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Abstract
Aims/hypothesis There is evidence for a bidirectional association between type 2 diabetes and Alzheimer’s disease. Plasma β-
amyloid (Aβ) is a potential biomarker for Alzheimer’s disease. We aimed to investigate the association of plasma Aβ40 and
Aβ42 with risk of type 2 diabetes.
Methods We performed a case–control study and a nested case–control study within a prospective cohort study. In the case–
control study, we included 1063 newly diagnosed individuals with type 2 diabetes and 1063 control participants matched by age
(±3 years) and sex. In the nested case–control study, we included 121 individuals with incident type 2 diabetes and 242 matched
control individuals. Plasma Aβ40 and Aβ42 concentrations were simultaneously measured with electrochemiluminescence
immunoassay. Conditional logistic regression was used to evaluate the association of plasma Aβ40 and Aβ42 concentrations
with the likelihood of type 2 diabetes.
Results In the case–control study, the multivariable-adjusted ORs for type 2 diabetes, comparing the highest with the lowest
quartile of plasma Aβ concentrations, were 1.97 (95% CI 1.46, 2.66) for plasma Aβ40 and 2.01 (95% CI 1.50, 2.69) for plasma
Aβ42. Each 30 ng/l increment of plasma Aβ40 was associated with 28% (95%CI 15%, 43%) higher odds of type 2 diabetes, and
each 5 ng/l increment of plasma Aβ42 was associated with 37% (95% CI 21%, 55%) higher odds of type 2 diabetes. Individuals
in the highest tertile for both plasmaAβ40 and Aβ42 concentrations had 2.96-fold greater odds of type 2 diabetes compared with
those in the lowest tertile for both plasma Aβ40 and Aβ42 concentrations. In the nested case–control study, the multivariable-
adjusted ORs for type 2 diabetes for the highest vs the lowest quartile were 3.79 (95% CI 1.81, 7.94) for plasma Aβ40 and 2.88
(95%CI 1.44, 5.75) for plasmaAβ42. The multivariable-adjusted ORs for type 2 diabetes associated with each 30 ng/l increment
in plasma Aβ40 and each 5 ng/l increment in plasma Aβ42 were 1.44 (95% CI 1.18, 1.74) and 1.47 (95% CI 1.15, 1.88),
respectively.
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Conclusions/interpretation Our findings suggest positive associations of plasma Aβ40 and Aβ42 concentration with risk of type
2 diabetes. Further studies are warranted to elucidate the underlying mechanisms and explore the potential roles of plasma Aβ in
linking type 2 diabetes and Alzheimer’s disease.
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Abbreviations
Aβ β-Amyloid
APP Amyloid precursor protein
FPG Fasting plasma glucose
FPI Fasting plasma insulin
HDL-C HDL-cholesterol
IAPP Islet amyloid polypeptide
LDL-C LDL-cholesterol
MSD Meso Scale Discovery
NGT Normal glucose tolerance
TJEZ Tongji-Ezhou cohort

Introduction

Type 2 diabetes and Alzheimer’s disease are both age-related
diseases, with a steady increase in incidence and prevalence
because of population ageing over the past 30 years [1].
Previous epidemiological studies have suggested a bidirec-
tional association between type 2 diabetes and Alzheimer’s
disease. Individuals with diabetes have a 53% higher risk of
Alzheimer’s disease than those without diabetes [2].
Compared with cognitively normal individuals, individuals

with Alzheimer’s disease exhibit greater impairments in
glucose and insulin metabolism [3–5]. The molecular mecha-
nism underlying the relationship between type 2 diabetes and
Alzheimer’s disease remains unclear, although several shared
pathophysiological features have been proposed for the two
conditions [6], including insulin resistance, inflammation,
oxidative stress and protein misfolding. Since nearly 435
million people suffer from type 2 diabetes and 46 million
people are living with dementia worldwide, and with the back-
drop of an ageing society [7], understanding the relationship
between these chronic diseases is of great importance.

