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Background: Insulin resistance (IR) is linked to adverse cardiovascular outcomes, but its mechanisms are not fully understood. This
study investigates the relationship between IR and systemic inflammation and evaluates how systemic inflammation affects the
correlation between IR and prognosis in non-diabetic patients undergoing coronary artery bypass grafting (CABG).

Methods: This study enrolled 1,658 patients post-CABG. IR was assessed via the estimated glucose disposal rate (eGDR), and
systemic inflammation was measured by C-reactive protein (CRP) levels. The correlation between eGDR and CRP was analyzed using
linear regression. Associations of eGDR and CRP with major adverse cardiovascular and cerebrovascular events (MACCEs) were
evaluated through the Kaplan—-Meier method, restricted cubic splines (RCS), and adjusted Cox regression analyses. A novel two-stage
regression method for survival data was used in the mediation analysis.

Results: Over a median follow-up period of 60.9 months, 414 MACCEs cases were documented. The RCS analysis revealed an L-shaped
association between eGDR and MACCEs with an approximate threshold of 8 mg/kg/min, whereas CRP exhibited a linear positive dose-
response relationship with MACCEs. Compared with individuals in the high eéGDR and low CRP group (eGDR > 8 and CRP < 3), those in the
low eGDR and high CRP group (eGDR < 8 and CRP > 3) showed the highest risk for MACCE:s (hazard ratio [HR]=2.282, 95% confidence
interval [CI] 1.749-2.978). Mediation analysis indicated that CRP levels mediated 12.3% of the correlation between eGDR and MACCEs.
Conclusion: eGDR showed a negative correlation with CRP levels, and their synergistic relationship enhanced the prediction of
MACCE:s in non-diabetic patients undergoing CABG. Additionally, CRP levels partially mediated the association between eGDR and
MACCESs. Anti-inflammatory treatment for non-diabetic individuals with high IR who underwent CABG may offer further benefits.
Keywords: insulin resistance, systemic inflammation, non-diabetic, coronary artery bypass grafting

Introduction

Coronary artery disease (CAD) remained the primary cause of mortality and posed a growing public health challenge
globally.'* Coronary artery bypass grafting (CABG) served as the cornerstone of CAD management and was preferred
for patients with complex CAD, left main disease, or multi-vessel disease.>* However, the long-term prognosis post-
CABG remained suboptimal. Recent studies demonstrated that bypass grafts had high failure rates, with 3.6% occluding
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at 5 years and approximately 11% failing at 8 years after CABG.>® Consequently, the early identification of high-risk
patients and management of pertinent risk factors were critical for improving postoperative outcomes.

Insulin resistance (IR), characterized by diminished responsiveness of target tissues to insulin stimulation,” was not
only recognized as an independent risk factor for atherosclerotic cardiovascular disease® but also associated with
elevated susceptibility to adverse cardiovascular events.'® The estimated glucose disposal rate (€GDR), a novel non-
insulin-based surrogate marker for IR, integrated blood pressure and waist circumference rather than relying solely on
fasting glucose and insulin levels.'"'* This approach provided a more comprehensive assessment of metabolic health
compared to traditional measures like glycated hemoglobin (HbAlc)'? or homeostasis model assessment of insulin
resistance (HOMA-IR)."® Prior studies indicated that eGDR exhibited stronger predictive power for cardiovascular risk
than HbAlc'* or HOMA-IR,"? particularly in non-diabetic populations.'>™'” Nevertheless, the prognostic value of eGDR
in CAD patients undergoing CABG remained unclear.

Inflammatory response played a pivotal role in CAD pathogenesis.'® C-reactive protein (CRP), a classic inflammatory
biomarker, was confirmed as an independent CAD risk factor, with predictive utility comparable to lipid profiles or blood
pressure.'®!” Both the Centers for Disease Control and Prevention and the American Heart Association (AHA)
recommended CRP > 3.0 mg/L as a high-risk threshold for guiding cardiovascular risk stratification.’?' Importantly,

2223 suggesting potential mechanistic interplay.

IR was frequently associated with elevated CRP levels in prior studies,
However, the combined impact of IR and inflammation on cardiovascular outcomes after CABG had not been system-
atically investigated.

Therefore, in the present study, we sought to investigate the relationship between IR assessed by the eGDR and the
inflammation evaluated by CRP levels with long-term cardiovascular outcomes in non-diabetic patients undergoing
CABG. Specifically, 1) to evaluate the relationship between eGDR and CRP in non-diabetic individuals undergoing
CABG. 2) to examine whether eGDR and CRP have a synergistic effect in predicting the prognosis of CABG patients; 3)

to assess whether inflammation mediates the relationship between IR and cardiovascular outcomes.

