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Abstract: Currently studies on the correlation between obesity and Alzheimer’s disease (AD) are
still unclear. In addition, few indicators have been used to evaluate obesity, which has failed to
comprehen-sively study the correlations between body fat mass, body fat distribution, and AD.
Thus, this study innovatively utilized bioinformatics and Mendelian randomization (MR) to explore
the key targets of obesity-induced AD, and investigate the causal associations between different
types of obesity and key targets. The common targets of obesity and AD were screened using the
GeneCards database, and functional and pathway annotations were carried out, thereby revealing
the key target. MR analysis was conducted between body anthropometric indexes of obesity and the
key target using an IVW model. Bioinformatics analysis revealed Apolipoprotein E (APOE) as the
key target of obesity-induced AD. MR results showed that body mass index (BMI) had a negative
causal association with APOE2, while body fat percentage (BFP) and trunk fat percentage (TFP) had
no significant causal association with APOE2; BMI, BFP, and TFP had a negative causal association
with APOE3, and none had any significant causal association with APOE4. In conclusion, there is a
correlation between obesity and AD, which is mainly due to the polymorphism of the APOE gene
rather than adipose tissue distribution. APOE3 carriers may be more susceptible to obesity, while the
risk of AD caused by APOE2 and APOE4 may not be induced by obesity. This study sheds new light
on current disputes. At the same time, it is suggested to regulate the body fat mass of APOE3 carriers
in the early stage, and to reduce the risk of AD.

Keywords: obesity; Alzheimer’s disease; APOE gene polymorphisms; Mendelian randomization;
causal association

1. Introduction

With the improvement in people’s living status and the change in dietary structure,
obesity has become a serious worldwide public health problem, threatening human health
and life. In 2013, the American Medical Association officially defined obesity as a disease.
Obesity affects almost all ages and has become a major worldwide medical and public health
problem. Alzheimer’s disease (AD) is a common neurodegenerative disease in the elderly,
and the most common cause of dementia. Obesity is a risk factor for many cardiovascular
and cerebrovascular diseases, and its relationship with AD has become a hot research topic
in nutrition science and neuroscience in the recent years. The 2022 Alzheimer’s Disease
Facts and Figures published by the Alzheimer’s Association highlights that obesity is an
important risk factor for AD [1]. At present, research on obesity and AD has made great
progress to a certain extent. However, there are still many disputes and controversies
regarding whether obesity is more likely to cause AD, and the influence of different types
of obesity on AD, with inconsistency in research conclusions and mechanisms.
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Some researchers have found that the increased incidence of obesity is associated with
a greater risk of developing AD [2,3]. A meta-analysis by Profenno et al. [4] showed that
obesity was a risk factor for AD (OR: 1.59, 95% CI 1.02–2.5). In a long-term observational
study of 10,276 members of a Kaiser Permanente health care program in Northern Cali-
fornia, Whitmer et al. [5] found that 12.2% of the 713 patients diagnosed with AD were
obese (compared with 9.9% in the normal population). However, other researchers, such as
Beydoun et al. [6], conducted a meta-analysis of ten cohort studies including people aged
40 to 80 years from 1995 to 2007, and found that there was a U-shaped relationship between
obesity and AD, and both obesity and low BMI could increase the risk of AD. Meanwhile,
several cross-sectional studies have shown that people with dementia have lower levels of
BMI compared with those without in the elderly population [7,8]. In addition, the study of
Nourhashémi et al. [9] found that there was no significant relationship between BMI and
AD after adjusting for other covariates.

According to the World Health Organization (WHO), obesity is a condition in which
the body converts excess energy into excess fat, which accumulates in the body. However,
with the same amount of fat, different people have very different risks of developing
AD, and studies have shown that these differences are due to different fat distribution
phenotypes. Based on where the fat is distributed in the body, obesity is mainly divided into
systemic obesity (or peripheral obesity) and central obesity (or visceral obesity/abdominal
obesity). Systemic obesity refers to the accumulation of fat in the extremities and under
the skin, with more fat in the lower body, also known as “pear-shaped obesity”. Central
obesity mainly has the fat gathering in the trunk and inside the abdomen, with increased
visceral fat, thickened waist and relatively thin limbs, which is often called “apple-shaped
obesity” [10]. Compared with systemic obesity, central obesity is often accompanied by
reduced hippocampal volume and white matter ischemia, which are the basis of cognitive
decline in dementia and are risk factors for cognitive impairment and AD [11,12]. A
systematic review and meta-analysis by Tang et al. [13], involving more than 5 million
people in 21 studies, found that central obesity was associated with an increased risk of
cognitive impairment and dementia, particularly in people over 65 years of age, with a 13%
increased risk. Long-term follow-up studies have shown an increased risk of AD later in
life in individuals with higher BMIs in their 30 s to 50 s, especially in those with central
obesity [14,15]. In addition, a dose–response meta-analysis confirmed that central obesity
was a risk factor for cognitive impairment and dementia [16].