β-Amyloid (Aβ), a 39–43 amino acid peptide derived from
the enzymatic cleavage of amyloid precursor protein (APP),
mainly consists of Aβ40 and Aβ42. In individuals with
Alzheimer’s disease, Aβ is overproduced and excessively
aggregates to form senile plaques in brain [8]. Based on the
epidemiological association between type 2 diabetes and
Alzheimer’s disease, a large number of studies have explored
the association of type 2 diabetes and amyloid pathologies in
the human brain but found no significant association [9–11].
Notably, more than 40% of Aβ in the brain can be transported
into peripheral blood [12, 13] and plasmaAβ has been used as
a potential biomarker for Alzheimer’s disease. Furthermore, in
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App and App/Ps1 transgenic mice (note that Ps1 is also known
as Psen1), previous studies demonstrated that high plasma Aβ
concentrations could induce impaired glucose and insulin
tolerance [14, 15]. Peripheral insulin sensitivity was improved
when the effect of plasma Aβ was neutralised by active
immunisation with synthetic Aβ or passive immunisation
with anti-Aβ-neutralising antibodies [15, 16]. Consistent with
the results of animal studies, several epidemiological studies
have indirectly indicated a potential positive association
between plasma Aβ and type 2 diabetes. Plasma Aβ42 has
been positively associated with BMI and fat mass [17], which
are the major risk factors for type 2 diabetes. In addition,
plasma Aβ autoantibody levels, which reflect plasma Aβ
concentrations within a defined period, have been reported
to be increased in individuals with type 2 diabetes [18].
However, only two cross-sectional studies have examined
the differences in plasma Aβ40 and Aβ42 concentrations
between individuals with type 2 diabetes and those without
diabetes; these yielded controversial results, probably because
of the limited sample size in each study [14, 19].

Therefore, we investigated the association of plasma Aβ40
and Aβ42 with risk of type 2 diabetes in two independent
studies: a large case–control study and a nested case–control
study within a prospective cohort study.

Methods

Study design and population

We performed a large case–control study and a nested case–
control study within a prospective cohort study. The case–
control study consisted of 2126 participants, including 1063
individuals with newly diagnosed type 2 diabetes and 1063
control participants with normal glucose tolerance (NGT).
Newly diagnosed individuals with type 2 diabetes were consec-
utively recruited from the Department of Endocrinology, Tongji
Medical College Hospital, Wuhan, China, between 2012 and
2015 (where they were diagnosed). Concomitantly, control
participants were recruited from an unselected population
undergoing a routine health check-up in the same hospital.
One control participant was selected for each individual with
type 2 diabetes, according to age (±3 years) and sex. Individuals
meeting any of the following conditions were excluded from
the study: age <30 years, age >80 years, BMI ≥40 kg/m2, histo-
ry of diabetes mellitus, pharmacological treatment for hyperlip-
idaemia, any clinically systemic disease, any acute illness,
chronic inflammatory disease or any infective disease.

To prospectively explore the association between plasma
Aβ levels and risk of type 2 diabetes, we further conducted a
nested case–control study within the ongoing longitudinal
Tongji-Ezhou cohort (TJEZ). The TJEZwas initiated to inves-
tigate the association of lifestyle, dietary factors, and

biochemical and genetic markers with chronic diseases in
Ezhou, China. In brief, 5726 participants from Echeng Steel
were recruited from 2013 to 2015, among whom 5533
(response rate, 96.6%) were enrolled for a baseline investiga-
tion. All participants included at baseline received healthcare
in two medical centres (3101 retired employees at Echeng
Steel hospital and 2432 working employees at Ezhou Center
of Diseases Control and Prevention [Ezhou, China]). The first
follow-up for retired employees was finished by the end of
2018, and the follow-up for working employees will be
finished by mid-2020. During the follow-up, 156 new-onset
type 2 diabetes cases were identified within retired employees
according to fasting plasma glucose (FPG). Control partici-
pants were selected at random from individuals with normal
fasting glucose among retired employees and matched to
cases 2:1 by age (±3 years) and sex. The exclusion criteria
were the same as the case–control study (see above); n = 4
individuals with type 2 diabetes aged >80 years were exclud-
ed. In addition, 28 cases without enough plasma and 3 cases
with plasma Aβ concentrations below the detection limit were
excluded. Finally, 121 individuals with new-onset type 2
diabetes and 242 well-matched control participants were
included in the analysis of the nested case–control study.

All participants enrolled in the two studies were of Chinese
Han ethnicity. Both studies were approved by the Ethics and
Human Subject Committee of Tongji Medical College and all
enrolled participants provided informed written consent.

Assessment of type 2 diabetes

In the case–control study, type 2 diabetes was diagnosed in
accordance with the diagnostic criteria recommended by
WHO in 1999 [20]: FPG ≥7.0 mmol/l and/or 2 h post-
glucose load ≥11.1 mmol/l. NGT was considered as FPG
<6.1 mmol/l and 2 h post-glucose load <7.8 mmol/l. In the
TJEZ study, new-onset type 2 diabetes was confirmed as FPG
≥7.0 mmol/l.

