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Abstract

Aims/hypothesis To examine the association of serum
cystatin C with the incidence of type 2 diabetes mellitus
over a 15 year follow-up period.

Methods The 15 year cumulative incidence of diabetes was
measured in a cohort of Beaver Dam Eye Study participants
(n=3,472, 1988-2003). A person was defined as develop-
ing diabetes (a positive history of diabetes mellitus treated
with insulin, oral hypoglycaemic agents and/or diet, or
elevations in glycosylated haemoglobin levels) in the
absence of diabetes at baseline. The relation of cystatin C
and other risk factors to incident type 2 diabetes was
determined using discrete time extension of the proportion-
al hazards model.

Results The 15 year cumulative incidence of diabetes was
estimated to be 9.6%. After controlling for age, sex, body
mass index, smoking status, glycosylated haemoglobin,
proteinuria, chronic kidney disease status and hypertension
status, serum cystatin C at baseline was associated with the
15 year cumulative incidence of type 2 diabetes (OR per
log of cystatin C unit 2.19, 95% CI 1.02—4.68).
Conclusions/interpretation These findings show a positive
relationship of serum cystatin C levels with the incidence of
type 2 diabetes mellitus independently of confounding risk
factors. The findings strongly suggest the need for further
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Introduction

Type 2 diabetes mellitus is common and an important cause
of morbidity and mortality. Its incidence is expected to
increase by two to three times over the next 30—40 years,
largely as a result of changes in diet and physical activity
levels [1, 2]. Other factors, such as smoking and renal
disease, have also been shown to increase the risk of type 2
diabetes mellitus. Recent studies suggest that cystatin C is
not only a sensitive marker of renal dysfunction but is also
associated with insulin resistance, obesity and hypertension
[3, 4]. These conditions are known to be related to the
development of type 2 diabetes [5, 6].

Serum cystatin C has been suggested to be associated
with the risk of progression from normoglycaemia to
prediabetes in Western New York Health Study participants
[71. To our knowledge, there are no population-based
studies that have examined the association of serum
cystatin C with the long-term incidence of type 2 diabetes
mellitus. In this paper we examine this relationship in a
cohort of participants in the Beaver Dam Eye Study.
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Methods

Population Methods used to identify and describe the
population have appeared in previous reports [§—11]. In
brief, a private census of the population of Beaver Dam,
WI, USA, was performed from 15 September 1987 to 4
May 1988 to identify all residents in the city or township of
Beaver Dam who were 43-84 years of age. Of the 5,924
eligible individuals, 4,926 participated in the baseline
examination between 1 March 1988 and 14 September
1990 [8]. Ninety-nine per cent of the population was white.
Of the 4,926 who were examined at baseline, 384 had died
before the beginning of the 5 year follow-up examination.
Of the 4,542 surviving persons, 3,684 (81.1%) participated
in the 5 year follow-up examination in 1993 to 1995 [9]. Of
the 3,334 surviving participants in the baseline and second
examination, 2,764 (82.9%) participated in the 10 year
follow-up examination [10]. Of the 2,480 surviving
participants who were examined at the baseline and at 5
and 10 year follow-up examinations, 2,119 (85.4%)
participated in the 15 year follow-up examination [11].
Comparisons between participants and non-participants at
the time of the baseline and 5, 10 and 15 year follow-up
examinations have appeared elsewhere [8—11].

Procedures and definitions Similar procedures, used at
both the baseline and follow-up examinations, have been
described in detail elsewhere [12, 13]. Informed consent
was obtained from each participant at the beginning of the
examination, and all examinations followed a similar
protocol that was approved by the Institutional Review
Board of the University of Wisconsin and carried out in
accordance with the Declaration of Helsinki.

