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Abstract: Circulating citrate may represent a proxy of mitochondrial dysfunction which plays a role
in the development of vascular complications in type 2 diabetes (T2D). Here, we determined the
associations between plasma citrate levels and cardiovascular (CV) mortality in T2D patients. In
this prospective cohort study, 601 patients were included who participated in the Zwolle Outpatient
Diabetes project Integrating Available Care (ZODIAC). Plasma citrate levels were measured by
nuclear magnetic resonance spectroscopy. Cox proportional hazards regression models were used
to evaluate the associations between plasma citrate and the risk of CV mortality. Over a median
follow-up of 11.4 years, 119 (19.8%) of the 601 patients died from a CV cause. In multivariable Cox
proportional hazards regression models, adjusting for conventional risk factors, plasma citrate was
associated with an increased risk of CV mortality (the hazard ratio (HR) per 1-SD increment was 1.19
(95%CI: 1.00–1.40), p = 0.048). This association was prominent in males (n = 49 with CV mortality)
(HR 1.52 (95%CI: 1.14–2.03), p = 0.005), but not in females (n = 70 with CV mortality) (HR 1.11 (95%CI:
0.90–1.37), p = 0.319) (age-adjusted Pinteraction = 0.044). In conclusion, higher plasma citrate levels are
associated with an increased risk of CV mortality in patients with established T2D. Future studies are
warranted to unravel the potential role of citrate-related pathways in the pathogenesis of T2D-related
vascular complications.

Keywords: type 2 diabetes; plasma citrate; cardiovascular mortality; macrovascular complications

1. Introduction

The enormous global burden of cardiovascular disease (CVD) in patients with Type 2
diabetes (T2D), the consequence of chronic hyperglycemia, and the reduced life expectancy
of patients with this condition call for a better understanding of its underlying pathogenesis,
aiming at introducing novel treatment targets [1–5]. The pathogenesis of T2D-associated
CVD is multifactorial and involves many metabolic pathways, at least in part as a result
of mitochondrial dysfunction [6–9]. Citrate is a key metabolite of the tricarboxylic acid
(TCA) (Krebs or citric acid) cycle, a series of chemical reactions in the mitochondria that are
responsible for the release of energy through the oxidation of acetyl-CoA derived from fats,
proteins and carbohydrates, thereby forming a gateway for amphibolic metabolism [10–12].
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Metabolites reflecting mitochondrial activity, in particular the circulating levels of cit-
rate, have recently been suggested as potential biomarkers for cardiovascular and mortality
risk assessments. Making use of a broad NMR metabolomic platform, which included
106 plasma lipid and non-lipid biomarkers, four biomarkers including citrate were iden-
tified as being prospectively associated with all-cause and cardiovascular (CV) mortality
in the Estonian Biobank [13]. More recently, using data from the CATHeterization GENet-
ics (CATHGEN) and Intermountain Heart Study high-CVD-risk cohorts, plasma citrate
was chosen out of many possible lipids, lipoprotein parameters and metabolites to be
part of a biomarker algorithm that predicts CV and all-cause mortality [14]. In the Avon
Longitudinal Study of Parents and Children, citrate, as a metabolic trait, was found to be
strongly associated with the risk of T2D, spanning from the age of 16 years until the onset
of T2D several decades later [15]. Furthermore, cytosolic citrate, serving as a precursor for
lipogenesis, has also been associated with the occurrence of kidney disease progression in
T2D patients [16]. However, the extent to which plasma citrate may predict CV mortality
in T2D patients treated in primary care is still unknown.

Given that mitochondrial dysfunction is likely involved in the pathogenesis of diabetes-
associated CV complications [10], we tested the hypothesis that plasma citrate levels, as
an intermediate in the TCA cycle, could serve as a potential biomarker for the occurrence
of CV mortality in individuals with T2D. Therefore, we investigated associations between
plasma citrate, measured with NMR, and CV mortality in T2D patients enrolled in a
primary-care-based prospective study in the Netherlands.

