E% MBE, 18(3): 2675-2687.
ATMS DOI: 10.3934/mbe.2021136

%g Received: 31 January 2021

Accepted: 11 March 2021
Published: 19 March 2021

http://www.aimspress.com/journal/ MBE

Research article

A novel numerical model of combination levels of C-peptide and insulin

in coronary artery disease risk prediction

Hao Dai!, Qi Fu!, Heng Chen', Mei Zhang!, Min Sun', Yong Gu!, Ningtian Zhou>* and Tao
Yang!-*

I Department of Endocrinology and Metabolism, the First Affiliated Hospital with Nanjing Medical
University, 300 Guangzhou Road, Nanjing 210029, China

2 Department of Cardiology, the First Affiliated Hospital with Nanjing Medical University, 300
Guangzhou Road, Nanjing 210029, China

* Correspondence: Email: zhouningtian@)jsph.org.cn, yangt@njmu.edu.cn; Tel: +86-025-68306027.

Abstract: Objective: Insulin resistance is a major risk factor for coronary artery disease (CAD). The
C-peptide-to-insulin ratio (C/I) is associated with hepatic insulin clearance and insulin resistance. The
current study was designed to establish a novel C/I index (CPIRI) model and provide early risk
assessment of CAD. Methods: A total of 865 adults diagnosed with new-onset diabetes mellitus (DM)
within one year and 54 healthy controls (HC) were recruited to develop a CPIRI model. The CPIRI
model was established with fasting C/I as the independent variable and homeostasis model assessment
of insulin resistance (HOMA-IR) as the dependent variable. Associations between the CPIRI model
and the severity of CAD events were also assessed in 45 hyperglycemic patients with CAD
documented via coronary arteriography (CAG) and whom underwent stress echocardiography (SE)
and exercise electrocardiography test (EET).

Results: Fasting C-peptide/insulin and HOMA-IR were hyperbolically correlated in DM patients
and HC, and log(C/I) and log(HOMA-IR) were linearly and negatively correlated. The respective
correlational coefficients were —0.83 (p < 0.001) and —0.76 (p < 0.001). The equations CPIRI(DM) =
670/(C/1)***+0.25 and CPIRI(HC) = 670/(C/T)** — 1 (F = 1904.39, p < 0.001) were obtained. Patients
with insulin resistance exhibited severe coronary artery impairment and myocardial ischemia. In CAD
patients there was no significant correlation between insulin resistance and the number of vessels
involved. Conclusions: CPIRI can be used to effectively evaluate insulin resistance, and the
combination of CPIRI and non-invasive cardiovascular examination is of great clinical value in the
assessment of CAD.
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1. Introduction

Coronary artery disease (CAD) results in substantial mortality worldwide [1]. Several non-
invasive and reliable methods for coronary artery disease screening and diagnosis have been developed,
including stress echocardiography (SE) and the exercise electrocardiography test (EET) [2]. Various
mechanisms inherently associated with insulin resistance are involved in coronary artery disease in
both diabetic and non-diabetic subjects, including changes in vascular endothelium [3], adipokines [4]
and other cytokines [5], the opioid system [6,7], ubiquitin-proteasome deregulation [8], carbonic
anhydrase activation [9], oxidative stress and inflammatory activity [10,11]. Insulin resistance is
considered a major risk factor for CAD [12].

The concept of insulin resistance can be traced back to clinical observations described by
Himsworth in 1936 [13]. It is usually defined as insulin-mediated glucose processing and/or inhibition
of hepatic glucose production (HGP), and the sensitivity of adipose tissue lipolysis and/or reduced
reactivity [14,15]. The liver plays an important role in coordinating systemic metabolic homeostasis
[16,17]. In patients with hepatic insulin resistance insulin cannot effectively stimulate the liver to
absorb glucose, nor can it fully regulate HGP in fasting and post-prandial states. Excessive HGP results
in inadequate glucose uptake by muscle tissues, which leads to hyperglycemia.