Casual blood specimens and non-fasting blood speci-
mens were obtained from participants. Serum glucose level
was determined using the hexokinase method. During the
first two examination phases, HbA ;. was determined using
affinity chromatography (Isolab, Akron, OH, USA). During
the third examination phase, total glycosylated haemoglo-
bin was measured using the ion capture method (IMX;
Abbott Laboratories, North Chicago, IL, USA). During the
fourth examination phase, glycosylated haemoglobin A,
was measured using high-performance liquid chromatogra-
phy (Alc 2.2 Plus; Tosoh Corporation, Tokyo, Japan). Total
glycosylated haemoglobin from the first three examination
phases was standardised to the percentage of glycosylated
haemoglobin A;. using the formula: glycosylated haemo-
globin A;.=(glycosylated haemoglobin+1.76)/1.49. Diabe-
tes was defined as present regardless of HbA,. level if a
person had been told by a physician that he/she had
diabetes mellitus and was treated with insulin, oral
hypoglycaemic agents and/or diet. In persons diagnosed to
have diabetes by a physician but not on treatment, diabetes
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was defined as present if HbA. was >6.5%. Primary care
physicians were consulted whenever there was doubt about
past diagnosis. Newly identified diabetes was defined as an
HbA,, level >7.0% in a person who had not been
previously told by a physician that he/she had diabetes. A
person was defined as suspected of having diabetes if he/
she had a positive history of diabetes, but was not treated
with medications and/or diet and HbA . levels were <6.5%.
Cumulative incidence of type 2 diabetes mellitus was
defined as it being present at any follow-up examination
in persons in whom it was absent at the 1988—1990 baseline
examination. Persons who were suspected of having
diabetes were excluded from these analyses.

Remaining serum was stored without preservative at
—80°C in cryogenic vials with O-rings for up to 17 years
until the vials were shipped on dry ice to the University of
Minnesota laboratory for the analyses reported here.
Creatinine was measured in serum by reflectance spectro-
photometry on a Vitros analyser (Johnson & Johnson
Clinical Diagnostics, Rochester, NY, USA). The laboratory
CV was 2.2%. High-sensitivity C-reactive protein (hsCRP)
was measured with a Hitachi 911 (Roche Diagnostics,
Indianapolis, IN, USA) using the CRP K-Assay, a particle-
enhanced immunonephelometric assay (Kamiya Biomedi-
cal Company, Seattle, WA, USA). The expected normal
values are <5 mg/l and the laboratory CV ranged from 2.1%
to 4.5%. Serum cystatin C was determined nephelometri-
cally using a BN100 nephelometer (Dade Behring, Deer-
field, IL, USA). The interassay precision was determined at
two control levels: 1.72 mg/l (CV 6.4%) and 0.78 mg/l (CV
5.2%). GFR was estimated based on the four-variable
Modification of Diet in Renal Disease (MDRD) Study
equation (GFR=175x(serum creatinine/88.4) '-'%x
age 2% x1.212 [if black]x0.742 [if female]) [14] used
when serum creatinine is reported in pmol/l . In addition,
GFR was calculated based on serum cystatin C levels using
the formula (GFR=127.7 xserum cystatin C_ "' xage '3 x
1.06 [if black]x0.91 [if female]) [15]. Gross proteinuria
was determined by dipstick on a casual urine sample and
defined as a urinary protein concentration >0.3 g/1.

Age was defined as the age at the time of the 1988—1990
examination. Cigarette smoking status was determined as
follows: a participant was classified as a non-smoker if he/
she had smoked fewer than 100 cigarettes in his/her
lifetime; as an ex-smoker if he/she had smoked 100 or
more cigarettes in his/her lifetime but had stopped smoking
before the examination; and as a current smoker if he/she
had not stopped smoking. Hypertension was defined as a
mean systolic BP of >140 mmHg and/or a mean diastolic
BP of >90 mmHg and/or a history of hypertension using
antihypertensive medication at the time of the baseline
examination. BMI was defined as weight in kilograms
divided by height in metres squared. A person was defined
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as having a history of cardiovascular disease at the 1988—
1990 examination based on the participant’s history of
angina, myocardial infarction or stroke. A person was
defined as having a sedentary lifestyle based on a history of
exercise less than three times per week.

Statistical analysis The cumulative 15 year incidence of
diabetes mellitus was estimated accounting for the compet-
ing risk of death [16]. Associations between serum cystatin
C and other risk factors with time to the development of
incident diabetes were assessed using the discrete time
extension of the proportional hazards model [17] as
implemented in the PROC PHREG procedure (SAS
Institute, Cary, NC, USA). Effects of covariates on the
discrete hazard function are summarised as OR and 95% CI
as implemented in the PROC PHREG procedure (SAS
Institute). These analytical approaches allowed those people
who were not seen after the 5, 10 or 15 year examination
because of death or non-participation to contribute infor-
mation to the estimates [16, 18]. The assumption of
proportionality (constant OR over time) was assessed
graphically for all covariates [19]. Analyses were stratified
based on baseline smoking status because of non-
proportionality of the smoking effect on incident diabetes.
Potential interactions between cystatin C and other risk
factors were assessed. None were significant at 5% level.

