP-1 (i.e., AUC-GLP-1< 380, 380-472, and >472). Odds ratios for Gensini score > 10 were
higher in low and middle AUC-GLP-1 tertiles than in high AUC-GLP-1 tertile in both Model 1 and Model 2
(Supplementary Table 1), but the differences did not reach statistical significance presumably because of small
number of study subjects in each tertile.

In contrast to AUC-GLP-1, fasting GLP-1 level <1 pmol/l, a level below or at lower limit of assay sensitivity,
was not selected as an explanatory variable for Gensini score > 10 in multivariate logistic analysis in which sex,
age, BMI, HOMA-IR, history of hypertension, LDL-cholesterol, HDL-cholesterol and eGFR were used as other
possible variables (Supplementary Table 2). There was no significant difference in clinical characteristics in sub-
jects with fasting GLP-1 level > 1 pmol/l and those with fasting GLP-1 level <1 pmol/l (Supplementary Table 3).

Discussion

To our knowledge, there have been few studies in which the relationship between plasma level of GLP-1 and ath-
erosclerotic change in the coronary artery was examined. Recently, Mitsuhashi et al.”* examined GLP-1 secretion
during the OGTT in patients with acute coronary syndrome (n=85) and found that the percentage of lipid area
in the plaque in a culprit vessel was significantly higher in patients with a low tertile of AUC-GLP-1 (290 + 84).
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B SE Wald %2 OR 95%CI P

Model 1

Sex 0.39 0.20 3.74 2.17 0.99 4.77 0.053
Age -0.04 0.02 3.29 1.04 1.00 1.08 0.070
AUC-GLP-1 < median 0.37 0.17 4.56 2.11 1.06 4.19 0.033
Hypertension 0.36 0.19 3.61 2.04 0.98 4.26 0.057
Model 2

Sex 0.39 0.20 3.78 2.18 0.99 4.80 0.052
Age -0.05 0.02 4.60 1.05 1.00 1.05 0.032
AUC-GLP-1<median 0.39 0.18 4.83 2.18 1.09 4.35 0.028
Hypertension 0.41 0.19 4.35 2.28 1.07 4.89 0.031
eGFR -0.02 0.01 2.13 0.98 0.96 1.01 0.141

Table 5. Multivariate logistic regression analysis for GS>10. OR: odds ratio; CI: confidence interval; LDL-C:
LDL cholesterol; eGFR: estimated glomerular filtration rate. Multivariate logistic analysis for Gensini score > 10
was performed by using sex, age, BMI, HOMA-IR, history of hypertension, LDL-cholesterol, HDL-cholesterol,
eGFR, and AUC-GLP-1 level < median as possible explanatory variables, and better fit models were selected by
using Akaike Information Criterion.

However, patients in the low AUC-GLP-1 tertile group were younger and had higher levels of LDL-cholesterol
and plasma insulin than patients in the high AUC-GLP-1 tertile group. Such differences in risk factors in the
low AUC-GLP-1 group obscure the role of low GLP-1 secretory response in the formation of lipid-rich coronary
artery plaques. As in our previous study'’, we found that AUC-GLP-1 was not correlated with fasting plasma
glucose, serum lipids or indices of insulin resistance in the present study (Table 2), while clinical characteristics
in study subjects were different between the two studies (i.e., apparently healthy subjects in a cohort vs. patients
suspected of having coronary artery disease). Furthermore, we found that low AUC-GLP-1 was independently
associated with an increased odds ratio for Gensini score> 10 by more than two-fold after adjusting for risk
factors (Table 5). The advantage of Gensini score is that it enables quantification of a wide range of extents of
narrowing and length of the coronary stenosis by a score that ranges from 0 to 688. Gensini score > 10 includes
non-obstructive coronary lesions, but a predictive value of a score>10 is supported by the earlier findings. In
a study by Yokokawa et al.?%, the cardiovascular event rate after percutaneous coronary intervention (PCI) for
ischemic heart failure was higher in patients with residual lesions of Gensini score > 10. In the AtheroGene study*
in which a group of patients with non-obstructive coronary artery disease and a group of patients with obstructive
coronary artery disease were compared, Gensini score in the non-obstructive group was 4.1 +2.8 (SD), indicat-
ing that 95% of the patients had a score <9.7. The cardiovascular event rate during a median follow-up period
of 4.9 years was significantly lower in the non-obstructive group than in the obstructive group?. Nevertheless,
the present findings support the notion that blunted response of GLP-1 secretion is an independent risk factor
of the coronary artery disease.

