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Abstract.

Background: Altered cerebral glucose metabolism, especially prominent in APOE g4 carriers, occurs years prior to symptoms
in Alzheimer’s disease (AD). We recently found an association between a higher ratio of plasma apolipoprotein E4 (apoE4)
over apoE3, and cerebral glucose hypometabolism in cognitively healthy APOE €3/e4 subjects. Plasma apoE does not cross
the blood-brain barrier, hence we speculate that apoE is linked to peripheral glucose metabolism which is known to affect
glucose metabolism in the brain.

Objective: Explore potential associations between levels of plasma insulin and glucose with previously acquired plasma
apoE, cerebral metabolic rate of glucose (CMRgl), gray matter volume, and neuropsychological test scores.

Methods: Plasma insulin and glucose levels were determined by ELISA and a glucose oxidase assay whereas apoE levels
were earlier quantified by mass-spectrometry in 128 cognitively healthy APOE £3/e4 subjects. Twenty-five study subjects
had previously undergone FDG-PET and structural MRI.

Results: Lower plasma apoE3 associated with higher plasma glucose but not insulin in male subjects and subjects with a
body mass index above 25. Negative correlations were found between plasma glucose and CMRgl in the left prefrontal and
bilateral occipital regions. These associations may have functional implications since glucose levels in turn were negatively
associated with neuropsychological test scores.

Conclusion: Plasma apoE3 but not apoE4 may be involved in insulin-independent processes governing plasma glucose levels.
Higher plasma glucose, which negatively affects brain glucose metabolism, was associated with lower plasma apoE levels
in APOE €3/e4 subjects. High plasma glucose and low apoE levels may be a hazardous combination leading to an increased
risk of AD.
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on chromosome19 [1]. Of the three common APOE
alleles, €2, €3, and &4, the latter has repeatedly
been identified as the strongest genetic risk factor
for developing sporadic Alzheimer’s disease (AD),
the leading cause of neurodegenerative dementia [2].
The disease has along asymptomatic phase, predating
symptoms by several decades [3]. During the asymp-
tomatic phase, development and accumulation of the
two main neuropathological hallmarks, amyloid-3
(AB) plaques and neurofibrillary tau tangles occur,
processes that can be identified by brain imaging
and the use of positron emission topography (PET)
tracers [4], and by alterations in cerebrospinal fluid
(CSF) levels of AB4> and tau [3]. Reductions in cere-
bral glucose utilization, indexed by the uptake of the
PET tracer '8Fluoro-2-deoxy-D-glucose (FDG), is
another early event in the AD pathogenesis, reflect-
ing decreased neuronal activity, synaptic dysfunction,
and/or degeneration [5]. Reduced cerebral glucose
metabolism has been observed in APOE &4 carri-
ers already in young adulthood [6] as well as in
cognitively normal older individuals [7] especially
in areas vulnerable to AD pathology [8]. Evidence
from recent studies indicates that brain glucose
hypometabolism is linked to impaired glycemic con-
trol in the periphery in cognitively healthy subjects
[9, 10]. Higher plasma glucose levels were previ-
ously linked to increased dementiarisk [11]. InAPOE
&4 carriers, increased midlife levels of glucose were
linked to more severe AD pathology at autopsy,
specifically neurofibrillary tangles within the medial
temporal lobe [12]. Moreover, impaired peripheral
glycemic control was suggested to be associated with
a faster conversion from mild cognitive impairment
(MCI) to AD [13]. Impaired glycemic control in the
periphery is intimately correlated to insulin resis-
tance, a hallmark of type 2 diabetes mellitus (T2DM)
[14] which also increases the risk of AD [15]. Greater
peripheral insulin resistance, indexed with the Home-
ostatic Model Assessment of Insulin Resistance
(HOMA-IR), was reported to be negatively asso-
ciated with FDG-uptake and AD-like reduction in
cerebral metabolic rate of glucose (CMRgI) in frontal,
parieto-temporal and cingulate regions in cognitively
normal elderly with pre-diabetes and T2DM [16].
In addition, higher HOMA-IR in cognitively healthy
late-middle aged individuals with a family history of
AD exhibited lower glucose metabolism in frontal,
lateral parietal, lateral temporal, and medial temporal
lobes [17].

How the APOE gene variants, especially APOE
&4, may bridge both T2DM-related processes and

