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Abstract
Background ‒ The relationship between the apolipo-
protein E (APOE)-ε4 allele, triglyceride (TG) level, and
cholesterol level and an increased risk of developing
Alzheimer’s disease (AD) has been well established, but
their relationship with behavioral-variant frontotem-
poral dementia (bvFTD) is not well-known.
Methodology ‒ The levels of TGs, total cholesterol
(TC), low-density lipoprotein (LDL), and high-density
lipoprotein were measured in bvFTD and AD patients
and in normal controls (NCs). DNA was extracted, and
APOE was genotyped.
Results ‒ The APOE-ε4 allele frequency was higher in
the AD group than in the NC group, but no difference
was found between the AD and the bvFTD groups. The
bvFTD group had higher LDL than the AD group, and
significant differences were also found for the choles-
terol level in the dementia groups compared with the NC
group. Elevated LDL level was positively correlated with
appetite and eating score in the bvFTD group. Compared
with the AD patients and NCs without the APOE-ε4
allele, those with the APOE-ε4 allele had higher TC, but
its correlation with the bvFTD group was absent.
Conclusions ‒ The bvFTD and the AD groups had
higher cholesterol levels. The APOE-ε4 allele and eating
behavior might modify lipid metabolism in dementia. TG
and cholesterol analyses may offer a new opportunity for
targeted treatments.
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1 Introduction

Alzheimer’s disease (AD) and frontotemporal degenera-
tion (FTD), especially behavioral-variant frontotemporal
dementia (bvFTD), are the two kinds of major degen-
erative dementia, and they are commonly misdiagnosed.
There are both differences and similarities between them.
The pathological mechanism of AD includes senile plaque
formed with amyloid beta (Aβ) deposition and neurofi-
brillary tangles (NFTs) made of phosphorylated Tau
(pTau). Tau misfolding and aggregation into beta-pleated
sheets, containing oligomers and fibrils, occur in FTD [1].
The process of AD and FTD pathology results in loss of
microtubule-binding function and formation of cytosolic
tau inclusions. Clinically, the characteristic changes of AD
include the loss of cortical neurons in the temporal and/
or parietal lobes and memory loss, and those of bvFTD
include frontal and/or temporal lobe pathology and
behavioral abnormalities [2]. Additionally, the similarities
between them lead to an overlap in clinical presentations,
Tau pathology, and risk factors. The common risk factors
include less education, smoking, obesity, lifestyle factors,
and high serum cholesterol level.

Cholesterol is vital to the neuronal structure and
function, and its disturbance has been shown to play
potentially important roles in dementia. Initially, the
main link between cholesterol and AD was its impact on
atherosclerosis and cardiovascular disease [3], including
stroke, cerebral amyloid angiopathy, small vessel
disease, lacunes, perivascular spaces (PVS), white
matter hyperintensity, and so on. While it is clear that
high cholesterol induces vascular disease, alterations in
cholesterol have also been linked to the pathological
features of AD. Cholesterol plays potentially important
roles in the synthesis, deposition, and clearance of Aβ
[4], which is the main pathological basis of AD. The
apolipoprotein E (APOE)-ε4 allele is a strong risk gene
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for AD, and its interaction between cholesterol and AD
has become a hot topic. In contrast to AD, hypercholes-
terolemia has not been implicated in FTD, and few
reports about cholesterol have been found. Actually,
there is significant loss of brain tissue with concomitant
loss of lipids, and behavioral abnormalities, especially
diet and eating behaviors, may also contribute to the
changed cholesterol level [5].

The relationship between cholesterol and different
dementia is complex. The lipid levels may be influenced
in a variety of ways in AD and FTD, but the difference in
lipid levels between these diseases is unclear. The
relationship of the APOE-ε4 allele to FTD is also a matter
of dispute. Some studies have shown a link between the
APOE-ε4 allele and FTD [6,7], but other studies have
shown that the APOE-ε4 allele did not increase the risk of
FTD [8,9]. Furthermore, the relationship of the APOE-ε4
allele with lipid levels in FTD patients is unclear. Based
on the above gaps in knowledge, we investigated the
difference in lipid levels among the groups of AD, bvFTD,
and normal controls (NCs) in the present study. We also
discuss the differences in the APOE genotype and whether
they may influence lipid levels in AD and bvFTD patients.