Measurement of plasma Aβ concentrations

Plasma Aβ40 and Aβ42 concentrations were simultaneously
measured in stored plasma. Plasma samples were divided into
aliquots in polypropylene tubes, stored at −80°C and subse-
quently thawed on ice before plasma Aβ quantification. By
using validated assay platforms from Meso Scale Discovery
(MSD; Rockville, MD, USA), plasma Aβ concentrations
were measured in the Ministry of Education Key Laboratory
of Environment and Health at the School of Public Health,
Tongji Medical College, Huazhong University of Science
&Technology (Wuhan, China). The detection limits of this
assay were 20.0 ng/l for Aβ40 and 2.5 ng/l for Aβ42. The
mean interassay coefficients of variation were 1.24% for
Aβ40 and 6.31% for Aβ42, and the mean within-assay
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coefficients of variation were 6.67% for Aβ40 and 6.37% for
Aβ42. All of the investigators were blinded to type 2 diabetes
status.

Assessment of covariates

Baseline characteristics were obtained from semi-structured
questionnaires, in which participants were required to provide
information on their age, sex, height, weight, current smoking
status, current alcohol drinking status, amount of physical
activity, family history of diabetes and history of hyperten-
sion. BMI was calculated as weight divided by the square of
height (kg/m2). Overnight fasting plasma samples were used
to determine FPG, fasting plasma insulin (FPI), triacylglycer-
ols, total cholesterol, LDL-cholesterol (LDL-C) and HDL-
cholesterol (HDL-C). All participants in the case-control study
also underwent an OGTT by taking 75 g of glucose orally, and
venous blood samples were collected at 2 h for determination
of 2 h post-glucose load values. HOMA-IR score was comput-
ed according to the equation: FPG (mmol/l) × FPI (pmol/l) ÷
156.3.

Statistical analysis

General characteristics were summarised as mean (SD) for
parametrically distributed data, median (interquartile range
[IQR]) for nonparametrically distributed data and n(%) for
categorical data. The differences in plasma Aβ40 and Aβ42
and demographic and clinical characteristics between individ-
uals with and without diabetes were evaluated with the use of
Student’s t test (parametric distribution) or Mann–Whitney U
test (nonparametric distribution) for continuous variables, and
χ2 test for categorical variables. Spearman’s correlation coef-
ficients were estimated to assess correlations between plasma
Aβ40, plasma Aβ42 and metabolic parameters (FPG, FPI,
HOMA-IR, triacylglycerol, total cholesterol, LDL-C and
HDL-C). Conditional logistic regression was used to estimate
ORs (95% CIs) for type 2 diabetes by quartiles of plasma
Aβ40 and Aβ42, with cut-offs defined by the distributions
of plasma Aβ40 and Aβ42 concentrations among control
participants. Tests for linear trend were conducted by
assigning the median value for each quartile and defining it
as a continuous variable in binary logistic regression analyses.
We also calculated the ORs (95% CIs) for type 2 diabetes
associated with each 30 ng/l increment in plasma Aβ40 and
each 5 ng/l increment in plasma Aβ42. We adjusted for sever-
al potential confounders in multivariable models, including
age (≤40, 41–50, 51–60 or ≥61 years in the case–control
study; ≤60, 61–65, 66–70 or ≥71 years in the nested case–
control study), sex (male or female), BMI (<18.5, 18.5–<24,
24–<28, or ≥28 kg/m2), current smoking status (no or yes),
current drinking status (no or yes), physical activity (no or
yes), family history of diabetes (no or yes) and hypertension

(no or yes). We further performed stratified analyses of asso-
ciations of plasmaAβ40 and Aβ42 concentrations with type 2
diabetes by age (≤50 or >50 years in the case–control study;
≤65 or >65 years in the nested case–control study), sex, BMI
(<24 or ≥24 kg/m2), current smoking status, current drinking
status, physical activity, family history of diabetes and hyper-
tension, followed by interaction tests with multiplicative terms
performed to determine interactions between plasma Aβ40
and Aβ42 (as continuous variables) and these stratification
variables (as categorical variables). In addition, we explored
the joint association of plasma Aβ40 and Aβ42 with type 2
diabetes by tertiles of plasma Aβ40 and Aβ42 concentrations.
Tests for interaction between plasma Aβ40 and Aβ42 were
conducted by adding a multiplicative term (both plasmaAβ40
and Aβ42 as continuous variables) into the multivariate logis-
tic regression model.