neurodegenerative dementia [18] is not fully under-
stood. Low plasma levels of apoE are known to be
directly associated with the presence of the APOE
g4 allele [19, 20]. Results from our previous study
showed that an increased relative ratio between
plasma levels of the apoE4/apoE3 isoforms in cogni-
tively healthy APOE £3/e4 subjects was significantly
and specifically associated with reduced hippocam-
pal glucose metabolism [21]. These results suggest
that plasma apoE levels or the relative contribution
of each apoE isoform to the total plasma apoE lev-
els, may be of importance to processes relating to
glucose metabolism in the brain. Importantly, pre-
vious studies have proposed a detrimental effect of
low plasma apoE levels, regardless of APOE vari-
ant, on the overall risk of dementia [22] and a link
between low plasma apoE levels, cognitive deficits,
and pathological AD CSF biomarkers [23]. Interest-
ingly, these observations may be closely related to the
pathogenesis of the dementia component of neurode-
generation such as in AD and dementia with Lewy
bodies [24]. In comparison, the APOE &4 allele has
not been implicated in the risk of developing the neu-
rodegenerative disorder amyotrophic lateral sclerosis
(ALS) in which higher plasma apoE levels in fact
appear to be deleterious rather than beneficial [25].
The notion that plasma apoE levels could be related
to pathological processes in the brain is controversial
given that plasma apoE cannot cross the blood-brain
barrier [26]. However, given our previous findings
of an association between plasma apoE levels and
glucose metabolism specifically in the hippocampus
[21], we hypothesize that plasma apoE levels may be
related to plasma glucose and/or insulin levels which
in turn may affect glucose metabolism in specific
areas of the brain. In the present study, we have there-
fore expanded our previous analyses of 128 cogni-
tively healthy subjects with an APOE &3/e4 genotype,
with an assessment of plasma insulin and glucose
levels. With these expanded analyses, we aimed to
investigate whether plasma apoE levels are directly
associated with plasma glucose and/or insulin lev-
els, which potentially could help explain our previous
findings of an association between the plasma apoE4/
E3 ratio and alterations in brain glucose metabolism
and gray matter volume (GMYV). Since a subset of
the included study subjects had undergone FDG-PET
and structural MRI, we also aimed to assess poten-
tial associations between plasma glucose and insulin
levels, and cerebral glucose metabolism and GMV.
Since previous studies proposed adverse associa-
tions between higher plasma glucose levels, including
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transient hyperglycemia, and cognition [27-29], we
last aimed to investigate potential correlations bet-
ween plasma glucose and insulin levels, and results
from a large neuropsychological test battery. Iden-
tification of the latter would indicate a functional
relationship between alterations in plasma glucose
and insulin levels, potentially in conjunction with
plasma apoE, and cognitive performance.

MATERIALS AND METHODS
Study cohort

The subjects included in this study are a subset of
cognitively healthy individuals with an APOE &3/e4
genotype enrolled in the Arizona APOE cohort, as
previously described [6,8, 21, 30]. Briefly, since 1994
recruitment of residents for inclusion in a study of
cognitive aging was carried out in Maricopa County,
AZ, USA, through local media advertisements. The
subjects had to be 21 years or older at the time of
inclusion. In the current study the subjects included
were between 33 and 87 years of age. The subjects
also had to be cognitively healthy at inclusion. To be
considered cognitively healthy the subjects had to
score at least 27 on the Mini-Mental State Exami-
nation (MMSE) and score 10 or less on the Hamil-
ton Depression Rating Scale. Those fulfilling entry
requirements returned every 1-2 years for participa-
tion in an extensive and standardized neuropsycholo-
gical test battery. APOE genotyping was performed
using Tagman single nucleotide polymorphism
assays and the participants agreed to have the result
of the APOE genotyping withheld from them. For
the current cross-sectional study, we only considered
data acquired between 1994 and 2009 including 128
subjects. All included subjects had an APOE &3/e4
genotype as we aimed to assess the potentially differ-
ential influence of plasma apoE3 and plasma apoE4
isoform levels on the parameters of interest. Blood
for plasma analysis was collected after at least 4h
of fasting in tubes containing EDTA from these 128
individuals with an APOE &3/e4 genotype in asso-
ciation with their neuropsychological evaluation or
within a year from it. The collected blood was cen-
trifuged at 2000x g at 4°C for 10 min and the plasma
fraction aliquoted and immediately frozen at —80°C
pending further biochemical analysis. Twenty-five of
the individuals included in this study also underwent
imaging (FDG-PET and volumetric T1-MRI) at the
time of the plasma collection.

All the participants gave written informed con-
sent to participate in the study. The study protocol
was approved by the institutional review boards of
Banner Good Samaritan Medical Center (now Ban-
ner-University Medical Center, Phoenix, AZ, USA),
the Mayo Clinic, and the regional ethical review
agency in Stockholm, Sweden. The research was car-
ried out according to the Helsinki Declaration.

Plasma apoE quantification using mass
spectrometry

Total apoE levels and the individual apoE isoform
(apoE3 and apoE4) levels were previously quanti-
fied by use of a mass-spectrometry based method
[31], and the results were reported in a previous pub-
lication [21]. In brief, plasma samples where diluted
1:100, trypsin-digested and analyzed using liquid
chromatography-tandem mass spectrometry (LC-
MS/MS) with a Waters NanoAcquity coupled to a
Thermo Vantage mass spectrometer at the Mayo Cli-
nic Proteomics Core, USA. For quantification of
apoE3 and apoE4 isoforms two tryptic peptides,
LGADMEDVCGR or LGADMEDVR, derived from
the two single major APOE single nucleotide poly-
morphisms (SNP112 and SNP158) were used. Total
apoE was quantified using a peptide present in both
isoforms, LGPLVEQGR, which also served as a con-
trol to assess the accuracy of the total sum of the two
isoforms within each sample.

Brain imaging and voxel-wise analysis

Imaging data from a total of 25 subjects were pre-
viously acquired using T1-weighted, three-dimen-
sional, pulse sequence MRI or FDG-PET as reported
in [21]. Both the MRI and FDG-PET imaging took
place during the same session. MRI scans were per-
formed on a 1.5-T Signa system (General electric,
Milwaukee, WI, USA) with the following settings:
Radiofrequency-spoiled gradient recall acquisition in
the steady state (SPGR), repetition time = 33 ms, echo
time =5 ms, a=30°, number of excitations =1, field
of view =24 cm, imaging matrix =256 x 192, slice
thickness = 1.5 mm and in-plane voxel dimensions of
0.94 x 1.25 mm. 128 contiguous MRI slices with a
slice thickness of 1.5 mm and in-plane voxel dimen-
sions of 0.94 x 1.25 mm was used for reconstruction
of images.