2 Methods

2.1 Subjects

Ninety-three patients with dementia (63 AD and 30 bvFTD)
were recruited from the cognitive impairment clinic of Tianjin
Huanhu Hospital. All assessments, including neurologic
examination, routine laboratory tests (especially vitamin B12
level, thyroid hormone level, syphilis, and HIV serology), and
cognitive function tests, were done by trained doctors. To
ensure the accuracy of the diagnosis, more than half of the
dementia patients (including the patients with bvFTD,
definite diagnosis, and atypical AD) underwent C11-PIB-PET
and/or FDG-PET. All patients met the core clinical criteria of
the new diagnostic criteria for probable bvFTD or AD [10–12],
and clinical diagnosis was made by consensus between the
neurologist and neuroradiologist. The criteria for exclusion
from the study included significant neurological or psychia-
tric illness that could influence cognitive functions as well as
significant unstable systemic illness or organ failure. Each
subject was right-handed and underwent a battery of
neuropsychological tests: the Mini-Mental State Examination
(MMSE), Montreal Cognitive Assessment (MoCA), Neuropsy-
chiatric Inventory (NPI), and Activities of Daily Living (ADL)
scale. In addition, 33 age- and sex-matched healthy NCs

without neurological or psychiatric disorders were included
for comparison. None of the subjects used either statins or
other lipid-modifying agents. All subjects were scanned using
a single 3-T MRI scanner. To avoid the disturbance of
cerebrovascular pathology in this study, the subjects with a
high burden of vessel disease [13], including the subjects
with Fazekas scale 2 and 3, multiple lacunar infarction,
PVS > 11, and so on, based on STandards for Reporting
Vascular changes on nEuroimaging [14] were excluded
through magnetic resonance imaging.

Ethical approval: The research related to human use has
been complied with all the relevant national regulations
and institutional policies, is in accordance with the tenets
of the Declaration of Helsinki, and has been approved by
the Medical Ethics Committee of Tianjin Huanhu Hospital.

Informed consent: Informed consent has been obtained
from all individuals included in this study or their legal
guardians (spouses or children).

2.2 APOE genotyping

The blood samples were collected in tubes containing
ethylenediaminetetraacetic acid as anticoagulant, and
DNA was isolated from blood cell nuclei. APOE geno-
types were determined by restriction enzyme digestion
according to the method of Wenham et al. [15].

2.3 Measurement of cholesterol levels

Collection of blood samples was done within 3 days after
enrollment. Blood samples were collected after an
overnight fast of >12 h. The concentrations of triglycerides
(TGs), total cholesterol (TC), and high-density lipoprotein
(HDL) were measured using an automatic chemical analyzer
(Beckman AU5800, USA) [16,17]. Low-density lipoprotein
(LDL) levels were calculated using the Friedewald
formula: LDL = [Cholesterol − (Triglycerides/2.2)] −
HDL [18,19].

2.4 Statistical analysis

Data were analyzed using SPSS statistics (version 19.0)
and are presented as mean ± standard deviation or
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proportions. The Kolmogorov–Smirnov test was run to
determine the suitability of variables for parametric
analysis. Analysis of variance, followed by Tukey’s post
hoc test, was used to explore the main effects of the
variables age, TGs, TC, and LDL (P < 0.05 was regarded
as significant) on the groups (NCs, bvFTD, and AD).
MMSE, MoCA, ADL, and NPI scores and HDL levels were
analyzed using the Kruskal–Wallis test followed by the
post hoc Mann–Whitney test corrected for multiple
comparisons (P < 0.01 was regarded as significant).

Allele frequencies were assessed by counting alleles
and calculating proportions. AD, bvFTD, and NC groups
were stratified according to the presence or absence of
the APOE-ε4 allele; the number of APOE-ε2, ε3, and ε4
alleles; and APOE genotype (APOE-ε2/ε2, APOE-ε2/ε3,
APOE-ε2/ε4, APOE-ε3/ε3, APOE-ε3/ε4, APOE-ε4/ε4). The
χ2 test and the post hoc Fisher exact test (P < 0.05 was
regarded as significant) were applied to compare allele
frequencies and sex among them. To investigate the
relationship between lipid levels and psychological and
behavioral abnormalities, we also explored Pearson’s
correlations between lipid levels and the subscale scores
(appetite and eating change) of the NPI. To clarify the
potential effects of the APOE genotype, groups were
additionally divided into two subgroups according to the
presence or absence of at least one APOE-ε4 allele.

3 Results

The demographic and clinical characteristics of the AD,
bvFTD, and NC groups are summarized in Table 1. No
significant differences in sex or age were detected among
the AD, bvFTD, and NC groups. Compared with NCs, the
MMSE and MoCA scores were lower and the ADL score

was higher in the AD and bvFTD groups. But no
difference was found between the AD and bvFTD groups
(Table 1). The bvFTD patients had a higher NPI score
than the AD patients (AD: 9.1 ± 1.3 vs bvFTD: 20.2 ± 3.0,
P < 0.001). Within the subscale scores of the NPI, the
scores of agitation/aggression, anxiety, apathy, disinhibition,
irritability, aberrant motor behavior, appetite, and eating
change were significantly higher in the bvFTD patients
than in the AD patients (P < 0.05).

The distribution of APOE genotypes and the corre-
sponding allele frequencies of the groups are shown in
Table 2. The allele frequencies were 3.2% for ε2, 69.8%
for ε3, and 27.0% for ε4 in the AD group and 6.7% for ε2,
75% for ε3, and 18.3% for ε4 in the bvFTD group.
Compared with NCs, the allelic frequency of APOE-ε4
was higher in the AD and bvFTD groups, and the
difference between the AD and NC groups was signifi-
cant (P < 0.05).