Several methods including direct, indirect, and surrogate indicators are currently employed to
assess insulin resistance. The vast majority of insulin resistance indicators assess the relationship
between glucose and insulin. Among them, the homeostasis model assessment of insulin resistance
(HOMA-IR) index is the most widely used to evaluate the degree of insulin resistance. First proposed
by Matthews et al. [18,19] in 1985 with a standard value of 1.0, HOMA-IR is based on analyses of
feedback regulation between the liver and pancreatic-islet tissue in homeostasis, in turn reflecting the
balance between insulin secretion and hepatic glycogen output. Notably however, variation in the
blood glucose level affects the assessment of insulin resistance. One of the aims of the current study
was to establish a novel model for insulin resistance evaluation.

There are differences in metabolic kinetics between insulin and C-peptide, though both are
secreted into the portal vein in equimolar quantities. Specifically, the clearance of C-peptide from
circulation is slower than that of insulin, and a large portion of insulin is cleared via hepatic metabolism,
whereas the remainder enters the periphery and has a half-life of only 2—-3 min. The liver is therefore
the primary organ responsible for insulin clearance, whereas C-peptide is mainly cleared via the kidney.
The half-life of C-peptide is approximately 30 min [20-22]. Accordingly, the C-peptide-to-insulin ratio
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(C/1) reflects hepatic insulin clearance [23], and hepatic insulin clearance is closely related to insulin
resistance [24,25].

Early diagnosis of diabetes mellitus (DM) as well as intensive glycemic control are of great
importance in reducing the incidence of cardiovascular events, and previous studies have confirmed
that the fasting state facilitates the acquisition of sufficient critical data to accurately evaluate insulin
resistance [26]. The present study incorporated fasting C/I into a novel C/I index (CPIRI) based on
HOMA-IR in newly diagnosed DM patients and healthy controls (HC) to determine insulin resistance
levels, and investigated relationships between insulin resistance and CAD, with the aim of generating
a new insulin resistance risk prediction model for use in patients with suspected CAD.

2. Materials and methods
2.1. Study design and patients

The current investigation was a population-based cross-sectional study that included 865 people
aged from 18 to 84 years who had been diagnosed with DM within 1 year at the First Affiliated Hospital
with Nanjing Medical University, and 54 HC with normal glucose tolerance. DM was diagnosed in
accordance with the World Health Organization 1999 criteria. Exclusion criteria for DM patients were
a history of pancreatic exocrine disease, gestational DM, secondary DM, severe systemic disease,
severe heart failure, critical liver/kidney dysfunction, hematologic disease, and mental illness. After
excluding DM patients with incomplete data and those found to have extreme (1%) outlying data, a
CPIRI model was generated based on 740 DM patients and 54 HC. In addition, 45 patients with CAD
confirmed via coronary arteriography (CAG) and a history of type 2 DM (T2DM) were enrolled in the
study, and relationships between CPIRI and CAD severity (by CAG/SE/EET) were investigated. A
flow-chart representation of the study is shown in Figure 1.

Adult-onset newly diagnosed diabetes

n=865
I
[ |
General information collection Laboratory examination
l l
The extreme values and missing data were excluded
\
Patients with coronary artery disease CPIRI for diabetics | Verify in healthy control | CPIRI for healthy control
n=45 n=740 n=54

l |

Successful establishment of CPIRI model
I

CPIRI and coronary artery disease

Figure 1. The workflow of our study design.
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2.2. Ethics approval of research

The study protocol was approved by the ethics committee of the First Affiliated Hospital with
Nanjing Medical University (2015-SR-071) in Nanjing, China. All participants provided written
informed consent.

2.3. Measurement and data collection

General patient information and complete medical histories were obtained using questionnaires
specifically developed for this study. Anthropometric details were collected by experienced researchers.
After overnight fasting, blood samples were collected and metabolic profiles were obtained via
colorimetric assays with an automatic biochemical analyzer (AU5800; Beckman, Coulter, Fullerton,
CA, USA). Levels of insulin and C-peptide were determined via an automatic electrochemical
luminescence immunoassay (Roche, Basel, Switzerland). Glycated hemoglobin (HbAlc)
concentrations were measured using a Variant II system (Bio-Rad Laboratories, Hercules, CA, USA).
Abdominal ultrasound imaging was performed using an EPIC7 L12-3 ultrasound machine (Philips,
Amsterdam, Netherlands). HOMA-IR was calculated via the following formula [18]:

HOMA-IR = fasting insulin (mIU/L) % fasting glucose (mmol/L) / 22.5 (1)

2.4. Stress testing
241. SE

All patients with suspected CAD accepted SE as previously described [2]. Briefly, they were
treated using a treadmill protocol (GE T2100) or dobutamine infusion. Short axis and apical 4-chamber,
3-chamber and 2-chamber images were obtained (iE33 Philips Medical Systems, Eindhoven, the
Netherlands). Imaging of rest, peak exercise, postexercise and recovery were evaluated as described
above. Information on exercise capacity, blood pressure, heart rate and rhythm changes were
supervised and analyzed, as well as wall motion abnormalities (WMA) analysis as final interpretation.
Sonovue, an ultrasound contrast agent (Bracco, Milan, Italy), was administered by intravenous bolus
injection (0.3—-0.5 mL) and flushed with saline. The final results were interpreted by professional
cardiologists. A 17-segment left-ventricle model was evaluated by a four-point score (1: normal; 2:
hypokinetic; 3: akinetic; 4: dyskinetic motion), which was used to analyze the WMA and wall
thickening. A negative judgment was defined as normal ST segments at baseline, exercise and recovery
stages. Indeed, peak exercise was defined as patients achieving the age-predicted target heart rate at a
workload of at least 7 Metabolic Equivalents Regional WMA at rest or randomized exercise stages
were deemed to be positive SE.

24.2. EET
EET results were interpreted by three expert cardiologists. A treadmill and the Bruce protocol were

used for evaluation. Parameters and judgments were as described above.
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2.5. CAG

Standard techniques were used to perform CAG. A visual quantitative scoring system was used to
evaluate stenosis, with positive defined as = 50% luminal diameter narrowing in one or more
epicardial coronary arteries or major branches. A cutoff value of 50% was used because it has
previously been shown to be prognostic.

2.6. Statistical analysis

Statistical analysis was performed using SPSS 23.0 (IBM, Armonk, NY, USA). Quantitative data
were confirmed to be normally distributed via the Shapiro—Wilk test, and were expressed as means =
the standard deviation. Categorical variables were expressed as frequencies or percentages. Mean
values from two groups were compared using Levene’s test of homogeneity of variances. Student’s t-
test was used to compare datasets with equal variance, and the t’ test was used to compare datasets
with unequal variance. If Levene’s test revealed homogeneity of variance, one-way analysis was
performed to compare means of multiple groups. If Levene’s test revealed heterogeneity of variance,
the Welch test was used. Comparisons of classification variables between groups were evaluated using
the Pearson %2 test. General linear regression was used to formulate the CPIRI model. p < 0.05 was
considered statistically significant.

3.  Results

3.1. Insulin resistance in patients with coronary artery disease

Diastole Systole

Baseline ST
Sport Step 1 75 bpm Sport Step 2 131bpm
0:00 1.1 METS 5:50 7.0 METS

1
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B | ¢
I | |
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Figure 2. A sample of markedly positive EET and dobutamine SE in an insulin resistance
CAD patient. A Bruce treadmill protocol was administered, and the positive ST segment
changes are shown in the ECG graph (top panels), which are reflected in the apical 4-
chamber/2-chamber frame in segments of the ventricular septum as well as the lateral wall
of the left and right ventricles (middle panels). The bottom panels show the severe stenosis
in left coronary artery (LCA) and right coronary artery (RCA) by CAG.
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Patients with insulin resistance who suffered from cardiovascular attack underwent SE, EET, and
CAG. All cardiovascular tests confirmed that insulin resistance resulted in severe coronary artery
impairment and myocardial ischemia. As shown in Figure 2, SE and EET depicted severer ST
depression in VI1-V6 leads and elevated ST in aVR lead (Figure 2A). Severe WMA (Figure 2B)
suggested myocardial ischemia, which was confirmed by CAG (Figure 2C).

3.2. General characteristics of the newly diagnosed DM patients

Table 1. Baseline Characteristics of Newly Diagnosed Diabetic Patients.