Methods

Study Population

A total of 1658 patients diagnosed with CAD and undergoing CABG surgery were consecutively enrolled at the Second
Xiangya Hospital of Central South University (Changsha, China) from April 2011 to December 2020. The diagnosis of
CAD was based on typical angina pectoris, and severe stenosis of >1 of the coronary arteries, as indicated by coronary
angiography. The exclusion criteria were as follows: 1) a history of diabetes; 2) those aged >80 years; 3) patients who
underwent aortic valve replacement, mitral valve replacement, aortic root replacement surgery for aortic root aneurysm
and aortic dissection, or complex congenital heart disease surgery at the same time; 4) those who died during index
hospitalization or within 1 year after discharge; 5) and those lost to follow-up or with missing baseline or follow-up data.
This study was approved by the ethics committee of the Second Xiangya Hospital of Central South University and
strictly complied with the Declaration of Helsinki, and informed consent was waived due to the retrospective nature of
the study and the anonymized processing of patient data.

Data Collection and Definitions

All anthropometric parameters, clinical history, and laboratory test results were acquired from electronic medical records.
The anthropometric characteristics included age, sex, body mass index (BMI), waist circumference (WC) and smoking
status. The clinical history included hypertension, chronic kidney disease (CKD), diabetes, prior percutaneous coronary
intervention (PCI), myocardial infarction (MI) ACS/CCS prevalence and number and types of grafts. Antiplatelet, lipid-
lowering, antihypertensive, and antidiabetic medications have also been recorded.

Fasting venous blood samples were collected to measure the plasma levels of hemoglobin, glycosylated hemoglobin
Alc (HbAlc), serum creatinine (Scr), total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol
(LDL-C), high-density lipoprotein cholesterol (HDL-C), and serum creatinine employing standard laboratory methods.
The left ventricular ejection fraction (LVEF) was measured using the two-dimensional modified Simpson’s method.
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The diagnosis of CAD was based on typical angina pectoris, and severe stenosis of > 1 of the coronary arteries, as
indicated by coronary angiography.”* The identification of diabetes was based on either the self-reported use of
antidiabetic medications or elevated blood glucose readings, characterized by casual blood glucose levels of
11.1 mmol/L or higher, fasting blood glucose levels of 7.0 mmol/L or higher, or 2-hour postprandial levels exceeding
11.1 mmol/L following a 75 g oral glucose tolerance test.”> Hypertension was identified through a consistent record of
blood pressure readings of 140/90 mmHg or above, or the ongoing use of antihypertensive medication.*®

eGDR was determined using the formula: 21.158 - (0.09 x waist circumference [cm]) — (3.407 x hypertension [yes 1
or no 0]) — (0.551 x glycated hemoglobin Alc [HbAlc] [%])."?

Follow-up and Endpoints

The clinical follow-up data after CABG were collected by reviewing serial records of patients who visited outpatient
clinics and telephone interviews with all other patients. The primary end point was major adverse cardiovascular and
cerebrovascular events (MACCESs), which were defined as a composite of cardiac death, nonfatal MI, any revasculariza-
tion, including native coronary arteries and bypass grafts (internal mammary artery, radial artery, and saphenous vein
grafts), cardiac rehospitalization (admission because of angina or heart failure), and nonfatal stroke.

Statistical Analysis

Continuous variables were characterized by the mean=+ SD or the median with interquartile range (IQR), based on the
data’s distribution normality. Group differences were analyzed using t-tests or Mann—Whitney U-tests accordingly.
Categorical variables were summarized as frequencies and percentages, and comparisons between groups were per-
formed using the chi-square (y2) test or Fisher’s exact test. Spearman coefficients and linear regression models were
performed to assess the association between eGDR and CRP. The incidence of MACCEs in different groups was assessed
by the Kaplan—Meier method based on the eGDR or CRP groups, respectively.

The dose-response association between the eGDR, CRP, and MACCEs in patients after CABG was illustrated through
restricted cubic splines (RCS) curve. Cox regression models were employed to assess the relationship between the eGDR,
CRP, and the incident MACCEs. Receiver operating characteristic (ROC) curves and the area under the curves (AUC) were
constructed to compare the predictive value of eGDR and CRP for MACCE:s. Additionally, C-statistics, a net reclassification
index (NRI), and an integrated discrimination improvement (IDI) to evaluate the incremental predictive value of the
individual and combined eGDR and CRP. Subgroup analyses were conducted to explore whether the predictive utility of
the eGDR and CRP remained consistent across patients with diverse demographic characteristics or comorbidities. In
mediation analysis, we employed VanderWeele’s two-stage regression method to obtain survival data. Specifically, we
utilized Cox proportional hazards regression to analyze the outcome (MACCESs) and linear regression for the mediator
(CRP), evaluating the significance of the mediating effect through examination of 1000 bootstrap samples.

