
 

 

 University of Groningen

Plasma creatine and incident type 2 diabetes in a general population-based cohort
Post, Adrian; Groothof, Dion; Schutten, Joëlle C; Flores-Guerrero, Jose L; Casper Swarte, J;
Douwes, Rianne M; Kema, Ido P; de Boer, Rudolf A; Garcia, Erwin; Connelly, Marge A
Published in:
Clinical Endocrinology

DOI:
10.1111/cen.14396

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Post, A., Groothof, D., Schutten, J. C., Flores-Guerrero, J. L., Casper Swarte, J., Douwes, R. M., Kema, I.
P., de Boer, R. A., Garcia, E., Connelly, M. A., Wallimann, T., Dullaart, R. P. F., Franssen, C. F. M., &
Bakker, S. J. L. (2021). Plasma creatine and incident type 2 diabetes in a general population-based cohort:
The PREVEND study. Clinical Endocrinology. https://doi.org/10.1111/cen.14396

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 23-05-2023

https://doi.org/10.1111/cen.14396
https://research.rug.nl/en/publications/83a49c91-e214-4c8c-80cd-82a4ef759342
https://doi.org/10.1111/cen.14396


A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved 

 

MR ADRIAN  POST (Orcid ID : 0000-0001-8645-1627) 

MISS JOËLLE CATHARINA SCHUTTEN (Orcid ID : 0000-0003-3349-0045) 

DR JOSE L  FLORES-GUERRERO (Orcid ID : 0000-0002-6094-2206) 

 

 

Article type      :  Original Article 

 

 

Plasma Creatine and Incident Type 2 Diabetes in a General 

Population-Based Cohort: The PREVEND Study 

Adrian Post 1, Dion Groothof 1, Joëlle C. Schutten 1, Jose L. Flores-Guerrero 1, J. Casper 

Swarte 1, Rianne M. Douwes 1, Ido. P. Kema 2, Rudolf A. de Boer3, Erwin Garcia4, Marge 

A. Connelly 4, Theo Wallimann5, Robin P.F. Dullaart1, Casper F.M. Franssen 1 and 

Stephan J.L. Bakker1. 

1 Department of Internal Medicine, University Medical Center Groningen, University of Groningen, 

Groningen, The Netherlands. 

2 Department of Laboratory Medicine, University Medical Center Groningen, University of Groningen, 

Groningen, The Netherlands. 

3 Department of Cardiology, University Medical Center Groningen, University of Groningen, 

Groningen, The Netherlands. 

4 Laboratory Corporation of America Holdings (LabCorp), Morrisville, NC, USA. 

5 Department of Biology, ETH Zurich, Zurich, Switzerland.  

 

 

Running title: 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved 

Plasma Creatine and Type 2 Diabetes 

 

Email addresses according to author list: 

a.post01@umcg.nl; d.groothof@umcg.nl; j.c.schutten@umcg.nl; j.l.flores.guerrero@umcg.nl; 

j.c.swarte@umcg.nl; r.m.douwes@umcg.nl; i.p.kema@umcg.nl; r.a.de.boer@umcg.nl; 

garce14@labcorp.com; connem5@labcorp.com; theo.wallimann@cell.biol.ethz.ch; 

dull.fam@12move.nl; c.f.m.franssen@umcg.nl; s.j.l.bakker@umcg.nl 

 

Corresponding author: 

Adrian Post  

Department of Internal Medicine, Division of Nephrology 

University Medical Center Groningen 

9700 RB Groningen, the Netherlands 

Phone: +31649653442, Email: a.post01@umcg.nl 

 

Funding: None  

 

Word count: 4510 (abstract 303) 

 

Data Share Statement 

Data described in the manuscript, code book, and analytic code will be made available upon 

request of the editor. 

 

 

 

Abstract 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved 

Background  

Type 2 diabetes is associated with both impaired insulin action at target tissues and impaired 

insulin secretion in pancreatic beta-cells. Mitochondrial dysfunction may play a role in both 

insulin resistance and impaired insulin secretion. Plasma creatine has been proposed as a 

potential marker for mitochondrial dysfunction. We aimed to investigate the association 

between plasma creatine and incident type 2 diabetes.  

Methods  

We measured fasting plasma creatine concentrations by nuclear magnetic resonance 

spectroscopy in participants of the general population-based PREVEND study. The study 

outcome was incident type 2 diabetes, defined as a fasting plasma glucose ≥7.0 mmol/l (126 

mg/dl); a random sample plasma glucose ≥11.1 mmol/l (200 mg/dl); self-report of a physician 

diagnosis or the use of glucose lowering medications based on a central pharmacy registration. 

Associations of plasma creatine with type 2 diabetes were quantified using Cox proportional 

hazards models and were adjusted for potential confounders.  

Results  

We included 4,735 participants aged 52 ± 11 years, of whom 49% were male. Mean plasma 

creatine concentrations were 36.7 ± 17.6 µmol/L, with lower concentrations in males than in 

females (30.4 ± 15.1 µmol/L versus 42.7 ± 17.7 µmol/L; P for difference <0.001). During 7.3 

[6.2 – 7.7] years of follow-up, 235 (5.4%) participants developed incident type 2 diabetes. 

Higher plasma creatine concentrations were associated with an increased risk of incident type 

2 diabetes (HR per SD change: 1.27 [95% CI: 1.11 – 1.44]; P<0.001), independent of potential 

confounders. This association was strongly modified by sex (P interaction <0.001). Higher 

plasma creatine was associated with an increased risk of incident type 2 diabetes in males (HR: 

1.40 [1.17 – 1.67]; P<0.001), but not in females (HR: 1.10 [0.90 – 1.34]; P=0.37).  
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Conclusion  

Fasting plasma creatine concentrations are lower in males than in females. Higher plasma 

creatine is associated with an increased risk of type 2 diabetes in males. 

 

Keywords 

Creatine; Type 2 Diabetes; General population. 

 

Introduction 

Type 2 diabetes is the most common metabolic disease and it is one of the leading causes for 

blindness, cardiovascular disease and end-stage kidney disease 1,2. Insulin resistance at target 

tissues and an impaired insulin secretion in pancreatic beta-cells are central to the 

development of type 2 diabetes 3-5. Increasing evidence suggests that mitochondria play a role 

in both processes and mitochondrial dysfunction has therefore been implicated a key role in 

the development of type 2 diabetes 2,6-9. Creatine is a natural nitrogenous organic acid that is 

integral to cellular energy metabolism. It should be differentiated from creatinine, which is a 

product arising from non-enzymatic degradation of creatine and creatine phosphate 10. 

Circulating creatine, either derived from animal-based protein sources in the diet, from 

endogenous production or both, is actively transported into tissues by the creatine transporter 

(CRT;SLC6A8) 11. Data demonstrating a relationship between a high extracellular creatine 

concentration and a low intracellular phosphocreatine:creatine ratio 12, a reflection of a low 

cellular energetic state, have led to the hypothesis that plasma creatine is a biomarker for 

mitochondrial dysfunction 12,13. Indeed, elevated plasma creatine concentrations have been 

found in a variety of mitochondrial diseases 12,14-16. However, to date, no studies have 

explored plasma creatine in relation to incident type 2 diabetes. Therefore, in the current 

study, we aimed to determine the plasma creatine concentrations in a large population based-
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cohort in order to cross-sectionally investigate the determinants of plasma creatine 

concentrations and to prospectively investigate the association of plasma creatine with 

incident type 2 diabetes. Given the established sex-differences in the rates of type 2 diabetes 

development 17,18 and the fact that location of the creatine transporter gene resides on the X-

chromosome 19,20, we also aimed to evaluate potential effect-modification by sex and to 

perform sex-stratified analyses.  