FDG-PET scans were acquired using an HR+
scanner (Siemens, Knoxville, TN, USA) in the three-
dimensional mode in a darkened scanner room.
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Participants were instructed to lie quietly with their
eyes closed. Prior to the emission scan, a transmis-
sion scan was carried out. Thereafter, 5-8 mCi was in-
jected intravenously followed by a 60-min dynamic
sequence of emission scans. Images were recons-
tructed with 63 horizontal slices, with a center-to-
center slice separation of 2.46 mm, an axial field of
view of 15.5 cm, an in-plane resolution of4.2-5.1 mm
full width at half maximum and an axial resolution
of 4.6-6.0 mm full width at half-maximum.

For T1-MRI data, the automated brain mapping
algorithmic program voxel-based morphometry, imp-
lemented in Statistical Parametric Mapping (SPMS;
Wellcome Trust Center for Neuroimaging, London,
UK) was employed to iteratively and simultaneously
segment and spatially normalize the acquired volu-
metric T1- MRI data in the template coordinate space,
as defined by the Montreal Neurological Institute
(MNI) brain template. The segmented individual gray
matter maps were used in a voxel-wise correlation
analysis with the plasma glucose or insulin concentra-
tion with the apoE4/E3 ratio as a covariate using the
same general linear model (GLM). For the PET data,
the voxel-wise analysis used images acquired dur-
ing the last 30 minutes, with counts relative to whole
brain uptake. Similar to the MRI analysis, SPM8 was
used to deform the individual FDG-PET to the same
MNI brain template. GLM-based, voxel-wise analy-
sis was used to analyze associations between plasma
glucose or insulin with FDG-PET-measured CMRgl.
Both MRI and FDG analyses were corrected for the
apoE4/apoE3 ratio of every individual. Voxel map
cut-off was set at an uncorrected p=0.005, which
previously have been shown to provide the optimal
balance between type-I and type-II errors [32]. To
further control possible inflated type-I error by cor-
recting for multiple comparisons, the small volume
correction (SVC) procedure in SPM was utilized with
a p=0.05 threshold. The statistical maps were super-
imposed onto a cortical surface map.

Assessment of plasma glucose and insulin levels,
and HOMA-IR

Plasma insulin and glucose levels were determined
using commercially available assays; the Merco-
dia Ultrasensitive insulin ELISA (Mercodia, cat.#
10-1132-01) and the Glucose colorimetric detection
kit (Invitrogen by Thermo Fisher Scientific, cat.#
EIAGLUC), following the manufacturers’ instruc-
tions. For the insulin quantification, plasma samples
where diluted 1:4 in calibrator 0 and 100 pl/well

was added to the pre-coated ELISA plate in dupli-
cates together with standards (insulin concentration
range: 0-20 mU/L) supplied in the kit. Thereafter,
100 pL/well of the enzyme-conjugate (peroxidase-
conjugated mouse monoclonal anti-insulin antibody)
was added to all wells and the plate incubated at
room temperature (RT) for 1 h. The plate was then
decanted, washed 6 times using the supplied washing
buffer whereafter 200 wL/well tetramethylbenzidine
was added to all wells and the plate incubated
for 30min, at RT in the dark. The reaction was
stopped by adding 50 wL 0.5 M H,SOy4 to the wells.
The plate was immediately read at 450 nm using
a HiPO microplate photometer, MPP-96 (Biosan)
and a 5-parametric logistics standard curve was con-
structed using the Quant assay software supplied with
the photometer (Biosan). Plasma insulin concentra-
tions were determined through interpolation from
the standard curve and results from duplicate wells
averaged. The inter-plate variation coefficient (CV %)
was 4.9%, and the spike-recovery percentage ranged
between 94-144%. The detection limit of the kit was
0.15mU/L.

For the glucose quantification, plasma samples
were diluted 1:32 in the kit-supplied assay buffer
whereafter 20 wL of standards (range: 0-32 mg/dL
glucose) and samples were added in duplicates to a
clear, 96-well half area plate (Costar, supplied with
the kit). Twenty-five pL of horseradish peroxidase
solution, substrate and glucose oxidase, respectively,
was added to each well and the plate was incu-
bated for 30min at RT. Absorbance was read at
560 nm in a Multiskan GO microplate spectropho-
tometer (ThermoFisher Scientific), and the results
were acquired by interpolation from a 4-parametric
logistic curve generated by the Thermo Scientific
SkanIT Software version 3.2. Results from standards
and samples run in duplicates were averaged. The
inter-plate variation coefficient (CV%) was 4.8%,
and the spike-recovery percentage ranged between
109-126%. The analytical sensitivity of the assay
reported in the manufacturer’s product sheet was
0.413 mg/dL glucose.

HOMA-IR was used as an index of peripheral
insulin resistance and was calculated from plasma
glucose and insulin levels using the formula: (glucose
(mg/dL) x insulin (mU/L))/405 [33].

Neuropsychological testing

In addition to the assessment of global cogni-
tive health using the MMSE, Dementia rating Scale,



A.K. Edlund et al. / Plasma Apolipoprotein E3 and Glucose Levels Are Associated in APOE €3/e4 Carriers

and instrumental activities of daily living, the neu-
ropsychological tests administered to the subjects
of the Arizona APOE cohort measured performance
in four broadly defined cognitive domains, memory,
executive functioning, language, and visuospatial, as
previously described [30, 34]. Brain and cognitive
testing were performed within an average of 0.6 years
(0.2-1.1). A list of cognitive tests and outcomes were
previously published [21]; a summary of the included
tests is given in Supplementary Table 1.

