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ABSTRACT

Background. Previous clinical studies have shown that various measures of glucose metabolism are associated with a risk of
chronic kidney disease in different populations, but results were not consistent. In this study we assessed measures of
glucose metabolism and their association with kidney function in a population-based study.

Methods. The Netherlands Epidemiology of Obesity study is a population-based cohort study of middle-aged men and
women. We categorized the study population according to glycaemic levels into normoglycaemia (reference group), pre-
diabetes mellitus (pre-DM), known DM and newly diagnosed DM. Outcome variables were serum creatinine, estimated
glomerular filtration rate (eGFR), glomerular hyperfiltration (defined as an eGFR >90th percentile; >102 mL/min/1.73 m2) and
micro-albuminuria. We examined the association between measures of glucose metabolism [fasting glucose, haemoglobin
A1c (HbA1c), fasting insulin, glucose area under the curve (AUC), insulin AUC, Homoeostatic Model Assessment of Insulin
Resistance (HOMA-IR), HOMA of b-cell function (HOMA-B) and disposition index] and measures of kidney function.

Results. Of the total population (N¼6338), 55% of participants were classified as normoglycaemic (reference), 35% as pre-DM,
7% as DM and 4% as newly diagnosed DM. Compared with the reference group, diagnosed and newly diagnosed DMs were
associated with a slightly higher trend in eGFR fþ2.1 mL/min/1.73 m2 [95% confidence interval (CI) �0.2–4.4] and þ2.7 mL/
min/1.73 m2 [95% CI �0.3–5.7], respectivelyg. A 1% higher HbA1c was associated with increased odds of hyperfiltration [odds
ratio (OR) 1.41 (95% CI 1.06–1.88)]. Higher levels of fasting plasma glucose, AUC glucose and HOMA-B were associated with
hyperfiltration. Fasting insulin, AUC insulin and HOMA-IR were not associated with hyperfiltration. The OR of
microalbuminuria was 1.21 (95% CI 1.04–1.42) per mmol/L higher fasting glucose concentrations.

Conclusions. Both fasting and post-prandial glucose and HOMA-B, but not measures of insulin resistance, were associated
with glomerular hyperfiltration, while fasting glucose was also associated with microalbuminuria.
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INTRODUCTION

The global increase in obesity is a leading cause of the increased
prevalence of pre-diabetes mellitus (DM) and type 2DM. A total
of 40% of the patients with obesity had accompanying pre-DM
[1], defined as a fasting glucose level of 100–125 mg/dL
(5.6–6.9 mmol/L) or 2-h plasma glucose of 140–199 mg/dL
(7.8–11.0 mmol/L) after a 75 mg oral glucose tolerance test or a
haemoglobin A1c (HbA1c) level of 5.7–6.4% (39–47 mmol/mol),
according to the American Diabetes Association (ADA) criteria
[2]. Pre-DM is a clinically relevant condition, as ~45–50% of
patients will develop type 2 DM within 10 years [3, 4] and pre-
DM is associated with a higher risk of macrovascular and micro-
vascular complications, such as nephropathy [5–8]. Importantly,
the risk of chronic kidney disease (CKD) is directly related to
glucose levels: in US patients with normoglycaemia, the preva-
lence of CKD is 3%, in patients with pre-DM it is 9% and in
patients with (un)diagnosed DM it is 14% [9].

Postulated mechanisms by which pre-DM results in CKD are
an increase in glomerular hyperfiltration, vascular permeability
and/or endothelial dysfunction and inflammation [10]. Previous
studies have shown that different measures of glucose metabo-
lism [fasting glucose, HbA1c, fasting insulin, area under blood
concentration curve (AUC), insulin AUC, Homoeostatic Model
Assessment of Insulin Resistance (HOMA-IR), HOMA of b-cell
function (HOMA-B) and disposition index] are associated with a
risk of CKD. However, these studies were not consistent in all
aspects. Some studies have shown that elevated post-prandial
measures of glucose metabolism might contribute more to CKD
than elevated fasting measures of glucose metabolism [11–16],
while other studies have shown the opposite [17–19]. However,
none of the studies assessed so many different measures of glu-
cose metabolism and their association with kidney function in
a single large cohort. Moreover, these studies did not assess glo-
merular hyperfiltration as well as microalbuminuria, although
this is considered the earliest appearance of impaired kidney
function in DM and has been linked with an increased risk of di-
abetic nephropathy [17, 20]. To date, it is unknown which meas-
ures of glucose metabolism are associated with both glomerular
hyperfiltration and microalbuminuria.

In this study we examined the association between normo-
glycaemia, pre-DM, DM and newly diagnosed DM with CKD and
markers thereof among a Dutch cohort of middle-aged adults.
Furthermore, we examined the association between measures
of glucose metabolism and the earliest appearance of impaired
kidney function, microalbuminuria and glomerular
hyperfiltration.

MATERIALS AND METHODS
Study design and study population

The Netherlands Epidemiology of Obesity (NEO) study is a popu-
lation-based, prospective cohort study designed to investigate
pathways that lead to obesity-related diseases. The NEO study
includes 6671 individuals ages 45–65 years, with an oversam-
pling of individuals with overweight or obesity. The study de-
sign and population are described in detail elsewhere [21]. This
study is a cross-sectional analysis of the baseline measure-
ments of the NEO study.