All of the data analyses were performed with SPSS 20.0
(SPSS, Chicago, IL, USA) and Stata/SE 12.0 (StataCorp,
College Station, TX, USA). The p values presented were
two-tailed and a p value <0.05 was considered statistically
significant.

Results

Case–control study with a cross-sectional design

Characteristics of participants Demographic and clinical char-
acteristics of the 2126 participants in the case–control study
are shown in Table 1. Plasma Aβ40 and Aβ42 concentrations
were significantly higher in individuals with type 2 diabetes
compared with the control participants. As expected, individ-
uals with type 2 diabetes had higher BMI and higher levels of
FPG, FPI, triacylglycerols and LDL-C compared with indi-
viduals in the control group. They also had higher HOMA-IR,
and lower HDL-C levels. Prevalence of family history of
diabetes and hypertension were greater among individuals
with diabetes. In addition, plasma Aβ40 moderately correlat-
ed with plasma Aβ42 among all participants (r = 0.51,
p < 0.001; data not shown).

We assessed the cross-sectional correlations of plasma
Aβ40 and Aβ42 with metabolic parameters among healthy
participants in the case–control study (electronic supplemen-
tary material [ESM] Table 1). Plasma Aβ40 was significantly
correlated with FPG, FPI, HOMA-IR and triacylglycerol level
(r = 0.088–0.134) when adjusted for age, sex, BMI, current
smoking status, current drinking status, physical activity,
family history of diabetes and hypertension. In addition, plas-
ma Aβ42 was significantly related to LDL-C after these
adjustments (r = 0.066).

Association of plasma Aβ40 and Aβ42 concentration with
type 2 diabetes The associations of plasma Aβ40 and Aβ42
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Table 1 Demographics and clin-
ical characteristics of participants
in the case–control study

Characteristics T2D (n = 1063) Control (n = 1063) pa

Age (years) 50.91 (10.28) 51.37 (10.32) 0.310
Sex (male), n(%) 634 (59.64) 634 (59.64) 1.000
BMI (kg/m2) 25.27 (3.48) 23.60 (3.01) <0.001
Current smoker, n(%) 286 (26.90) 350 (32.93) 0.002
Current drinker, n(%) 289 (27.19) 297 (27.94) 0.698
Physical activity, n(%)b 419 (39.42) 419 (39.42) 1.000
Family history of diabetes, n(%) 292 (27.47) 85 (8.00) <0.001
Hypertension, n(%) 368 (34.62) 201 (18.91) <0.001
FPG (mmol/l) 8.14 (7.20–10.52) 5.48 (5.16–5.79) <0.001
FPI (pmol/l) 70.42 (47.43–105.60) 54.35 (38.25–78.75) <0.001
HOMA-IR 4.12 (2.64–6.14) 1.94 (1.33–2.84) <0.001
Triacylglycerol (mmol/l) 1.78 (1.11–3.53) 1.33 (0.95–1.74) <0.001
Total cholesterol (mmol/l) 4.62 (3.91–5.40) 4.63 (4.09–5.22) 0.595
LDL-C (mmol/l) 2.69 (1.83–3.58) 2.43 (1.78–3.03) <0.001
HDL-C (mmol/l) 1.06 (0.86–1.34) 1.34 (1.17–1.51) <0.001
Aβ40 (ng/l) 134.45 (117.99–154.58) 126.99 (114.36–144.85) <0.001
Aβ42 (ng/l) 13.25 (11.04–16.14) 12.21 (10.00–14.94) <0.001

Data are presented as mean (SD) for parametrically distributed data, median (interquartile range [IQR]) for
nonparametrically distributed data, and n(%) for categorical data
a Evaluated by Student’s t test (parametric distribution) or Mann–Whitney U test (nonparametric distribution) for
continuous variables, and χ2 test for categorical variables
b Partakes in physical activity at least once/week

T2D, type 2 diabetes

Table 2 Association of plasma Aβ40 and Aβ42 concentration with type 2 diabetes in the case–control study

Variable Quartiles of plasma Aβ concentrations p for trend Continuousb

Q1 (lowest) Q2 Q3 Q4 (highest)

Plasma Aβ40

Range (ng/l) <114.36 114.36–<126.99 126.99–<144.85 ≥144.85
Case/control, n 217/265 194/267 274/266 378/265