In liner and COX regression analysis and mediation analysis, we employed multiple adjusted models, adjusting various
covariates independently, to thoroughly evaluate the robustness and reliability of the findings. Model I was adjusted for age and
sex. Model II was adjusted for age, sex, CKD, LVEF, smoker, previous MI, previous PCI and SYNTAX scores. Model III was
adjusted for age, sex, CKD, LVEF, smoker, previous MI, previous PCI, SYNTAX scores, statins, Aspirin, P2Y 12 inhibitors,
ACEI/ARB, B-blockers, TC, LDL-C, HDL-C, TG and Scr. The associations were further assessed with the inverse probability
of censoring weighted (IPCW) method as a sensitivity analysis.”’ In the IPCW model, the probability for predicting complete
data was generated based on all non-diabetic patients undergoing CABG regardless of missing data. The results were
considered statistically significant when the 2-sided P value was <0.05. R version 4.0.5 (R Foundation for Statistical
Computing) in RStudio version 1.1.463 (RStudio, Inc) and Prism version 8.0.2 were used to perform all statistical analyses.

Results

Baseline Characteristics
The final cohort consisted of 1658 participants who were eligible for the final analysis (aged 60.8 + 8.3 years; 76.7%
men). Over a median follow-up period of 60.9 months, 414 MACCEs cases were observed. Baseline characteristics of
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the study population are presented in Table 1. No significant differences were observed in sex distribution, ACS/CCS
prevalence, diabetes markers HbA lc, smoking status, renal function parameters, or perioperative medication use (all P >
0.05). Surgical characteristics including graft numbers and conduit types showed comparable distributions between
groups.

Patients who experienced MACCEs were generally older and exhibited higher levels of BMI, WC, TC, LDL-C, TG,
CRP and SYNTAX score and incidence of hypertension (all P < 0.05). They also had significantly lower LVEF, eGDR
index and HDL-C level (all P < 0.05).

Association Between eGDR and CRP

Patients were divided into Tertile 1 group (eGDR < 7.36), Tertile 2 group (7.36 < eGDR < 8.78) and Tertile 3 group
(eGDR > 8.78) according to eGDR tertiles. The CRP levels decreased with increasing tertiles of eGDR index
(Figure 1A). CRP levels were negatively associated with eGDR index (R =-0.45, P < 2.2e—16; Figure 1B).

Table | Baseline Characteristics of Participants Stratified by the Occurrence of MACCEs

Characteristics Overall (N = 1658) | No Incident MACCEs (N = 1244) | Incident MACCEs (N = 414) | P value
Age, years 60.8 + 8.3 60.4 + 8.3 62.1 £79 < 0.001
Male, n (%) 1273 (76.7) 953 (76.6) 320 (77.3) 0.144
BMI, kg/m? 246 £ 3.0 2430 £ 2.92 2542 £ 3.19 < 0.001
WC, cm 83892 82.94 + 8.89 86.34 + 9.66 < 0.001
ACS/CCS prevalence, n (%) 0.554
ACS 1110 (66.9) 826 (66.4) 284 (68.6)

CCs 548 (33.1) 418 (33.6) 130 (31.4)

Smoker, n (%) 939 (56.6) 688 (55.31) 251 (60.63) 0.058
Hypertension, n (%) 1143 (68.9) 826 (66.40) 317 (76.57) < 0.001
CKD, n (%) 131 (7.9) 89 (7.15) 42 (10.14) 0.051
Previous Ml, n (%) 302 (18.2) 215 (17.28) 87 (21.01) 0.088
Previous PCI, n (%) 190 (11.5) I51 (12.14) 39 (942) 0.133
HbAlc, % 5.28 + 0.46 5.29 £ 0.48 5.26 + 041 0.297
TC?, mmol/L 439 1.12 4.16 (3.61, 4.89) 4.35 (3.69, 5.12) 0.008
HDL-C? mmol/L 1.05 + 0.21 1.06 + 0.20 1.02 £ 0.21 0.002
LDL-C?, mmol/L 2.57 £0.97 2.36 (1.91, 3.00) 2.50 (1.95, 3.11) 0.012
TG? mmol/L 1.91 + 1.06 1.86 + 0.99 2.06 £ 1.21 0.002
Scr?, umol/L 76.80 (64.90, 89.50) 76.80 (65.00, 89.65) 77.00 (64.73, 89.33) 0.910
Hemoglobin?, g/L 1344 + 149 134.5 + 14.9 1339 + 147 0.510
LVEF?, % 61.6 £9.6 622 £ 9.1 59.8 £ 10.9 < 0.001
CRP, mg/L 3.06 (2.06, 4.21) 2.88 (2.00, 4.14) 3.50 (2.25, 4.61) < 0.001
eGDR 8.36  |.66 8.52 + |.66 7.88 £ 1.56 < 0.001
Aspirin, n (%) 1560 (94.1) 1169 (93.97) 391 (94.44) 0.349
P,Y\, inhibitors, n (%) 1407 (84.9) 1057 (84.97) 350 (84.54) 0.466
ACEI/ARB, n (%) 1109 (66.9) 837 (67.28) 272 (65.70) 0.651
B-blockers, n (%) 1371 (82.7) 1023 (82.23) 348 (84.06) 0.611
Statins, n (%) 1555 (93.8) 1171 (94.13) 384 (92.75) 0.257
Artery used, n (%) 1624 (97.9) 1216 (97.7) 408 (98.5) 0.241
Vein used, n (%) 1482 (89.4) 1112 (89.4) 370 (89.3) 0.136
Sequential, n (%) 1449 (87.4) 1080 (86.82) 369 (89.13) 0.059
Number of grafts, n 3.69 £ 0.92 3.69 £ 0.93 3.71 £0.88 0.608
SYNTAX score® 30.5 (24.5, 34.5) 30.0 (23.5, 34.0) 325 (28.1, 36.0) < 0.001