No difference was found across the groups in the TG
level (P = 0.172). In contrast, TC, HDL, and LDL levels
differed across the groups, with the AD and bvFTD groups
exhibiting a higher level than the NC group (P < 0.001;
Table 3). No difference was found between the AD and
bvFTD groups in the TC or HDL level (P > 0.05), but the
bvFTD group exhibited a significantly higher LDL choles-
terol level compared with the AD group (P = 0.04). We
further analyzed the relationship between lipid levels and
behavioral and psychological symptoms. The LDL level was
positively correlated with the scores of appetite and eating
in the bvFTD group (r = 0.375, P = 0.04).

Then, the three groups were dichotomized according
to the presence of an APOE-ε4 allele. Compared with the
subjects without an APOE-ε4 allele, the TC level was
significantly higher in those with any ε4 allele within the
AD group (P < 0.05) (Table 4), and the TC and LDL levels
were also higher in those with any ε4 allele within the NC

Table 1: Demographic characteristics and cognitive scores for the AD, bvFTD, and NCs

AD (n = 63) bvFTD (n = 30) NCs (n = 33) P

Sex (M/F) 63 (30/33) 30 (8/22) 33 (22/11) 0.11
Age (years) 66.3 ± 9.6 64.5 ± 7.7 66.0 ± 8.7 0.64
MMSE 16.2 ± 6.6 16.7 ± 8.7 28.7 ± 1.2 <0.001a,b
MoCA 10.8 ± 6.2 10.2 ± 6.8 26.8 ± 1.6 <0.001a,b
ADL 28.7 ± 11.0 31.1 ± 10.5 20.0 ± 0.0 <0.001a,b
NPI 9.1 ± 1.3 20.2 ± 3.0 0.3 ± 0.2 <0.001a,b,c

Significant differences in demographic or clinical data between groups are denoted as follows: a,b,cP < 0.05.
aAD vs NCs; bbvFTD vs NCs; and cAD vs bvFTD.
AD: Alzheimer’s disease; bvFTD: behavioral-variant frontotemporal dementia; NCs: normal controls; MMSE: Mini-Mental State
Examination; MoCA: Montreal Cognitive Assessment; ADL: activities of daily living; NPI: neuropsychiatric inventory.
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group (P < 0.05) (Table 5). No difference was found between
the genotype groups in the bvFTD group (Table 6). 4 Discussion

This study examined lipid levels across the AD and
bvFTD groups to investigate the relationship between
lipid levels, APOE genotype, and eating behavior. We
uncovered changes in TC and LDL cholesterol levels in
the AD and bvFTD patients, more serious mental
behavioral abnormalities in bvFTD patients, and an
increased frequency of the ε4 allele in AD patients.
When we further analyzed the influence of behavioral
and psychological symptoms or APOE genotype on lipid
levels, we found that the APOE-ε4 genotype might

Table 2: Genetic data in the AD, bvFTD, and NC groups

AD (n = 63) bvFTD (n = 30) NCs (n = 33) P

APOE genotype: number of patients (%)
APOE-ε2/ε2 0 (0) 0 (0) 0 (0)
APOE-ε2/ε3 0 (0) 0 (0) 4 (12.1)
APOE-ε2/ε4 4 (6.3) 4 (13.3) 0 (0)
APOE-ε3/ε3 35 (55.6) 20 (66.7) 21 (63.6)
APOE-ε3/ε4 18 (28.6) 5 (16.7) 8 (24.2)
APOE-ε4/ε4 6 (9.5) 1 (3.3) 0 (0)
APOE allele frequencies
APOE-ε2, % 3.2 6.7 6.1 0.49
APOE-ε3, % 69.8 75 81.8 0.195
APOE-ε4, % 27 18.3 12.1 0.047*

*NCs vs AD. AD: Alzheimer’s disease; bvFTD: behavioral-variant frontotemporal dementia; NCs: normal controls.

Table 3: Lipid levels in the AD, bvFTD, and NC groups

AD (n = 63) bvFTD (n = 30) NCs (n = 33) P

TG (mmol/L) 1.26 ± 0.54 1.54 ± 0.98 1.37 ± 0.54 0.172
TC (mmol/L) 5.50 ± 0.98 5.63 ± 0.94 4.5 ± 0.71 <0.001a,b
HDL (mmol/L) 1.50 ± 0.40 1.48 ± 0.40 1.18 ± 0.23 <0.001a,b
LDL (mmol/L) 3.06 ± 0.59 3.34 ± 0.74 2.41 ± 0.60 0.001a,b,c

AD: Alzheimer’s disease; bvFTD: behavioral-variant frontotemporal dementia; NCs: normal controls; TG: triglyceride; TC: total cholesterol;
HDL: high-density lipoprotein; LDL: low-density lipoprotein.
Post hoc comparison of significant group differences: a,b,cP < 0.05.
aAD vs NCs; bbvFTD vs NCs; and cAD vs bvFTD.