Median (ng/l) 105.93 120.86 134.49 164.05

Modela

Crude 1.00 (ref.) 0.89 (0.69, 1.16) 1.27 (0.99, 1.63) 1.88 (1.46, 2.43) <0.001 1.26 (1.14, 1.38)c

Model 1 1.00 (ref.) 0.87 (0.66, 1.15) 1.30 (1.00, 1.69) 1.99 (1.52, 2.62) <0.001 1.30 (1.17, 1.44)c

Model 2 1.00 (ref.) 0.82 (0.60, 1.10) 1.23 (0.92, 1.63) 1.97 (1.46, 2.66) <0.001 1.28 (1.15, 1.43)c

Plasma Aβ42

Range (ng/l) <10.00 10.00–<12.21 12.21–<14.94 ≥14.94
Case/control, n 190/266 209/266 293/266 371/265

Median (ng/l) 8.50 11.22 13.34 17.55

Modela

Crude 1.00 (ref.) 1.11 (0.85, 1.44) 1.56 (1.21, 2.02) 2.02 (1.57, 2.60) <0.001 1.38 (1.24, 1.54)d

Model 1 1.00 (ref.) 1.11 (0.84, 1.48) 1.71 (1.30, 2.25) 2.22 (1.69, 2.90) <0.001 1.45 (1.29, 1.63)d

Model 2 1.00 (ref.) 1.06 (0.78, 1.44) 1.43 (1.06, 1.93) 2.01 (1.50, 2.69) <0.001 1.37 (1.21, 1.55)d

a ORs and 95% CIs were calculated by conditional logistic regression. Model 1 was adjusted for age, sex, and BMI; Model 2 was additionally adjusted
for current smoking status, current drinking status, physical activity, family history of diabetes and hypertension
b Plasma Aβ40 and Aβ42 as continuous variables in conditional logistic regression models
c Per 30 ng/l increment in plasma Aβ40
d Per 5 ng/l increment in plasma Aβ42

Q, quartile; ref., reference
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concentration with odds of type 2 diabetes are presented in
Table 2. In multivariable adjustment model, the ORs for type 2
diabetes were 1.97 (95% CI 1.46, 2.66) for plasma Aβ40 and
2.01 (95% CI 1.50, 2.69) for plasma Aβ42, when comparing
the highest quartile with the lowest quartile of plasma Aβ
concentrations. Each 30 ng/l increment of plasma Aβ40
was associated with 28% (95% CI 15%, 43%) higher odds
of type 2 diabetes, and each 5 ng/l increment of plasma
Aβ42 was associated with 37% (95% CI 21%, 55%)
higher odds of type 2 diabetes. In stratified analyses, the

positive associations of plasma Aβ40 and Aβ42 with type
2 diabetes were consistently observed across different
subgroups defined by sex, BMI, physical activity, and
hypertension (ESM Figs 1 and 2). The association of plas-
ma Aβ40 with type 2 diabetes seemed to be stronger in
individuals who did not drink alcohol (p for interaction
=0.030). Meanwhile, the association of plasma Aβ42 with
type 2 diabetes seemed to be stronger in individuals aged
≤50 years (p for interaction <0.001) or in those who did
not partake in physical activity (p for interaction =0.030).

Fig. 1 Adjusted ORs of joint
association of plasma Aβ40 and
Aβ42 concentration with type 2
diabetes in the case–control study.
Multivariable analysis adjusted
for age, sex, BMI, current
smoking status, current drinking
status, physical activity, family
history of diabetes and
hypertension. T, tertile

Table 3 Baseline characteristics
of participants in the nested case–
control study