We considered age, sex, BMI, smoking status, HbA .,
hsCRP, chronic kidney disease (CKD) status, hypertension,
sedentary lifestyle and gross proteinuria history as potential
confounders in multivariate analysis. The distribution of
serum cystatin C was highly skewed and serum cystatin C
was not linearly associated with the outcome variable, so
we performed logarithmic transformation of cystatin C to
use in the analysis.

Results

Of the 4,926 people who participated in the baseline
examination, 4,901 had information on diabetes status;
441 (9.0%) had diabetes and 92 (1.9%) were suspected of
having diabetes. Of the remaining 4,368 participants
without diabetes, 896 (20.5%) were alive but not examined
at the 5 year follow-up examination because of refusal or
because they could not be located. Incidence analyses in
this report are limited to the remaining 3,472 people at risk
of developing diabetes, including 714 people who died at
any follow-up examination. People without diabetes inci-
dence data were more likely to be older and, after adjusting
for age, were more likely to be current smokers and have a
higher mean serum cystatin C level than participants
included in analyses.

The 15 year cumulative incidence of diabetes was
estimated to be 9.6%. Characteristics of the study popula-
tion according to whether the person developed or did not
develop diabetes or died are presented in Table 1. While
adjusting for age and sex, people with higher levels of
serum cystatin C were more likely to die (p<0.05). Also,
people who died had a more frequent history of cardiovas-
cular disease and gross proteinuria history (p<0.05). People
who developed diabetes during the 15 year follow-up were
older, had higher BMI, and were more likely to be male and
an ex-smoker (p<0.05). In addition, people who developed
diabetes had higher mean HbA . levels and mean systolic
and diastolic BP at the baseline examination (p<0.05), but
did not differ in mean serum total cholesterol levels from
people who did not develop diabetes. Also, people who
developed diabetes were more likely to be hypertensive,
were more likely to have a history of cardiovascular disease
and to use beta-blockers, diuretics and non-steroidal anti-
inflammatory drugs than people who did not develop
diabetes. People who developed diabetes had higher serum
cystatin C levels and lower cystatin C-based GFR, but did
not differ in serum creatinine and creatinine based GFR
levels and gross proteinuria status from people who did not
develop diabetes.

Our median value and interquartile range for cystatin C
were 0.85 and 0.75-0.99 mg/l, respectively. On the log
scale it corresponded to a median value of —0.16 mg/l and
interquartile range of —0.29 to —0.01 mg/l. The geometric
mean of cystatin C was 0.83 for people who did not
develop diabetes, 0.90 mg/l for those who developed
diabetes and 1.03 mg/I for those who died.

The results of multivariate analysis showed that serum
cystatin C at baseline was associated with diabetes
development after adjustment for sex and age (Table 2).
Further sequential adjustment for BMI, smoking status,
HbA ., hypertension history, gross proteinuria and CKD
status showed that serum cystatin C remained associated
with the incidence of diabetes (OR per log of cystatin C
2.19; 95% CI 1.02—4.68). It corresponded to OR 1.15 (95%
CI 1.01-1.31) per 50% increase in cystatin C. Serum
cystatin C in our study was weakly correlated with markers
of inflammation such as hsCRP (»=0.19, p=0.0001). The
association of serum cystatin C with the incidence of
diabetes remained significant after further adjustment for
serum C-reactive protein (OR 2.09; 95% CI 1.02—4.11).
Estimated GFR (ml min™' 1.73 m?) based on serum
cystatin C levels was related to the incidence of diabetes
after controlling for age and sex (OR 0.98; 95% CI 0.97-
0.99; p<0.0001). In contrast, GFR (ml min~' 1.73 m?)
based on serum creatinine using the MDRD equation was
not related to the incidence of diabetes after controlling for
age and sex (OR 1.00; 95% CI 0.99-1.01, p=0.94).
Stratification by kidney disease status (Table 2) showed

@ Springer



1338

Diabetologia (2011) 54:1335-1340

Table 1 Baseline characteristics by diabetes incidence and death status at the 1988—1990 Beaver Dam Eye Study examination

Characteristic

Did not develop T2DM (n=2,483)

Developed T2DM (n=275)

Died (n=714)

Age (years)
Males, n (%)
BMI, n (%)

25-29 kg/m?