Methods 

Study design and participants 

The current study was conducted within the framework of the Prevention of Renal and Vascular 

End-stage Disease (PREVEND) study. PREVEND is an observational prospective cohort study 

which investigates the prevalence and consequences of microalbuminuria in adults of the city 

of Groningen (The Netherlands). The objectives and design have been described in detail 

elsewhere 21 . In brief, during 1997 and 1998, all 85,421 inhabitants of the city of Groningen 

between the ages of 28 and 75 years were invited to participate in the study and were sent a 

one-page questionnaire regarding demographics, cardiovascular morbidity, use of medication, 

menstruation, and pregnancy along with a vial to collect a first morning void urine sample. A 

total of 40,856 (47.8%) responded, in whom the urinary albumin concentration was determined. 

Because of the well-established link between cardiovascular or renal disease and 

microalbuminuria in individuals with insulin-dependent diabetes mellitus these individuals 

were excluded from the PREVEND study. Since pregnant females may present with temporary 

microalbuminuria, pregnant females were also excluded. After further exclusion of individuals 

unable or unwilling to participate in the study, a total of 6,000 individuals with a urinary 

albumin concentration of 10 mg/l or greater and a randomly chosen control group of 2,592 

individuals with a urinary albumin concentration of less than 10 mg/l completed the screening 

protocol and constitute the PREVEND cohort (n=8,592). A second screening round took place 
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from 2001 to 2003, encompassing 6,894 participants and was considered the ‘baseline’ for the 

current study. We excluded participants with type 2 diabetes at baseline, participants with no 

data on plasma creatine concentration and participants with no follow-up data on the incidence 

of type 2 diabetes, leading to a total of 4,375 participants for the current study. Detailed 

information on the flow of participants through the study is provided in Figure S1. The 

PREVEND study has been approved by the local medical ethics committee and was undertaken 

in accordance with the Declaration of Helsinki. All participants provided written informed 

consent. 

 

Clinical and laboratory measurements 

Each screening comprised two visits to an outpatient clinic separated by three weeks 10. Self-

administered questionnaires concerning demographics, cardiovascular and renal disease 

history, smoking habits, and medication use were provided by all participants prior to the first 

visit. Information on medication use was combined with information from IADB.nl, a data base 

containing information of prescribed medication in public pharmacies in The Netherlands since 

1999 (http://www.iadb.nl/). Height and weight were measured with the participants standing 

without shoes and heavy outer garments. Body mass index (BMI) was calculated by dividing 

weight in kilograms by height, in meters, squared. Systolic and diastolic blood pressure were 

measured on the right arm and calculated as the arithmetic mean of the last two measurements 

of the two visits using an automatic Dinamap XL Model 9300 series device. Baseline EDTA 

plasma samples were drawn between 8:00 and 10:00 a.m. from all participants and aliquots of 

these samples were immediately stockpiled at -80 °C until analysis.  

 

Creatine was measured using a Vantera® NMR Clinical Analyzer (LabCorp, Raleigh, NC). We 

performed creatine measurements in EDTA plasma samples of participants who had been 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved 

instructed to perform an overnight fast, which minimalizes a potential influence of alimentary 

creatinine ingested with fish or meat on circulating creatine concentrations 22. Plasma samples 

were mixed (3:1 v/v) with citrate/phosphate buffer to adjust the pH to 5.3. This was necessary 

to separate the creatine and creatinine peaks, which overlap at physiological pH, to allow 

accurate quantification. Proton NMR spectra were acquired as previously described 23,24. The 

creatine peak (3.00 ppm) was quantified using a proprietary lineshape deconvolution by a non-

negative least squares fitting algorithm which models the peak as Lorentzian and Gaussian 

lineshapes. The creatine signal amplitudes were converted to concentration units (µmol/L) 

using an empirical factor determined from standard spiking. Creatine results (n=44) from the 

NMR quantification software agrees well with routine enzymatic (creatinase) / 

spectrophotometry assay (R2 = 0.995, slope = 0.99, intercept = 12.2). The coefficient of 

variation for intra- and inter-assay precision for the NMR assay was 4.0 – 4.9%.   

 

Serum creatinine was measured with an enzymatic method on a Roche Modular analyzer, using 

reagents and calibrators from Roche (Roche Diagnostics, Mannheim, Germany). Fasting 

plasma glucose was measured by dry chemistry (Eastman Kodak, Rochester, NY, USA). Total 

cholesterol, HDL-cholesterol triglycerides, insulin, serum creatinine, and serum cystatin C were 

measured using standard protocols, which have been described previously 25-28. Estimated 

glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease 

Epidemiology Collaboration (CKD-EPI) combined creatinine–cystatin C equation 29.  

The homeostatic model assessment for insulin resistance (HOMA-IR) and the homeostatic 

model assessment for beta cell function (HOMA-β) were calculated as follows: 

HOMA-IR = (fasting plasma insulin (mU/L) * fasting plasma glucose (mmol/L))/22.5.  

HOMA-β (%) = 20 * fasting plasma insulin (mU/L)/(fasting plasma glucose (mmol/L) * 3.5).  
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The homeostatic model assessments were calculated and analyzed only in the subset of  

participants with a fasting glucose >4.5 mmol/L and a fasting insulin >5 mU/L, since the 

interpretation of HOMA-IR and HOMA-β is invalid when calculated using fasting <4.5 mmol/L 

or an insulin <5 mU/L 30.  

Outcome 

The outcome of the present study was incident type 2 diabetes. Type 2 diabetes was defined as 

a fasting plasma glucose greater than 7.0 mmol/l, a non-fasting plasma glucose greater than 

11.1 mmol/l, self-report of a physician diagnosis, or the use of anti-diabetic drugs. Follow-up 

time for incident type 2 diabetes was estimated using a midpoint imputation method and 

censoring was defined as the exact date of loss to follow-up or the end of the follow-up period, 

whichever came first.  

 

Statistical analyses 

Statistical analyses were performed with R version 3.6.1 (Vienna, Austria) (http://cran.r-

project.org/). Results were expressed as mean ±  standard deviation (SD), median [interquartile 

range], or number (percentage) for normally distributed, skewed, and categorical data, 

respectively. A two-sided P value <0.05 was considered to indicate statistical significance. 

Baseline characteristics are presented for the whole cohort and according to sex. Differences in 

baseline characteristics between males and females are tested using independent sample t-test, 

Wilcoxon-Mann Whitney test, or Chi-Square test. Multivariable linear regression was used to 

assess the association of plasma creatine concentrations with baseline variables. Regression 

models were adjusted for age and sex. For these analyses, regression coefficients were given as 

standardized beta values, referring to the number of standard deviations a dependent variable 

changes per standard deviation increase in the independent variable, thereby allowing for 

comparison of the strength of the associations of different variables. Potential modification by 
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sex was explored by including product terms to the age and sex adjusted models. A Pinteraction 

<0.10 was considered to indicate significant modification. Analyses were performed for the 

total population and stratified according to sex. The assumption of normally distributed error 

terms was validated by inspection of Q-Q plots of the residuals.  

Cox proportional hazards models were used to investigate the associations of plasma creatine 

concentrations with incident type 2 diabetes. Hazards ratios were computed per standard 

deviation increase in plasma creatine. The proportional hazards assumption was verified 

visually with plots of the scaled Schoenfeld residuals and was not violated in any of the models. 