Statistical analysis

Statistical analysis was performed using the JMP
Pro Statistical software, version 14.0.0. Normal dis-
tribution of plasma insulin and glucose levels, and
HOMA-IR was assessed by the Shapiro-Wilks W test
which indicated that none of the plasma insulin, apoE,
and glucose levels nor HOMA-IR followed the nor-
mal distribution. The Wilcoxon non-parametric test
was therefore utilized for group comparisons. The
non-parametric correlation analysis test Spearman’s
Rho was used to examine associations between total
plasma apoE, apoE3 and apoE4 levels, apoE4/apoE3
ratio, body mass index (BMI), insulin levels, glu-
cose levels, and HOMA-IR both in the whole study
population, and also separately in the imaged sub-
cohort. Potential associations of the above parameters
with age were also examined using the Spearman’s
Rho test to address a potential influence of age on
the outcome of the analyses. Results are presented
as average =+ standard deviation (SD) for data with
normal distribution and as medians and range (min-
max) for non-normally distributed data. A p-value
of <0.05 was considered significant.

RESULTS
Characteristics of the study population

The characteristics of the study population were
previously published in [21], parameters important to
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the current study are reiterated in Table 1 (age, BMI,
and % of subjects with diabetes). A total of 3.1% of
the study subjects were diabetic and the average BMI
was 26.1 +=4.4 [21]. Seventy-five out of 127 (1 study
participant missing BMI) of the study participants
had a BMI above 25 (59%). Total plasma levels of
apoE and the concentrations of the individual apoE3
and apoE4 isoforms in the included subjects were
previously reported [21].

Plasma insulin and glucose levels, and
HOMA-IR index

We employed clinically defined cut-off values for
hyperinsulinemia, insulin >12.2 mU/L, and HOMA-
IR >2.6, determined by McAuley et al. [35], pre-
viously used in [36], to assess the percentage of indi-
viduals in the study population with ‘pathologically’
elevated insulin levels. Furthermore, we employed
the American Diabetes Association (ADA) definition
of fasting glucose levels indicative of pre-diabetes
or impaired glucose tolerance at fasting plasma glu-
cose between 100-125 mg/dL and used 100 mg/dL
as a cut-off to explore the number of individuals
with elevated plasma glucose. Nineteen out of 127
(15%) individuals had insulin levels above 12.2 mU/L
and the HOMA-IR followed the same distribution
(Table 2). Fourteen out of 128 individuals (10.9%)
had a plasma glucose level above 100 mg/dL. In
the imaged subjects (n=25), the distribution was
similar for glucose, with 19 subjects (88%) of the
imaged subjects presenting glucose levels below
100 mg/dL and 3 (12%) above 100 mg/dL. The distri-
bution of imaged subjects falling into the categories
of higher/lower insulin and HOMA-IR, however, dif-
fered slightly from the whole study group as the
percentage of subjects with pathologically elevated
insulin /HOMA-IR were 6 subjects out of 25 (24%).
A total of 21 out of 128 (16.4%) subjects had under
subsequent follow-ups developed MCI assessed as
reported previously [37]. We compared the glucose
and insulin levels, and the HOMA-IR scores between

Table 1
Study population characteristics
N Age at Body mass Diabetes
investigation (y) index (% yes)
Total 128 63.1+10.6 26.1+£44 3.1
Females 91 61.8+10.4 25.8+4.8 22
Males 37 66.3+10.5 27.0+3.3 5.4
Imaged subjects 25 65.7+5.0 26.7+3.8 8
Females 17 652+£53 25.7+4 0
Males 8 64.4+5.6 287425 25

The data is presented as mean = standard deviation.
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Table 2
Percentage of study subjects above/below pathological cut-offs
Glucose (mg/dL) Insulin (mU/L) HOMA-IR
Cut-off >100 <100 >12.2 <12.2? >2.6 <2.6
N (%)
Total (n=128) 114 (89%) 14 (11%) 108 (85%) 19 (15%) 108 (85%) 19 (15%)
Imaged subjects (n=25) 22 (88%) 3 (12%) 19 (76%) 6 (24%) 19 (76%) 6 (24%)

1 Glucose cut-off; ADA lower limit for glucose intolerance. » Insulin and HOMA-IR cut-offs from Young

et al. 2006 [36] and McAuley et al. 2001 [35].

subjects that had not developed MCI with those that
had developed MCI and did not find any statistically
significant differences between the groups (glucose;
83.36 (62.81-22.06) versus 83.87 (64.6-125.88) mg/
dL, p=0.5669, insulin; 4.95 (1.1-95) versus 4.6
(2.3-64) mU/L, p=0.7578, HOMA-IR; 1.03 (0.18-
31.43) versus 1.07 (0.39-15.1), p=0.9508).

Plasma glucose, insulin, and HOMA-IR levels for
the whole study group were 82.95 (62.81-222.06)
mg/dL, 4.9 (1.1-95) mU/L, and 1.03 (0-31.43), res-
pectively. The male subjects exhibited significantly
higher glucose levels compared to the females, 86.5
(67.38-125.88) mg/dL versus 80.94 (62.81-222.06)
mg/dL (p =0.008), whereas insulin levels and result-
ing HOMA-IR did not differ significantly between
sexes in the study population. We did not find any
effect of age on glucose, HOMA-IR, or insulin levels
in the whole cohort though in the subgroup com-
prised of the imaged subjects we found a weak,
positive association between insulin and age (Spear-
man’s Rho=10.3979, p =0.0488).

As expected, plasma insulin and glucose levels
were positively and significantly correlated (Fig. 1A),
and glucose (Fig. 1B) and insulin levels (Fig. 1C)
were each associated with HOMA-IR separately. The
most potent driver of the HOMA-IR index, as indi-
cated by the stronger association factor (Fig. 1C), was

plasma insulin. Similar associations were found in the
smaller group of subjects that had undergone brain
imaging (data not shown).