Because of the cross-sectional analysis, the present study has not clarified whether the blunted response of
GLP-1 secretion is one of etiological causes of coronary artery stenosis. However, several lines of circumstantial
evidence suggest the presence of such a causal relationship. GLP-1 receptor has been suggested to localize in
endothelial cells and vascular smooth muscle cells’, though there are discrepancies in the findings possibly due
to species difference and/or presence of underlying disease?®. Animal experiments showed that GLP-1 receptor
agonists suppressed neointima proliferation and narrowing of the lumen after vascular injury via endothelial
nitric oxide in vivo'#-'6. Experiments in vitro demonstrated that GLP-1 suppresses inflammatory cytokine-
induced intracellular signaling in endothelial cells and vascular smooth muscle cells'®. In addition, intestinal
inflammation and microbes, which potentially contribute to the progression of atherosclerosis in arteries?,
have been shown to be modulated by activation of the GLP-1 receptor in intraepithelial ymphocytes and enter-
oendocrine cells’. Furthermore, randomized clinical trials demonstrated that treatment with GLP-1 receptor
agonists reduces atherosclerotic cardiovascular events in high risk diabetic patients®-*2. The findings in both
animal experiments and clinical studies suggest that GLP-1 protects the artery from atherosclerotic changes by
direct and indirect mechanisms. The results of the present study suggest the importance of physiological level
of endogenous GLP-1 in prevention of coronary atherosclerosis.

AUC-GLP-1 values in the subjects in the present study ranged widely as in earlier studies'"*. Since there are
no established data for a normal range of AUC-GLP-1 value during the OGTT, the extent of change in GLP-1
secretory capacity is difficult to determine by use of OGTT data. However, Bernsmeier et al.'' reported GLP-1
levels during OGTTs in 50 healthy subjects as controls for patients with non-alcoholic fatty liver. They conducted
the OGTT by using almost the same blood sampling protocol as that used in our study, and AUC-GLP-1 in the
normal control group was 969 + 34 (mean + SD, pmol/l x min). Mitsuhashi et al.*® reported data for AUC-GLP-1
tertiles in non-diabetic patients with acute coronary syndrome (n=284): AUC <395 (290 + 84), AUC 395-660
(493+73),and AUC> 660 (1,668 +1,229). In their study, the group with AUC <395 had more lipid-rich coronary
plaque than that in the other groups. In the present study, AUC-GLP-1 was 677 + 637 in the 173 subjects and
the median value was 446.5 (Table 1). In light of the reported range of data for AUC-GLP-1 and the presence
or absence of coronary pathology, it is tempting to speculate that AUC-GLP1 < median value (i.e., 446.5) in the

Scientific Reports |

(2021) 11:15578 |

https://doi.org/10.1038/s41598-021-95065-9 nature portfolio



www.nature.com/scientificreports/

present study reflects insufficiency of GLP-1 secretion. Obviously, further investigation is necessary for clarify-
ing the optimal method for assessment of change in GLP-1 secretory capacity and its relationship with diseases
including coronary artery diseases.

As “residual risks” underlying cardiovascular events under the condition of control of major risk factors,
residual dyslipidemia such as small dense LDL-C and oxidized LDL-cholesterol, proatherogenic inflammatory
cytokines such as interleukin-1f, and prothrombotic risk have been characterized®*. While GLP-1 plays major
roles in the regulation of glucose and lipid metabolism®>*, GLP-1 secretion does not appear to correlate with
most of the classical coronary risk factors (Table 2). Change in GLP-1 secretion caused by diabetes mellitus
is controversial but results of a meta-analysis argue against a significant effect of diabetes mellitus on GLP-1
secretion®. In our previous study'’, AUC-GLP-1 was not correlated with HDL-cholesterol, LDL-cholesterol,
fasting plasma glucose, or HbA1c in apparently healthy subjects, while AUC-GLP-1 was weakly correlated with
age and systolic blood pressure. In the present study, we found the association of AUC-GLP-1 with increased
Gensini score after adjustment of age and hypertension (Table 5). Secretion of GLP-1 from duodenal and ileo-
colic enteroendocrine cells is regulated at levels of multiple receptors, delivery of their ligands in the intestinal
lumen and intracellular signals downstream of the receptors'®*>**, Thus, theoretically, impairment of GLP-1
secretion can occur by multiple mechanisms including non-intestinal causes. In fact, response of plasma GLP-1
to oral glucose loading was found to be reduced in patients with non-alcoholic fatty liver", which is a risk factor
of atherosclerotic vascular disease®. In addition, Le et al.* recently reported an association of low level of fasting
GLP-1 with increased femoral artery intima-media thickness in patients with new-onset diabetes. The findings
indicate the possibility that impaired GLP-1 secretion is one of “residual risks” of atherosclerotic vascular disease.