Potential modification of the effect of plasma creatine on the risk of type 2 diabetes by sex was 

explored by including product terms in the model. Analyses were performed for the total 

population and stratified according to sex. Adjustments were made for a priori selected 

variables, including age, sex, BMI, eGFR, urinary albumin excretion, systolic blood pressure, 

NT-ProBNP, total cholesterol, HDL-cholesterol, triglycerides, parental history of type 2 

diabetes, alcohol intake, smoking status, plasma glucose and plasma insulin. Lastly, in separate 

models including a subset of the data 30, adjustments were made for HOMA-IR and HOMA-β. 

To account for potential bias that could result from the exclusion of participants with missing 

values 31, multiple imputation using Fully Conditional Specification was performed to obtain 5 

imputed data sets, in which Rubin’s rules were applied to acquire pooled estimates of the 

regression coefficients and their standard errors across the imputed data sets 31,32. Apart from 

the baseline table and unless otherwise stated, analyses were performed using imputed data sets. 

To visualize the continuous associations of plasma creatine with type 2 diabetes, plasma 

creatine, as a continuous variable, was plotted against the risk of type 2 diabetes. Sensitivity 

analyses were conducted to evaluate the robustness of the findings, wherein any potential bias  

caused by outliers in plasma creatine was accounted for by excluding participants with plasma 

creatine values in the highest and lowest 2.5 percentiles. Similarly, an additional sensitivity 
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analysis was performed in which participants with plasma creatine values in the highest 5 

percentiles were excluded. Given the strong predictive value of glucose, we performed an 

additional sensitivity analysis after exclusion of participants with an impaired fasting glucose, 

defined as a fasting glucose between 5.6 and 6.9 mmol/L 17. Furthermore, we performed 

sensitivity analyses in which we excluded participants with micro- and macroalbuminuria, i.e. 

a urinary albumin excretion >30 mg per 24-h. Lastly, to account for possibility of maternal 

inheritance of type 2 diabetes, we performed a sensitivity analyses after exclusion of 

participants whose mother was diagnosed with type 2 diabetes. 
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Results 

Baseline characteristics  

The mean age of the 4375 participants was 52 ± 11 years of whom 2123 (49%) were male. 

Baseline plasma creatine concentrations was 36.7 ± 17.6 µmol/L. Plasma creatine 

concentrations were substantially higher in females than males (42.7 ± 17.7 µmol/L vs 30.4 ± 

15.1 µmol/L; P<0.001). Unlike creatine, plasma creatinine (the product of non-enzymatic 

conversion of creatine and creatine phosphate) was higher in males than females (79.8 ± 14.0 

µmol/L vs 64.7 ± 10.4 µmol/L; P<0.001). The distributions of plasma creatine concentrations 

for the whole cohort and separately for males and females are shown in Figure 1. A scatterplot 

of plasma creatine versus plasma creatinine concentrations in males and females is shown in 

Figure S2. Among females, plasma creatine was higher in postmenopausal females, as 

compared to premenopausal females (45.5 ± 18.1 μmol/ L versus 40.0 ± 17.0 μmol/L; P<0.001). 

The distributions of plasma creatine concentrations in pre- and postmenopausal females are 

shown in Figure S3. Unlike plasma creatine, plasma creatinine did not differ between 

postmenopausal and premenopausal females (64.9 ± 11.4 vs 64.5 ± 9.5 µmol/L; P=0.36). 

Baseline characteristics of the study participants according to sex are shown in Table 1. Males 

had higher age, BMI, waist circumference, systolic blood pressure, diastolic blood pressure, 

urinary albumin excretion, alcohol intake, triglycerides, plasma glucose and plasma insulin, 

compared to females (all P<0.05). Females had higher NT-ProBNP and HDL-cholesterol 

compared to males (both P<0.05).   

 

Linear regression analyses 

Multivariable linear regression analyses are shown in Table 2. Baseline plasma creatine was 

positively associated with age, BMI, waist circumference, eGFR, urinary albumin excretion, 

smoking status, total cholesterol, triglycerides, glucose, insulin and HOMA-IR in both males 
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and females (all P<0.05), all with higher standardized beta values in males than in females. 

Baseline creatine was positively associated with systolic blood pressure, diastolic blood 

pressure and alcohol intake in males, but not in females. Plasma creatine was inversely 

associated with plasma creatinine, NT-ProBNP and HDL-cholesterol in both males and females 

(all P<0.05). Modification by sex was found for age, BMI, waist circumference, diastolic blood 

pressure, smoking status, alcohol intake, HDL-cholesterol, triglycerides, and glucose (all P 

interaction < 0.10). 

 

Prospective analyses 

Among 4.375 participants at risk, 235 (5.4%) developed incident type 2 diabetes during a 

follow-up of 7.3 [6.2 – 7.7] years. Among 2123 males and 2252 females at risk, 144 (6.8%) 

males and 91 (4.0%) females developed incident type 2 diabetes. Participants who developed 

incident type 2 diabetes had significantly higher plasma creatine concentrations compared to 

those who did not develop type 2 diabetes (41.8 ± 18.9 µmol/L versus 36.5 ± 17.5 µmol/L; 

P<0.001). An overview of Cox regression analyses is shown in Table 3. For every standard 

deviation increase in plasma creatine, the hazard ratio for incident type 2 diabetes was 1.32 

(95%CI: 1.18 – 1.48; P<0.001). After subsequent adjustment for age, sex and BMI, the hazard 

ratio changed to 1.28 (95%CI 1.13 – 1.46; P<0.001). Further adjustment for other potential 

confounders, including eGFR, systolic blood pressure, diastolic blood pressure, NT-ProBNP, 

total cholesterol, HDL-cholesterol, triglycerides, parental history of type 2 diabetes, alcohol 

intake, smoking status, plasma glucose and plasma insulin, did not materially change the 

association. The association between plasma creatine and incident type 2 diabetes was subject 

to substantial effect-modification by sex, as evidenced by a significant interaction term 

(P<0.001). Sex-stratified analyses of the association between plasma creatine and type 2 

diabetes indicate that the association in the whole cohort is primarily driven by an effect in 
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males. In males, plasma creatine was strongly associated with the risk of incident type 2 

diabetes. For every standard deviation increase in plasma creatine, the crude hazard ratio for 

incident type 2 diabetes in males was 1.69 (95%CI: 1.49 – 1.97; P<0.001). After subsequent 

adjustment for age and BMI the hazard ratio changed to 1.41 (95%CI 1.19 – 1.67). Further 

adjustment for the other potential confounders did not materially change the association. In 

females, plasma creatine was associated with an increased risk of incident type 2 diabetes in 

the crude model, HR: 1.29 (95%CI: 1.07 – 1.56; P=0.009). However, this association lost 

significance after adjustment for age and BMI (HR: 1.11 (95%CI: 0.91 – 1.35; P=0.29)). A 

graphical representation of the sex-based differences in the association between plasma creatine 

and the risk of incident type 2 diabetes is shown in Figure 2.  

Adjustments for homeostatic model assessment of insulin resistance (HOMA-IR) and beta-cell 

function (HOMA-β) were performed in a subset of the participants with data available on these 

parameters. Cox regression models with adjustments for HOMA-IR and HOMA-β are shown 

separately in Table 4. The associations of plasma creatine with type 2 diabetes did not 

materially change after adjustment for HOMA-IR and HOMA-β.  