Notes: “Missing data: 22 for TC, LDL-C, HDL-C, TG; 28 for hemoglobin; |13 for LVEF; 16 for Scr; 14 for SYNTAX score.
Abbreviations: ACEI, angiotensin converting enzyme inhibitors; ARB, Angiotensin receptor blockers; BMI, body mass index; Scr, serum creatinine; CKD, chronic
kidney disease; CRP, C-reactive protein; eGDR, estimated glucose disposal rate; HbAIC, glycosylated hemoglobin Alc; HDL-C, high-density lipoprotein cholesterol;
LDL-C, low-density lipoprotein cholesterol; LVEF, left ventricular ejection fraction; MI, myocardial infarction; PCI, percutaneous coronary intervention; TC, total
cholesterol; TG, triglycerides; WC, waist circumference; ACS, acute coronary syndrome; CCS, chronic coronary syndrome; MACCEs, major adverse cardiovascular

and cerebrovascular events.
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Figure | Association between eGDR and CRP. (A) Violin plot showing the distribution of CRP among groups categorized by eGDR tertiles; (B) scatter plot.
Abbreviations: eGDR, estimated glucose disposal rate; CRP, C-reactive protein.

Additionally, regarding linear regression models measuring eGDR as a continuous variable, each SD increment in eGDR
was associated with a 0.51 mg/L decrease in CRP levels (95% CI: —0.61- —0.40; P <0.001) after adjusting for all
covariates (Table S1). Likewise, the categorical analysis revealed that, compared with the Tertilel group, the Tertile3
group was significantly associated with a 1.72 mg/L (95% CI: —2.15 — —1.29; P <0.001) decrease (Table S1).

Association Between the eGDR Index, CRP Levels, and the Incident MACCEs

Patients were further divided into Tertilel group (CRP < 2.28 mg/L), Tertile 2 group (2.28 < CRP < 3.87 mg/L) and
Tertile 3 group (CRP > 3.87 mg/L) according to CRP tertiles. Kaplan—Meier survival curves of eGDR and CRP for long-
term MACCEs are plotted in Figure 2. The MACCEs incidence increased with increasing tertile of the CRP levels and
decreasing tertile of eGDR (all log-rank P <0.001). When analyzed as continuous variables, an decreased eGDR (HR:
0.792, 95% CI: 0.749-0.875, P < 0.001; Table 2) and increased CRP levels (HR: 1.042, 95% CI: 1.029-1.054, P < 0.001;
Table S2) were independently associated with MACCEs in the fully adjusted model. Similarly, when analyzed as
categorical variables, the Tertile 3 group of eGDR exhibited a lower incidence (HR: 0.523, 95% CI: 0.409-0.668, P <
0.001; Table 2), whereas the Tertile 3 group of CRP showed a higher incidence of MACCEs (HR: 1.747, 95% CI:
1.364-2.238, P < 0.001; Table S2). In the sensitivity analysis considering the potential bias due to missing data of the
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Figure 2 Cumulative incidence of MACCEs during follow-up stratified by the eGDR (A) and CRP levels (B).
Abbreviations: eGDR, estimated glucose disposal rate; CRP, C-reactive protein; MACCEs, major adverse cardiovascular and cerebrovascular events.
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Table 2 Association of the eGDR with the Risk of MACCEs in Non-Diabetic Patients Undergoing CABG

Variables Crude Model Adjusted Model | Adjusted Model 2 Adjusted Model 3 IPCW Model