2. Materials and Methods
2.1. Study Population and Study Design

This study utilized samples and data from the ZODIAC cohort, which is a longitudinal
observational cohort study conducted in the Zwolle region of the Netherlands. The study
commenced in 1998 and focused on patients with established T2D who receive healthcare
through primary care services. Our study was set up to investigate the potential utility
of a shared-care project for patients with T2D, in which 61 general practitioners partici-
pated. Plasma samples obtained from participating individuals at baseline of the study
were examined. Initially, at the start of the study, 1143 patients were enrolled. For the
present study, patients with T2D without available follow-up data on their cardiovascular
mortality and those without collected plasma samples available for citrate measurements
were excluded. Following these exclusions, our final study population comprised 601 pa-
tients. The ZODIAC study was conducted in accordance with the Declaration of Helsinki
guidelines. The study received ethical approval from the Institutional Review Board (IRB)
of the Isala Hospital Zwolle, the Netherlands (IRB reference nos. 03.0316 and 07.0335), and
all participants provided written informed consent before participating in the study.

2.2. Data Collection

Baseline data were collected during the annual check-up of patients by their general
practitioner or nurse practitioner. Data included their medical history of CVD, tobacco
consumption and medication use. Patients with a history of macrovascular complications,
including angina pectoris, myocardial infarction, percutaneous transluminal coronary an-
gioplasty, coronary artery bypass grafting, stroke, transient ischemic attack or peripheral
vascular disease, were identified. During their visits to the outpatient clinic, their baseline
measurements were taken. Their blood pressure was measured in supine position using a
Welch Allyn sphygmomanometer after at least 5 min of rest. The participants’ height and
weight were measured while they were standing without shoes and heavy outer garments.
From these measurements, body mass index (BMI) was calculated by dividing body weight
by height squared. Microvascular complications were defined based on specific criteria.
Neuropathy was determined by assessing foot sensibility using a 5.07 Semmes–Weinstein
monofilament test, with two or more errors indicating neuropathy in at least one foot.
Diabetic retinopathy was evaluated using a retinal camera, and the assessment of fundus
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photos was conducted by an ophthalmologist. Nephropathy was defined as an estimated
glomerular filtration rate (eGFR) below 60 mL/min/1.73 m2 and/or the presence of albu-
minuria, identified as an albumin-to-creatinine ratio exceeding 3.5 mg/mmol for women
and 2.5 mg/mmol for men.

2.3. Study Outcomes

The primary endpoint of this study was CV mortality. In 2013, information regarding
the patients’ vital status and cause of death was obtained from records kept by the hospital,
general practitioners or the Municipal Personal Records Database. Causes of death were
classified based on the International Classification of Diseases, Ninth Revision (ICD-9)
coding system. CV death was specifically defined as a death whose principal cause was
attributed to CV reasons, using ICD-9 codes ranging from 390 to 459 [17].

2.4. Laboratory Measurements

Citrate levels were determined in ethylenediaminetetraacetic acid (EDTA) anticoagu-
lated plasma samples using nuclear magnetic resonance (NMR) spectroscopy at Labcorp
(Morrisville, NC, USA). A detailed description of this methodology has been previously
provided [18]. The stability of citrate in samples that were frozen at temperatures below
−70 ◦C for up to 12 years has been established. Inter-assay precision for NMR-measured
citrate exhibited coefficients of variation (%CV) ranging from 5.2% for a high-concentration
pool to 9.6% for a low-concentration pool. Total cholesterol, HDL cholesterol and triglyc-
erides and HbA1c were measured following routine laboratory methods as previously
described [17].