There are limitations in the present study. First, a causal relationship between low response of GLP-1 to oral
glucose loading and increased Gensini score could not be proved by the cross-sectional analyses in the present
study. A longitudinal study is necessary for clarifying this issue. Second, it is not clear whether glucose is better
than other compounds as a trigger of GLP-1 secretion to determine the capacity of GLP-1 secretion. Not only
glucose influx via glucose transporters but also activation of fatty acid receptors and bile acid receptors, binding
of amino acids to calcium-sensing receptors, and amino acid influx via a sodium-amino acid co-transporter are
involved in stimulation of GLP-1 secretion'®*”*%. Thus, it is unlikely that oral glucose loading is the best stimulus
for total capacity of GLP-1 secretion. Third, the number of study subjects was relatively small, and the statistical
power was limited. Finally, all of the subjects in the present study were Japanese. In light of the reported ethnic
difference in GLP-1 secretion® and the reported effects of a GLP-1 analogue on cardiovascular events®’, the
present findings may not be extrapolated to all ethnic groups.

In conclusion, the results of the cross-sectional analysis in the present study indicate that low response
of GLP-1 secretion to oral glucose administration is independently associated with atherosclerotic coronary
stenosis. A causal relationship between reduction in GLP-1 secretory capacity and increased coronary stenosis
remains to be confirmed by longitudinal analysis.

Received: 22 February 2021; Accepted: 20 July 2021
Published online: 02 August 2021

References

1. Vernon, S. T. et al. Increasing proportion of ST elevation myocardial infarction patients with coronary atherosclerosis poorly
explained by standard modifiable risk factors. Eur. J. Prev. Cardiol. 24, 1824-1830 (2017).

2. Vernon, S. T. et al. ST-Segment-elevation myocardial infarction (STEMI) patients without standard modifiable cardiovascular risk
factors-How common are they, and what are their outcomes?. J. Am. Heart Assoc. 8, €013296. https://doi.org/10.1161/JAHA.119.
013296 (2019).

3. Schiele, E, Ecarnot, E & Chopard, R. Coronary artery disease: Risk stratification and patient selection for more aggressive second-
ary prevention. Eur. J. Prev. Cardiol. 24, 88-100 (2017).

4. Song, J. et al. Incidence, predictors, and prognostic impact of recurrent acute myocardial infarction in China. Heart 107, 313-318
(2020).

5. Ridker, P. M. et al. Antiinflammatory therapy with canakinumab for atherosclerotic disease. N. Engl. J. Med. 377,1119-1131 (2017).

6. Kalbacher, D., Waldeyer, C., Blankenberg, S. & Westermann, D. Beyond conventional secondary prevention in coronary artery
disease-what to choose in the era of CANTOS, COMPASS, FOURIER, ODYSSEY and PEGASUS-TIMI 54? A review on contem-
porary literature. Ann. Transl. Med. https://doi.org/10.21037/atm.2018.08.03 (2018).

7. Cho, K. L, Yu, J., Hayashi, T., Han, S. H. & Koh, K. K. Strategies to overcome residual risk during statins era. Circ. J. 83, 1973-1979
(2019).

8. Ridker, P. M. Targeting Interleukin-1 and Interleukin-6: The time has come to aggressively address residual inflammatory risk. J.
Am. Coll. Cardiol. 76, 1774-1776 (2020).

9. Drucker, D. J. Mechanisms of action and therapeutic application of glucagon-like peptide-1. Cell Metab. 27, 740-756 (2018).

10. Paternoster, S. & Falasca, M. Dissecting the physiology and pathophysiology of glucagon-like peptide-1. Front. Endocrinol. 9, 584.
https://doi.org/10.3389/fend0.2018.00584 (2018).

11. Bernsmeier, C. et al. Glucose-induced glucagon-like Peptide 1 secretion is deficient in patients with non-alcoholic fatty liver disease.
PLoS ONE 9, e87488. https://doi.org/10.1371/journal.pone.0087488 (2014).

12. Idorn, T. et al. Postprandial responses of incretin and pancreatic hormones in non-diabetic patients with end-stage renal disease.
Nephrol. Dial Transplant. 29, 119-127 (2014).