In short, men and women living in the greater area of Leiden
(in the west of the Netherlands) were invited by letters sent by
general practitioners and municipalities and by local advertise-
ments. They were invited to respond if they were between 45

and 65 years of age and had a self-reported body mass index
(BMI) of �27 kg/m2. In addition, all inhabitants between 45 and
65 years of age from one municipality (Leiderdorp) were invited
to participate, irrespective of their BMI, allowing for a reference
distribution of BMI in the general population.

After consecutive exclusion of participants with missing
data on diabetes medication (n¼ 64), fasting or post-prandial
glucose (n¼ 245), fasting or post-prandial insulin (n¼ 13) and
HbA1c concentrations (n¼ 11), 6338 participants were included
in the present analyses.

The Medical Ethical Committee of the Leiden University
Medical Centre (LUMC) approved the design of the study. All
participants gave their written informed consent.

Data collection

Participants were invited to a baseline visit at the NEO study
centre of the LUMC after an overnight fast. Prior to this study
visit, participants collected urine (morning spot) and completed
a general questionnaire at home to report demographic, life-
style and clinical information. On the questionnaire, partici-
pants reported ethnicity by self-identification in eight
categories that we grouped into Caucasian (reference) and
other. Tobacco smoking was reported in the three categories:
currently, formerly and never smoked (reference). The highest
level of education was reported in 10 categories according to the
Dutch education system and grouped into high (including
higher vocational school, university and post-graduate educa-
tion) versus low education (reference). Participants reported
their medical history of DM and cardiovascular diseases. Pre-
existing cardiovascular disease was defined as myocardial in-
farction, angina, congestive heart failure, stroke or peripheral
vascular disease. In addition, all use of medication in the month
preceding the study visit was recorded. Family history of DM
was reported as having any parent or sibling with or without
DM (reference). Body weight was measured without shoes and
1 kg was subtracted from the body weight. BMI was calculated
by dividing the weight in kilograms by the height in metres
squared. Brachial blood pressure (BP) was measured in a seated
position on the right arm using a validated automatic oscillo-
metric device (Model M10-IT, Omron Health Care, Lake Forest,
IL, USA). BP was measured three times with a 5 min rest be-
tween consecutive measurements. The mean systolic, diastolic
and arterial [(2 � diastolic BP þ systolic BP)/3] BPs were
calculated.

Fasting glucose, insulin measurements and mixed meal
test

Fasting blood samples were drawn from the antecubital vein af-
ter the participant had rested for 5 min. Within 5 min after the
first blood sample, participants drank a liquid mixed meal. This
meal (total 400 mL) contained 600 kcal, with 16% of energy (En%)
derived from protein, 50% from carbohydrates and 34% from fat.
Subsequent blood samples were drawn 30 and 150 min after in-
gestion of the mixed meal. Fasting and post-prandial glucose
and insulin concentrations were measured and from these
HOMA-IR, HOMA-B and the disposition index were calculated.
In Supplementary Information S1, a detailed overview of labora-
tory methods and calculations is given.

We categorized the study population in four different
groups, according to glycaemic levels at baseline: normoglycae-
mia (reference), defined as a fasting glucose level <5.6 mmol/L
and HbA1c <5.7% (39 mmol/mol); pre-DM, defined as a fasting
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glucose level of 100–125 mg/dL (5.6–6.9 mmol/L) or HbA1c of 5.7–
6.4% (39–47 mmol/mol); diagnosed DM, defined as self-reported
DM or the use of glucose-lowering medication; and newly diag-
nosed DM, defined as no self-reported DM and no use of glu-
cose-lowering medication, but DM according to the ADA
criteria, with a fasting glucose level �126 mg/dL (�7.0 mmol/L)
or plasma glucose level �200 mg/dL (�11.1 mmol/L) after a
mixed meal test or HbA1c �6.5% (48 mmol/mol) [2].

Renal function and albuminuria

Serum creatinine (mg/dL) was used to calculate estimated glo-
merular filtration rate (eGFR) using the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) formula [22].

We defined glomerular hyperfiltration as an eGFR>90th per-
centile [17] (>102 mL/min/1.73 m2). Urinary albumin was mea-
sured in an early-morning single urine void using an
immunoturbidimetric assay and creatinine using a Jaffe kinetic
compensated method between 1 September 2008 and 30
November 2010 and an enzymatic assay (isotope dilution mass
spectrometry calibrated against Standard Reference Material
967) from 1 December 2010 until the end of the inclusion period.
Because urinary creatinine concentrations are not affected by
pseudochromogens they are exchangeable using either a Jaffe
or an enzymatic method [23]. Microalbuminuria was defined as
a urinary albumin:creatinine ratio (UACR) �2.5 mg/mmol in
men and �3.5 mg/mmol in women [22].

Statistical analyses

In the NEO study, individuals with a BMI>27 kg/m2 are overrep-
resented due to the sampling frame applied. To correctly repre-
sent baseline associations in the general population [24],
adjustments for the oversampling of individuals with a
BMI�27 kg/m2 were made by weighting all participants towards
the BMI distribution of participants from the Leiderdorp munici-
pality [25], whose BMI distribution was similar to the BMI distri-
bution of the general Dutch population [26]. All results were
based on weighted analyses. As a consequence, all results apply
to a population-based study without oversampling of individu-
als with a BMI�27 kg/m2. Because of the weighted analyses, per-
centages and proportions are given instead of absolute numbers
of participants. Baseline characteristics are therefore expressed
as mean [standard deviation (SD)] or percentage, stratified by
groups of glucose metabolism.