2.5. Statistical Analysis

Baseline descriptive statistics of the study population were presented in two different
formats. Continuous variables were expressed as means ± standard deviation (SD) or as
medians with interquartile ranges (IQR). Categorical variables were presented as numbers
along with their corresponding percentages (%). Baseline characteristics were stratified
based on the future occurrence of cardiovascular mortality and on the presence or absence
of macrovascular complications at baseline. To assess the differences in baseline character-
istics between different groups (patients with and without macrovascular complications
at baseline, and patients who died or not due to cardiovascular events during follow-up),
statistical tests were conducted. Differences in continuous variables were analyzed by inde-
pendent sample t-tests or Mann–Whitney U-tests where appropriate. Categorical variables
were analyzed using chi-square tests or Fisher’s exact tests, as appropriate. Kaplan–Meier
survival analysis was performed to assess survival distributions across tertiles of plasma
citrate levels, which were compared using log-rank tests. Survival time was defined from
baseline until the date of the last examination that participants attended, the date of their
cardiovascular death, or 2012 (last year of follow-up as census date). Univariable and
multivariable Cox proportional hazards regression analyses were performed to investigate
the associations between lipoprotein particles and the risk of developing microvascular
complications. Multivariable Cox proportional hazards regression models were constructed
by step-wise addition of potentially confounding factors which included age and sex (Model
2), disease duration, the presence of macrovascular complications and HbA1c levels (Model
3), statin use (Model 4), smoking, the use of anti-hypertensive drugs and systolic blood
pressure (Model 5). The results of Cox regression analyses were reported as hazard ra-
tios (HRs) with corresponding 95% confidence intervals (CIs). Plasma citrate levels were
standardized, and the HRs were expressed in 1-SD increments. The proportionality of
hazards assumption was checked to ensure that it was not violated. Statistical analysis was
conducted using SPSS Statistics 28.0 software (SPSS Inc., Chicago, IL, USA). A significance
level of p < 0.05 (two-tailed) was considered statistically significant.
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3. Results
3.1. Study Cohort Characteristics

Baseline characteristics were first compared between the patients who had macrovas-
cular complications at baseline and those who did not (Table 1). The patients with macrovas-
cular complications at baseline, i.e., angina pectoris, myocardial infarction, coronary artery
bypass grafting, percutaneous coronary intervention, stroke, transient ischemia attack or
peripheral vascular disease, died more frequently during the follow-up as compared to the
patients without macrovascular complications (29.1% vs. 14.3%, p < 0.001). The patients
with macrovascular complications at baseline were older, were more often male, had a
lower diastolic blood pressure, more often used statins and antihypertensive drugs, had
lower levels of total cholesterol and HDL cholesterol, and had lower renal function. Plasma
citrate levels did not significantly differ between the patients with and without macrovas-
cular complications at baseline. All the patients received diet and lifestyle advice and
glucose-lowering medication that consisted of metformin, sulfonylurea and insulin (alone
or in combination). Other glucose-lowering drugs were not used. Diabetes medication use
was not significantly different between the groups.

Table 1. Baseline characteristics of the study population divided by the presence or absence of
macrovascular complications at baseline.

Macrovascular
Complications at
Baseline (n = 223)

No Macrovascular
Complications at

Baseline
(n = 378)

p-Value

Age (years) 70.0 ± 9.5 66.0 ± 11.4 <0.001

Sex <0.001

Male, n (%) 117 (52.5) 137 (36.2)

Female, n (%) 106 (47.5) 241 (63.8)

BMI (kg/m2) 28.2 (25.2–31.6) 28.7 (26.0–31.2) 0.464

Disease duration (years) 5 (2–11) 4 (2–9) 0.062

CV mortality during follow-up,
n (%) 65 (29.1) 54 (14.3) <0.001

Systolic blood pressure
(mmHg) 150 (135–170) 150 (140–170) 0.078

Diastolic blood pressure
(mmHg) 80 (75–90) 85 (80–90) <0.001

Current smoking, n (%) 40 (18.0) 63 (16.8) 0.703

HbA1c (%) 7.2 (6.3–8.2) 7.1 (6.3–8.2) 0.596

HbA1c (mmol/mol) 55.2 (46.5–65.0) 54.1 (45.4–66.1) 0.596

eGFR (ml/min/1.73 m2) 65.7 (53.0–81.0) 71.0 (58.0–91.1) 0.003

Diabetes treatment at baseline 0.119

Diet alone, n (%) 16 (14.3) 33 (16.9)