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value
eGDR# 0.799 (0.749-0.854) < 0.001 0.799 (0.748-0.855) < 0.001 0.797 (0.745-0.853) < 0.001 0.792 (0.749-0.875) < 0.001 0.796 (0.753-0.879) < 0.001
eGDR
Tl Ref Ref Ref Ref Ref
T2 0.682 (0.544-0.855) < 0.001 0.647 (0.512-0.816) < 0.001 0.668 (0.531-0.839) < 0.001 0.655 (0.521-0.825) < 0.001 0.649 (0.515-0.819) < 0.001
T3 0.523 (0.410-0.665) < 0.001 0.533 (0.418-0.678) < 0.001 0.532 (0.416-0.679) < 0.001 0.523 (0.409-0.668) < 0.001 0.526 (0.412-0.671) < 0.001
P for trend < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Notes: Model | was adjusted for age, sex.Model 2 was adjusted for model | plus chronic kidney disease, ejection fraction, smoker, previous Ml, previous PCl, SYNTAX scores.Model 3 was adjusted for model 2 plus statins, Aspirin, P,Y |,
inhibitors, ACEI/ARB, B-blockers, TC, LDL-C, HDL-C, TG, Scr.IPCW model: weighted by inverse probability for predicting complete data.# Per | unit increase.
Abbreviations: eGDR, estimated glucose disposal rate; CRP, C-reactive protein; MACCEs, major adverse cardiovascular and cerebrovascular events; HR, hazard ratio; Cl, confidence interval; MI, myocardial infarction; PCI,

percutaneous coronary intervention; ACEI, angiotensin converting enzyme inhibitors; ARB, Angiotensin receptor blockers; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol;
TG, triglycerides; Scr, serum creatinine.
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Table 3 Association Between the Combination of the eGDR and CRP and MACCEs in Non-Diabetic Patients Undergoing CABG

Characteristics Crude Model Adjusted Model | Adjusted Model 2 Adjusted Model 3 IPCW Model

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value
eGDR > 8 and CRP < 3 Ref Ref Ref Ref Ref
eGDR < 8 and CRP <3 | 1.888 (1.380-2.584) | < 0.00I 1.826 (1.334-2.499) | < 0.001 1.852 (1.352-2.535) | < 0.001 1.838 (1.339-2.522) | < 0.001 1.805 (1.315-2.477) | < 0.001
eGDR > 8and CRP =3 | 2423 (1.797-3.268) | <0.001 | 2.441 (1.810-3.293) | <0.001 | 2.331 (1.724-3.151) | <0.001 | 2.271 (1.677-3.075) | <0.001 | 2.237 (1.651-3.030) | < 0.00I
eGDR < 8and CRP >3 | 2.187 (1.683-2.841) | <0.00l | 2.155 (1.659-2.801) | <0.001 | 2.310 (1.773-3.009) | <0.001 | 2.282 (1.749-2.978) | <0.001 | 2.260 (1.732-2.949) | < 0.00I
P value for trend < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

Notes: Model | was adjusted for age, sex.Model 2 was adjusted for model | plus chronic kidney disease, ejection fraction, smoker, previous Ml, previous PCI, SYNTAX scores.Model 3 was adjusted for model 2 plus statins, Aspirin, P,Y
inhibitors, ACEI/ARB, B-blockers, TC, LDL-C, HDL-C, TG, Scr.IPCW model: weighted by inverse probability for predicting complete data.# Per | unit increase.
Abbreviations: eGDR, estimated glucose disposal rate; CRP, C-reactive protein; MACCEs, major adverse cardiovascular and cerebrovascular events; HR, hazard ratio; Cl, confidence interval; MI, myocardial infarction; PCI,
percutaneous coronary intervention; ACEI, angiotensin converting enzyme inhibitors; ARB, Angiotensin receptor blockers; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol;
TG, triglycerides; Scr, serum creatinine.
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e¢GDR or CRP with the IPCW method, the association between the eGDR or CRP and MACCEs remained unchanged
(IPCW model in Table 2 and Table S2).

Subgroup analyses were conducted to assess whether the predictive value of the eGDR and CRP remained consistent
across diverse demographic characteristics or comorbidities. After stratifying by sex, age, BMI, hypertension, smoking
status and ACS/CCS distribution, both decreased eGDR (Figure S1) and elevated CRP (Figure S2) emerged as significant
predictors of MACCEs across various subgroups.