Characteristic T2D (n = 121) Control (n = 242) pa

Age (years) 62.99 (6.62) 62.98 (6.26) 0.981

Sex (male), n(%) 87 (71.90) 174 (71.90) 1.000

BMI (kg/m2) 24.39 (3.20) 23.81 (2.87) 0.082

Current smoker, n(%) 38 (31.40) 72 (29.75) 0.747

Current drinker, n(%) 33 (27.27) 71 (29.34) 0.681

Physical activity, n(%)b 69 (57.02) 117 (48.35) 0.119

Family history of diabetes, n(%) 14 (11.57) 11 (4.55) 0.013

Hypertension, n(%) 39 (32.23) 75 (30.99) 0.810

FPG (mmol/l) 5.66 (5.05–5.24) 5.35 (5.03–5.66) <0.001

FPI (pmol/l) 58.30 (40.45–87.36) 55.34 (38.39–83.08) 0.720

HOMA-IR 2.19 (1.41–3.42) 1.93 (1.34–2.99) 0.409

Triacylglycerol (mmol/l) 1.33 (0.97–1.97) 1.15 (0.90–1.59) 0.010

Total cholesterol (mmol/l) 4.91 (4.40–5.42) 4.79 (4.27–5.55) 0.414

LDL-C (mmol/l) 2.85 (2.29–3.37) 2.86 (2.36–3.41) 0.570

HDL-C (mmol/l) 1.33 (1.14–1.55) 1.34 (1.14–1.64) 0.568

Aβ40 (ng/l) 142.91 (122.18–177.23) 127.88 (111.99–152.62) <0.001

Aβ42 (ng/l) 13.92 (11.29–17.86) 11.88 (10.13–15.32) <0.001

Data are presented as mean (SD) for parametrically distributed data, median (interquartile range [IQR]) for
nonparametrically distributed data, and n(%) for categorical data
a Evaluated by Student’s t test (parametric distribution) or Mann–Whitney U test (nonparametric distribution) for
continuous variables, and χ2 test for categorical variables
b Partakes in physical activity at least once/week

T2D, type 2 diabetes
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Joint association of plasma Aβ40 and Aβ42 concentration
with type 2 diabetes We explored the joint effects of plasma
Aβ40 and plasma Aβ42 on the odds of type 2 diabetes by
classifying participants by levels of both variables (Fig. 1 and
ESM Table 2). Individuals in the highest tertile of both plasma
Aβ40 and Aβ42 concentrations had much higher odds of type
2 diabetes (adjusted OR 2.96 [95% CI 2.06, 4.25]) compared
with those in the lowest tertile of both plasma Aβ40 and
Aβ42 concentrations. There was no significant interaction
between plasma Aβ40 and Aβ42 on the odds of type 2 diabe-
tes (p for interaction =0.239).

Nested case–control study with a prospective design

Baseline characteristics of participants The nested case–
control study included 121 participants with incident type 2
diabetes and 242 matched control participants. The baseline
characteristics of all participants are shown in Table 3.
Consistent with the initial case–control study, plasma Aβ40
and Aβ42 concentrations were significantly higher in individ-
uals with type 2 diabetes vs control participants. Meanwhile,
participants with type 2 diabetes had higher levels of FPG and
triacylglycerol and a greater prevalence of family history of
diabetes compared with the control participants.

We also assessed the prospective correlations of plasma
Aβ40 and Aβ42 with metabolic parameters among healthy
participants in the nested case–control study (ESM Table 3).
However, there was no significant correlation of plasma Aβ40
and Aβ42 with metabolic parameters.

Plasma Aβ40 and Aβ42 concentration in relation to subse-
quent odds of type 2 diabetes Similar to the results of the
initial case–control study, we observed positive associations
of plasma Aβ40 and Aβ42 concentration with odds of type 2
diabetes in the nested case–control study (Table 4). The
multivariable-adjusted ORs of type 2 diabetes for the highest
vs the lowest quartile were 3.79 (95% CI 1.81, 7.94) for plas-
ma Aβ40 and 2.88 (95%CI 1.44, 5.75) for plasmaAβ42. The
multivariable-adjusted ORs of type 2 diabetes associated with
each 30 ng/l increment in plasma Aβ40 and each 5 ng/l incre-
ment in plasma Aβ42 were 1.44 (95%CI 1.18, 1.74) and 1.47
(95% CI 1.15, 1.88), respectively.

Discussion

With an initial phase including a large case–control study and
a validation phase in a prospective cohort in two independent

Table 4 Association of plasma Aβ40 and Aβ42 concentration with type 2 diabetes in the nested case–control study

Quartiles of plasma Aβ concentrations p for trend Continuousb

Q1 (lowest) Q2 Q3 Q4 (highest)

Plasma Aβ40

Range (ng/l) <112.07 112.07–<127.88 127.88–<152.59 ≥152.59
Case/control, n 17/61 24/60 29/61 51/60

Median (ng/l) 100.98 121.51 138.37 185.49

Modela

Crude 1.00 (ref.) 1.46 (0.70, 3.02) 1.77 (0.88, 3.56) 3.49 (1.72, 7.07) <0.001 1.41 (1.17, 1.70)c

Model 1 1.00 (ref.) 1.49 (0.72, 3.08) 1.77 (0.88, 3.55) 3.61 (1.78, 7.36) <0.001 1.42 (1.18, 1.71)c

Model 2 1.00 (ref.) 1.63 (0.77, 3.46) 1.75 (0.85, 3.60) 3.79 (1.81, 7.94) <0.001 1.44 (1.18, 1.74)c