Table 4: APOE-ε4 allele and lipid levels in AD patients

APOE-ε4+ (n = 28) APOE-ε4− (n = 35) P

TG (mmol/L) 1.3 ± 0.1 1.3 ± 0.1 0.992
TC (mmol/L) 5.9 ± 0.2 5.2 ± 0.1 0.01
HDL (mmol/L) 1.6 ± 0.1 1.4 ± 0.6 0.074
LDL (mmol/L) 3.2 ± 0.1 2.9 ± 0.1 0.073

AD: Alzheimer’s disease; TG: triglyceride; TC: total cholesterol;
HDL: high-density lipoprotein; LDL: low-density lipoprotein.

Table 5: APOE-ε4 allele and lipid levels in the NC group

APOE-ε4+ (n = 8) APOE-ε4− (n = 25) P

TC (mmol/L) 5.0 ± 0.4 4.4 ± 0.7 0.018
TG (mmol/L) 1.5 ± 0.3 1.3 ± 0.6 0.525
HDL (mmol/L) 1.2 ± 0.3 1.2 ± 0.2 0.698
LDL (mmol/L) 2.9 ± 0.1 2.3 ± 0.6 <0.001

NC: normal control; TC: total cholesterol; TG: triglyceride; HDL:
high-density lipoprotein; LDL: low-density lipoprotein.

Table 6: APOE-ε4 allele and lipid levels in bvFTD patients

APOE-ε4+ (n = 10) APOE-ε4− (n = 20) P

TC 5.9 ± 0.4 5.5 ± 0.2 0.261
TG 1.7 ± 0.4 1.4 ± 0.2 0.513
HDL 1.4 ± 0.1 1.5 ± 0.1 0.627
LDL 3.6 ± 0.3 3.2 ± 0.1 0.173

bvFTD: behavioral-variant frontotemporal dementia; TC: total
cholesterol; TG: triglyceride; HDL: high-density lipoprotein; LDL:
low-density lipoprotein.
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influence the level of LDL in the AD and NC groups, and
abnormal eating behaviors might affect LDL in bvFTD
patients.

4.1 The frequency of the ε4 allele in AD and
bvFTD

The prevalence of the APOE-ε4 allele was higher in AD
patients than in bvFTD patients and NCs, but the difference
between the bvFTD patients and NCs did not reach statistical
significance in our study. A higher number of APOE-ε4
alleles are now considered to be the most important risk
factors for AD. However, the published data on APOE allele
frequencies in FTD are conflicting. Some studies reported a
higher ε4 allele frequency and found a significantly increased
risk for the ε4 allele in patients with FTD than in controls
[20]. However, several studies and our findings have not
replicated this result. An autopsy study of various dementias
found that the APOE-ε4 allele frequency was significantly
elevated in AD but was comparable to the control frequency
in FTD [21]. Another meta-analysis also found no significant
result with the ε4 allele in FTD [22]. These differences in FTD
were attributed to different ethnicities and selection effects,
but we solely focused on bvFTD, a subtype of FTD, in
Chinese patients. Another reason might be the relatively
small sample size, and the larger case–control study only
included 94 FTD patients [22]. Finally, all the dementia
diagnoses were made clinically without neuropathological
confirmation, although with the help of 11C-PIB-PET and/or
FDG-PET. The misdiagnoses might have reduced the power
of the test.

4.2 Lipid levels in AD and bvFTD

It is well-known that the main component of senile plaque
is Aβ, the main pathological basis of AD. Aβ is produced
from the dual cleavage of amyloid precursor protein (APP)
by BACE1 and γ-secretase. APP, β-secretase, and γ-secretase
are located in lipid rafts, a kind of membrane-bound
cholesterol, where APP metabolism occurs. Experiments in
cell cultures indicated that cholesterol influences APP-
secretase activity and that its accumulation in neurons
might accelerate the decomposition of APPs into amyloido-
genic components [23]. A growing number of studies have
found that high cholesterol levels in the brain play an
important role in the process of Aβ-induced AD [24]. In
addition to high cholesterol in the brain, animal and human

experiments have reported a link between serum cholesterol
and Aβ deposition. For example, transgenic APP mice fed
with a high cholesterol diet and hypercholesterolemic
rabbits had accumulation of intracellular immunolabeled
beta-amyloid protein in the brain [25,26]. At the same time,
Reed and his colleagues found a direct relationship between
cholesterol fractions in blood and amyloid deposition in the
brain [27]. Another study also found significant positive
associations of TC and LDL with the density of neuritic
plaques, an AD hallmark [28]. In our study, higher levels of
serum TC, HDL, and LDL were found in AD patients.
However, it is important to recognize that CNS cholesterol is
locally synthesized instead of coming from peripheral blood.
The blood–brain barrier (BBB) separates cholesterol into the
cerebral and extracerebral pools. In contrast to cholesterol
itself, the side-chain oxidized metabolite 27-hydroxycholes-
terol (27OH) is able to pass the BBB and communicate
between plasma cholesterol and the brain [29–31]. The level
of 27OH in the circulation is proportional to the level of
cholesterol, and there is a concentration-driven flux of 27OH
from the circulation into the brain [29,32]. The accumulation
of 27OH was found to be the most significant change in the
sterol profile of the brains of patients with AD [33], and part
of this accumulation is likely to have been affected by the
level of cholesterol in the circulation. The high level of 27OH
increases the formation of β-amyloid by antagonizing the
suppressive effect of 24S-hydroxycholesterol [31,34] and
suppresses the formation of activity-regulated cytoskeleton-
associated protein by affecting the N-methyl-D-aspartate
receptor [35]. Björkhem and his colleagues found that the
flux of 27OH into the brain might be the link between
hypercholesterolemia and AD [30,31]. In conclusion, higher
cholesterol levels are associated with the further develop-
ment of AD and represent an independent risk factor for
AD [36].