HC NDDM P

Age 29.59 +£8.93 47.92 +14.39 <0.001
Gender (male%) 50.0% 57.8% <0.001
BMI (kg/m?) 21.75 +2.38 25.57 +3.99 <0.001
Waist (cm) 78.30 £8.10 91.36 +11.60 <0.001
HbA1lc (%) 5.26 +0.27 9.47 +2.91 <0.001
Total cholesterol (mmol/L) 4,59 +£0.91 5.01+1.41 <0.001
Triglyceride (mmol/L) 0.94 +£0.42 2.08 £2.22 <0.001
High density lipoprotein (mmol/L) 1.39 +£0.35 1.10 +£0.38 <0.001
Low density lipoprotein (mmol/L) 2.80 +0.62 3.27 £0.96 <0.001
Apolipoprotein A (mg/L) 137.82 +134.89 213.67 £232.43  <0.001
Alanine aminotransferase (U/L) 18.54 +£11.91 36.94 +34.31 <0.001
Aspartate aminotransferase (U/L) 22.49 £7.21 29.23 +£21.37 <0.001
Gamma-glutamyl transpeptidase (U/L) 18.85 £11.07 50.14 +59.55 <0.001
Alkaline phosphatase (U/L) 69.10 +20.32 95.67 +37.60 <0.001
Uric acid (umol/L) 322.58 +95.81 314.99 +92.82 0.550

Blood urea nitrogen (mmol/L) 4,98 +1.32 5.17 £1.86 0.457

Serum creatinine (umol/L) 66.01 +14.95 62.37 £14.96 0.075

Albumin (g/L) 44.49 +3.06 40.92 +5.64 <0.001

The main clinical and metabolic characteristics of the newly diagnosed DM patients in the study
are shown in Table 1. Their mean age was approximately 48 years. Male patients accounted for a larger
proportion of the newly diagnosed DM than in the HC group (57.8% vs. 50.0%, p < 0.001). Diabetic
patients suffered more serious metabolic disorders, as evidenced by increased total cholesterol,
triglycerides, low density lipoprotein, apolipoprotein A, body mass index (BMI), waist circumference,
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and aminotransferase, and reduced levels of high-density lipoprotein and albumin. All aforementioned
differences were statistically significant (p < 0.05).

3.3. Establishing the novel CPIRI to estimate insulin resistance

Fasting C/I and HOMA-IR were hyperbolically dependent in both DM patients and HC (Figure 3),
whereas log(C/I) was linearly negatively correlated with log(HOMA-IR). The correlational
coefficients were —0.83 in the DM group (p < 0.001) and —0.76 in the HC group (p < 0.001). Thus,
CPIRI was constructed using log(C/I) as the independent variable and log(HOMA-IR) as the
dependent variable. After excluding patients with incomplete data and those with extreme (1%)
outlying data the following equation was obtained after analysis of 740 DM patients:

log(CPIRI) = 6.51 — 2.24 x log(C/T) (F = 1904.39, p < 0.001) )

After logarithm conversion, the original CPIRI model was obtained:
CPIRI = 671.8/(C/T)*>** (3)

When the original values for CPIRI and HOMA-IR in DM patients were paired for analyses using
Student’s t-test however, the differences in values between the two indices was 0.239 and was
significant (t=4.17, p <0.001). Correction of the constant and coefficient simplification in the original
equation yielded the corrected equation:

CPIRI(DM) = 670/(C/T)*?* + 0.25 (4)

Paired Student’s t-test results for CPIRI(DM) and HOMA IR were not statistically significant
(t =0.20, p = 0.84), and the two indicators were significantly correlated in DM patients (Pearson’s
correlational coefficient = 0.77, p < 0.001).

HC data were analyzed using the CPIRI(DM) model to verify its application in a population with
normal glucose tolerance. In a paired t-test there was a significant difference between CPIRI(DM) and
HOMA-IR values in HC (t = —11.23, p < 0.001), thus CPIRI(DM) is not suitable for application in
healthy populations. Consequently, the following model applicable in healthy populations was
constructed:

CPIRI(HC) = 670 / (C/T)** -1 (5)

In a paired t-test there was no significant difference between CPIRI(HC) and HOMA IR values
in HC (t = —1.22, p = 0.229), and the two indicators were significantly correlated (Pearson’s
correlational coefficient = 0.80, p < 0.001).