Synergistic Effect of eGDR and CRP on Prediction of Incident MACCEs

According to the RCS analyses, the association between eGDR and MACCEs followed a L-shape and the risk of
MACCEs significantly increased when eGDR was lower than 8§ mg/kg/min (Figure 3A). While a positive dose—response
relationship between the CRP and MACCEs was observed (Figure 3B). To evaluate the addictive effect of eGDR and
CRP in predicting MACCEs, the patients were re-categorized by a combination of eGDR (ie 8 mg/kg/min) based on the
values obtained by RCS and CRP according to AHA (ie 3 mg/L).?' In comparison with the group with eGDR > 8 and
CRP < 3, the group with eGDR < 8 and CRP > 3 had approximately 2.28 times the risk of incident MACCEs (HR: 2.282,
95% CI: 1.749-2.978, P<0.001; Table 3) after adjusting for all covariates. Sensitivity analysis suggested that the
synergistic effect remained unchanged (IPCW model in Table 3). ROC curves of eGDR, CRP, and their combination are
plotted in Figure 4. The combination of eGDR and CRP performed better than eGDR (0.645 vs 0.624, P = 0.0382) and
CRP (0.645 vs 0.612, P = 0.0251) alone in predicting incident MACCEs. Furthermore, C-statistics, NRI, and IDI were
analyzed. Adding eGDR and CRP to the basic model simultaneously further improved C-statistics (0.626, 95% CI:
0.604-0.645 vs 0.556, 95% CI:0.539-0.573, P < 0.001). Additionally, the risk reclassification and discriminatory power
also appeared to be substantially better, with an IDI of 0.023 (95% CI: 0.011-0.037; P <0.001), and a NRI of 0.036 (95%
CI: 0.021-0.071; P <0.001) (Table S3). These findings indicated that combining eGDR and CRP improved the prediction
efficiency for MACCEs.

Mediating Effects of CRP on the Association Between eGDR and Incident MACCEs
As demonstrated in Tables 4 and 5, the mediation analysis revealed that the CRP levels, exerted a significant partial
mediating effect on the relationship between IR, as reflected by the eGDR, and the incidence of MACCEs across multiple
adjusted models. Specifically, the mediation proportions of an elevated CRP levels were 11.8% (CI: 5.6-17.9%, P <
0.001), 12.8% (CIL: 3.0-22.6%, P = 0.011), 12.5% (CI: 2.6-22.4%, P = 0.017) and 12.3% (CI: 3.8-20.8%, P = 0.004) in
the crude, adjusted Model I, adjusted Model II, and adjusted Model III, respectively.

P-overall <0.001 P-overall <0.001
P-non-linear = 0.486 P-non-linear = 0.178

eGDR =8

)

HR (95%CI)
HR (95%CI)

7 9 11 0 5 10 15
eGDR CRP

Figure 3 Dose-responsive relationship of eGDR (A) and CRP (B) with the risk of with MACCEs in non-diabetic individuals undergoing CABG.
Abbreviations: eGDR, estimated glucose disposal rate; CRP, C-reactive protein; MACCEs, major adverse cardiovascular and cerebrovascular events; CABG, coronary
artery bypass grafting; HR, hazard ratio; Cl, confidence interval.
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Figure 4 Receiver operating characteristic curves of eGDR, CRP, and their combination in predicting incident MACCEs.
Abbreviations: eGDR, estimated glucose disposal rate; CRP, C-reactive protein; MACCEs, major adverse cardiovascular and cerebrovascular events; CABG, coronary
artery bypass grafting; AUC, area under curve.

Discussion

The principal findings of the present investigation were as follows: 1) eGDR was negatively correlated with plasma CRP

levels. 2) A significant association was found between decreased eGDR, elevated CRP levels and a higher incidence of

MACCEs post CABG, which remained in different models, sensitivity and subgroup analyses. 3) There was a potential
synergistic effect of eGDR and CRP on MACCEs. The combination of eGDR <8 and CRP >3 can effectively identify

Table 4 Decomposition of the Total Association of the eGDR and the Risk of MACCEs in Nondiabetic Patients
Undergoing CABG Into Direct and Indirect Associations Mediated by Baseline CRP

Total Effect P value | Indirect Effect P value | Direct Effect P value
Crude Model —0.224 (-0.290,-0.158) | < 0.001 | —0.026 (—0.039,-0.013) | < 0.001 | —0.221 (—0.285,-0.157) | < 0.001
Adjusted Model | | —0.156 (-0.225,-0.088) | < 0.001 | —0.020 (—0.029,-0.010) | < 0.001 | —0.156 (—0.225,-0.088) | < 0.001
Adjusted Model 2 | —0.155 (-0.221,-0.089) | < 0.001 | —0.019 (-0.030,-0.009) | < 0.001 | —0.157 (-0.229,-0.085) | < 0.001
Adjusted Model 3 | —0.163 (-0.232,-0.094) | < 0.001 | —0.021 (—0.032,-0.009) | < 0.001 | —0.166 (—0.236,-0.097) | < 0.001