 

Sensitivity analyses 

Firstly, to determine the influence of potential outliers on the found associations we performed 

sensitivity analyses after exclusion of outliers in plasma creatine. Cox regression analyses of 

plasma creatine with incident type 2 diabetes after exclusion of participants with plasma 

creatine in the highest or lowest 2.5 percentiles are shown in Table S1. Cox regression analyses 

of plasma creatine with incident type 2 diabetes after exclusion of participants with plasma 

creatine in the highest 5 percentiles are shown in Table S2. In both sensitivity analyses, 

exclusion of outliers in plasma creatine did not materially change the association between 

plasma creatine and incident type 2 diabetes. Given the strong predictive value of glucose, we 
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also performed a sensitivity analysis after exclusion of participants with impaired fasting 

glucose, which is shown in Table S3. Excluding participants with impaired fasting glucose did 

not materially change the associations.  Cox regression analyses of plasma creatine with 

incident type 2 diabetes after exclusion of participants with a urinary albumin excretion >30 

mg per 24-h are shown in Table S4. Exclusion of participants with a urinary albumin excretion 

>30 mg per 24-h did not materially change the associations of plasma creatine with incident 

type 2 diabetes. We also investigated the possibility of bias introduced by maternal inheritance 

of type 2 diabetes. Cox regression analyses of plasma creatine with incident type 2 diabetes 

after exclusion of participants whose mothers were diagnosed with type 2 diabetes are shown 

in Table S5. Exclusion of participants whose mothers were diagnosed with type 2 diabetes also 

did again not materially change the associations.  

Lastly, to investigate whether a similar association of plasma creatinine (the product of non-

enzymatic conversion of creatine and creatine phosphate) with incident type 2 diabetes could 

be present, we performed a Cox regression analysis for the association of plasma creatinine 

concentrations with incident type 2 diabetes in the overall population and in males and females 

separately. In these crude analyses, we found no significant association between plasma 

creatinine and incident type 2 diabetes in the overall population (HR: 1.04 (95%CI: 0.94 - 1.14; 

P=0.46). The same was true in separate analyses in males (HR: 0.89 (95%CI: 0.89 – 1.11; 

P=0.30)) and females (HR: 0.91 (95%CI: 0.63 – 1.30; P=0.60)). 
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Discussion 

In this population-based cohort, we validated that plasma creatine concentrations are lower in 

males than in females. In time-to-event analyses, higher plasma creatine was independently 

associated with an increased risk of incident type 2 diabetes, and we demonstrate that this 

association between plasma creatine concentration and the risk of incident type 2 diabetes is 

heavily modified by sex, with higher plasma creatine being independently associated with an 

increased risk of incident type 2 diabetes in males, but not in females.  

Creatine plays a crucial bioenergetic role in adenosine triphosphate turnover and is 

especially important in tissues with high and fluctuating energetic demands, i.e. skeletal 

muscles, brain and heart 33,34.  In omnivorous humans, creatine is synthesized endogenously, 

but also ingested through the diet 35. The first step of the biochemical synthesis of creatine is a 

facilitated by the enzyme arginine:glycine amidinotransferase (AGAT), which converts 

arginine and glycine into guanidinoacetate, and it is at this step that regulation of endogenous 

creatine synthesis occurs 36-40. In humans, highest AGAT activities are present in kidney and 

pancreas, while other tissues, such as brain and testes, express lower activities of AGAT 41,42. 

The high expression of AGAT in the kidneys likely explains the strongly positive association 

we found between plasma creatine concentration and kidney function. Generally, due to a 

reduction in clearance, plasma concentrations of small water-soluble molecules increase with 

decreasing kidney function. However, we found that lower kidney function was associated with 

lower plasma creatine, confirming that kidney mass is likely for a large part responsible for 

endogenous biosynthesis of creatine in humans 35,43. The second step of endogenous creatine 

synthesis is facilitated by the liver enzyme guanidinoacetate N-methyltransferase (GAMT), 

converting guanidinoacetate to creatine by performing a methylation step, which interestingly, 

uses up to 40% of all endogenously generated S-adenosylmethionine 44,45. The importance of 

creatine and endogenous creatine synthesis become apparent from the rare inherited AGAT and 
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GAMT deficiency syndromes, leading to severe mental retardation, autism, movement 

disorders and epilepsy 46. After being released into the circulation, creatine is transported into 

tissues by the Creatine Transporter 1 (CrT1), encoded by the SLC6A8 gene, located on the X-

chromosome 47. Through the years, several sex-based differences in creatine homeostasis have 

been identified. Rates of endogenous creatine biosynthesis in females has been found to be 70-

80% lower than in males 41, which is also reflected by lower serum guanidinoacetate 

concentrations in females than in males 48. Usually, dietary creatine intake is also lower in 

females than in males 41. Despite the lower production and intake in females, we found 

significantly higher plasma concentrations of creatine in females, compared to males. In 1989, 

Delanghe et al. investigated potential sex-based differences in serum creatine in a small 

population of 60 healthy adults, and also found significantly higher creatine concentrations in 

females compared to males 49. In their study, serum creatine was on average 9.4 μmol/L higher 

in females than in males 49. In our present study, we found a comparable average difference of 

12.3 μmol/L. Interestingly, the trend of higher creatine concentrations in females was also found 

in biopsies of the vastus lateralis muscle, where females had 10% higher intracellular creatine 

concentrations compared to males 50. This difference could not be attributed to differences in 

the proportion of fast and slow twitch fibers.  

In our study, within the females, we found a higher plasma creatine concentration in 

females that were postmenopausal, as compared to premenopausal. A potential explanation for 

the higher postmenopausal plasma creatine concentrations might be the fact that estrogens are 

able to activate AMP-activated protein kinase (AMPK), which down-regulates the creatine 

transporter in the proximal tubulus, leading to enhanced creatine excretion 51-53.  

Sex is known to influence not only creatine homeostasis but also the incidence of type 

2 diabetes. Studies have demonstrated that females are more prone to youth onset type 2 

diabetes, whereas males are more prone to midlife type 2 diabetes 18,54. In the current study, 
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where the mean age was 52 years, and we also found a higher incidence of type diabetes in 

males. Sex-based differences in disease incidences, such as these, have led to editorial 

statements calling for clinical trials and large observational studies to report on sex-stratified 

results 55,56. In the current study we demonstrate that there are sex-based differences in both 

plasma creatine, type 2 diabetes and the interrelation between the plasma creatine and diabetes. 

Plasma creatine was more strongly associated with traditional risk factors for type 2 diabetes 

(amongst others weight, waist circumference, blood pressure, smoking status, and parental 

history of diabetes) in males than in females. Additionally, plasma creatine itself was strongly 

associated with an increased risk of incident type 2 diabetes in males, but not in females. 

Interestingly in this context, by a recent metabolomic study of human erythrocytes, it was 

shown that the creatine content of erythrocytes in patients with type 2 diabetes was also higher 

than that of healthy controls 57. Unfortunately, no sex-stratified analyses were performed in this 

study. Although we are unable to explore the underlying mechanisms of the association of 

plasma creatine with incident type 2 diabetes, it may be speculated that it is related to 

mitochondrial dysfunction, a pivotal mechanism involved in the pathophysiology underlying 

type 2 diabetes 2,6-9, for which plasma creatine has been hypothesized as a potential biomarker 

12,13. Interestingly, studies have demonstrated that estrogens have protective effects on 

mitochondrial functions 58. A possible explanation for the found sex-based difference is that 

males are more prone to mitochondrial dysfunction leading to type 2 diabetes, for which high 

creatine may be an early biomarker. Additionally, it is possible that estrogens have a protective 

effect against the development of insulin resistance and hyperinsulinemia, and that in 

participants prone to developing type 2 diabetes, higher insulin levels inhibit AMPK, which in 

turn stimulates creatine transport in the proximal tubulus, leading to higher plasma creatine 

concentrations 59,60. In the current study, compared to females, males had more traditional risk 

factors for diabetes, including higher waist circumference, higher blood pressure and higher 
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triglyceride levels, and males also had the highest incident rate for type 2 diabetes. Nonetheless, 

males had the lowest creatine concentrations. This paradox may partially be explained by the 

results of the linear regression analyses, where it is shown that plasma creatine is more strongly 

associated with traditional risk factors in males than in females. For example, the standardized 

beta of the association between plasma creatine and triglycerides is nearly twice as high in 

males as in females. In addition, the association between plasma creatine and systolic blood 

pressure is significant in males, but not in females. One possibility is that homeostasis of 

circulating creatine concentrations is different among males and females, and that it is more 

affected by metabolic disturbances in males.    