Metformin, n (%) 43 (24.2) 71 (22.3)

SU derivatives, n (%) 91 (51.1) 180 (56.6)

Insulin, n (%) 32 (18.0) 40 (12.6)

Both (insulin + oral
antidiabetic), n (%) 7 (6.3) 15 (7.7)

Statin use, n (%) 41 (18.6) 28 (7.4) <0.001
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Table 1. Cont.

Macrovascular
Complications at
Baseline (n = 223)

No Macrovascular
Complications at

Baseline
(n = 378)

p-Value

Anti-hypertensive drugs, n (%) 137 (61.7) 147 (39.0) <0.001

Total cholesterol (mmol/L) 5.30 (4.70–6.10) 5.60 (4.90–6.40) 0.031

HDL cholesterol (mmol/L) 1.09 (0.92–1.29) 1.13 (0.94–1.40) 0.016

Triglycerides (mmol/L) 2.18 (1.53–3.27) 2.15 (1.56–3.21) 0.654

Plasma citrate (µmol/L) 124 (110–147) 123 (104–143) 0.139
Data are presented as mean ± SD, median (IQR) or as proportions (n) with corresponding percentages (%).
Abbreviations: BMI, body mass index; CV, cardiovascular; eGFR, estimated glomerular filtration rate; HbA1c;
hemoglobin A1c; HDL, high-density lipoprotein; and SU, sulfonylurea.

3.2. Plasma Citrate Levels and the Risk of Cardiovascular Mortality

During a median follow-up of 11.4 (IQR: 7.5–14.3) years, 119 of the 601 patients (19.8%)
(49 males (8.2%) and 70 females (11.6%)) died from a CV event. Of these, 23 patient (19.3%)
deaths were due to ischemic heart disease, 35 to a stroke (29.4%), and 61 (51.3%) to an
unspecified CV condition. Table 2 shows that the patients who died because of CV events
were older, had a longer diabetes duration, more frequently had a history of macrovascular
and microvascular complications, had higher HbA1c levels and had lower renal function.
Glucose-lowering medication and statin use were not significantly different between the
patients who died from CV causes compared to those who did not. The levels of total
cholesterol, HDL cholesterol and triglycerides were not significantly different between
the groups. Plasma citrate levels were higher in those who died from CV events during
follow-up compared to patients who survived (p < 0.001). In the whole cohort (n = 601), the
plasma citrate levels were higher in females (median 128 (IQR: 112–150) µmol/L) compared
to males (median 119 (IQR: 100–138) µmol/L, p < 0.001).

Table 2. Baseline characteristics of the study population divided by the occurrence of cardiovascular
(CV) mortality during follow-up.

CV Mortality during
Follow-Up (n = 119)

No CV Mortality
during Follow-Up

(n = 482)
p-Value

Age (years) 74.1 ± 7.9 65.9 ± 10.9 <0.001

Sex 0.789

Male, n (%) 49 (41.2) 205 (42.5)

Female, n (%) 70 (58.8) 277 (57.5)

BMI (kg/m2) 28.7 (25.7–31.1) 28.4 (25.7–31.5) 0.982

Disease duration (years) 6 (3–14) 4 (2–8) <0.001

Systolic blood pressure
(mmHg) 155 (140–170) 150 (140–170) 0.076

Diastolic blood pressure
(mmHg) 80 (75–90) 80 (80–90) 0.187

Current smoking, n (%) 22 (18.6) 81 (16.9) 0.655

History of macrovascular
complications, n (%) 65 (54.6) 158 (32.8) <0.001

History of microvascular
complications, n (%) 21 (70.0) 112 (45.0) 0.010
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Table 2. Cont.