Our first study aim was to examine the association between
categorized glucose levels (normoglycaemia, pre-DM, DM and
newly diagnosed DM) and CKD, and markers thereof. Outcome
variables studied were serum creatinine, eGFR (CKD-EPI), glo-
merular hyperfiltration and UACR. A linear regression analysis
was performed to calculate age- and sex-adjusted mean differ-
ences with 95% confidence intervals (CIs) in levels of serum cre-
atinine, eGFR and albuminuria for the defined categories of
glucose metabolism. The second study aim was to examine the
associations between different measures of glucose metabolism
(fasting glucose, HbA1c, fasting insulin, glucose AUC, insulin
AUC, HOMA-IR, HOMA-B and disposition index) and measures
of kidney function. For this analysis, we excluded 444 partici-
pants because of protocol violation during a mixed meal test.
We performed linear regression for continuous outcomes and
logistic regression analyses for binary outcomes (hyperfiltration
or microalbuminuria). Participants who used oral glucose-low-
ering medication and/or insulin (n¼ 335) were excluded from
the analyses where measures of glucose metabolism were used

as independent variables. Analyses were adjusted for potential
confounding due to age, sex, BMI, BP and smoking. In a sensitiv-
ity analysis, we additionally adjusted for antihypertensive
agents, heart failure, cerebrovascular accident and myocardial
infarction, though for these variables it may difficult to judge
whether they act as a confounding factor or whether they are
mediators for the glucose kidney function association. Analyses
were performed using Stata version 14.0 (StataCorp, College
Station, TX, USA).

RESULTS
Characteristics according to different glycaemic
categories

Of the total participants (n¼ 6338), 54.6% were classified as nor-
moglycaemic (reference), 34.8% as pre-DM, 6.9% as DM and 3.8%
as newly diagnosed DM, shown in Table 1. From the patients
with known DM, 58.9% used oral glucose-lowering medication,
4.6% used insulin therapy, 13.6% patients used a combination of
insulin and oral glucose-lowering medication and 23.0% used
no glucose-lowering medication. Mean age was highest in par-
ticipants with diagnosed DM (59 years). BMI was lowest in par-
ticipants with normoglycaemia (25.4 kg/m2) and highest in
participants with diagnosed DM (30.8 kg/m2). The presence of
clinically relevant CKD, defined as eGFR�60 mL/min/1.73 m2,
was higher in participants with pre-DM (3.5%), DM (6.2%) and
newly diagnosed DM (7.0%) than in the reference group (1.2%).
Also, the presence of microalbuminuria was higher in partici-
pants with pre-DM (3.3%), DM (6.3%) and newly diagnosed DM
(8.6%) than in the reference group (1.6%). More participants with
pre-DM used angiotensin-converting enzyme inhibitors (ACEis)
or angiotensin receptor blockers (ARBs) and statins compared
with participants with normoglycaemia. Fasting and post-pran-
dial measures of glucose metabolism according to glycaemic
categories are provided in Table 2.

Associations between different glycaemic categories and
measures of kidney function

Table 3 shows the adjusted mean difference in eGFR between
the four glycaemic categories. eGFR was similar in participants
with normoglycaemia and pre-DM. Diagnosed and newly diag-
nosed DMs were associated with a higher eGFR [þ 2.1 mL/min/
1.73 m2 (95% CI �0.2–4.4) and þ2.7 mL/min/1.73 m2 (95% CI �0.3–
5.7), respectively]. Pre-DM and (newly) diagnosed DM were asso-
ciated with increased microalbuminuria (Table 4). The odds ra-
tio (OR) for microalbuminuria was 1.6 (95% CI 0.9–2.7) in
participants with pre-DM and 2.8 (95% CI 1.5–5.4) in participants
with newly diagnosed DM compared with normoglycaemia.

Associations of different measures of glucose
metabolism, hyperfiltration and microalbuminuria in
the total study population

Higher fasting glucose concentrations were associated with
higher eGFR (Figure 1A). Microalbuminuria was associated with
higher fasting glucose levels: microalbuminuria was not seen
with fasting glucose levels <4 mmol/L, while in participants
with fasting glucose levels between 9 and <10 mmol/L, the per-
centage was almost 14% (Figure 1B).

We examined the associations between different measures
of glucose metabolism, hyperfiltration and microalbuminuria
(see Table 5). A 1% higher HbA1c level was associated with an
OR for hyperfiltration of 1.41 (95% CI 1.06–1.88). Also, higher
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levels of fasting plasma glucose, AUC glucose and HOMA-B
were associated with increased ORs of hyperfiltration (Table 5).
Hyperinsulinaemia, as a measure of insulin resistance, was
not associated with hyperfiltration. Data were similar if we

included participants who used oral glucose-lowering
medication and/or insulin (data not shown). Both fasting
plasma glucose and HbA1c were associated with micro-
albuminuria (Table 5).

Table 1. Characteristics of the study population of the Netherlands Epidemiology of Obesity studya

Characteristics Normoglycaemia (reference) Pre-DM DM Newly diagnosed DM

Proportion of participants, % 54.6 34.8 6.9 3.8
Age (years), mean (SD) 54.9 (5.4) 57.4 (6.4) 58.5 (7.3) 57.6 (6.8)
Sex (male), % 38 57 53 64
BMI (kg/m2), mean (SD) 25.4 (3.5) 27.8 (5.2) 30.8 (8.0) 29.7 (7.0)
BP (mmHg), mean (SD)

Systolic 128.1 (15.0) 134.2 (19.3) 135.7 (23.5) 137.2 (21.1)
Diastolic 82.3 (9.1) 84.7 (11.9) 84.8 (13.4) 88.1 (12.8)