Our study also uncovered high cholesterol levels in
bvFTD patients, and the LDL level was correlated with the
scores of appetite and eating. The changes in eating
behavior are core symptoms of the diagnostic criteria for
bvFTD, and abnormal eating behaviors are present in >60%
of the patients, even >80% over the course of the disease
[37]. The abnormal eating behaviors mainly include over-
eating, stuffing food into the mouth, and changes in food
preferences (craving for carbohydrates) [38]. These eating
behaviors are likely to contribute to high cholesterol levels.
Recent studies revealed that eating abnormalities were
partly related to hypothalamic degeneration and to potential
disintegration of the network connections between the
hypothalamus and reward pathways [38,39]. Therefore, the
study of lipid metabolism might provide invaluable data for
understanding the pathogenesis of bvFTD. Consistent with
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our results, another sample of Chinese bvFTD patients
presented higher TC and LDL levels compared with NCs,
and LDL level was associated with the diagnosis of FTD
[40]. However, research from other countries found high
TGs and high body mass index (BMI) in bvFTD, but not
cholesterol levels [5,18]. Among the reasons involved in this
variation, the first was the significant difference in tastes,
diets, and perceptions from ethnic differences. Another
reason was that lipid levels might be influenced not only by
APOE genotype but also by the timing of lipid measure-
ments in relationship to the stage of dementia [41]. High
blood pressure and BMI have been associated with an
increased risk of dementia for >10 years of follow-up [42],
but there is a null or opposite relationship for <10 years
[43]. The range of findings might hint at the fact that several
years before dementia, onset blood pressure and BMI
began to decline, possibly as a result of the ongoing
neurodegenerative pathology, suggesting that the same may
be true for TGs. Furthermore, large-sample and longitudinal
research is required to determine the lipid levels in different
diseases and stages. Overall, we suggest that adjusting
eating behavior and dietary habits are possible targeting
treatments that can modify eating behavior, metabolic
abnormalities, and disease progression [44].

Pathological aggregation of the microtubule-
associated protein Tau is a common feature of many
neurodegenerative diseases, such as AD and bvFTD. The
role of cholesterol in Tau phosphorylation or Tau
proteostasis is not clear. The disturbance in cholesterol
metabolism might impair the degradation of Tau
aggregates [45]. The injection of Aβ42 into rat cortices
caused a significant increase in hyperphosphorylation of
Tau protein [46]. Some researchers argued that Aβ can
induce Tau phosphorylation, and excess cholesterol may
indirectly promote the production of NFTs. However, a
new study implicated cholesterol as a dual upstream
regulator of pTau and Aβ and suggested that reducing
cholesterol potently decreases the neuronal pTau level
through proteasomal upregulation and degradation of
pTau in an APP- and Aβ-independent manner [47].

4.3 Effects of APOE genotype on lipid levels

Many candidate genes were considered to be related to
lipid metabolism, and among them, the APOE genotype
was the major source of genetically determined variation
in lipid metabolism. For the subjects who carried the
APOE-ε4 allele, the levels of TC and/or LDL were higher
than in those without the APOE-ε4 allele in the AD and

NC groups. Our findings reflected previous research that
APOE-ε4 carriers are associated with increased concen-
trations of serum TC and LDL [48]. APOE plays
significant roles in binding the low-density lipoprotein
receptor (LDLR) and the LDLR-related protein and in
facilitating cellular uptake of lipoprotein particles [49].
The difference in the amino acid sequences of ε2, ε3, and
ε4 alleles results in different receptor-binding affinities.
It could be hypothesized that the increase in TAG-rich
lipoproteins of APOE in ε4 carriers could increase the
affinity to bind LDLR. Ultimately, this could reduce LDL
uptake and increase circulating plasma cholesterol [50].
The presence of the ε4 allele has been correlated with
the risk of coronary heart disease [51] and with the risk
of AD. This is attributable partly to the impact of APOE
polymorphism on cholesterol metabolism. Compared
with AD, bvFTD is a highly heterogeneous disease, and
lipid metabolism is affected by many different factors.
Our results show that changes in eating behavior might
mediate changes in lipid levels and result in the lack of
correlation between APOE-ε4 and cholesterol level in
bvFTD.