CV Mortality during
Follow-Up (n = 119)

No CV Mortality
during Follow-Up

(n = 482)
p-Value

HbA1c (%) 7.3 (6.5–8.3) 7.0 (6.3–8.1) 0.026

HbA1c (mmol/mol) 56.3 (47.5–67.2) 53.0 (45.4–65.0) 0.026

eGFR (ml/min/1.73 m2) 59.0 (46.5–71.3) 72.4 (59.0–92.0) <0.001

Diabetes treatment at baseline 0.862

Diet alone, n (%) 6 (13.6) 43 (16.3)

Metformin, n (%) 33 (30.6) 81 (20.9)

SU derivatives, n (%) 53 (49.1) 218 (56.2)

Insulin, n (%) 20 (18.5) 52 (13.4)

Both, n (%) 4 (9.1) 18 (6.8)

Statin use, n (%) 11 (9.4) 58 (12.1) 0.416

Anti-hypertensive drugs, n (%) 60 (50.8) 224 (46.6) 0.404

Total cholesterol (mmol/L) 5.60 (4.80–6.30) 5.50 (4.80–6.30) 0.946

HDL cholesterol (mmol/L) 1.08 (0.88–1.30) 1.12 (0.94–1.36) 0.092

Triglycerides (mmol/L) 2.11 (1.46–2.97) 2.16 (1.58–3.25) 0.683

Plasma citrate (µmol/L) 138 (118–164) 120 (103–141) <0.001
Data are presented as mean ± SD, median (IQR) or as proportions (n) with corresponding percentages (%).
Abbreviations: BMI, body mass index; CV, cardiovascular; eGFR, estimated glomerular filtration rate; HbA1c;
hemoglobin A1c; HDL, high-density lipoprotein; and SU, sulfonylurea.

The Kaplan–Meier survival analysis demonstrated statistically significant differences
in survival distributions according to the tertiles of the plasma citrate levels (Figure 1,
log-rank test, p < 0.001).
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Figure 1. Kaplan–Meier survival curves for cardiovascular mortality according to tertiles of plasma
citrate levels (tertile 1: <110 µmol/L; tertile 2: 110–136 µmol/L; tertile 3 > 136 µmol/L) (log-rank test,
p < 0.001). Shaded areas indicate 95% confidence intervals.
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In the Cox proportional hazards regression analyses, the plasma citrate levels were
associated with the risk of CV mortality (Table 3; A, Model 1, HR per 1-SD increment
in plasma citrate levels was 1.48 (95% CI: 1.29–1.70), p < 0.001). After adjusting for age,
sex, disease duration, HbA1c levels and the presence of macrovascular complications,
this association remained (Table 3; A, Model 3, HR per 1-SD increment was 1.19 (95%
CI: 1.01–1.40), p = 0.040). When additionally adjusting for statin use, anti-hypertensive
medication, smoking and systolic blood pressure, the association between plasma citrate
levels and the risk of CV mortality was still evident (Model 5, HR per 1-SD increment was
1.19 (95% CI: 1.00–1.41), p = 0.045).

In the age-adjusted analysis, there was an interaction between sex and plasma citrate
levels on CV mortality (Pinteraction = 0.044). Therefore, we performed sex-stratified Cox
proportional hazards regression analyses (Table 3; B for males, Table 3; C for females).
There was a stronger association between plasma citrate levels and the risk of CV mortality
in males compared to females, whose results were only significant in the crude analysis. In
males, plasma citrate levels were significantly associated with risk of CV mortality after
adjusting for all covariates, both as continuous variables and as categorical variables.

Table 3. Cox proportional hazards regression analyses for associations between citrate concentrations
and the risk of cardiovascular (CV) mortality in patients with type 2 diabetes.