A total of 59% of the study participants exhibited
a BMI higher than 25. We stratified the study pop-
ulation by employing a cut-off for overweight (pre-
obese) set at a BMI >25, as defined by the World
Health Organization [38], and compared glucose,
insulin, and HOMA-IR values between the two
groups. We found that insulin and HOMA-IR were
significantly higher in the group with BMI above 25
(insulin: 4.05 (1.1-46.9) mU/L versus 6.95 (2.3-95)
mU/L, p=0.0001, HOMA-IR: 0.78 (0.18-10.87)
versus 1.29 (0-31.43) p=0.0001), whereas glu-
cose was not significantly associated with BMI in
our study population (81.10 (62.81-110.21) mg/dL
versus 84.73 (65.42-222.06) mg/dl, p=0.0875).
Non-parametric multivariate correlation analysis
confirmed a positive association between HOMA-
IR and BMI (Spearman’s Rho=0.4268 p <0.0001)
as well as plasma insulin levels with BMI (Spear-
man’s Rho=0.4409, p <0.0001) in the whole study
population and in both males (HOMA-IR: Spear-
man’s Rho=0.4301, p <0.0088, insulin: Spearman’s
Rho=0.4434, p<0.0068) and females (HOMA-IR:
Spearman’s Rho=0.4273, p <0.0001, Insulin: Spear-
man’s Rho=0.4516, p <0.0001). The glucose levels
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Fig. 1. Associations between plasma insulin and glucose levels with HOMA-IR. Plasma glucose levels were positively associated with
insulin (A) and HOMA-IR (B), the latter was strongly associated with plasma insulin (C).



A.K. Edlund et al. / Plasma Apolipoprotein E3 and Glucose Levels Are Associated in APOE €3/e4 Carriers 345

were weakly associated with BMI in the whole cohort
(Spearman’s Rho =0.2089 p =0.0185), but not when
stratifying based on sex.

Plasma levels of apoE and apoE3 are associated
with plasma glucose but not with insulin

Total plasma apoE, apoE3, and apoE4 levels for
the investigated cohort were previously reported
[21]. In brief, the total plasma apoE, apoE3, and
apoE4 levels for the whole study group were 34.15
(15.49-137.52) pg/mL, 28.7 (10.41-124.06) pg/mL,
and 4.53 (0.01-18.61) pwg/mL, respectively. As pre-
viously reported, females exhibited slightly higher
levels of apoE4 compared to males (p =0.0267).
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Correlation analysis revealed a negative associa-
tion between plasma glucose and total apoE levels
(Fig. 2A) driven by the apoE3 levels (Fig. 2B) and
not the apoE4 isoform levels (data not shown). The
latter was expected since we previously reported that
total plasma apoE is mainly composed by apoE3
and to a lesser extent apoE4 in the investigated indi-
viduals [21]. Similar associations were found in the
imaged subjects (data not shown). Importantly, the
observed negative association between plasma apoE3
and glucose levels was specific to male subjects only
(Fig. 2C, D) and especially pronounced in subjects
with a BMI higher than 25 (Fig. 3A, B).

We next explored whether total plasma apoE,
apoE3, or apoE4 levels differed between groups
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Fig. 2. Plasma glucose levels were negatively associated with total apoE (A) and apoE3 isoform levels (B) with differences in the association

depending on male (C) or female sex (D).
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Fig. 3. Associations between plasma apoE3 and plasma glucose levels in subjects with BMI below 25 (A) and above 25 (B).

stratified based on BMI (cut-off at 25), plasma glu-
cose (cut-off at 100mg/dL), and plasma insulin
(cut-off at 12.2 mU/L) levels, or HOMA-IR (cut-off
at 2.6). We found no significant differences in total
plasma apoE or the individual apoE3 and apoE4 lev-
els between groups above and below the cut-offs
for BMI, plasma insulin, and HOMA-IR (data not
shown). However, subjects with plasma glucose lev-
els above 100 mg/dL exhibited 67.8% lower total
apoE levels (median, p =0.0085) (Fig. 4A) and 82.4%
lower apoE3 levels (median, p=0.0439) (Fig. 4B)
resulting in a 204% higher relative apoE4/apoE3 iso-
form ratio (median, p=0.0301) in the group with
glucose levels above 100 mg/dL (Fig. 4C).

Associations between plasma glucose and insulin
levels, brain glucose metabolism, and gray
matter volume

A total of 25 of the studied subjects had undergone
FDG-PET and MRI to determine CMRgl and GMV
[21]. In this subgroup we explored associations of
plasma glucose or insulin levels with CMRgl or GMV
while correcting for the plasma apoE4/E3 ratio which
we previously found to be associated with regional
CMRgl and GMV [21], p=0.005 uncorrected for
multiple comparisons over the whole brain, but with
post-hoc examination using SVC procedure.

Factoring out the plasma apoE4/E3 levels (par-
tial correlation analyses), our exploratory analyses
revealed only negative associations between plasma
glucose and CMRgl mainly in the occipital region but
also in the left prefrontal region (Table 3). In contrast,

plasma insulin levels were positively associated with
CMRgl in the parietal and precunial regions as well
as bilaterally in the prefrontal region. The positive
association between insulin and CMRgl remained
significant in the parietal region after SVC (Table 3).
Plasma glucose levels were also negatively associated
with GMYV bilaterally in the lateral temporal region
(Table 4), whereas plasma insulin levels were pos-
itively correlated to GMV in the left hippocampal
region and bilaterally in the lateral temporal region.
Hence, plasma glucose and insulin levels are dif-
ferently associated with CMRgl and GMV in the
same brain regions. For illustrative purposes, the find-
ings were superimposed onto a cortical surface map
(Fig. 5AD).