Notes: All effects are presented by B coefficients. Model | was adjusted for age, sex.Model 2 was adjusted for model | plus chronic kidney disease,
ejection fraction, smoker, previous M, previous PCl, SYNTAX scores.Model 3 was adjusted for model 2 plus statins, Aspirin, P,Y |, inhibitors, ACEI/ARB,
B-blockers, TC, LDL-C, HDL-C, TG, Scr.
Abbreviations: eGDR, estimated glucose disposal rate; CRP, C-reactive protein; MACCEs, major adverse cardiovascular and cerebrovascular events; HR,
hazard ratio; Cl, confidence interval; Ml, myocardial infarction; PCI, percutaneous coronary intervention; ACEI, angiotensin converting enzyme inhibitors;
ARB, Angiotensin receptor blockers; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TG,
triglycerides; Scr, serum creatinine.
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Table 5 Decomposition of the Total Association of the eGDR and the Risk of MACCEs in Non-Diabetic Patients Undergoing CABG
Into Direct and Indirect Associations Mediated by Baseline CRP

Exposures Association PM, %
Total Effect Indirect Effect Direct Effect
HR (95% CI) P value HR (95% CI) Pvalue HR (95% CI) P value HR (95% CI) P value
Crude Model 0.780 (0.747-0.853) < 0.001 0.974 (0.963-0.985) < 0.001 0.822 (0.768-0.876) < 0.001 11.8 (5.6-17.9) < 0.001
Adjusted Model | 0.856 (0.796-0.915) < 0.001 0.981 (0.971-0.990) < 0.001 0.872 (0.815-0.930) <0.001 12.8 (3.0-22.6) 0011
Adjusted Model 2 0.848 (0.788-0.908) <0.001 0.980 (0.969-0.991) < 0.001 0.866 (0.804-0.929) <0.00! 125 (2.6-22.4) 0.017
Adjusted Model 3 0.849 (0.789-0.909) <0.001 0.979 (0.969-0.990) < 0.001 0.866 (0.808-0.924) <0.00! 123 (3.8-20.8) 0.004

Notes: Model | was adjusted for age, sex. Model 2 was adjusted for model | plus chronic kidney disease, ejection fraction, smoker, previous MI, previous PCl, SYNTAX
scores.Model 3 was adjusted for model 2 plus statins, Aspirin, P,Y; inhibitors, ACEI/ARB, B-blockers, TC, LDL-C, HDL-C, TG, Scr.

Abbreviations: eGDR, estimated glucose disposal rate; CRP, C-reactive protein; MACCEs, major adverse cardiovascular and cerebrovascular events; HR, hazard ratio; Cl,
confidence interval; Ml, myocardial infarction; PCI, percutaneous coronary intervention; ACEIl, angiotensin converting enzyme inhibitors; ARB, Angiotensin receptor
blockers; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; Scr; serum creatinine; PM,
proportion mediated.

individuals at the highest risk of MACCEs undergoing CABG. 4) Increased CRP levels partly mediated the connection
between eGDR and MACCEs, in non-diabetic patient following CABG.

IR is a metabolic disorder significantly related to the occurrence and development of atherosclerotic cardiovascular
disease. The current gold standard for analyzing IR is the hyperinsulinemic-euglycemic clamp,*® but it is not suitable for
clinical practice and large cohort studies due to its invasiveness and cost. Previous studies have defined insulin resistance
using the HOMA-IR index, which is calculated based on fasting glucose and fasting insulin.”’ However, routine measure-
ment of fasting insulin levels is not common in standard clinical management of CABG, especially in non-diabetic patients
undergoing CABG. eGDR, based on patient’s body size, HbAlc, and presence of hypertension, all of which are included in
routine assessments of CAD patients upon hospital admission, is more suitable for secondary prevention in patients
following CABG. Sun et al discovered a correlation between eGDR and arterial stiffness and found that it could predict
long-term all-cause mortality.*® A large-scale population study emphasized that eGDR can enhance the diagnostic accuracy
of ischemic heart disease in the general population.®’ In a retrospective study involving non-diabetic patients with non-ST-
segment elevation acute coronary syndrome, the findings indicated that low eGDR were a significant risk factor for adverse
cardiovascular events.'” Consistent with existing research, this present study illustrated an independent association between
a lower eGDR and MACCE:s in different models and subgroup analyses in non-diabetic patients after CABG. There was
a L-shaped relationship between eGDR and mortality, with cutoff values > 8, which is similar to the cut-values recom-
mended by previous studies for eGDR (<4, 4-6, 6-8, and > 8mg/kg/min).'**?