Hypertension (yes), % 30 42 47 56
Tobacco smoking (never), % 41 35 25 29
Ethnicity (Caucasian), % 95 95 90 94
Waist circumference (cm), mean (SD) 89.0 (11.0) 97.5 (14.3) 106.2 (19.1) 103.3 (17.1)
Hip circumference (cm), mean (SD) 102.3 (7.5) 106.0 (10.5) 109.8 (17.1) 108.7 (13.6)
Use of antihypertensive medication (yes), % 18 30 69 43
Use of ACEis/ARBs (yes), % 10 18 52 23
Statin use (yes), % 6 13 71 19
Family history of diabetes (yes), % 25 34 57 41
Comorbidity, %

Heart failure 0.4 0.4 1.3 0.8
Cerebrovascular disease 1.4 2.4 7.8 1.0
Cardiovascular disease 1.2 2.0 6.7 4.0

Kidney function
Serum creatinine (lmol/L), mean (SD) 75.6 (12.0) 79.3 (18.1) 75.7 (25.1) 78.3 (19.6)
CKD-EPI (mL/min/1.73 m2), mean (SD) 86.6 (10.7) 85.0 (14.7) 86.9 (20.7) 86.7 (18.7)
CKD <60 mL/min/1.73 m2 (yes), % 1.2 3.5 6.2 7.0

Urine (morning spot)
ACR (mg/mmol), mean (SD) 0.7 (2.5) 1.1 (6.8) 2.6 (21.5) 2.0 (17.4)
Micro-albuminuria (yes), % 1.6 3.3 6.3 8.6
CKD (yes), % 3.4 6.6 12.2 13.2

Biomarkers (mmol/L), mean (SD)
Total cholesterol 5.7 (0.9) 5.8 (1.2) 4.7 (1.4) 5.7 (1.6)
HDL 1.6 (0.4) 1.5 (0.5) 1.3 (0.5) 1.3 (0.5)
LDL 3.5 (0.8) 3.7 (1.1) 2.7 (1.2) 3.5 (1.4)
Triglycerides 1.1 (0.7) 1.5 (1.1) 1.6 (1.4) 1.8 (1.4)
ALT (U/L) 24 (11) 28 (15) 31 (22) 34 (23)
AST (U/L) 24 (8) 25 (9) 26 (14) 27 (15)
Hb (mmol/L) 8.6 (0.9) 8.9 (1.0) 8.7 (1.0) 9.3 (0.8)
CRP (mg/L) 1.9 (2.4) 2.4 (3.6) 3.0 (5.1) 3.6 (4.7)

aResults were weighted towards the BMI distribution of the general population (n¼6338).

Hypertension was defined as a BP�140/90 mmHg. HDL, high-density lipoprotein; LDL, low-density lipoprotein. Cardiovascular disease was defined as myocardial in-

farction. CKD was defined as an eGFR <60 mL/min/1.73 m2 or the presence of micro-albuminuria.

Table 2. Glucose metabolism in participants with normoglycaemia, pre-DM, diagnosed DM and newly diagnosed DMa

Measures of glucose metabolism Normoglycaemia Pre-DM Diagnosed DM Newly diagnosed DM

Fasting glucose (mmol/L) 5.1 (0.3) 6.0 (0.4) 8.0 (3.0) 7.9 (2.7)
HbA1c (%) 5.2 (0.2) 5.4 (0.3) 6.7 (1.6) 6.2 (1.5)
Fasting insulin (mU/L) 8.0 (4.9) 12.0 (8.4) 17.7 (28.7) 18.5 (23.6)
Glucose AUC 5.5 (0.8) 6.8 (1.1) 10.6 (4.5) 9.8 (3.9)
Insulin AUC 44.0 (23.5) 57.9 (38.0) 55.6 (49.3) 72.7 (58.4)
HOMA-IR 1.8 (1.1) 3.2 (2.3) 6.6 (13.7) 6.4 (8.4)
HOMA-B 104.0 (62.2) 98.3 (66.9) 91.0 (124.8) 92.8 (111.9)
Disposition index 51.8 (38.4) 30.6 (11.7) 14.1 (11.8) 16.6 (12.9)

aResults were weighted towards the BMI distribution of the general population (n¼5894). A total of 444 participants were excluded because of protocol violation during

the mixed meal test. Data are presented as mean (SD).
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Table 3. Mean difference in the CKD-EPI in patients with pre-DM, diagnosed DM, newly diagnosed DM compared with normoglycaemiaa

Model Normoglycaemia (reference) Pre-DM, OR (95% CI) Diagnosed DM, OR (95% CI) Newly diagnosed DM, OR (95% CI)

A 86.3 0.0 (�0.9–1.0) 2.1 (0.0–4.2) 2.6 (�0.3–5.5)
B 86.3 0.1 (�0.9–1.1) 2.2 (�0.1–4.4) 2.7 (�0.2–5.7)
C 86.3 �0.1 (�1.1–0.9) 2.2 (�0.0–4.5) 2.7 (�0.3–5.6)
D 86.3 �0.1 (�1.1–0.9) 2.1 (�0.2–4.4) 2.7 (�0.3–5.7)

aResults were weighted toward the BMI distribution of the general population (n¼5879). A total of 444 participants were excluded because of protocol violation during

the mixed meal test. Model A adjusted for age and sex. Model B additionally adjusted for BMI. Model C additionally adjusted BP, smoking and antihypertensive agents.

Model D additionally adjusted for heart failure, cerebrovascular accident and myocardial infarction.