Effects of plasma glucose, insulin and HOMA-IR
on the neuropsychological test outcome

Previous studies have outlined an interaction
between peripheral glucose and insulin levels, and
cognition [10, 17, 36, 39]. Therefore, we also
explored potential associations between plasma
glucose, insulin, and HOMA-IR, and scores on neu-
ropsychological tests that assess performance of
four major cognitive domains: memory, executive
function, language, and visuospatial ability (neu-
ropsychological test scores were previously found to
be unrelated to plasma apoE levels in the current
cohort [21]). Plasma glucose levels were nega-
tively and significantly associated with outcomes
of three tests specifically assessing performance of
memory and visuospatial abilities; the AVLT-RL
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Fig. 4. Total plasma apoE (A), plasma apoE3 (B) and a relative apoE4/apoE3 plasma isoform ratio in study subjects stratified based on

plasma glucose cut-offs of 100 mg/dL.

Table 3
Statistical associations of plasma glucose or insulin levels with CMRgl
Associations Brain region Coordinates Correlation P
with CMRgl (N=24) X,Y.Z) Coefficient
Plasma Glucose
Negative associations Occipital L -38,-94, 8 -0.68 2.04e-4
Occipital R 46, -86, -6 -0.60 1.39-3
prefrontal L -16, 4,78 -0.70 1.05e-4
Plasma Insulin
Positive associations Parietal R 44, -56, 42 0.61 1.13e-32
Precuneus_R 12, -66, 36 0.54 3.32¢-3
prefrontal L =20, 30, 36 0.62 9.23¢e-4
prefrontal R 12, 30, 54 0.63 7.51e-4
Voxel based linear regression analyses corrected for the plasma apoE4/E3 ratio. * Significant after SVC
using the 0.05 threshold.
Table 4
Statistical correlations of plasma glucose or insulin levels with GMV
Associations Brain region Coordinates Correlation p
with GMV (N=24) X,Y.Z) Coefficient
Plasma Glucose
Negative associations Lateral Temporal L -68,-37, -8 -0.53 491e-3
Lateral_Temporal R 57,-3,-23 -0.64 6.48e-4
Plasma Insulin
Positive associations Hippocampus_L -38,-25,-15 0.60 1.53e-3
Lateral_Temporal L -60, -37,7 0.69 2.33e-5
Lateral_Temporal R 44, -21,-21 0.69 4.11e-5

Voxel based linear regression analyses after correction for plasma apoE4/E3 ratio.

total learning score (verbal memory) (Spearman’s
Rho=-0.2123, p=0.0161), SRT-free total (verbal
memory) (Spearman’s Rho=-0.2801, p=0.0014),
and Rey-Ostereith CFT recall (visual) (Spearman’s
Rho =-0.2907, p = 0.0009); however, we did not find
any associations between plasma insulin levels or
HOMA-IR, and scores from any of the neuropsy-
chological tests in our panel (data not shown). No
significant associations were found between plasma
glucose levels and measures of global cognition and
instrumental activities of daily living (results not
shown). Lastly, we explored potential sex-differences

by stratifying the population into a female and a male
subgroup, and re-ran the analysis for the identified
associations between glucose, insulin, and HOMA-
IR, and cognitive test scores. No outcomes from these
analyses were statistically significant.

DISCUSSION

Since the discovery of APOE €4 as a very strong
genetic risk factor for late onset AD [40], most
studies have focused on the role of APOE and the
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Fig. 5. Statistical maps generated from the voxel-wise analyses were superimposed onto a cortical surface map. Negative associations of
plasma glucose levels (A), or positive associations of plasma insulin levels (B) with CMRgl after correction for the plasma apoE4/E3 ratio.
Negative associations of plasma glucose and GMV (C) or positive associations between plasma insulin (D) with GMV after correction for

the plasma apoE4/E3 ratio.

apoE isoforms in the central nervous system, as
peripherally derived apoE, generated mainly by the
liver, does not cross the blood-brain barrier [26].
Nevertheless, results from recent studies suggest that
low plasma apoE levels significantly increase the risk
of developing AD as well as other types of demen-
tia [41]. We have previously shown that low plasma
apoE levels unfavorably correlated with CSF AD
biomarker levels and cognition [23]. Using the same
cohort of subjects examined in the current study,
we have also reported that a higher relative plasma