A
ALL Citrate T1 T2 T3

Model HR 95% CI p-value <110
µmol/L 110–136 µmol/L >136 µmol/L

1 1.48 1.29–1.70 <0.001 Reference 1.83 (1.08–3.13),
p = 0.026

3.35 (2.04–5.51),
p < 0.001

2 1.19 1.02–1.40 0.029 Reference 1.36 (0.80–2.32),
p = 0.264

1.84 (1.10–3.07),
p = 0.021

3 1.19 1.01–1.40 0.040 Reference 1.30 (0.76–2.23),
p = 0.335

1.67 (1.00–2.79),
p = 0.048

4 1.19 1.01–1.40 0.040 Reference 1.26 (0.73–2.16),
p = 0.409

1.65 (0.99–2.77),
p = 0.056

5 1.19 1.00–1.41 0.045 Reference 1.28 (0.74–2.20),
p = 0.375

1.57 (0.94–2.64),
p = 0.088

B
Males Citrate T1 T2 T3

Model HR 95% CI p-value <110
µmol/L 110–136 µmol/L >136 µmol/L

1 1.83 1.47–2.27 <0.001 Reference 4.54 (1.81–11.4),
p = 0.001

8.70 (3.55–21.3),
p < 0.001

2 1.40 1.08–1.80 0.010 Reference 2.55 (1.00–6.49),
p = 0.049

3.68 (1.44–9.41),
p = 0.006

3 1.42 1.08–1.88 0.013 Reference 2.53 (0.99–6.48),
p = 0.053

3.35 (1.31–8.62),
p = 0.012

4 1.48 1.13–1.95 0.005 Reference 3.07 (1.15–8.18),
p = 0.025

4.17 (1.54–11.3),
p = 0.005

5 1.50 1.13–2.00 0.006 Reference 3.05 (1.14–8.20),
p = 0.027

3.80 (1.39–10.4),
p = 0.009
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Table 3. Cont.

C
Females Citrate T1 T2 T3

Model HR 95% CI p-value <110
µmol/L 110–136 µmol/L >136 µmol/L

1 1.32 1.08–1.60 0.006 Reference 0.94 (0.48–1.85),
p = 0.851

1.78 (0.97–3.25),
p = 0.062

2 1.10 0.89–1.34 0.378 Reference 0.89 (0.45–1.76),
p = 0.747

1.22 (0.66–2.24),
p = 0.525

3 1.12 0.91–1.37 0.280 Reference 0.90 (0.46–1.79),
p = 0.771

1.25 (0.68–2.29),
p = 0.447

4 1.12 0.91–1.37 0.288 Reference 0.87 (0.43–1.72),
p = 0.679

1.23 (0.67–2.27),
p = 0.502

5 1.12 0.91–1.39 0.287 Reference 0.89 (0.44–1.78),
p = 0.736

1.21 (0.65–2.24),
p = 0.550

HRs are expressed per 1-SD increment. Model 1: crude. Model 2: model 1, plus age and sex. Model 3: model 2,
plus adjustment for disease duration, HbA1c and history of macrovascular complications. Model 4: model 3, with
adjustment for statin use. Model 5: model 4, with adjustment for smoking, antihypertensive drugs and systolic
blood pressure. Bold p-values indicate statistical significance.

In a secondary analysis, the association of citrate with CV mortality was determined
after the exclusion of participants who died within two years of follow-up. The association
remained in the fully adjusted model (Model 5, HR per 1-SD increment was 1.23 (95% CI:
1.03–1.46), p = 0.021) (Table 4; A). When analyzing the tertiles of the plasma citrate levels
as an independent variable, the association between the highest citrate tertile remained
associated with CV mortality when adjusted for age, sex, disease duration, HbA1c levels,
the presence of macrovascular complications at baseline and statin use (Model 4, T3 vs.
T1, HR per 1-SD increment was 1.69 (95% CI:1.00–2.88), p = 0.015). Furthermore, the sex
difference remained but only in the crude analysis (Pinteraction = 0.034) (Table 4; B and C).