Different types of obesity are evaluated with different body measures. BMI, which
reflects the total body fat mass, is currently the most common and simplest measure of
obesity, and the best indicator to assess systemic obesity. According to WHO Technical
Report Series (2000) [17], the normal range of adult BMI was defined as 18.5–24.9 kg/m2,
BMI ≥ 25 kg/m2 for overweight, and BMI ≥ 30 kg/m2 for obesity. These BMI values are
age-independent and the same for both sexes. However, BMI cannot accurately measure
the distribution of fat and the percentage of fat mass to body weight, and its ability to
distinguish between fat mass and fat-free mass is weak; thus, BMI is not a good indicator
for central obesity. Studies have reported that higher trunk fat mass may be associated with
a greater risk of visceral fat accumulation, showing an association with human longevity;
as a marker of central obesity, it is significantly associated with low cognitive levels and
has higher sensitivity and accuracy than BMI [18].

In view of the controversial conclusions on the correlation between obesity and AD and
the relatively simple indicators for evaluating obesity in previous relevant studies, which
have not comprehensively investigated the correlations between body fat mass, body fat
distribution, and AD, this study innovatively used bioinformatics to explore the common
targets of obesity and AD, and built a “target-function” network of obesity-induced AD. In
addition, large-scale GWAS data were analyzed using Mendelian randomization approach,
revealing the causal associations between different types of body anthropometric indexes
of obesity and related targets, which brought new knowledge regarding whether obesity
was more likely to cause AD and the influence of different fat distribution on AD.
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2. Results
2.1. Bioinformatics Analysis
2.1.1. Obesity- and AD-Related Targets, and PPI Network of Overlapping Targets

A total of 284 obesity-related and 402 AD-related targets were screened from the
GeneCards database. Further, the two sets were mapped to each other using the EVenn
visualization mapping website to obtain 53 overlapping targets between obesity and AD
(Figure 1A). The PPI network of the 53 overlapping targets was visualized using the
STRING database (Figure 1B).
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Figure 1. Overlapping targets between obesity and AD ((A) Venn diagram of obesity and AD mapping
targets. cyan dots on the left are AD-specific targets, green dots in the middle are overlapping targets
between obesity and AD, purple dots on the right are obesity-specific targets; (B) Protein-protein
interaction of 53 overlapping targets. the network nodes are proteins, the edges represent the
predicted functional associations).

2.1.2. Functional and Pathway Annotations of Overlapping Targets between Obesity and AD
Biological Processes to GO Enrichment Analysis Results of Overlapping Targets between
Obesity and AD

The GO enrichment results identified 2821 biological processes in which overlap-
ping targets of obesity and AD were involved (p.adjust ≤ 0.05), and the top five most
significant biological processes selected for Gene-Concept network construction based on
7.30 × 10−21 ≤ p.adjust ≤ 3.27 × 10−16 (Figure 2A) were as follows: 1© muscle cell prolifer-
ation, in which 20 targets were involved, including APOE, TNF, and IL18; 2© the regulation
of smooth muscle cell proliferation, in which 18 targets were involved, including APOE,
TNF, and IL18; 3© smooth muscle cell proliferation, in which 18 targets were involved,
including APOE, TNF, and IL18; 4© the regulation of lipid localization, in which 16 targets
were involved, including APOE, TNF, and APOB; 5© protein kinase B signaling, in which
16 targets were involved, including TNF, IL18, and IL1B.
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Cellular Components to GO Enrichment Analysis Results of Overlapping Targets between
Obesity and AD

The GO enrichment results identified 77 cellular components in which overlapping
targets of obesity and AD were involved (p.adjust ≤ 0.05), and the top five most signif-
icant cellular components selected for the gene–concept network construction based on
5.42 × 10−10 ≤ p.adjust ≤ 3.38 × 10−8 (Figure 2B) were as follows. 1© Plasma lipoprotein
particles: six targets were in this cellular component, including APOE, APOA1, PON1,
APOB, LPL, and CETP. 2© Lipoprotein particles: six targets were in this cellular component,
including APOE, APOA1, PON1, APOB, LPL, and CETP. 3© Protein–lipid complex: six
targets were in this cellular component, including APOE, APOA1, PON1, APOB, LPL, and
CETP. 4© High-density lipoprotein particle: five targets were in this cellular component,
including APOE, APOA1, PON1, APOB, and CETP. 5© Finally, chylomicron: four targets
were in this cellular component, including APOE, APOA1, APOB, and LPL.