13. Khalaf, A. et al. Gastrointestinal peptides and small-bowel hypomaotility are possible causes for fasting and postprandial symptoms
in active Crohn’s disease. Am. J. Clin. Nutr. 111, 131-140 (2020).

14. Hirano, T. & Mori, Y. Anti-atherogenic and anti-inflammatory properties of glucagon-like peptide-1, glucose-dependent insuli-
notropic polypepide, and dipeptidyl peptidase-4 inhibitors in experimental animals. J. Diabetes Investig. 7(Suppl 1), 80-86 (2016).

15. Kushima, H. et al. The role of endothelial nitric oxide in the anti-restenotic effects of liraglutide in a mouse model of restenosis.
Cardiovasc. Diabetol. 16, 122. https://doi.org/10.1186/s12933-017-0603-x (2017).

16. Lim, S. et al. Attenuation of carotid neointimal formation after direct delivery of a recombinant adenovirus expressing glucagon-
like peptide-1 in diabetic rats. Cardiovasc. Res. 113, 183-194 (2017).

Scientific Reports |

(2021) 11:15578 | https://doi.org/10.1038/s41598-021-95065-9 nature portfolio


https://doi.org/10.1161/JAHA.119.013296
https://doi.org/10.1161/JAHA.119.013296
https://doi.org/10.21037/atm.2018.08.03
https://doi.org/10.3389/fendo.2018.00584
https://doi.org/10.1371/journal.pone.0087488
https://doi.org/10.1186/s12933-017-0603-x

www.nature.com/scientificreports/

17. Yoshihara, M. et al. Glucagon-like peptide-1 secretory function as an independent determinant of blood pressure: Analysis in the
Tanno-Sobetsu study. PLoS ONE 8, €67578. https://doi.org/10.1371/journal.pone.0067578 (2013).

18. Matthews, D. R. et al. Homeostasis model assessment: Insulin resistance and beta-cell function from fasting plasma glucose and
insulin concentrations in man. Diabetologia 28, 412-419 (1985).

19. Matsuda, M. & DeFronzo, R. A. Insulin sensitivity indices obtained from oral glucose tolerance testing: Comparison with the
euglycemic insulin clamp. Diabetes Care 22, 1462-1470 (1999).

20. Matsuo, S. et al. Revised equations for estimated GFR from serum creatinine in Japan. Am. J. Kidney Dis. 53, 982-992 (2009).

21. Gensini, G. G. A more meaningful scoring system for determining the severity of coronary heart disease. Am. J. Cardiol. 51, 606
(1983).

22. Nishida, . et al. Does a reduction in the glomerular filtration rate increase the overall severity of coronary artery stenosis?. Intern.
Med. 55, 871-877 (2016).

23. Sinning, C. et al. SYNTAX score-0 patients: Risk stratification in nonobstructive coronary artery disease. Clin. Res. Cardiol. 105,
901-911 (2016).

24. Yokokawa, T. et al. Residual Gensini score is associated with long-term cardiac mortality in patients with heart failure after per-
cutaneous coronary intervention. Circ. Rep. 2, 89-94 (2020).

25. Mitsuhashi, T. et al. Plasma glucagon-like peptide-1 and tissue characteristics of coronary plaque in non-diabetic acute coronary
syndrome patients. Circ. J. 80, 469-476 (2016).

26. Almutairi, M., Al Batran, R. & Ussher, J. R. Glucagon-like peptide-1 receptor action in the vasculature. Peptides 111, 26-32 (2019).

27. Troseid, M., Andersen, G. @., Broch, K. & Hov, J. R. The gut microbiome in coronary artery disease and heart failure: Current
knowledge and future directions. EBioMedicine 52, 102649. https://doi.org/10.1016/j.ebiom.2020.102649 (2020).

28. Gerstein, H. C. et al. Dulaglutide and cardiovascular outcomes in type 2 diabetes (REWIND): A double-blind, randomised placebo-
controlled trial. Lancet 394, 121-130 (2019).

29. Hernandez, A. F. et al. Albiglutide and cardiovascular outcomes in patients with type 2 diabetes and cardiovascular disease (Har-
mony Outcomes): A double-blind, randomised placebo-controlled trial. Lancet 392, 1519-1529 (2018).

30. Marso, S. P. et al. Semaglutide and cardiovascular outcomes in patients with type 2 diabetes. N. Engl. . Med. 375, 1834-1844 (2016).