concentration ratio between the apoE4 and apoE3
isoforms was associated with reduced GMV and
cerebral glucose metabolism specifically in the hip-
pocampus [21]. Together the previous results sug-
gest that despite not crossing the blood-brain barrier,
plasma apoE levels are as of yet to be appreci-
ated relevance not only to AD risk, but also to un-
favorable levels of CSF AD biomarkers indicative
of tau and AP pathology, as well as structural and
functional brain measures. In the current study, we
sought to in more detail investigate whether plasma
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apoE levels are related to peripheral glucose
metabolism, specifically plasma glucose and insulin
levels and HOMA-IR, which previously was
shown to affect brain glucose metabolism and
brain atrophy [9, 10, 16, 17, 42] by analyzing
a potential association between plasma apoE, glu-
cose, and insulin levels, and HOMA-IR. Such pot-
ential associations would in part help to explain our
previous findings of a correlation between plasma
apoE levels, brain glucose metabolism, and GMV.
The strength of using the same cohort as previ-
ously investigated include the rather large number
of 128 subjects having the exact same APOE (g3/e4)
genotype and the possibility of assessing potential
associations specifically between the individual ‘AD
neutral’ apoE3 and ‘AD risky’ apoE4 isoforms, glu-
cose, insulin, and HOMA-IR in the same setting.
We here report that higher plasma glucose levels
were inversely linked to lower plasma apoE levels,
specifically the apoE3 isoform levels. This inverse
association between higher plasma glucose and lower
apoE levels was especially pronounced in males and
in study participants with a BMI higher than 25.
Importantly, plasma levels of apoE4 were not associ-
ated with glucose levels and neither apoE3 nor apoE4
levels were correlated to plasma insulin levels. These
findings suggest that the protein levels of the apoE4
isoform in contrast to apoE3, at least in the blood
stream, may not be directly implicated in glucose
metabolism. It is known that carriers of the APOE &4
allele exhibit less apoE in plasma, due to a specific
reduction of the apoE4 isoform [19] possibly due to a
higher turn-over rate compared to apoE3 [43]. How-
ever, it is yet to be established whether the two APOE
variants are expressed to the same extent in heterozy-
gous individuals and whether plasma apoE levels per
se can be modulated by plasma glucose levels or
the other way around. Given that previous studies
have shown that low plasma apoE levels increase the
risk of dementia [22, 41] and that higher plasma glu-
cose levels also are harmful in various ways [44], we
hypothesize that low plasma apoE in conjunction with
higher glucose levels are a pathological combina-
tion that may promote neurodegenerative dementia.
In support, sustained higher plasma glucose levels
were associated with insulin resistance and T2DM,
which significantly increases the risk of AD [15, 45].
In the current study, we failed to find any significant
contribution of higher glucose levels to the devel-
opment of MCI in cognitively healthy individuals.
This may seem controversial given that faster con-
version from MCI to AD was reported in individuals

with high plasma glucose levels [13] and T2DM [46].
Furthermore, a recent meta-analysis uncovered that a
longer duration of T2DM may be a risk factor for the
conversion from MCI to AD in people with T2DM
[47]. Thus, despite that higher plasma glucose levels
were unrelated to the development of MCl in the cur-
rent study, the individuals with higher plasma glucose
levels may still be at a higher risk of converting from
MCI to AD. Higher plasma glucose levels may more
strongly promote conversion from MCI to AD, how-
ever, we speculate that the underlying foundation may
silently be laid down already earlier in the disease
development.

Interestingly, rather than increasing the risk of dis-
ease, as for AD, T2DM has instead been proposed
to reduce the risk of another neurodegenerative dis-
ease, ALS, in some populations [48]. Plasma apoE
in ALS patients was also suggested to serve as a
marker of disease progression, as higher plasma apoE
was related to an increased rate of deterioration and
a higher risk of earlier death [25]. It is well known
that ALS patients, despite muscle atrophy, often are
‘hypermetabolic’ [49]. Opposite to the case in AD
[50, 51], dyslipidemia including increased levels
of cholesterol and triglycerides, and a higher low-
density lipoprotein (LDL) to high-density lipoprotein
(HDL) ratio, appear to be beneficial, protective and
linked to prolonged survival in ALS patients [52].
When considered together, studies of apoE levels in
the context of both AD and ALS may provide clues
to how metabolic processes which differ between the
diseases, may be linked to apoE levels.

The determined plasma glucose levels were, as
expected, strongly influenced by insulin levels, as
indicated by the significant correlation between
the two, however, not only does insulin-mediated
glucose uptake control the overall glucose levels,
but non insulin-mediated glucose uptake, which is
differentially regulated, also does the same [53].
As we were unable to find a significant association
between plasma apoE and insulin levels, despite
the correlation with glucose, we speculate that
insulin-independent processes governing plasma
glucose may instead be related to apoE. One such
scenario may be played out through the lipid binding
and lipoparticle formation of apoE. The apoE4
isoform preferentially associates with very-low
density lipoprotein (VLDL) and LDL particles
whereas apoE3 mainly associates with HDL [54].
High-density lipoprotein particles may modulate glu-
cose metabolism in an insulin-independent manner
through an ABCA1/AMPK-dependent mechanism,
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which can promote increased glucose uptake in
skeletal muscles [55]. Thus, plasma apoE3 levels
may indirectly modify glucose metabolism through
its interaction with HDL particles. Interestingly,
revisiting the previously reported lipid profile of 24
of the subjects included in the current study [21], we
found that the levels of HDL but not LDL cholesterol
were negatively associated with both plasma glucose
(Spearman’s Rho: —0.4656, 9=0.0218) and insulin
levels (Spearman’s Rho: —0.5004, p =0.0128). These
results support the specificity of the link between
plasma apoE3, and not apoE4, via HDL particles
to plasma glucose controlled by both insulin and
insulin-independent processes. As we have previ-
ously reported that the dimer formation of apoE3 in
plasma from healthy controls were positively linked
to HDL levels [23], we speculate that the degree of
dimer formation of apoE3 may also have functional
consequences potentially for the association with
plasma glucose as observed in the current study.
Of note, altered plasma lipoprotein cholesterol
levels were previously linked to higher risk of
T2DM [56, 57] which may be linked to lipoprotein
apolipoprotein composition and APOE genotype

Furthermore, in our study, higher plasma apoE3
levels were linked to lower plasma glucose levels
mainly in males. Age-related changes in glucose
metabolism were previously reported with fasting
plasma glucose levels increasing at a rate of 0.7—
1.1 mg/dL per age decade [58], however, we did not
observe any effects of age on the plasma glucose lev-
els in our study population. Instead, higher plasma
glucose levels may be modulated by a higher BMI and
reflect aberrant hepatic glucose production, which
has been linked to increased body fat and male sex
rather than age [58]. How this is linked to carrying
the APOE &4 allele remains unclear, but obese men
with an APOE &4 genotype were earlier described
to have higher insulin and glucose levels than obese
men without APOE &4 [59].