Table 4. ORs of micro-albuminuria in patients with pre-DM, diagnosed DM, newly diagnosed DM compared with normoglycaemiaa

Model Normoglycaemia (reference), OR Pre-DM, OR (95% CI) Diagnosed DM, OR (95% CI) Newly diagnosed DM, OR (95% CI)

Model A 1.0 2.2 (1.3–3.6) 3.8 (2.2–6.8) 5.3 (2.8–10.3)
Model B 1.0 1.7 (1.0–2.8) 2.1 (1.3–3.7) 3.4 (1.8–6.5)
Model C 1.0 1.6 (0.9–2.6) 1.6 (1.0–2.8) 2.8 (1.5–5.4)
Model D 1.0 1.5 (0.9–2.6) 1.6 (0.9–2.7) 2.8 (1.5–5.4)

aResults were weighted toward the BMI distribution of the general population (n¼5870). A total of 444 participants were excluded because of protocol violation during

the mixed meal test. Model A adjusted for age and sex. Model B additionally adjusted for BMI. Model C additionally adjusted for BP, smoking and antihypertensive

agents. Model D additionally adjusted for heart failure, cerebrovascular accident and myocardial infarction.

FIGURE 1: (A) Association between fasting plasma glucose and eGFR. Results were weighted toward the BMI distribution of the general population (n¼ 60 03). Patients

using glucose-lowering drugs were excluded. (B) Association between fasting plasma glucose and micro-albuminuria. aResults were weighted towards the BMI distribu-

tion of the general population (n¼60 03). Patients using glucose-lowering drugs were excluded. Micro-albuminuria was defined as a UACR �2.5 mg/mmol in men and

�3.5 mg/mmol in women.

Table 5. Association of different measures of glucose metabolism with hyperfiltration and micro-albuminuriaa

Measures of glucose metabolism OR (95% CI) for hyperfiltration OR (95% CI) for micro-albuminuria

Fasting glucose, per mmol/L (18 mg/dL) 1.27 (1.11–1.46) 1.21 (1.04–1.42)
HbA1c, per % unit 1.41 (1.05–1.87) 1.36 (1.00–1.86)
Fasting insulin, per mU/L 0.99 (0.97–1.01) 1.01 (1.00–1.03)
AUC glucose, per unit 1.22 (1.11–1.34) 1.11 (0.97–1.26)
AUC insulin, per unit 1.00 (1.00–1.01) 1.00 (1.00–1.01)
HOMA-IR, per unit 1.00 (0.94–1.05) 1.05 (0.97–1.14)
HOMA-B, per unit 1.00 (0.99–1.00) 1.00 (1.00–1.00)
IDI-ISI, per unit 1.00 (1.00–1.01) 1.00 (0.99–1.01)

aResults were weighted toward the BMI distribution of the general population (n¼5572). Patients using glucose-lowering drugs were excluded. Logistic regression

analysis with hyperfiltration and micro-albuminuria as the dependent variable. All models were adjusted for age, sex, weight, diastolic and systolic BP, smoking status

and the use of ACEis or ARBs.
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DISCUSSION

In this large cross-sectional study of middle-aged men and
women, we observed a relatively low proportion of patients
with CKD. Furthermore, we found that both fasting and post-
prandial glucose and HOMA-B, but not insulin resistance, were
associated with glomerular hyperfiltration, while fasting glu-
cose was also associated with micro-albuminuria.

As expected, our study showed that patients with CKD had
higher glucose levels compared with patients without CKD.
Also, we demonstrated that the proportion of patients with kid-
ney disease in this Dutch study is much lower than in previous
studies [9, 13]. This relatively low proportion of patients with
CKD might be explained by relatively good metabolic control in
our study as illustrated by good glycaemic, BP and lipid control.
Furthermore, it might also be related to different study popula-
tions. First, in a US study [9], many patients had no insurance
(8.9–19.4%), while in the Netherlands all patients have basic in-
surance and patients with insurance have better healthcare
outcomes [27]. Second, the mean BMI is higher in the USA than
in the Netherlands and BMI is a strong risk factor of CKD [28].
Third, almost all our participants were of non-Hispanic
Caucasian ethnicity, which might contribute to the lower preva-
lence of CKD, as the prevalence of CKD in non-White popula-
tions is higher [29].

Previous cohort studies showed conflicting results as to
whether pre-DM is associated with CKD. Some studies showed
a positive association between pre-DM and CKD, as in a higher
prevalence of glomerular hyperfiltration and albuminuria com-
pared with participants without DM [11, 30, 31]. Other longitudi-
nal studies showed that pre-DM was not an independent risk
factor for CKD [13, 32]. However, information on micro-albumin-
uria was not available in these studies, meaning that this early
sign of kidney damage may have been missed. We showed in
participants with pre-DM that eGFR was similar to that in par-
ticipants with normoglycaemia, but the OR of micro-albumin-
uria was 1.7 (95% CI 1.0–2.8) times higher. However, after
adjustment for vascular risk factors, the OR was attenuated [OR
1.5 (95% CI 0.9–2.7)], which suggests that concomitant vascular
disease risk factors explain most of the increased odds of mi-
cro-albuminuria development in pre-DM.

The observed higher trend in eGFR in patients with (newly)
diagnosed DM is in line with other studies [11, 33–36]. In our
study, patients with diagnosed DM, although not recently diag-
nosed, had a relatively ‘mild’ DM. This was reflected by good
glycaemic control, a small number of patients with insulin use
and a low prevalence of diabetic complications. These charac-
teristics might explain the observed higher eGFR, reflecting glo-
merular hyperfiltration, instead of a decline in eGFR.