Plasma Aβ42

Range (ng/l) <10.14 10.14–<11.89 11.89–<15.32 ≥15.32
Case/control, n 17/61 19/60 39/60 46/61

Median (ng/l) 8.43 10.98 13.41 18.43

Modela

Crude 1.00 (ref.) 1.01 (0.48, 2.12) 2.19 (1.15, 4.17) 2.72 (1.39, 5.30) 0.001 1.48 (1.17, 1.87)d

Model 1 1.00 (ref.) 0.99 (0.47, 2.08) 2.23 (1.16, 4.26) 2.73 (1.40, 5.34) 0.001 1.48 (1.16, 1.87)d

Model 2 1.00 (ref.) 0.97 (0.45, 2.08) 2.20 (1.12, 4.29) 2.88 (1.44, 5.75) 0.001 1.47 (1.15, 1.88)d

a ORs and 95% CIs were calculated by conditional logistic regression. Model 1 was adjusted for age, sex, and BMI; Model 2 was additionally adjusted
for current smoking status, current drinking status, physical activity, family history of diabetes and hypertension
b Plasma Aβ40 and Aβ42 as continuous variables in conditional logistic regression models
c Per 30 ng/l increment in plasma Aβ40
d Per 5 ng/l increment in plasma Aβ42

Q, quartile; ref., reference
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populations, we found consistent and positive associations of
plasma Aβ40 and Aβ42 with type 2 diabetes. The positive
associations remained consistent across almost all subgroups.
In addition, individuals in the highest tertile of both plasma
Aβ40 and Aβ42 concentrations had much higher odds of type
2 diabetes compared with those in the lowest tertile of both
plasma Aβ40 and Aβ42 concentrations.

According to previous studies, the mean/median concen-
trations of plasma Aβ40 and Aβ42 in healthy individuals
were in the ranges of 90.2–233.3 ng/l and 9.1–44.0 ng/l,
respectively [19, 21–24]. Considering that elevated Aβ accu-
mulation is implicated in the brain ageing process, age might
be a major factor contributing to the variations in plasma
Aβ40 and Aβ42 concentrations across populations.
Compared with our results, individuals who were older had
higher plasma Aβ40 and Aβ42 concentrations in almost all
studies [19, 21, 23, 24]. In another study, younger individuals
(mean age, 38 years) had lower plasma Aβ40 (mean, 90.2 ng/
l) and Aβ42 (mean, 9.1 ng/l) concentrations [22]. Meanwhile,
our study found that plasma Aβ40 and Aβ42 were positively
related to age (data not shown), which is consistent with a
previous study [25]. In addition, plasma Aβ40 and Aβ42
concentrations have been reported to be related to other factors
than those reported in our study, including genetic predispo-
sition, hepatic and renal function and cardiovascular factors
[26–29]. They also varied depending onmeasurement method
[24]. However, further studies are needed to elucidate the wide
variations in plasma Aβ40 and Aβ42 concentrations.

Our study is the first that has used a prospective study to
demonstrate positive associations of plasma Aβ40 and Aβ42
concentration with risk of type 2 diabetes. Consistent with our
findings, a previous case–control study with only 62 partici-
pants found that plasma Aβ40 and Aβ42 concentrations were
significantly higher in individuals with hyperglycaemia
compared with control participants [14]. Serum Aβ autoanti-
body levels, which reflect plasma Aβ concentrations within a
defined period, were also previously reported to be higher in
individuals with type 2 diabetes [18]. In addition, our findings
are in line with the results from previous animal studies [15,
16]. Yet, unlike our findings, another case–control study
found lower plasma Aβ40 and Aβ42 concentrations in
participants with type 2 diabetes compared with individuals
in the control group [19]. The participants included in the
aforementioned study had long-standing diabetes with use of
glucose-lowering medication, which is an important
confounder for plasma Aβ [30–32]. In our study, we included
individuals with newly diagnosed or new-onset type 2 diabe-
tes to rule out this confounder and observed significantly posi-
tive associations. Notably, the difference between our study
and the previous study [19] indicates that diabetes progress
and use of glucose-lowering medication should be taken into
consideration in studies focusing on plasma Aβ. Additionally,
plasma Aβ was primarily investigated as a potential

biomarker of Alzheimer’s disease and a meta-analysis of
seven prospective studies found higher plasma Aβ40 and
Aβ42 concentrations in cognitively normal individuals who
eventually developed Alzheimer’s disease [33]. Our results,
combined with the previous study [33], suggest that plasma
Aβ40 and Aβ42might be important molecules underlying the
relationship between type 2 diabetes and Alzheimer’s disease.