>30 kg/m?

Smoking history, n (%)

Ex-smoker

Current smoker

Sedentary lifestyle, n (%)
HbA . (%)

Serum total cholesterol

mg/dl

mmol/l

Systolic BP (mmHg)
Diastolic BP (mmHg)
Presence of hypertension, n (%)
Cardiovascular disease history, n (%)
History of 3-blocker use, n (%)
History of calcium channel blocker use, n (%)
History of diuretic use, n (%)
History of ACE inhibitors use, n (%)
History of NSAID use, n (%)
Presence of gross proteinuria, n (%)
Serum hsCRP, median (interquartile range)
mg/1

nmol/l

Serum creatinine

mg/dl

pumol/l
History of CKD?, n (%)

GFR® (ml min™! 1.73 m™?)

GFR® (ml min~' 1.73 m?)

Serum cystatin C (mg/l)

58.6=10.0
1,025 (41.3)

1,077 (43.4)
753 (30.3)

827 (33.3)
477 (19.2)
1,829 (73.7)
5.6+0.6

232.5+42.4
6.02+1.10
128.4+18.5
77.9+10.1
1,037 (41.8)
196 (8.0)
160 (6.5)
39 (1.6)
471 (19.2)
111 (4.5)
769 (31.0)
52 (2.2)

1.67 (0.8-3.4)
15.9 (7.6-32.3)

0.89:£0.19
78.7+16.8
272 (11.5)
78.1+£16.2
91.8£21.9
0.86+0.19

60.0+10.4
146 (53.1)

76 (27.6)
174 (63.3)

124 (45.1)
46 (16.7)
205 (74.6)
6.2+0.8

235.6+49.7
6.10+1.29
135.0+19.0
7974113
169 (61.5)
40 (14.6)
33 (12.0)

7 (2.6)

80 (29.9)
18 (6.7)
100 (36.4)
12 (4.6)

2.65 (1.3-4.8)
25.2 (12.4-45.6)

0.93+0.23
82.2+20.3
34 (12.1)

77.6%+17.6
82.8+19.7
0.93+0.22

70.0+9.8
375 (52.5)

275 (38.5)
228 (31.9)

284 (39.8)
147 (20.6)
575 (80.5)
5.8+0.7

230.7+46.4
5.98+1.20
136.1+22.4
752+11.7
428 (60.1)
193 (27.6)
72 (10.1)
20 (2.8)
266 (38.0)
58 (8.2)
271 (38.0)
46 (7.0)

2.77 (1.3-6.4)
26.3 (12.4-60.8)

1.01+0.48
89.28+42.4
189 (29.1)
7214223
69.5426.0
1.09+0.43

Values are mean + SD unless stated otherwise

NSAID, non-steroidal anti-inflammatory drug; T2DM, type 2 diabetes mellitus

. b

*CKD status was defined using serum creatinine as GFR <60 ml min ' 1.73 m 2; ® Based on serum creatinine; °based on serum cystatin C

that the association of serum cystatin C with the incidence
of diabetes was similar in people with and without CKD
(Table 2). The association of serum cystatin C with the
incidence of diabetes was significant after adjustment for
age and sex in both groups. BMI was the strongest
confounder of the association of cystatin C with incident
diabetes in both groups. The association did not remain
significant after adjustment for BMI in persons with kidney
disease and after adjustment for HbA,. in persons without
kidney disease. In both subgroups, the odds of having
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incident diabetes was not different after controlling for

confounding factors (Table 2).

Discussion

In our study, while controlling for age, sex, BMI,
hypertension status, HbA;. and other risk factors, the
serum level of cystatin C was associated with increased
risk of incident type 2 diabetes mellitus. To our knowledge,
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Table 2 Impact of sequential adjustment on cystatin C-related differences in 15 year cumulative diabetes incidence in the Beaver Dam Eye Study

Variable

Overall
(n=3,472)

No CKD, no proteinuria
(n=2,706)

CKD or proteinuria
(n=571)

Adjusted for age” and sex

Adjusted for all above and BMI

Adjusted for all above and smoking status

Adjusted for all above and HbA .