 Regardless of the underlying mechanisms, the findings of the current study further 

underscore the need for sex-stratified analyses in studies regarding creatine homeostasis or type 

2 diabetes.  

Worth noting is that this study only investigated the association of plasma creatine in 

participants not taking creatine supplements and that these findings do not implicate an adverse 

effect of creatine supplementation. In contrast, a small-scale clinical trial has demonstrated that 

creatine supplementation in combination with an exercise program is able to improve glycemic 

control in type 2 diabetes 61.  

Noteworthy strengths of this study were the size of the study, the long-term follow-up, 

and the extensive data collection, allowing for the adjustment for a wide variety of potential 

confounders.  However, there are several limitations that should be addressed, including the 

fact that the evaluation of plasma creatine in the current study was based on a single 

measurement, rather than on repeated measurements over time. Circulating creatine 

concentrations are known to follow diurnal variations, which have been shown to be mainly 

attributable to post-prandial effects of ingestion of alimentary creatine with meals containing 

meat or fish, leading to temporary increases in circulating creatine concentrations which are in 
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proportion to the amount of creatine ingested with food 22. The plasma samples in the current 

study were obtained between 8:00 and 10:00 a.m. after an overnight fast prior to blood 

collection, which minimalizes a potential influence of alimentary creatinine ingested with fish 

or meat on circulating creatine concentrations 22. According to data of Pasternack et al., 

circulating creatine concentrations remain stable over the day if subjects remain in the fasting 

state, with  an intra-individual variation over the day of ~10% 22. However, several other 

limitations of this study need to be addressed. Firstly, due to the observational design of this 

study, we were unable to investigate whether the relationship between plasma creatine and 

incident type 2 diabetes is causal or associative. Similarly, the observational design of this study 

does not allow to elucidate the biological mechanisms underlying the association of plasma 

creatine and incident type 2 diabetes.  

In conclusion, we demonstrated that plasma creatine concentrations are lower in males 

than in females. In time-to-event analyses, higher plasma creatine is associated with an 

increased risk of incident type 2 diabetes, independent of potential confounders. This 

association was strongly modified by sex. Higher plasma creatine was associated with an 

increased risk of incident type 2 diabetes in males, but not in females. Future studies are 

warranted to define in more detail the underlying mechanisms for these sex-based differences 

of the association between plasma creatine and type 2 diabetes.  

 

 

 

Conflict of interest: 

The University Medical Center Groningen received research support from Labcorp in the form 

of a research grant and laboratory assessments to dr. R.P.F. Dullaart and Prof. dr. S.J.L. Bakker.  

E.G. and M.A.C. are employees of LabCorp. 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved 

The UMCG, which employs several of the authors, has received research grants and/or fees 

from AstraZeneca, Abbott, Bristol-Myers Squibb, Novartis, Novo Nordisk, and Roche. Dr. de 

Boer reports speaker fees from Abbott, AstraZeneca, Novartis, and Roche (outside the 

submitted work).  

R.M.D. is supported by NWO/TTW in a partnership program with DSM, Animal Nutrition 

and Health, The Netherlands; project number: 14939. 

 

Author contributions: 

Conceptualization; A.P and S.J.L.B.; Data curation: E.G. and M.A.C.; Formal analysis: A.P., 

E.G. and M.A.G.; Funding acquisition: R.P.F.D. and S.J.L.B.; Investigation; A.P and 

S.J.L.B.;  Roles/Writing - original draft: A.P and S.J.L.B.;  Writing - review & 

editing. D.G., J.C.S., J.L.F-G., J.C.S., R.M.D., I.P.K., R.A.d.B., E.G., M.A.C., T.W., 

R.P.F.D., C.F.M.F. 

 

 

References 

 

1. Ginter E, Simko V. Type 2 diabetes mellitus, pandemic in 21st century. Adv Exp Med Biol. 

2012;771:42-50. 

2. Lowell BB, Shulman GI. Mitochondrial dysfunction and type 2 diabetes. Science. 

2005;307(5708):384-387. 

3. Cerf ME. Beta cell dysfunction and insulin resistance. Front Endocrinol (Lausanne). 2013;4:37. 

4. Sivitz WI, Yorek MA. Mitochondrial dysfunction in diabetes: From molecular mechanisms to 

functional significance and therapeutic opportunities. Antioxid Redox Signal. 2010;12(4):537-577. 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved 

5. Szendroedi J, Phielix E, Roden M. The role of mitochondria in insulin resistance and type 2 

diabetes mellitus. Nat Rev Endocrinol. 2011;8(2):92-103. 

6. Diaz-Morales N, Rovira-Llopis S, Banuls C, et al. Are mitochondrial fusion and fission impaired in 

leukocytes of type 2 diabetic patients? Antioxid Redox Signal. 2016;25(2):108-115. 

7. Hernandez-Mijares A, Rocha M, Apostolova N, et al. Mitochondrial complex I impairment in 

leukocytes from type 2 diabetic patients. Free Radic Biol Med. 2011;50(10):1215-1221. 

8. Montgomery MK. Mitochondrial dysfunction and diabetes: Is mitochondrial transfer a friend or 

foe? Biology (Basel). 2019;8(2):10.3390/biology8020033. 

9. Rovira-Llopis S, Diaz-Morales N, Banuls C, et al. Is autophagy altered in the leukocytes of type 2 

diabetic patients? Antioxid Redox Signal. 2015;23(13):1050-1056. 

10. Brosnan JT, da Silva RP, Brosnan ME. The metabolic burden of creatine synthesis. Amino Acids. 

2011;40(5):1325-1331. 

11. Christie DL. Functional insights into the creatine transporter. Subcell Biochem. 2007;46:99-118. 

12. Shaham O, Slate NG, Goldberger O, et al. A plasma signature of human mitochondrial disease 

revealed through metabolic profiling of spent media from cultured muscle cells. Proc Natl Acad Sci U 

S A. 2010;107(4):1571-1575. 

13. Ostojic SM. Plasma creatine as a marker of mitochondrial dysfunction. Med Hypotheses. 

2018;113:52-53. 

14. Pajares S, Arias A, Garcia-Villoria J, Briones P, Ribes A. Role of creatine as biomarker of 

mitochondrial diseases. Mol Genet Metab. 2013;108(2):119-124. 

15. Thompson Legault J, Strittmatter L, Tardif J, et al. A metabolic signature of mitochondrial 

dysfunction revealed through a monogenic form of leigh syndrome. Cell Rep. 2015;13(5):981-989. 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved 

16. Uittenbogaard M, Chiaramello A. Mitochondrial respiratory disorders: A perspective on their 

metabolite biomarkers and implications for clinical diagnosis and therapeutic intervention. Biomark J. 