Table 4. Cox proportional hazards regression analyses for associations between citrate concentrations
and the risk of cardiovascular (CV) mortality in patients with type 2 diabetes, while excluding patients
with less than two years of follow-up.

A
ALL Citrate T1 T2 T3

Model HR 95% CI p-value <110
µmol/L 110–136 µmol/L >136 µmol/L

1 1.51 1.31–1.74 <0.001 Reference 1.68 (0.96–2.92),
p = 0.068

3.39 (2.04–5.64),
p < 0.001

2 1.23 1.04–1.44 0.014 Reference 1.24 (0.71–2.17),
p = 0.447

1.88 (1.11–3.19),
p = 0.019

3 1.22 1.03–1.44 0.021 Reference 1.20 (0.69–2.10),
p = 0.525

1.71 (1.01–2.89),
p = 0.046

4 1.22 1.03–1.44 0.020 Reference 1.16 (0.66–2.03),
p = 0.615

1.69 (1.00–2.88),
p = 0.015

5 1.23 1.03–1.46 0.021 Reference 1.19 (0.67–2.09),
p = 0.552

1.61 (0.94–2.75),
p = 0.081
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Table 4. Cont.

B
Males Citrate T1 T2 T3

Model HR 95% CI p-value <110
µmol/L 110–136 µmol/L >136 µmol/L

1 1.85 1.48–2.31 <0.001 Reference 4.09 (1.61–10.4),
p = 0.003

8.17 (3.30–20.2),
p < 0.001

2 1.42 1.10–1.84 0.008 Reference 2.33 (0.90–5.99),
p = 0.081

3.50 (1.36–9.05),
p = 0.010

3 1.43 1.08–1.91 0.014 Reference 2.32 (0.89–6.01),
p = 0.085

3.09 (1.19–8.07),
p = 0.021

4 1.50 1.13–2.00 0.005 Reference 2.85 (1.05–7.72),
p = 0.040

3.91 (1.42–10.8),
p = 0.008

5 1.53 1.14–2.06 0.005 Reference 2.84 (1.04–7.76),
p = 0.042

3.48 (1.24–9.73),
p = 0.018

C
Females Citrate T1 T2 T3

Model HR 95% CI p-value <110
µmol/L 110–136 µmol/L >136 µmol/L

1 1.36 1.11–1.65 0.003 Reference 0.84 (0.41–1.73),
p = 0.643

1.87 (1.00–3.47),
p = 0.049

2 1.13 0.92–1.39 0.239 Reference 0.80 (0.39–1.64),
p = 0.540

1.29 (0.69–2.41),
p = 0.429

3 1.16 0.94–1.42 0.173 Reference 0.81 (0.39–1.66),
p = 0.560

1.32 (0.70–2.47),
p = 0.388

4 1.15 0.94–1.42 0.180 Reference 0.76 (0.37–1.58),
p = 0.462

1.30 (0.69–2.44),
p = 0.417

5 1.16 0.94–1.44 0.167 Reference 0.79 (0.38–1.64),
p = 0.522

1.28 (0.68–2.42),
p = 0.444

HRs are expressed in 1-SD increments. Model 1: crude. Model 2: model 1, plus age and sex. Model 3: model 2,
plus adjustment for disease duration, HbA1c and history of macrovascular complications. Model 4: model 3, with
adjustment for statin use. Model 5: model 4, with adjustment for smoking, antihypertensive drugs and systolic
blood pressure. Bold p-values indicate statistical significance. Bold p-values indicate statistical significance.

4. Discussion

We demonstrated that within a primary-care-based cohort of patients with established
T2D, higher circulating citrate concentrations are associated with an increased risk of
CV mortality, even after adjusting for established risk factors. This association varied
between the sexes, being present only in males. Collectively, our results suggest a potential
pathogenic involvement of citrate-related pathways, reflected by plasma citrate levels, in
the occurrence of CV death in patients with established T2D.