Functionally, we found that the higher plasma glu-
cose levels were related to worse performance on
neuropsychological tests assessing memory and visu-
ospatial abilities. Furthermore, when correcting for
the apoE4/E3 ratio, which we previously showed
was associated with reduced glucose metabolism
specifically in the hippocampus, and reduced GMV
in several brain areas [21], we found that indeed
plasma glucose and insulin levels were, indepen-
dently of the apoE4/E3 ratio, associated with brain
glucose metabolism and GMV. Our latter find-
ings, although only observed in a small number of

participants who had undergone brain imaging, are
in line with results of previous reports. For example,
higher fasting plasma glucose levels, even if still in
the normal range, have been linked to hippocampal
atrophy, reduced GMV in several brain areas, and
worse cognitive performance [42, 60]. Interestingly,
the association between reduced GMV in the frontal
cortices and a functional effect on cognition was spe-
cific to male study subjects [60]. Previous studies
have also shown that higher plasma glucose levels
increased the risk of dementia and in addition were
linked to more severe AD pathology at autopsy [11,
61]. Whether hampered insulin signaling or merely
the higher glucose levels and related effects may
be the driver in the AD-associated A pathology is
not clear. However, results from the work of Wak-
abayashi and colleagues who used two in vivo models,
proposed that brain AR metabolism and pathology
may be related to causal factors of insulin resistance
induced by a high fat diet (such as metabolic stress
and inflammation), rather than insulin resistance [62].
This may be of specific importance in APOE &4
carriers who are known to start accumulating A3
pathology already in their fifth decade of life while
not experiencing any cognitive deficits [63].

Our results showed that higher plasma insulin lev-
els were positively associated with GMV and CMR-
gl but, as mentioned, unrelated to apoE levels. Pre-
vious studies of the effects of peripheral insulin resis-
tance in cognitively healthy subjects, using HOMA-
IR as an index, on brain glucose metabolism have
reported on links between greater hypometabolism
with increasing insulin resistance [16, 17]. Tran-
sient changes in brain insulin resistance have been
suggested to occur in AD pathology, Willette and
colleagues found that the HOMA-IR correlated
with glucose hypometabolism in stable MCI sub-
jects, whereas MCI-progressors exhibited hyper-
metabolism in medial temporal regions [64]. Our
findings of associations of opposite direction between
glucose and insulin and CMRgl, for example in
the prefrontal cortex where peripheral glucose lev-
els were negatively associated with CMRgl, whereas
peripheral insulin was positively associated with
CMRgl, suggests that insulin signaling unrelated to
its role in glycemic control may be of importance in
this context. Insulin receptors are highly expressed at
synapses and modulate synaptic activity for example
in the hippocampus where insulin signaling has been
reported to be involved in enhanced excitatory neu-
rotransmission [65]. We speculate that in brains with
intactinsulin sensitivity increased peripheral levels of
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insulin promote increased FDG-PET uptake through
insulin stimulated-neuronal activity. This assumption
is in line with a previous report demonstrating that
modulation of peripheral insulin levels while main-
taining euglycemia affected memory performance
and plasma levels of the amyloid-3 protein precur-
sor (ABPP) in an APOE e4-dependent manner in AD
patients [66].

Shortcomings in our study include the lack of a
complete lipid profile for all of the investigated sub-
jects as well as the non-standardized blood sampling
for the assessment of plasma and insulin levels (at
least 4 h of fasting). As only a small number of the
total study subjects had undergone brain imaging,
the results from the analyses relating to associa-
tions between plasma glucose and insulin should be
regarded as descriptive, although they do support pre-
viously reported findings. Also, although our study
of APOE €3/e4 subjects offered us the opportunity
to independently study associations between plasma
glucose and insulin with the individual levels of both
the ‘AD neutral’ apoE3 and ‘AD risky’ apoE4 iso-
forms, future studies need to include subjects with
all the major APOE genotypes. We further need to
point out that the sample size of the imaged subjects is
small, and our current study needs to be replicated in a
larger cohort. Nevertheless, given the small number
of imaged subjects in our study, we find it remark-
able that we were able to capture the described links
between plasma glucose and insulin levels with GMV
and CMRgl underscoring the robustness of these bio-
logical processes.

We conclude that the previously associated patho-
logical link between a higher ratio of the plasma
apoE4 to apoE3 isoform levels with negative imaging
findings of cerebral GMV and glucose metabolism
[21] as well as low plasma apoE levels as a strong risk
factor for developing dementia [41], may be related to
an association between plasma apoE and peripheral
insulin-independent glucose metabolism. Importan-
tly, the reported link between plasma glucose lev-
els and specifically plasma apoE3, but not apoE4,
suggest that apoE4 may be deficient in a potential
function that links apoE3 to processes govern-
ing plasma glucose levels independently of insulin.
Future studies to confirm the association between
plasma apoE3, but not apoE4, and plasma glu-
cose levels preferably in APOE €3 versus APOE €4
homozygous individuals, are needed. Pinpointing the
mechanisms that regardless of APOE genotype may
modulate plasma apoE levels and how these in turn
relate to peripheral glucose metabolism may provide

important new clues into the pathogenesis of APOE
g4-promoted neurodegeneration.
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