5 Conclusion

This study examined lipid levels across the AD and
bvFTD groups to investigate the relationship between
lipid levels, APOE genotype, and eating behavior. We
found that the AD and bvFTD patients exhibited
significantly higher cholesterol levels than the NCs. To
further analyze the influencing factors of lipid levels,
there was a significant interaction between cholesterol
level and APOE-ε4 in the AD and NC groups and
between LDL level and changes in eating behavior in
the bvFTD group. All of these findings offer opportu-
nities for targeted treatments.

Acknowledgments: This work was partially supported by
the Natural Science Foundation of Tianjin (Grant No.
19JCQNJC10400), the National Natural Science
Foundation of China (Grant No. 81901101), and the
Science and Technology Project of Tianjin Health (Grant
No. 13KG121).

Author contributions: All authors have full access to all
of the data in the study and take responsibility for the
integrity of the data and the accuracy of the data
analysis. Study concept and design were contributed by
Yuying Zhou and Pan Wang. Acquisition of data was

Cholesterol in dementia  121



carried out by Huihong Zhang, Yan Wang, and Miao
Zhang. Analysis and interpretation of data were per-
formed by Yuying Zhou. Manuscript draft was written by
Pan Wang. Critical revision of the manuscript for
intellectual content was performed by Yuying Zhou.
Statistical analysis was carried out by Pan Wang. Study
supervision was carried out by Yuying Zhou.

Conflict of interest: The authors state no conflict of
interest.

References

[1] Irwin DJ, Cairns NJ, Grossman M, McMillan CT, Lee EB, Van
Deerlin VM, et al. Frontotemporal lobar degeneration: defining
phenotypic diversity through personalized medicine. Acta
Neuropathol. 2015;129(4):469–91.

[2] Gregory GC, Macdonald V, Schofield PR, Kril JJ, Halliday GM.
Differences in regional brain atrophy in genetic forms of
Alzheimer’s disease. Neurobiol Aging. 2006;27(3):387–93.

[3] Whitmer RA, Sidney S, Selby J, Johnston SC, Yaffe K. Midlife
cardiovascular risk factors and risk of dementia in late life.
Neurology. 2005;64(2):277–81.

[4] Di Paolo G, Kim TW. Linking lipids to Alzheimer’s disease:
cholesterol and beyond. Nat Rev Neurosci.
2011;12(5):284–96.

[5] Ahmed RM, Irish M, Kam J, van Keizerswaard J, Bartley L,
Samaras K, et al. Quantifying the eating abnormalities in
frontotemporal dementia. JAMA Neurol. 2014;71(12):1540–6.

[6] Stevens M, van Duijn CM, Kamphorst W, de Knijff P, P Heutink,
WA van Gool, et al. Familial aggregation in frontotemporal
dementia. Neurology. 1998;50(6):1541–5.

[7] Ingelson M, Fabre SF, Lilius L, Andersen C, Viitanen M,
Almkvist O, et al. Increased risk for frontotemporal dementia
through interaction between tau polymorphisms and
apolipoprotein E epsilon4. Neuroreport. 2001;12(5):905.

[8] Minthon L, Hesse C, Sjogren M, Englund E, Gustafson L,
Blennow K. The apolipoprotein E epsilon4 allele frequency is
normal in fronto-temporal dementia, but correlates with age
at onset of disease. Neurosci Lett. 1997;226(1):65–7.

[9] Geschwind D, Karrim J, Nelson SF, Miller B. The apolipoprotein
E epsilon4 allele is not a significant risk factor for
frontotemporal dementia. Ann Neurol. 1998;44(1):134–8.

[10] Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH,
Neuhaus J, et al. Sensitivity of revised diagnostic criteria for
the behavioural variant of frontotemporal dementia. Brain.
2011;134(Pt 9):2456–77.

[11] McKhann GM, Albert MS, Grossman M, Miller B, Dickson D,
Trojanowski JQ, et al. Clinical and pathological diagnosis of
frontotemporal dementia: report of the work group on
frontotemporal dementia and Pick’s disease. Arch Neurol.
2001;58(11):1803–9.

[12] McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack, Jr.
CR, Kawas CH, et al. The diagnosis of dementia due to
Alzheimer’s disease: recommendations from the National

Institute on Aging-Alzheimer’s Association workgroups on
diagnostic guidelines for Alzheimer’s disease. Alzheimers
Dement. 2011;7(3):263–9.

[13] Lau, KK, Li L, Schulz U, Simoni M, Chan KH, Ho SL, et al. Total
small vessel disease score and risk of recurrent stroke:
validation in 2 large cohorts. Neurology. 2017;88(24):2260–7.

[14] Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F,
Frayne R, et al. Neuroimaging standards for research into
small vessel disease and its contribution to ageing and
neurodegeneration. Lancet Neurol. 2013;12(8):822–38.

[15] Wenham PR, Price WH, Blandell G. Apolipoprotein E geno-
typing by one-stage PCR. Lancet. 1991;337(8750):1158–9.

[16] Lippi G, Dipalo M, Musa R, Avanzini P, Ferrarini C, Pattini A,
et al. Evaluation of the analytical performances of the novel
Beckman Coulter AU5800. Clin Biochem. 2012;45(6):502–4.