Glomerular hyperfiltration is considered as an early mani-
festation of diabetic kidney nephropathy and may contribute to
nephropathy progression and GFR decline [20, 37, 38]. However,
a recent study in patients with type 1 DM showed that early
hyperfiltration was not associated with a higher long-term risk
of decreased GFR, defined as an eGFR<60 mL/min/1.73 m2 [39].
A potential limitation of that study was that hyperfiltration was
assessed at baseline (median 4 years after diagnosis) and not
during long-term follow-up (median 28 years). Furthermore, glu-
cose control was not optimal (mean HbA1c 8.8%). A reason for
the negative result in that study, which showed that hyperfiltra-
tion was not associated with a higher long-term risk of de-
creased GFR, might be that glomerular hyperfiltration is
(partially) reversible after improvement of glucose control.

In our study, we evaluated different measures of glucose
metabolism and showed that both fasting and post-prandial
glucose levels and HOMA-B were associated with glomerular
hyperfiltration, while only fasting glucose was associated with
micro-albuminuria. Our results showed no association between
insulin resistance with glomerular hyperfiltration and micro-al-
buminuria. These results are in line with another study that
reported that impaired fasting glucose was associated with glo-
merular hyperfiltration, whereas hyperinsulinaemia was not
[17]. Our results add to the hypothesis that hyperinsulinaemia
as a measure of insulin resistance is not associated with a first
increase in eGFR (hyperfiltration) but is associated with an im-
mediate decline in eGFR. This might be explained by direct kid-
ney damage, by mechanisms such as inflammatory cytokines
and lipotoxicity [40–42]. Other studies have reported that insulin
resistance in a non-diabetic population contributes to progres-
sive CKD [43, 44], but hyperfiltration was not assessed in these
studies. Our study also showed that hyperinsulinaemia was not
associated with micro-albuminuria. This is in line with another
study [45], but in contrast with other reports [46, 47]. However,
these studies were performed in a different study population
(mainly non-White) and no adjustments were made for the use
of ACEis or ARBs.

This study adds new knowledge to existing literature. First,
the proportion of patients with kidney disease in this Dutch co-
hort with good metabolic control was relatively small. Second,
we showed that insulin resistance was not associated with glo-
merular hyperfiltration and micro-albuminuria. The strengths
of this study are the evaluation of kidney function by eGFR, as
well as glomerular hyperfiltration and micro-albuminuria.
Micro-albuminuria is a known risk factor for the development
of kidney disease in the setting of diabetes [48, 49].
Furthermore, the NEO population consisted of a large study
population and included an extensive set of measures of glu-
cose metabolism, including a mixed meal test. This made it pos-
sible to evaluate the associations of many different measures of
glucose metabolism with measures of kidney function in one
large patient cohort.

Our study also has a number of limitations that need to be
considered. The cross-sectional design limits inferences on cau-
sality. Furthermore, we did not perform a glucose tolerance test,
but used a mixed meal test and measured post-prandial glucose
levels at 30 and 150 min. A 2-h glucose value was not obtained
and therefore impaired glucose tolerance could not be assessed.
However, we combined fasting glucose, HbA1c levels and ele-
vated post-prandial levels (�11.1 mmol/L) and used accepted
definitions of pre-DM [2]. Another limitation is the use of eGFR,
although the CKD-EPI formula has proven to be more accurate
compared with the Modification of Diet in Renal Disease for-
mula, it has not been validated at >90 mL/min/1.73 m2 and
might underestimate hyperfiltration in obesity [50]. Isotope
clearance measurements are the gold standard but are seldom
used in large epidemiological studies due to time, high cost and
invasiveness. Further, there is no consensus about the defini-
tion of hyperfiltration. Some studies referred to hyperfiltration
as a GFR exceeding the upper limit of the normal range
(eGFR>90th percentile) or a measured GFR>120 mL/min/
1.73 m2 [17, 34, 37]. Another limitation is the lack of confirma-
tion of micro-albuminuria in a second urine portion. Although
patients delivered a morning urine sample, which reduces the
number of false positives, we cannot exclude that some patients
had transient micro-albuminuria.

Further follow-up studies are needed to investigate whether
patients with pre-DM or DM and hyperfiltration are at risk of
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further progression of kidney disease. If future studies confirm
that patients with glomerular hyperfiltration have a high risk of
further progression of kidney disease, this will also provide an
opportunity for early intervention in diminishing renal disease
progression, by modulating intraglomerular pressure with so-
dium–glucose cotransporter 2 inhibitors and renin–angioten-
sin–aldosteron system inhibitors.

In conclusion, in contrast with other studies, the proportion
of patients with kidney disease in this Dutch study population
was relatively small, which might be related to good metabolic
control. Furthermore, we showed that both fasting and post-
prandial glucose and HOMA-B, but not insulin resistance, were
associated with glomerular hyperfiltration, while fasting glu-
cose was also associated with micro-albuminuria. This implies
that hyperinsulinaemia as a measure of insulin resistance is
not associated with a first increase in eGFR (hyperfiltration) but
is associated with a decline in eGFR. The results need further
confirmation in cohorts with long-term follow-up.

SUPPLEMENTARY DATA

Supplementary data are available at ckj online.

CONFLICT OF INTEREST STATEMENT

None declared.