Mitochondrial dysfunction coincides with impaired fatty acid oxidation which con-
tributes to oxidative stress in individuals with T2D [9,19]. In particular, metabolic changes
in T2D involve an increased uptake of free fatty acids alongside the partial uncoupling
of the mitochondrial electron transport chain. This results in the overproduction of free
radicals, which culminates in oxidative stress. In line with this, serum free thiols as a proxy
of oxidative stress defense were inversely associated with incidental CVD, as well as in
subjects with T2D [20]. The concept of TCA abnormalities as a pathogenic mechanism
contributing to T2D development and a risk of complications has gained further support
from clinical observations in humans demonstrating elevated levels of ketone bodies to
predict new onset T2D and to be associated with glycemic control [21,22]. Furthermore,
the observed association between citrate levels and the risk of cardiovascular mortality in
T2D patients could also be mediated in the gut microbiome, whose altered composition
and functionality have been intricately associated with both T2D and the development of
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CVD [23]. For example, trimethylamine-N-oxide (TMAO), a liver-derived by-product of
microbial metabolism, has been implicated in the pathogenesis of CVD [24] and was also
found to be significantly associated with an increased risk of cardiovascular mortality in
the ZODIAC cohort [25].

An independent association of plasma citrate with CV mortality has been reported
in two large-scale prospective studies [13,14]. Another prospective study examined the
associations between TCA cycle components, including citrate, and the risk of developing
CV events and mortality after an acute coronary syndrome [26]. This study in high-
risk individuals identified positive associations of CV outcome with isocitrate, aconitate,
isocitrate, d/l-2-hydroxyglutarate and adverse outcomes but not with citrate. To our
knowledge, our finding of a robust association of citrate with CV mortality in a T2D
population, in particular in men, has not been documented before.

Plasma citrate levels are higher in females than in males [11,27], as confirmed here.
A striking observation of our study is that the association of citrate with CV mortality
was pertinent in males only. Such a sexual dimorphism has also been found recently
in a study showing increased plasma citrate levels with more advanced stages of liver
cirrhosis [27], but the responsible mechanisms remain poorly understood. In male but not
female rats, mitochondrial citrate synthase declines with age and is affected by diet [28].
Another large study identified sex differences in mitochondrial function, with male mice
showing reduced function compared to female mice, which could be explained by their
genetic make-up [29]. Another study in aging monkeys also demonstrated sex differences
in mitochondrial metabolic pathways in cardiac tissue [30]. In humans with obesity, sex
differences were identified for lipid compounds involved in the coupling of mitochondrial
fatty acid transport, β-oxidation and TCA cycle flux [31].

The strengths of this study include the well-documented nature of this cohort, the
large sample size and its prospective design. Since the association between plasma citrate
levels and CV mortality remained present after excluding patients who died within two
years of follow-up, the risk of reverse causation seems unlikely. Our study’s limitations also
warrant recognition. This cohort consisted of primarily Dutch patients who were White,
which could limit the generalizability of our findings. Also, the descriptive nature of our
study precludes us from inferring causality. In other words, we were unable to pinpoint the
exact mechanism underlying the observed association between plasma citrate levels and the
risk of CV mortality in patients with T2D. Instead, we can only speculate about impaired
mitochondrial functioning as a potential factor contributing to this. Furthermore, we lacked
data on some potentially relevant confounders in this study, e.g., the habitual dietary intake
of patients. Finally, since this cohort was primarily followed in the first decade of the
21st century, novel glucose-lowering medications, like GLP-1 receptor agonists or SGLT2
inhibitors, were not in use yet, as these drugs were not available in the time frame of the
current study.

In conclusion, plasma citrate levels, as a proxy for TCA or citric acid cycle disturbances
and mitochondrial dysfunction, are associated with an increased risk of CV mortality in
patients with established T2D. Future research is required to understand the mechanistic
underpinnings of this association.
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