[17] Glibert B, Bourleaux V, Peeters R, Reynolds T, Vranken G.
Analytical performance verification of the beckman coulter
AU5800 clinical chemistry analyser against recognized quality
specifications reveals relevance of method harmonization.
Clin Lab. 2016;62(1–2):57–72.

[18] Ahmed RM, Highton-Williamson E, Caga J, Thornton N,
Ramsey E, Zoing M, et al. Lipid metabolism and survival
across the frontotemporal dementia-amyotrophic lateral
sclerosis spectrum: relationships to eating behavior and
cognition. J Alzheimers Dis. 2018;61(2):773–83.

[19] Friedewald WT. Estimation of the concentration of low-density
lipoprotein cholesterol in plasma, without use of the
preparative ultracentrifuge. Clin Chem. 1972;18(6):499–502

[20] Stevens M, van Duijn CM, de Knijff P, van Broeckhoven C,
Heutink P, Oostra BA, et al. Apolipoprotein E gene and
sporadic frontal lobe dementia. Neurology.
1997;48(6):1526–9.

[21] Nielsen AS, Ravid R, Kamphorst W, Jørgensen OS.
Apolipoprotein E epsilon 4 in an autopsy series of various
dementing disorders. J Alzheimers Dis. 2003;5(2):119–25.

[22] Verpillat P, Camuzat A, Hannequin D, Thomas-Anterion C,
Puel M, Belliard S, et al. Apolipoprotein E gene in fronto-
temporal dementia: an association study and meta-analysis.
Eur J Hum Genet. 2002;10(7):399–405.

[23] Schönknecht P, Lütjohann D, Pantel J, Bardenheuer H,
Hartmann T, Bergmann KV, et al. Cerebrospinal fluid 24S-
hydroxycholesterol is increased in patients with Alzheimer’s
disease compared to healthy controls. Neurosci Lett.
2002;324(1):83–5.

[24] Cutler RG, Kelly J, Storie K, Pedersen WA, Tammara A,
Hatanpaa K, et al. Involvement of oxidative stress-induced
abnormalities in ceramide and cholesterol metabolism in
brain aging and Alzheimer’s disease. Proc Natl Acad Sci U S A.
2004;101(7):2070–5.

[25] Sparks DL, Scheff SW, Hunsaker 3rd, JC, Liu H, Landers T,
Gross DR. Induction of Alzheimer-like beta-amyloid
immunoreactivity in the brains of rabbits with dietary
cholesterol. Exp Neurol. 1994;126(1):88–94.

[26] Refolo LM, Malester B, LaFrancois J, Bryant-Thoma T, Wang R,
Tint GS, et al. Hypercholesterolemia accelerates the
Alzheimer’s amyloid pathology in a transgenic mouse model.
Neurobiol Dis. 2000;7(4):321–31.

[27] Reed B, Villeneuve S, Mack W, DeCarli C, Chui HC, Jagust W.
Associations between serum cholesterol levels and cerebral
amyloidosis. JAMA Neurol. 2014;71(2):195–200.

122  Pan Wang et al.



[28] Lesser GT, Beeri MS, Schmeidler J, Purohit DP, Haroutunian V.
Cholesterol and LDL relate to neuritic plaques and to APOE4
presence but not to neurofibrillary tangles. Curr Alzheimer
Res. 2011;8(3):303–12.

[29] Bjorkhem I, Leoni V, Svenningsson P. On the fluxes of side-
chain oxidized oxysterols across blood-brain and blood-CSF
barriers and origin of these steroids in CSF (Review). J Steroid
Biochem Mol Biol. 2019;188:86–9.

[30] Björkhem I, Cedazo-Minguez A, Leoni V, Meaney S. Oxysterols
and neurodegenerative diseases. Mol Aspects Med. 30(3):171–9.

[31] Björkhem I, Heverin M, Leoni V, Meaney S, Diczfalusy U.
Oxysterols and Alzheimer’s disease. Acta Neurol Scand.
2006;185(Suppl):43–9.

[32] Babiker A, Dzeletovic S, Wiklund B, Pettersson N, Salonen J,
NyyssöNen K, et al. Patients with atherosclerosis may have
increased circulating levels of 27‐hydroxycholesterol and
cholestenoic acid. Scand J Clin Lab Invest. 65(5):365–76.

[33] Leoni V, Masterman T, Diczfalusy U, De Luca G, Hillert J,
Bjorkhem I. Changes in human plasma levels of the brain
specific oxysterol 24S-hydroxycholesterol during progression
of multiple sclerosis. Neurosci Lett. 2002;331(3):163–6.

[34] Famer D, Meaney S, Mousavi M, Nordberg A, Bjorkhem I,
Crisby M. Regulation of alpha- and beta-secretase activity by
oxysterols: cerebrosterol stimulates processing of APP via the
alpha-secretase pathway. Biochem Biophys Res Commun.
2007;359(1):46–50.