2015;1(1). 

17. American Diabetes Association. Standards of medical care in diabetes--2007. Diabetes Care. 

2007;30 Suppl 1:S4-S41. 

18. Huebschmann AG, Huxley RR, Kohrt WM, Zeitler P, Regensteiner JG, Reusch JEB. Sex 

differences in the burden of type 2 diabetes and cardiovascular risk across the life course. 

Diabetologia. 2019;62(10):1761-1772. 

19. DesRoches CL, Patel J, Wang P, et al. Estimated carrier frequency of creatine transporter 

deficiency in females in the general population using functional characterization of novel missense 

variants in the SLC6A8 gene. Gene. 2015;565(2):187-191. 

20. Hahn MK, Blakely RD. The functional impact of SLC6 transporter genetic variation. Annu Rev 

Pharmacol Toxicol. 2007;47:401-441. 

21. Pinto-Sietsma SJ, Janssen WM, Hillege HL, Navis G, De Zeeuw D, De Jong PE. Urinary albumin 

excretion is associated with renal functional abnormalities in a nondiabetic population. J Am Soc 

Nephrol. 2000;11(10):1882-1888. 

22. Pasternack A, Kuhlback B. Diurnal variations of serum and urine creatine and creatinine. Scand J 

Clin Lab Invest. 1971;27(1):1-7. 

23. Garcia E, Oste MCJ, Bennett DW, et al. High betaine, a trimethylamine N-oxide related 

metabolite, is prospectively associated with low future risk of type 2 diabetes mellitus in the 

PREVEND study. J Clin Med. 2019;8(11):10.3390/jcm8111813. 

24. Garcia E, Wolak-Dinsmore J, Wang Z, et al. NMR quantification of trimethylamine-N-oxide in 

human serum and plasma in the clinical laboratory setting. Clin Biochem. 2017;50(16-17):947-955. 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved 

25. Corsetti JP, Bakker SJ, Sparks CE, Dullaart RP. Apolipoprotein A-II influences apolipoprotein E-

linked cardiovascular disease risk in women with high levels of HDL cholesterol and C-reactive 

protein. PLoS One. 2012;7(6):e39110. 

26. Dullaart RP, Perton F, van der Klauw MM, Hillege HL, Sluiter WJ, PREVEND Study Group. 

High plasma lecithin:Cholesterol acyltransferase activity does not predict low incidence of 

cardiovascular events: Possible attenuation of cardioprotection associated with high HDL cholesterol. 

Atherosclerosis. 2010;208(2):537-542. 

27. Jeyarajah EJ, Cromwell WC, Otvos JD. Lipoprotein particle analysis by nuclear magnetic 

resonance spectroscopy. Clin Lab Med. 2006;26(4):847-870. 

28. Kunutsor SK, Bakker SJ, Kootstra-Ros JE, Blokzijl H, Gansevoort RT, Dullaart RP. Inverse linear 

associations between liver aminotransferases and incident cardiovascular disease risk: The PREVEND 

study. Atherosclerosis. 2015;243(1):138-147. 

29. Inker LA, Schmid CH, Tighiouart H, et al. Estimating glomerular filtration rate from serum 

creatinine and cystatin C. N Engl J Med. 2012;367(1):20-29. 

30. Cersosimo E, Solis-Herrera C, Trautmann ME, Malloy J, Triplitt CL. Assessment of pancreatic 

beta-cell function: Review of methods and clinical applications. Curr Diabetes Rev. 2014;10(1):2-42. 

31. Sterne JA, White IR, Carlin JB, et al. Multiple imputation for missing data in epidemiological and 

clinical research: Potential and pitfalls. BMJ. 2009;338:b2393. 

32. Harel O, Zhou XH. Multiple imputation: Review of theory, implementation and software. Stat 

Med. 2007;26(16):3057-3077. 

33. Wallimann T, Wyss M, Brdiczka D, Nicolay K, Eppenberger HM. Intracellular compartmentation, 

structure and function of creatine kinase isoenzymes in tissues with high and fluctuating energy 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved 

demands: The 'phosphocreatine circuit' for cellular energy homeostasis. Biochem J. 1992;281 ( Pt 

1)(Pt 1):21-40. 

34. Wallimann T, Tokarska-Schlattner M, Neumann D, et al. The phosphocreatine circuit: Molecular 

and cellular physiology of creatine kinases, sensitivity to free radicals, and enhancement by creatine 

supplementation. Molecular System Bioenergetics. 2007:195-264. 

35. Post A, Tsikas D, Bakker SJL. Creatine is a conditionally essential nutrient in chronic kidney 

disease: A hypothesis and narrative literature review. Nutrients. 2019;11(5):10.3390/nu11051044. 

36. Guthmiller P, Van Pilsum JF, Boen JR, McGuire DM. Cloning and sequencing of rat kidney L-

arginine:Glycine amidinotransferase. studies on the mechanism of regulation by growth hormone and 

creatine. J Biol Chem. 1994;269(26):17556-17560. 

37. Walker JB. Repression of arginine-glycine transamidinase activity by dietary creatine. Biochim 

Biophys Acta. 1959;36:574-575. 

38. Walker JB. Creatine: Biosynthesis, regulation, and function. Adv Enzymol Relat Areas Mol Biol. 

1979;50:177-242. 

39. Garcia-Miranda P, Peral MJ, Ilundain AA. Effect of antidiuresis on renal creatine metabolism. J 

Physiol Pharmacol. 2010;61(1):83-88. 

40. McGuire DM, Gross MD, Van Pilsum JF, Towle HC. Repression of rat kidney L-arginine:Glycine 

amidinotransferase synthesis by creatine at a pretranslational level. J Biol Chem. 1984;259(19):12034-

12038. 

41. Brosnan JT, Brosnan ME. Creatine: Endogenous metabolite, dietary, and therapeutic supplement. 

Annu Rev Nutr. 2007;27:241-261. 

42. Wyss M, Kaddurah-Daouk R. Creatine and creatinine metabolism. Physiol Rev. 2000;80(3):1107-

1213. 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved 

43. Wallimann T, Riek U, Moddel M. Intradialytic creatine supplementation: A scientific rationale for 

improving the health and quality of life of dialysis patients. Med Hypotheses. 2017;99:1-14. 

44. Brosnan ME, Edison EE, da Silva R, Brosnan JT. New insights into creatine function and 

synthesis. Adv Enzyme Regul. 2007;47:252-260. 

45. Brosnan JT, da Silva R, Brosnan ME. Amino acids and the regulation of methyl balance in 

humans. Curr Opin Clin Nutr Metab Care. 2007;10(1):52-57. 

46. Nasrallah F, Feki M, Kaabachi N. Creatine and creatine deficiency syndromes: Biochemical and 

clinical aspects. Pediatr Neurol. 2010;42(3):163-171. 

47. Guimbal C, Kilimann MW. A na(+)-dependent creatine transporter in rabbit brain, muscle, heart, 

and kidney. cDNA cloning and functional expression. J Biol Chem. 1993;268(12):8418-8421. 

48. Kalhan SC, Gruca L, Marczewski S, Bennett C, Kummitha C. Whole body creatine and protein 

kinetics in healthy men and women: Effects of creatine and amino acid supplementation. Amino Acids. 

2016;48(3):677-687. 

49. Delanghe J, De Slypere JP, De Buyzere M, Robbrecht J, Wieme R, Vermeulen A. Normal 

reference values for creatine, creatinine, and carnitine are lower in vegetarians. Clin Chem. 

1989;35(8):1802-1803. 