31. Marso, S. P. et al. Liraglutide and cardiovascular outcomes in type 2 diabetes. N. Engl. J. Med. 375, 311-322 (2016).

32. Baggio, L. L. & Drucker, D. J. Glucagon-like peptide-1 receptor co-agonists for treating metabolic disease. Mol. Metab. https://doi.
org/10.1016/j.molmet.2020.101090 (2020).

33. Martin, A. M., Sun, E. W. & Keating, D. J. Mechanisms controlling hormone secretion in human gut and its relevance to metabolism.
J. Endocrinol. 244, R1-R15 (2019).

34. Calanna, S. et al. Secretion of glucagon-like peptide-1 in patients with type 2 diabetes mellitus: Systematic review and meta-analyses
of clinical studies. Diabetologia 56, 965-972 (2013).

35. Stols-Gongalves, D., Hovingh, G. K., Nieuwdorp, M. & Holleboom, A. G. NAFLD and atherosclerosis: Two sides of the same
dysmetabolic coin?. Trends Endocrinol. Metab. 30, 891-902 (2019).

36. Le, T. D. et al. The association between femoral artery intima-media thickness and serum glucagon-like peptide-1 levels among
newly diagnosed patients with type 2 diabetes mellitus. Diabetes Metab. Syndr. Obes. 13, 3561-3570 (2020).

37. Sandoval, D. A. & D’Alessio, D. A. Physiology of proglucagon peptides: Role of glucagon and GLP-1 in health and disease. Physiol.
Rev. 95, 513-548 (2015).

38. Bodnaruc, A. M., Prud’homme, D., Blanchet, R. & Giroux, I. Nutritional modulation of endogenous glucagon-like peptide-1
secretion: A review. Nutr. Metab. 13, 92. https://doi.org/10.1186/s12986-016-0153-3 (2016).

39. Velasquez-Mieyer, P. A. et al. Racial disparity in glucagon-like peptide 1 and inflammation markers among severely obese adoles-
cents. Diabetes Care 31, 770-775 (2008).

40. DeSouza, C. et al. Efficacy and safety of semaglutide for type 2 diabetes by race and ethnicity: A post hoc analysis of the SUSTAIN
trials. J. Clin. Endocrinol. Metab. 105, 543-556 (2020).

Acknowledgements
The authors thank Ms. Mei Wachi and Ms. Nao Okubo for secretarial work.

Author contributions

This study was conceived by Te.M. and designed by Te.M. and J.N. C.N., N.M., N.K, N.N,, RN, N.Y,, TH,,N.N,,
H.K., and A.T. enrolled study subjects and conducted examinations. C.N., M.T. and H.O. performed statistical
analyses. Te.M., M.T. and C.N. drafted a manuscript, and H.K. and Ta.M. contributed to revising the draft regard-
ing important contents. All authors read the manuscript and approved it for submission.

Funding

Supported in part by a research grant from Investigator-Initiated Studies Program of Merck Sharp & Dohme
Corp./MSD K K. The opinions expressed in this paper are those of the authors and do not necessarily represent
those of Merck Sharp & Dohme Corp./MSD K.K.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-95065-9.

Correspondence and requests for materials should be addressed to T.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:15578 | https://doi.org/10.1038/s41598-021-95065-9 nature portfolio


https://doi.org/10.1371/journal.pone.0067578
https://doi.org/10.1016/j.ebiom.2020.102649
https://doi.org/10.1016/j.molmet.2020.101090
https://doi.org/10.1016/j.molmet.2020.101090
https://doi.org/10.1186/s12986-016-0153-3
https://doi.org/10.1038/s41598-021-95065-9
https://doi.org/10.1038/s41598-021-95065-9
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |  (2021) 11:15578 | https://doi.org/10.1038/s41598-021-95065-9 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Reduction in GLP-1 secretory capacity may be a novel independent risk factor of coronary artery stenosis
	Methods
	Study subjects. 
	Protocol of the study. 
	Oral glucose tolerance test (OGTT). 
	Assessment of insulin sensitivity and renal function. 
	Assessment of severity of coronary stenosis. 
	Statistical analysis. 

	Results
	Clinical characteristics of the subjects. 
	Relationships between GLP-1 secretory function and metabolic parameters. 
	Comparison of clinical characteristics between high AUC-GLP-1 and low AUC-GLP-1. 
	Relationships between high Gensini score and metabolic parameters. 

	Discussion
	References
	Acknowledgements