REFERENCES
1. Bullard KM, Saydah SH, Imperatore G et al. Secular changes

in U.S. prediabetes prevalence defined by hemoglobin A1c
and fasting plasma glucose: National Health and Nutrition
Examination Surveys, 1999–2010. Diabetes Care 2013; 36:
2286–2293

2. American Diabetes Association. 2. Classification and diagno-
sis of diabetes. Diabetes Care 2017; 40(Suppl 1): S11–S24

3. Tabak AG, Herder C, Rathmann W et al. Prediabetes: a high-
risk state for diabetes development. Lancet 2012; 379:
2279–2290

4. Morris DH, Khunti K, Achana F et al. Progression rates from
HbA1c 6.0–6.4% and other prediabetes definitions to type 2
diabetes: a meta-analysis. Diabetologia 2013; 56: 1489–1493

5. Ford ES, Zhao G, Li C. Pre-diabetes and the risk for cardiovas-
cular disease: a systematic review of the evidence. J Am Coll
Cardiol 2010; 55: 1310–1317

6. Gerritsen J, Dekker JM, TenVoorde BJ et al. Glucose tolerance
and other determinants of cardiovascular autonomic func-
tion: the Hoorn Study. Diabetologia 2000; 43: 561–570

7. Bruce SG, Young TK. Prevalence and risk factors for neuropa-
thy in a Canadian First Nation community. Diabetes Care
2008; 31: 1837–1841

8. Ylitalo KR, Sowers M, Heeringa S. Peripheral vascular disease
and peripheral neuropathy in individuals with cardiometa-
bolic clustering and obesity: National Health and Nutrition
Examination Survey 2001-2004. Diabetes Care 2011; 34:
1642–1647

9. Plantinga LC, Crews DC, Coresh J et al. Prevalence of chronic
kidney disease in US adults with undiagnosed diabetes or
prediabetes. Clin J Am Soc Nephrol 2010; 5: 673–682

10. Groop PH, Forsblom C, Thomas MC. Mechanisms of disease:
pathway-selective insulin resistance and microvascular
complications of diabetes. Nat Clin Pract Endocrinol Metab
2005; 1: 100–110

11. Sun ZJ, Yang YC, Wu JS et al. Increased risk of glomerular
hyperfiltration in subjects with impaired glucose tolerance
and newly diagnosed diabetes. Nephrol Dial Transplant 2016;
31: 1295–1301

12. Kim GS, Kim SG, Kim HS et al. The relationship between
chronic kidney function and homeostasis model assess-
ment of insulin resistance and beta cell function in Korean
adults with or without type 2 diabetes mellitus. Endocr J 2017;
64: 1181–1190

13. Fox CS, Larson MG, Leip EP et al. Glycemic status and devel-
opment of kidney disease: the Framingham Heart Study.
Diabetes Care 2005; 28: 2436–2440

14. Sechi LA, Catena C, Zingaro L et al. Abnormalities of glucose
metabolism in patients with early renal failure. Diabetes
2002; 51: 1226–1232

15. Kubo M, Kiyohara Y, Kato I et al. Effect of hyperinsulinemia
on renal function in a general Japanese population: the
Hisayama study. Kidney Int 1999; 55: 2450–2456

16. Chen J, Muntner P, Hamm LL et al. Insulin resistance and risk
of chronic kidney disease in nondiabetic US adults. J Am Soc
Nephrol 2003; 14: 469–477

17. Melsom T, Mathisen UD, Ingebretsen OC et al. Impaired fast-
ing glucose is associated with renal hyperfiltration in the
general population. Diabetes Care 2011; 34: 1546–1551

18. Solbu MD, Kronborg J, Eriksen BO et al. Cardiovascular risk-
factors predict progression of urinary albumin-excretion in
a general, non-diabetic population: a gender-specific follow-
up study. Atherosclerosis 2008; 201: 398–406

19. Brantsma AH, Atthobari J, Bakker SJ et al. What predicts pro-
gression and regression of urinary albumin excretion in the
nondiabetic population? J Am Soc Nephrol 2007; 18: 637–645

20. Magee GM, Bilous RW, Cardwell CR et al. Is hyperfiltration as-
sociated with the future risk of developing diabetic nephrop-
athy? A meta-analysis. Diabetologia 2009; 52: 691–697

21. de Mutsert R, den Heijer M, Rabelink TJ et al. The
Netherlands Epidemiology of Obesity (NEO) study: study de-
sign and data collection. Eur J Epidemiol 2013; 28: 513–523

22. Kidney Disease: Improving Global Outcomes CKD Work
Group. KDIGO 2012 clinical practice guideline for the evalua-
tion and management of chronic kidney disease. Kidney Int
Suppl 2013; 3: 1–150

23. Magnotti RA Jr, Stephens GW, Rogers RK et al. Microplate
measurement of urinary albumin and creatinine. Clin Chem
1989; 35: 1371–1375

24. Korn EL, Graubard BI. Epidemiologic studies utilizing sur-
veys: accounting for the sampling design. Am J Public Health
1991; 81: 1166–1173

25. Lumley T. Analysis of complex survey samples. J Stat Soft
2004; 9: 1–19

26. Ministerie van Volksgezondheid. Overgewicht. https://www.
volksgezondheidenzorg.info/onderwerp/overgewicht/cij
fers-context/huidige-situatie (20 February 2017, date last
accessed)

27. Woolhandler S, Himmelstein DU. The relationship of health
insurance and mortality: is lack of insurance deadly? Ann
Intern Med 2017; 167: 424–431

28. D’Agati VD, Chagnac A, de Vries AP et al. Obesity-related glo-
merulopathy: clinical and pathologic characteristics and
pathogenesis. Nat Rev Nephrol 2016; 12: 453–471