50. Forsberg AM, Nilsson E, Werneman J, Bergstrom J, Hultman E. Muscle composition in relation to 

age and sex. Clin Sci (Lond). 1991;81(2):249-256. 

51. Li H, Thali RF, Smolak C, et al. Regulation of the creatine transporter by AMP-activated protein 

kinase in kidney epithelial cells. Am J Physiol Renal Physiol. 2010;299(1):F167-77. 

52. Lang F, Foller M. Regulation of ion channels and transporters by AMP-activated kinase (AMPK). 

Channels (Austin). 2014;8(1):20-28. 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved 

53. Zhang X, Ge Y, Bukhari AA, et al. Estrogen negatively regulates the renal epithelial sodium 

channel (ENaC) by promoting derlin-1 expression and AMPK activation. Exp Mol Med. 2019;51(5):1-

12. 

54. American Diabetes Association. 2. classification and diagnosis of diabetes. Diabetes Care. 

2017;40(Supplement 1):S11-S24. doi: 10.2337/dc17-S005. 

55. Lancet T. Taking sex into account in medicine. The Lancet. 2011;378(9806):1826. 

56. Schiebinger L, Leopold SS, Miller VM. Editorial policies for sex and gender analysis. Lancet. 

2016;388(10062):2841-2842. 

57. Palomino-Schatzlein M, Lamas-Domingo R, Ciudin A, et al. A translational in vivo and in vitro 

metabolomic study reveals altered metabolic pathways in red blood cells of type 2 diabetes. J Clin 

Med. 2020;9(6):10.3390/jcm9061619. 

58. Razmara A, Sunday L, Stirone C, et al. Mitochondrial effects of estrogen are mediated by estrogen 

receptor alpha in brain endothelial cells. J Pharmacol Exp Ther. 2008;325(3):782-790. 

59. Horman S, Vertommen D, Heath R, et al. Insulin antagonizes ischemia-induced Thr172 

phosphorylation of AMP-activated protein kinase alpha-subunits in heart via hierarchical 

phosphorylation of Ser485/491. J Biol Chem. 2006;281(9):5335-5340. 

60. Greenhill C. Obesity: Sex differences in insulin resistance. Nat Rev Endocrinol. 2018;14(2):65. 

61. Gualano B, DE Salles Painneli V, Roschel H, et al. Creatine in type 2 diabetes: A randomized, 

double-blind, placebo-controlled trial. Med Sci Sports Exerc. 2011;43(5):770-778. 

  

Author contributions 

All authors have substantially contributed to the manuscript design and/or revision and have approved this final 

version of the work. The authors have agreed to take accountability for all aspects of this study. The authors’ 



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved 

responsibilities were as follows: AP conducted the literature search, analyzed the data, and created the figures. AP 

and SJLB drafted the initial manuscript. AP, DG, JCS, JLFG, JCS, RMD, IPK, RAB, EG, MAC, TW, RPFD, 

CFMF and SJLB revised and edited the manuscript. MAC and EG acquired the creatine data. All authors have 

read and approved the final version of the manuscript. 

Acknowledgements 

The Dutch Kidney Foundation supported the infrastructure of the PREVEND program from 1997 to 2003 (Grant 

E.033). The University Medical Center Groningen supported the infrastructure from 2003 to 2006. Dade Behring, 

Ausam, Roche, and Abbott financed laboratory equipment and reagents. The Dutch Heart Foundation supported 

studies on lipid metabolism from 2001 to 2005. 

 

Tables and figures 

  



A
cc

ep
te

d
 A

rt
ic

le
 

This article is protected by copyright. All rights reserved 

Table 1. Baseline characteristics.  

Variables Total cohort 

(n=4375) 

Males 

(n=2123) 

Females 

(n=2252) 

P-value 

Plasma creatine, µmol/L 36.7 ± 17.6  30.4 ± 15.1 42.7 ± 17.7 <0.001 

Age, years 52 ± 11 53.4 ± 11.9 51.5 ± 10.8 <0.001 

BMI, kg/m2 26.4 ± 4.2 26.6 ± 3.7 26.2 ± 4.7 0.007 

Waist circumference, cm 91.1 ± 12.4 96.2 ± 10.7 86.3 ± 12.0 <0.001 

Systolic blood pressure, mmHg 125 ± 18 129 ± 17 121 ± 18 <0.001 

Diastolic blood pressure, mmHg 73 ± 9 76 ± 9 70 ± 8 <0.001 

NT-ProBNP, ng/L 40 [20 – 75] 27 [13 – 54] 52 [31 – 87] <0.001 

Plasma creatinine, µmol/L 72.0 ± 14.4 79.8 ± 14.0  64.7 ± 10.4 <0.001 

eGFR, ml/min/1.73m2 94 ± 16 94 ± 17 94 ± 16 0.50 

Urinary albumin excretion, mg/24-h  8.5 [6.0 – 14.6] 9.4 [6.6 – 17.9] 7.7 [5.7 – 12.2] <0.001 

Parental history of T2D, n (%) 625 (15) 279 (13) 346 (16) 0.07 

Smoking status, current n (%) 1201 (28) 574 (27) 627 (28) 0.63 

Alcohol intake, n yes (%) 3316 (77) 1755 (84) 1561 (70) <0.001 

Antihypertensive drugs, n (%) 727 (17) 376 (18) 351 (16) 0.06 

Lipid lower drugs, n (%) 298 (8) 163 (9) 135 (7) 0.005 

Total cholesterol, mmol/L 5.4 ± 1.0 5.4 ± 1.0  5.4 ± 1.1 0.82 

HDL cholesterol, mmol/L 1.3 ± 0.3 1.1 ± 0.2 1.4 ± 0.3 <0.001 

Triglycerides, mmol/L 1.1 [0.8 – 1.6] 1.2 [0.9 – 1.8] 1.0 [0.7 -0 1.4] <0.001 

Glucose, mmol/L 4.8 ± 0.6 4.9 ± 0.6 4.8 ± 0.6 <0.001 

Insulin, mU/L 7.9 [5.7 – 11.7] 8.4 [6.0 – 12.2] 7.6 [5.5 – 10.9] <0.001 

HOMA-IR *, (mU mmol/L2)/22.5 2.1 [1.6 – 3.1] 2.2 [1.6 – 3.2] 2.0 [1.5 – 3.0] <0.001 

HOMA-Beta *, % 125 [94 – 176] 124 [92 – 177] 126 [95 -176] 0.58 

* Data on HOMA-IR and HOMA-Beta are only reported in a subset of the participants with a fasting glucose >4.5 

mmol/L and a fasting insulin >5 mU/L (n=2690). 
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Table 2. Multivariable linear regression analyses of plasma creatine with selected variables 

Dependent Variables Total cohort 

(n=4375) 

 Males 

(n=2123) 

Females 

(n=2252) 

 Std. β (95% CI) P-value PInteraction Std. β (95% CI) P-value Std. β (95% CI) P-value 

Age, years 0.17 (0.13; 0.20) <0.001 0.04 0.20 (0.15; 0.26) <0.001 0.14 (0.10; 0.18) <0.001 

BMI, kg/m2 0.19 (0.16; 0.22) <0.001 0.08 0.24 (0.20; 0.28) <0.001 0.16 (0.11; 0.20) <0.001 

Waist circumference, cm 0.17 (0.14; 0.20) <0.001 <0.001 0.24 (0.20; 0.28) <0.001 0.13 (0.09; 0.16) <0.001 