CPIRI and HOMA-IR values were compared in HC and DM subjects. Both indices were
significantly higher in DM patients than in HC (CPIRI 2.50 + 1.80 vs. 1.50 + 1.44; HOMA-IR 2.50 +
2.40 vs. 1.42 + 0.88, p < 0.05) (Figure 4). In general, the novel CPIRI model could be used to
distinguish the degree of insulin resistance in HC and DM patients with accuracy identical to that
observed with HOMA-IR. There was no significant difference between the two indicators in an
identical population, whereas the correlation between them was high. Therefore, a CPIRI model for
evaluating DM patients and HC was successfully established.
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Figure 3. The relationship between C/I and HOMA-IR in diabetic patients and healthy
controls. C/I and HOMA-IR are hyperbolically related in diabetics (A) and healthy controls
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Figure 4. Insulin resistance among DM and HC. Both CPIRI and HOMA-IR are higher in
DM than HC (P<0.05).

Whether CPIRI could distinguish different degrees of insulin resistance was then assessed. DM
patients were subgrouped based on BMI cutoffs of 24 kg/m? and 28 kg/m*. CPIRI and HOMA-IR
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values increased with BMI (CPIRI 2.20 & 1.84 vs. 2.41 £1.59 vs. 2.95 + 1.85; HOMA-IR 1.82 + 1.90
vs. 2.45 +£2.06 vs. 3.34 £ 2.93; p < 0.05) (Figure SIA). CPIRI and HOMA-IR values were higher in
DM patients with a history of non-alcoholic fatty liver disease (NAFLD) than in those without a history
of NAFLD (CPIRI 2.14 £+ 1.36 vs. 1.80 + 1.23; HOMA-IR 1.89 £ 1.35 vs. 1.40 = 1.30; p < 0.05)
(Figure S1B).

The relationship between insulin-resistant state and CAD severity was investigated. CPIRI was
positively associated with increasing extension (1-2-3-vessel disease) in CAD, though not statistically
significantly (Figure S2).

4, Discussion

Multiple studies indicate that several non-invasive examinations such as echocardiography,
electrocardiography, cardiac magnetic resonance imaging, myocardial perfusion imaging, SE, EET,
and coronary computed tomography angiography are of diagnostic value in patients with CAD [27].
We previously confirmed that either SE or EET analysis can be used to optimize CAD diagnosis, and
that combination analysis may reduce the prevalence of CAD as well as medical costs [2]. In the
current study there was a direct association between insulin resistance and CAD determined via
multiple imaging modalities. Patients with insulin resistance were more likely to exhibit WMAs than
those without insulin resistance via either SE or EET. Given that insulin resistance is likely an
independent predictor of the development of cardiovascular disease in the general population [28] and
in patients with T2DM [29], a better understanding of how it can be accurately and conveniently
calculated could have a profound effect on CAD.

The vast majority of insulin resistance indicators assess the relationship between glucose and
insulin, whereas C-peptide is typically used as a marker to indicate B-cell function. Fluctuations in
insulin and plasma glucose alone are inadequate as an index of insulin resistance however, especially
in patients with T2DM, because -cell loss and inadequate insulin secretion can lead to inappropriately
low insulin concentrations. Given this we attempted to generate a model of insulin resistance
incorporating C-peptide.

By virtue of the physiological relationship between C-peptide and insulin metabolism, peripheral
molar C/I reflects changes in hepatic metabolic clearance rates of insulin, and it performs best under
steady-state conditions due to differences in the half-lives of C-peptide and insulin when they are
secreted in response to stimuli [23,30]. The relationship between impaired insulin clearance and T2DM
was initially reported in 1949 [31]. Since then, several studies have identified defective insulin
clearance as a critical hallmark in the pathogenesis of hyperinsulinemia [32]. Generally speaking,
hepatic insulin clearance could precede and therefore contribute to the hyperinsulinemia of obesity,
suggesting a mutual interaction between insulin resistance and insulin clearance in the liver [33].
Notably, variation of hepatic glucoregulation and insulin clearance occurred independently of changes
in peripheral insulin resistance as measured by the hyperinsulinemic-euglycemic clamp [34]. HOMA-
IR reflects the dynamic balance between insulin secretion and hepatic glycogen output, which is
closely related to hepatic insulin resistance. Taking this phenomenon into consideration, we believed
that the CPIRI may shed new light on the evaluation of insulin resistance with C/I as the independent
variable and HOMA-IR as the dependent variable.