Adjusted for all above and hypertension history

Adjusted for all above and gross proteinuria and CKD status®

4.62 (2.52-8.49)
2.51 (1.32-4.79)
2.50 (1.30-4.82)
2.24 (1.16-4.33)
1.99 (1.03-3.85)
2.19 (1.02-4.68) - -

6.74 (2.78-16.35)
2.76 (1.11-6.87)
2.52 (1.01-6.36)
2.40 (0.91-6.30)
2.06 (0.79-5.43)

4.34 (1.40-13.43)
2.83 (0.89-9.04)
3.28 (0.96-1.02)
2.54 (0.74-8.69)
2.26 (0.65-7.91)

Data are OR per log of cystatin C (95% CI)

The difference between overall group and stratified groups in Table 2 is explained by missing values for proteinuria and/or CKD status in these

groups

* Age was entered in the analysis as a continuous variable; logarithmic transformation of continuous variable was performed for serum cystatin C

® CKD status was defined using serum creatinine as GFR <60 ml min~' 1.73 m >

this is the first long-term population-based study that shows
an association of serum cystatin C with the incidence of
type 2 diabetes mellitus. While we found that the effect was
independent of the presence of CKD as defined by the
MDRD equation and proteinuria, the association may still
be due to kidney disease, as suggested by the association of
the estimated GFR using a cystatin C equation with
increased risk of diabetes in our study. Serum cystatin C
is thought to be more precise than serum creatinine in
defining the presence of early kidney dysfunction [20-22].
It is possible that the preclinical stage of kidney dysfunc-
tion, defined by a higher serum cystatin C than estimated
by the MDRD study equation, might explain its relationship
to type 2 diabetes incidence in our study. Kidney
dysfunction defined by low estimated GFR has been shown
by others to be related to the development of diabetes [23].
This has, in part, been thought to be due to insulin
resistance [24], increased renal gluconeogenesis [25],
endothelial dysfunction and/or chronic inflammation [26,
27], oxidative stress [27] and activation of the renin—
angiotensin system [28] in persons with CKD.

It is also possible that the relationship of serum cystatin
C to the incidence of diabetes is the result of other disease
processes. In people without kidney disease, the association
of serum cystatin C with incident diabetes was significant
after controlling for age, sex, BMI and smoking status.
However, the association did not remain significant after
further adjustment for HbA .. Recent studies suggest that
cystatin C is associated with insulin resistance, obesity and
hypertension, conditions closely related to diabetes [3, 4].
Additionally, cystatin C is related to inflammation and
oxidative stress, which are key pathogenetic components of
the metabolic syndrome [3]. Oxidative stress has been
shown to induce the synthesis of cystatin C mRNA and
protein, which may reflect a cellular defensive response to
oxidative stress [29]. Higher serum cystatin C values have

been shown to be directly related to chronic inflammation
[30]. Some studies have linked chronic inflammation to
diabetes incidence [31, 32]. The relationship of higher
serum levels of cystatin C to diabetes development in our
study might be partially explained by a direct contribution
of serum cystatin C to the interrelated processes of
inflammation and endothelial dysfunction, thus increasing
the risk of developing diabetes. Our secondary analyses
showed that hsCRP attenuated the association between
serum cystatin C and diabetes incidence; however, the
relation remained statistically significant.

While our study has many strengths, including the long
follow-up, high participation rate and the use of standardised
protocols to measure risk factors and diabetes, it also has some
limitations. First, the small number of non-white and Hispanic
participants may limit the ability to generalise our findings to
other ethnic groups. Second, it is possible that selective
survival (persons with higher levels of cystatin C and other
risk factors who developed diabetes were less likely to be seen
in follow-up because of higher mortality) resulted in
underestimation of the relationship between cystatin C and
diabetes. Third, there may be uncontrolled confounding by
unmeasured characteristics, such as genetic or nutritional
factors, that may be related to cystatin C and diabetes. Fourth,
there may have been misclassification of diabetes in our study.
However, when we checked our results, eliminating persons
with borderline HbA . levels (>6.0% but <6.5%), our results
yielded the same conclusion.

In summary, serum cystatin C levels were associated
with incident type 2 diabetes independently of confound-
ing risk factors. The exact mechanism is unknown but
our results suggest that cystatin C might serve as a more
specific marker than serum creatinine for early stages of
CKD, a risk factor for the incidence of diabetes, or it
may contribute directly to the pathogenesis of type 2
diabetes mellitus.
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