Several biological mechanisms might explain how plasma
Aβ increases risk of type 2 diabetes. First, Aβ could directly
compete for insulin binding to the insulin receptor due to Aβ
and insulin sharing a common sequence recognition motif
[34], which might weaken insulin sensitivity in peripheral
tissues, mainly including liver, muscle and adipose tissues.
Likewise, Aβ and insulin are substrates for insulin degrading
enzyme, and Aβmight affect insulin catabolism by regulating
insulin degrading enzyme. Supporting this hypothesis, a
previous study demonstrated that ablation of App increased
insulin degrading enzyme levels and activity and decreased
FPI [35]. We also found that plasma Aβ40 was positively
associated with FPG, FPI and HOMA-IR among healthy
participants in the case–control study. However, although the
correlation between plasma Aβ40 and FPG among healthy
participants in the nested case–control study was in the same
direction, it did not reach statistical significance. This may be
explained by the smaller sample size in the nested case–
control study and the differences in participant characteristics
between the two independent studies. Second, increasing plas-
ma Aβ by intraperitoneally injecting Aβ42 activated hepatic
Janus kinase 2 [16], which was related to insulin resistance
induced by cytokines. Accordingly, neutralisation of plasma
Aβ with anti- Aβ-neutralising antibodies inhibited hepatic
Janus kinase 2 and markedly decreased plasma glucose and
insulin levels. Third, plasma Aβ could induce damage of the
pancreas through promoting deposition of islet amyloid poly-
peptide (IAPP), which is one of the main pathologies of type 2
diabetes. Plasma Aβ40 and Aβ42 concentrations were found
to be positively associated with plasma IAPP levels in the
general population; meanwhile, cross-seeding between IAPP
and Aβ has been described in in vitro studies [36, 37].
Previous autopsy results directly indicated that Aβ was co-
localised with IAPP in islet amyloid deposits in the pancreas
of donors with type 2 diabetes [38]. Finally, Aβ could
constrict capillaries via signalling to pericytes, reducing blood
flow [39], which might impair islet insulin secretion and insu-
lin sensitivity in peripheral tissues [40].

There are several strengths in our study. First, we performed
a case–control study with a large number of cases and a nested
case–control study, which for the first time prospectively
explored the association of plasma Aβ40 and Aβ42 with type
2 diabetes. Second, cases in our study were confined to newly
diagnosed or new-onset, drug-naive participants to avoid the
impact of diabetes progression andmedication history, and each
case was well matched by age and sex with one (case–control
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study) or two (nested case–control study) controls to better
control for the influence of age and sex. Third, we used a vali-
dated MSD electrochemiluminescence multiplex assay to
detect plasma Aβ40 and Aβ42 concentrations, which exhibits
several advantages compared with traditional ELISAs, such as
simultaneous processing of plasma Aβ species and more effi-
ciently detecting plasma Aβ [41, 42]. Meanwhile, concentra-
tions of cerebrospinal fluid Aβmeasured by theMSD immuno-
assay have been reported to be strongly correlated with the
antibody-independent mass spectrometry-based reference
measurement procedure [43].

There are also several limitations to our study that should
be acknowledged. First, although we identified plasma Aβ40
and Aβ42 as new predictors for type 2 diabetes, we could not
establish a causal relationship between plasma Aβ40 and
Aβ42 and type 2 diabetes given the observational study
design. Meanwhile, we could not rule out the possibility of
residual confounding, despite taking many major risk factors
into account in our study. Second, individuals with new-onset
type 2 diabetes in the nested case–control study were diag-
nosed only according to FPG. However, considering that indi-
viduals with type 2 diabetes had higher plasma Aβ40 and
Aβ42 concentrations, the positive associations of plasma
Aβ40 and Aβ42 concentration with type 2 diabetes would
not be reversed or may even become stronger if false-
negative control participants were excluded. Finally, the
ethnicity of all participants was limited (all participants were
Chinese) and whether our findings apply to other ethnicities is
unclear.

In conclusion, our study suggested positive associa-
tions of plasma Aβ40 and Aβ42 concentration with risk
of type 2 diabetes. Further studies are warranted to
elucidate the underlying mechanisms and explore the
potential role of plasma Aβ in linking type 2 diabetes
and Alzheimer’s disease.
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