In the current study 865 newly diagnosed DM patients and 54 HC were used to create a CPIRI
model, and diabetics had more pervasive and severe metabolic abnormalities than individuals with
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normal glucose levels (Table 1). Because fasting insulin has a skewed distribution, log(HOMA-IR)
can normalize the skewness of insulin level [26]. In the present study log(C/I) was linearly negatively
correlated with log(HOMA-IR) both in DM patients and HC, with respective correlational coefficients
of —0.83 (p < 0.001) and —0.76 (p < 0.001). As a result, we generated the CPIRI as an exponential
equation rather than a linear equation. The model applicable for DM patients was CPIRI(DM) =
670/(C/1)>** + 0.25, and the model applicable for HC was CPIRI(HC) = 670/(C/1)*>** — 1. CPIRI and
HOMA-IR values were compared in HC and DM patients, and both indices were significantly higher
in DM patients (CPIRI 2.50 + 1.80 vs. 1.50 + 1.44; HOMA-IR 2.50 £ 2.40 vs. 1.42 + 0.88; p < 0.05).
A novel CPIRI model with accuracy identical to that observed with HOMA-IR was successfully
established by estimating the severity of insulin resistance among HC and DM patients.

The CPIRI model can eliminate the effects of fluctuations in plasma glucose as well as
glucotoxicity on insulin secretion and insulin resistance levels, because it reflects insulin resistance via
dynamic changes in C/I. Based on HOMA-IR the CPIRI was designed and further optimized in the
present study, and it can be widely used in epidemiologic studies and clinical research. Calculating the
CPIRI also requires fewer blood-collection tubes than HOMA-IR (one instead of two), which may
facilitate a more concise practical procedure and improve patient satisfaction; and hence, adherence.

In the current study C-peptide was detected using two monoclonal antibodies that recognize
human C-peptide but exhibit cross-reactivity with the C-chain or the cleavage product of proinsulin.
The concentration of proinsulin and the cleavage product is 100 fold lower than that of C-peptide.
Consequently, cross-reactivity does not significantly influence C-peptide detection [20,35]. Thus the
CPIRI is a reliable model for evaluating insulin resistance.

In the present study CPIRI values increased significantly with increasing BMI (2.20 + 1.84 vs.
2.41 £+ 1.59 vs. 2.95 + 1.85, p <0.05), and it was higher in DM patients with a history of NAFLD than
in those with no history of NAFLD (2.14 + 1.36 vs. 1.80 = 1.23, p < 0.05). There is a positive
association between BMI and the risk of CAD [36], and previous epidemiological studies have shown
that NAFLD is associated with CAD [37]. Consequently, the CPIRI model has important implications
in CAD.

Significant correlations between the number of vessels involved and insulin levels have been
reported [38,39], suggesting that the severity of atherosclerosis is positively correlated with insulin
resistance. In the current study the degree of insulin resistance determined via the CPIRI was positively
associated with increasing extension (1-2-3 vessel disease) in CAD. The difference was not statistically
significant however, possibly due to the sample size. Consequently, the findings of the present study
suggest that insulin resistance might be considered a risk factor for CAD, which is concordant with
previous studies [40].

The current study had several limitations. The CPIRI model is not applicable when insulin
concentration is extremely low, because the independent variable C/I is a ratio and insulin is the
denominator. The sample size was relatively small, limiting conclusive interpretation of the results.
Lastly, the cross-sectional study design itself has inherent limitations. Follow-up of the study
population will help to clarify cause effect relationships between CPIRI and CAD.

5.  Conclusions

To our knowledge, the current study is the first to evaluate insulin resistance via a combination of
C-peptide and insulin levels in both diabetics and subjects with normal glucose tolerance. The

Mathematical Biosciences and Engineering Volume 18, Issue 3, 2675-2687.



2685

combination of a mathematical model of insulin resistance and non-invasive cardiovascular
examination is of great clinical value for the prediction of CAD risk, as well as the diagnosis and
treatment of CAD events.
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