Systolic blood pressure, mmHg 0.05 (0.02; 0.07) 0.001 0.09 0.09 (0.05; 0.13) <0.001 0.01 (-0.02; 0.05) 0.46 

Diastolic blood pressure, mmHg 0.09 (0.06; 0.12) <0.001 0.001 0.14 (0.10; 0.19) <0.001 0.05 (0.01; 0.09) 0.01 

NT-ProBNP, ng/L * -0.11 (-0.13; -0.08) <0.001 0.16 -0.11 (-0.16; -0.07) <0.001 -0.10 (-0.13; -0.06) <0.001 

Plasma creatinine, µmol/L * -0.18 (-0.20; -0.15) <0.001 0.62 -0.17 (-0.21; -0.13) <0.001 -0.18 (-0.22; -0.15) <0.001 

eGFR, ml/min/1.73m2 0.15 (0.13; 0.18) <0.001 0.76 0.16 (0.12; 0.20) <0.001 0.15 (0.12; 0.18) <0.001 

Urinary albumin excretion, mg/24-h 0.08 (0.05; 0.11) <0.001 <0.001 0.19 (0.14; 0.24) <0.001 0.05 (0.01; 0.08) 0.009 

Parental history of T2D, n (%) 0.02 (0.01;0.03) 0.001 0.51 0.01 (-0.01; 0.03) 0.10 0.02 (0.01; 0.04) 0.006 

Smoking status, current n (%) 0.07 (0.05; 0.09) <0.001 <0.001 0.07 (0.05; 0.09) <0.001 0.03 (0.02; 0.05) <0.001 

Alcohol intake, n yes (%) 0.01 (-0.01; 0.02) 0.75 0.01 0.02 (0.01; 0.04) 0.02 -0.01 (-0.04; 0.01) 0.23 

Total cholesterol, mmol/L 0.10 (0.07; 0.14) <0.001 0.49 0.13 (0.08; 0.18) <0.001 0.09 (0.05; 0.13) <0.001 
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HDL cholesterol, mmol/L -0.10 (-0.13; -0.08) <0.001 0.01 -0.15 (-0.19; -0.11) <0.001 -0.07 (-0.11; -0.03) <0.001 

Triglycerides, mmol/L * 0.14 (0.11; 0.17) <0.001 0.03 0.20 (0.15; 0.26) <0.001 0.09 (0.06; 0.13) <0.001 

Glucose, mmol/L * 0.10 (0.07; 0.13) <0.001 0.05 0.15 (0.10; 0.20) <0.001 0.07 (0.03; 0.11) <0.001 

Insulin, mU/L 0.15 (0.12; 0.18) <0.001 0.76 0.20 (0.15; 0.25) <0.001 0.11 (0.07; 0.15) <0.001 

HOMA-IR **, (mU mmol/L2)/22.5 0.12 (0.08; 0.16) <0.001 0.43 0.14 (0.08; 0.20) <0.001 0.10 (0.05; 0.15) <0.001 

HOMA-Beta **, % 0.06 (0.02; 0.10) 0.006 0.69 0.04 (-0.02; 0.11) 0.17 0.05 (0.01; 0.08) 0.01 

All models are adjusted for age and sex. Unless otherwise stated, analyses are performed on imputed datasets.  

* Log2 transformed for analyses.  

** Data on HOMA-IR and HOMA-Beta are only reported in a subset of the participants with a fasting glucose >4.5 mmol/L and a fasting insulin >5 

mU/L (n=2690). 
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Figure 1. Mirror histogram displaying the sex-based differences in plasma creatine. Mean 

plasma creatine is 42.7 ± 17.7 μmol/L in females and 30.4 ± 15.1 μmol/L in males. P for 

difference <0.001.  
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Table 3. Prospective associations of plasma creatine with risk of Type 2 Diabetes. 

 Total population Males Females 

 Per 1-SD Per 1-SD Per 1-SD 

 HR [95% CI]  P-value HR [95% CI]  P-value HR [95% CI]  P-value 

Model 1 1.32 [1.18 – 1.48] <0.001 1.69 [1.49 – 1.97] <0.001 1.29 [1.07 – 1.56] 0.009 

Model 2 1.44 [1.27 – 1.62] <0.001 1.62 [1.39 – 1.88] <0.001 1.22 [1.00 – 1.49] 0.05 

Model 3 1.28 [1.13 – 1.46] <0.001 1.41 [1.19 – 1.67] <0.001 1.11 [0.91 – 1.35] 0.29 

Model 4 1.26 [1.11 – 1.44] <0.001 1.37 [1.14 – 1.64] <0.001 1.12 [0.91 – 1.37] 0.29 

Model 5 1.28 [1.12 – 1.46] <0.001 1.37 [1.14 – 1.64] <0.001 1.14 [0.93 – 1.41] 0.21 

Model 6 1.20 [1.05 – 1.36] 0.008 1.31 [1.09 – 1.58] 0.004 1.07 [0.87 – 1.32] 0.50 

Model 7 1.19 [1.04 – 1.36] 0.01 1.35 [1.12 – 1.63] 0.002 1.10 [0.89 – 1.34] 0.38 

Model 8 1.23 [1.08 – 1.40] 0.002 1.39 [1.16 – 1.67] <0.001 1.07 [0.88 – 1.32] 0.49 

Participants 4375  2123 2252 

Events 235  144 91 

Model 1: crude. Model 2: adjusted for age and sex. Model 3; as model 2, additionally adjusted for BMI. Model 4, as model 3, 

additionally adjusted for eGFR and urinary albumin excretion. Model 5, as model 4, additionally adjusted for systolic blood 

pressure and NT-ProBNP. Model 6, as model 4, additionally adjusted for total cholesterol, HDL-cholesterol and triglycerides. 

Model 7, as model 4, additionally adjusted for parental history of type 2 diabetes, alcohol intake and smoking status. Model 8, 

as model 4, additionally adjusted for plasma glucose and plasma insulin.  
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Table 4. Prospective associations of plasma creatine with risk of Type 2 Diabetes with adjustments for 

HOMA-IR and HOMA- β.  

 Total population Males Females 

 Per 1-SD Per 1-SD Per 1-SD 

 HR [95% CI]  P-value HR [95% CI]  P-value HR [95% CI]  P-value 

Model 1 1.18 [1.02 – 1.36] 0.03 1.37 [1.12 – 1.67] 0.002 1.00 [0.80 – 1.24] 0.97 

Model 2 1.17 [1.01 – 1.36] 0.03 1.37 [1.13 – 1.67] 0.002 0.97 [0.78 – 1.22] 0.82 

Model 3 1.19 [1.03 – 1.37] 0.02 1.37 [1.13 – 1.67] 0.002 1.01 [0.81 – 1.26] 0.95 

Model 4 1.20 [1.04 – 1.39] 0.01 1.40 [1.15 – 1.70] 0.001 1.01 [0.81 – 1.26] 0.92 

Participants 2690  1436 1254 

Events 207  126 81 

Model 1: Adjusted for age, sex, BMI, eGFR and urinary albumin excretion. Model 2, as model 1, additionally adjusted for 

HOMA-IR. Model 3, as model 1, additionally adjusted for HOMA-β. Model 4, as model 1, additionally adjusted for HOMA-IR 

and HOMA-β.  
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Figure 2. Graphical representation of the association of plasma creatine and type 2 diabetes in 

males and females. The lines show the adjusted hazard ratio (HR) and the gray area 

corresponds to the 95% pointwise confidence interval (CI). The analyses were stratified for 

sex and adjusted for age and BMI. P-effect are 0.29 and <0.001 in females and males, 

respectively.   
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