Atherosclerotic cardiovascular disease has been characterized as a chronic inflammatory condition, highlighting the
significant role of inflammation in its pathogenesis and progression. CRP is a systemic inflammatory marker, which
activates multiple processes of atherosclerosis, including but not limited to monocyte cytokine expression, adhesion
molecule expression, and platelet aggregation.>* Prior studies have demonstrated that the serum CRP levels are higher in
patients with acute myocardial infarction patients compared to those with stable angina patient, and CAD patients with
higher concentrations of CRP have poorer cardiovascular prognosis.**** In line with these findings, an significantly
positive association between CRP levels and MACCEs in different models and subgroup analyses was observed. While
CRP served as a pragmatic marker of systemic inflammation in this cohort, emerging biomarkers like growth differ-
entiation factor-15 (GDF-15)*° and lipoprotein-associated phospholipase A2 (Lp-PLA2),*” which directly reflect plaque
vulnerability and vascular stress-merit investigation in future studies to unravel tissue-specific inflammatory mechanisms
underlying IR-driven cardiovascular risk.

IR plays a crucial role as a potential mechanism for increasing CVD risk by activating inflammation-related genes and
lead to chronic inflammation, thereby impairing vascular health and promoting CVD.*® A cross-sectional study showed
that serum high sensitive CRP was positively correlated with HbAlc and HOMA-IR in patients with subclinical
atherosclerosis.>® Similarly, we found a significantly negative correlation between eGDR and CRP in non-diabetic
individuals following CABG.
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Additionally, in our study, we observed the synergistic effects of eGDR and CRP on long-term MACCEs. Combining them
may help further risk stratification for non-diabetic individuals undergoing CABG. The ROC curve demonstrated that the
predicting ability for MACCEs using a combination of the eGDR and CRP is greater than that of either index alone. This
phenomenon arises from the eGDR index primarily evaluating insulin resistance levels, while CRP reflects factors such as
inflammatory burden, thereby resulting in a complementary effect. Consistent with our findings, Li et al reported that IR and
systemic inflammation synergistically increase the risk of cardiovascular events in patients with chronic coronary syndrome.*

More importantly, this study clarified the mediating role of CRP levels in linking the eGDR to MACCE:s, consolidat-
ing previous findings into a comprehensive pathway to guide clinical decision-making. To our knowledge, this study is
the first evidence on the causal pathways of insulin resistance, inflammatory markers, and cardiovascular adverse
outcomes in non-diabetic patients undergoing CABG. Despite the precise mechanism of mediation interaction remaining
unclear, some previous studies provided valuable mechanistic insights. Prior studies suggested that systemic inflamma-
tion partially mediates the association between IR and clinical outcomes.***' These observational findings provide
epidemiological evidence supporting the biologically plausible notion that inflammation could serve as a mediator in the
association between IR and adverse outcomes.*? Mechanistically, IR can activate the NOD-like receptor protein 3
inflammasome, which is a key component in the pathogenesis of atherosclerosis, and CRP is a downstream marker.*
Therefore, IR, represented by decreased eGDR, might exacerbate atherosclerosis by up-regulating the NLRP3 signaling
pathway, represented by CRP. Additional research is warranted to investigate the potential mechanisms that underlie the
causal relationship between eGDR and cardiovascular events. Clinical trials have demonstrated the potential of anti-
inflammatory therapy in improving cardiovascular outcomes in secondary prevention of CAD.*** However, incorporat-
ing anti-inflammatory therapy into CAD management still poses challenges. One obstacle is the need for more precise
risk stratification to enhancing cost-effectiveness. This study proposes that utilizing eGDR and CRP in combination can
aid in identifying patients at significantly elevated cardiovascular risk. Furthermore, the relationship between low eGDR
and adverse cardiovascular outcomes may be mediated by CRP. In addition to directly reducing systemic inflammation,
anti-inflammatory treatment targeting these individuals may offer additional benefits, including reducing the synergistic

and mediating effects of inflammation on the adverse outcomes of IR.

Limitation

Although offering valuable insights, this study also presents limitations that require thoughtful consideration. First,
exclusion criteria for the study included patients without data for the eGDR and CRP, potentially introducing selection
bias. Nevertheless, sensitivity analyses utilizing IPCW methods to address missing data yielded results consistent with
the primary findings. Second, the limitation of a single-center observational design hinders our ability to establish causal
relationships between the eGDR, CRP levels, and MACCEs post-CABG. Third, while many important confounding
factors were considered in the multivariable analysis, the impact of unmeasured or unknown confounders on outcomes
cannot be entirely ruled out. Forth, the eGDR and CRP data were mostly obtained upon patient admission, thus we were
unable to ascertain the impact of dynamic changes in eGDR and CRP on prognosis. Finally, although our study reveals
an inverse association between eGDR and CRP levels, future human studies using direct IR measurements (eg,
hyperinsulinemic-euglycemic clamps) and other inflammatory marker assessments (eg, GDF-15, Lp-PLA2, interleu-
kin-6) are needed to determine whether IR drives inflammation.
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