29. Sheen YJ, Sheu WH. Risks of rapid decline renal function in
patients with type 2 diabetes. World J Diabetes 2014; 5:
835–846

30. Melsom T, Schei J, Stefansson VT et al. Prediabetes and risk
of glomerular hyperfiltration and albuminuria in the general

Glucose metabolism and kidney function 2389

D
ow

nloaded from
 https://academ

ic.oup.com
/ckj/article/14/11/2383/6210767 by U

niversiteit Leiden - LU
M

C
 user on 19 July 2022

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfab074#supplementary-data
https://www.volksgezondheidenzorg.info/onderwerp/overgewicht/cijfers-context/huidige-situatie
https://www.volksgezondheidenzorg.info/onderwerp/overgewicht/cijfers-context/huidige-situatie
https://www.volksgezondheidenzorg.info/onderwerp/overgewicht/cijfers-context/huidige-situatie


nondiabetic population: a prospective cohort study. Am J
Kidney Dis 2016; 67: 841–850

31. Metcalf PA, Baker JR, Scragg RK et al. Microalbuminuria in a
middle-aged workforce. Effect of hyperglycemia and ethnic-
ity. Diabetes Care 1993; 16: 1485–1493

32. Derakhshan A, Bagherzadeh-Khiabani F, Arshi B et al.
Different combinations of glucose tolerance and blood pres-
sure status and incident diabetes, hypertension, and chronic
kidney disease. J Am Heart Assoc 2016; 5: e003917

33. Frische S. Glomerular filtration rate in early diabetes: ongo-
ing discussions of causes and mechanisms. J Nephrol 2011;
24: 537–540

34. Jerums G, Premaratne E, Panagiotopoulos S et al. The clinical
significance of hyperfiltration in diabetes. Diabetologia 2010;
53: 2093–2104

35. van Bommel EJM, Smits MM, Ruiter D et al. Effects of dapagli-
flozin and gliclazide on the cardiorenal axis in people with
type 2 diabetes. J Hypertens 2020; 38: 1811–1819

36. Bjornstad P, Maahs DM, Cherney DZ et al. Insulin sensitivity
is an important determinant of renal health in adolescents
with type 2 diabetes. Diabetes Care 2014; 37: 3033–3039

37. Ruggenenti P, Porrini EL, Gaspari F et al. Glomerular hyperfil-
tration and renal disease progression in type 2 diabetes.
Diabetes Care 2012; 35: 2061–2068.

38. Moriya T, Tsuchiya A, Okizaki S et al. Glomerular hyperfiltra-
tion and increased glomerular filtration surface are associ-
ated with renal function decline in normo- and
microalbuminuric type 2 diabetes. Kidney Int 2012; 81:
486–493

39. Molitch ME, Gao X, Bebu I et al. Early glomerular hyperfiltra-
tion and long-term kidney outcomes in type 1 diabetes: the
DCCT/EDIC experience. Clin J Am Soc Nephrol 2019; 14:
854–861

40. Griffin KA, Kramer H, Bidani AK. Adverse renal consequen-
ces of obesity. Am J Physiol Renal Physiol 2008; 294: F685–F696

41. Ruan XZ, Varghese Z, Moorhead JF. An update on the lipid
nephrotoxicity hypothesis. Nat Rev Nephrol 2009; 5: 713–721

42. de Vries AP, Ruggenenti P, Ruan XZ et al. Fatty kidney:
emerging role of ectopic lipid in obesity-related renal dis-
ease. Lancet Diabetes Endocrinol 2014; 2: 417–426

43. Kurella M, Lo JC, Chertow GM. Metabolic syndrome and the
risk for chronic kidney disease among nondiabetic adults. J
Am Soc Nephrol 2005; 16: 2134–2140

44. Oterdoom LH, de Vries AP, Gansevoort RT et al. Fasting insu-
lin modifies the relation between age and renal function.
Nephrol Dial Transplant 2007; 22: 1587–1592

45. Nielsen S, Schmitz O, Orskov H et al. Similar insulin sensitiv-
ity in NIDDM patients with normo- and microalbuminuria.
Diabetes Care 1995; 18: 834–842

46. Mykkanen L, Zaccaro DJ, Wagenknecht LE et al.
Microalbuminuria is associated with insulin resistance in
nondiabetic subjects: the insulin resistance atherosclerosis
study. Diabetes 1998; 47: 793–800

47. Ryoo JH, Park SK, Jung JY. Elevated fasting insulin level sig-
nificantly increases the risk of microalbuminuria. Circ J 2014;
79: 210–215

48. Nelson RG, Bennett PH, Beck GJ et al. Development and pro-
gression of renal disease in Pima Indians with non-insulin-
dependent diabetes mellitus. Diabetic renal disease study
group. N Engl J Med 1996; 335: 1636–1642

49. Adler AI, Stevens RJ, Manley SE et al. Development and pro-
gression of nephropathy in type 2 diabetes: the United
Kingdom Prospective Diabetes Study (UKPDS 64). Kidney Int
2003; 63: 225–232

50. Porrini E, Ruggenenti P, Luis-Lima S et al. Estimated GFR:
time for a critical appraisal. Nat Rev Nephrol 2019; 15: 177–190

M.A. Schroijen et al.23 |90

D
ow

nloaded from
 https://academ

ic.oup.com
/ckj/article/14/11/2383/6210767 by U

niversiteit Leiden - LU
M

C
 user on 19 July 2022


	tblfn1
	tblfn2
	tblfn3
	tblfn4
	tblfn5
	tblfn6