[35] Mateos L, Akterin S, Gil-Bea FJ, Spulber S, Rahman A, Björkhem I,
et al. P3-414: Activity-regulated cytoskeleton-associated protein in
rodent brain is down-regulated by high fat diet in vivo and by 27-
hydroxycholesterol in vitro. Brain Pathol. 2009;4(4):T643-T643.

[36] Toro P, Degen C, Pierer M, Gustafson D, Schroder J,
Schonknecht P. Cholesterol in mild cognitive impairment and
Alzheimer’s disease in a birth cohort over 14 years. Eur Arch
Psychiatry Clin Neurosci. 2014;264(6):485–92.

[37] Piguet O, Hornberger M, Shelley BP, Kipps CM, Hodges JR.
Sensitivity of current criteria for the diagnosis of behavioral
variant frontotemporal dementia. Neurology. 2009;72(8):732–7.

[38] Ahmed RM, Irish M, Henning E, Dermody N, Bartley L,
Kiernan MC, et al. Assessment of eating behavior disturbance
and associated neural networks in frontotemporal dementia.
JAMA Neurol. 2016;73(3):282–90.

[39] Ahmed RM, Latheef S, Bartley L, Irish M, Halliday GM,
Kiernan MC, et al. Eating behavior in frontotemporal
dementia: peripheral hormones vs. hypothalamic pathology.
Neurology. 2015;85(15):1310–7.

[40] Chen H, Liu S, Zheng M, Ji L, Wu T, Huang G, et al. Factors
associated with frontotemporal dementia in China: a cross-
sectional study. Arch Med Res. 2016;47(5):388–93.

[41] Mielke MM, Zandi PP, Sjogren M, Gustafson D, Ostling S,
Steen B, et al. High total cholesterol levels in late life
associated with a reduced risk of dementia. Neurology.
2005;64(10):1689–95.

[42] Launer LJ, Ross GW, Petrovitch H, Masaki K, Foley D, White LR,
et al. Midlife blood pressure and dementia: the Honolulu-Asia
aging study. Neurobiol Aging. 2000;21(1):49–55.

[43] Morris MC, Scherr PA, Hebert LE, Glynn RJ, Bennett DA,
Evans DA. Association of incident Alzheimer disease and
blood pressure measured from 13 years before to 2 years after
diagnosis in a large community study. Arch Neurol.
2001;58(10):1640–6.

[44] Ahmed RM, MacMillan M, Bartley L, Halliday GM, Kiernan MC,
Hodges JR, et al. Systemic metabolism in frontotemporal
dementia. Neurology. 2014;83(20):1812–8.

[45] Glockner F, Ohm TG. Tau pathology induces intraneuronal
cholesterol accumulation. J Neuropathol Exp Neurol.
2014;73(9):846–54.

[46] Zou K, Kim D, Kakio A, Byun K, Gong JS, Kim J, et al. Amyloid
beta-protein (Abeta)1-40 protects neurons from damage
induced by Abeta1-42 in culture and in rat brain. J Neurochem.
2003;87(3):609–19.

[47] van der Kant R, Langness VF, Herrera CM, Williams DA,
Fong LK, Leestemaker Y, et al. Cholesterol metabolism is a
druggable axis that independently regulates tau and amyloid-
beta in iPSC-derived Alzheimer’s disease neurons. Cell Stem
Cell. 2019;24(3):363–75.e9.

[48] Shahid SU, Cooper JA, Beaney KE, Li K, Rehman A,
Humphries SE. Effect of SORT1, APOB and APOE polymorph-
isms on LDL-C and coronary heart disease in Pakistani
subjects and their comparison with Northwick park heart
study II. Lipids Health Dis. 2016;15:83.

[49] Eichner JE, Dunn ST, Perveen G, Thompson DM, Stewart KE,
Stroehla BC. Apolipoprotein E polymorphism and cardiovascular
disease: a HuGE review. Am J Epidemiol. 2002;155(6):
487–95.

[50] Jackson KG, Maitin V, Leake DS, Yaqoob P, Williams CM.
Saturated fat-induced changes in Sf 60-400 particle compo-
sition reduces uptake of LDL by HepG2 cells. J Lipid Res.
2006;47(2):393–403.

[51] Davignon J, Gregg RE, Sing CF. Apolipoprotein E polymorphism
and atherosclerosis. Arteriosclerosis. 1988;8(1):1–21.

Cholesterol in dementia  123


	1 Introduction
	2 Methods
	2.1 Subjects
	2.2 APOE genotyping
	2.3 Measurement of cholesterol levels
	2.4 Statistical analysis

	3 Results
	4 Discussion
	4.1 The frequency of the &#x03B5;4 allele in AD and bvFTD
	4.2 Lipid levels in AD and bvFTD
	4.3 Effects of APOE genotype on lipid levels

	5 Conclusion
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /ENU <FEFF0056006500720073006900740061002000410064006f00620065002000440069007300740069006c006c00650072002000530065007400740069006e0067007300200066006f0072002000410064006f006200650020004100630072006f006200610074002000760036>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