Molecular Functions to GO Enrichment Analysis Results of Overlapping Targets between
Obesity and AD

The GO enrichment results identified 125 molecular functions in which overlapping
targets of obesity and AD were involved (p.adjust ≤ 0.05), and the top five most signif-
icant molecular functions selected for the gene–concept network construction based on
2.66 × 10−6 ≤ p.adjust ≤ 3.68 × 10−5 (Figure 2C) were as follows. 1© Receptor lig-
and activity: 12 targets have this molecular function, including APOA1, TNF, and IL18.
2© Signaling receptor activator activity: 12 targets have this molecular function, including
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APOA1, TNF, and IL18, 3© Cytokine receptor binding: nine targets have this molecular
function, including TNF, IL18, and IL6. 4© Protease binding: seven targets have this molec-
ular function, including TNF, PTEN, and INS. 5© Lastly, cholesterol transfer activity: four
targets have this molecular function, including APOE, APOA1, APOB, and CETP.

Reactome Pathways of Overlapping Targets between Obesity and AD

Reactome pathway results identified 101 pathways in which overlapping targets of
obesity and AD were involved (p.adjust ≤ 0.05), and the top five most significant reactome
pathways selected for the gene–concept network construction based on 4.59 × 10−10 ≤ p.adjust
≤ 6.86 × 10−6 (Figure 2D) were as follows. 1© Interleukin-4 and Interleukin-13 signaling:
11 targets are involved in this pathway, including TNF, IL18, and IL6. 2© Interleukin-10 sig-
naling: eight targets are involved in this pathway, including TNF, IL18, and IL6. 3©Plasma
lipoprotein remodeling: six targets are involved in this pathway, including APOE, APOA1,
ALB, APOB, LPL, and CETP. 4©Chylomicron remodeling: four targets are involved in this
pathway, including APOE, APOA1, APOB, and LPL. 5©HDL remodeling: four targets are
involved in this pathway, including APOE, APOA1, ALB, and CETP.

Frequency of Involvement of Overlapping Targets between Obesity and AD in Top Five
Functional and Pathway Annotations

The frequencies of relevant targets in the top five biological processes, cellular compo-
nents, molecular functions, and reactome pathway analyzed in the above sections were
determined. A total of 42 targets were involved in the top five functional and pathway
annotations and were sorted from the highest to lowest frequency. Three targets had a
frequency > 10, of which the one with the highest frequency was APOE (Figure 3).
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Arm fat mass (left) 408 124~510 −0.111(−0.280,0.058) 0.198 0.004 −0.0004 0.922 407 −0.078(−0.238,0.082) 0.341 408 −0.111(−0.267,0.045) 0.163

Arm fat-free mass (right) 498 101-811 −0.170(−0.378,0.038) 0.108 0.135 −0.002 0.464 498 −0.170(−0.378,0.038) 0.108 498 −0.166(−0.369,0.036) 0.107
Arm fat-free mass (left) 503 132~798 −0.159(−0.362,0.044) 0.124 0.143 −0.004 0.229 503 −0.159(−0.362,0.044) 0.124 503 −0.156(−0.354,0.042) 0.123

Leg fat percentage (right) 364 161~785 −0.302(−0.599,−0.006) 0.046 0.004 0.009 0.097 363 −0.230(−0.510,0.050) 0.109 364 −0.303(−0.576,−0.030) 0.029
Leg fat percentage (left) 361 166~795 −0.282(−0.577,0.013) 0.061 0.018 0.009 0.081 360 −0.208(−0.486,0.070) 0.143 361 −0.285(−0.561,−0.009) 0.043

Leg fat mass (right) 399 129~624 −0.235(−0.442,−0.028) 0.026 0.028 0.0001 0.974 398 −0.190(−0.386,0.006) 0.058 399 −0.233(−0.428,−0.037) 0.020
Leg fat mass (left) 400 130~633 −0.238(−0.449,−0.027) 0.027 0.012 −0.001 0.820 399 −0.192(−0.391,0.008) 0.061 400 −0.236(−0.432,−0.039) 0.019

Leg fat-free mass (right) 489 128~772 −0.141(−0.332,0.050) 0.148 0.422 −0.002 0.637 489 −0.141(−0.332,0.050) 0.148 489 −0.138(−0.329,0.053) 0.156
Leg fat-free mass (left) 484 128~772 −0.199(−0.392,−0.005) 0.044 0.363 −0.005 0.140 484 −0.199(−0.392,−0.005) 0.044 484 −0.195(−0.387,−0.002) 0.047

Hip circumference 52 100~286 −0.111(−0.363,0.142) 0.390 0.707 −0.012 0.302 52 −0.111(−0.363,0.142) 0.390 52 −0.112(−0.367,0.142) 0.387
Hip circumference Adjusted for BMI 72 133~286 0.079(−0.138,0.295) 0.477 0.349 −0.001 0.950 72 0.079(−0.138,0.295) 0.477 72 0.080(−0.133,0.293) 0.460

Waist circumference 40 102~294 −0.161(−0.478,0.157) 0.322 0.724 −0.004 0.818 40 −0.161(−0.478,0.157) 0.322 40 −0.162(−0.483,0.158) 0.322
Waist circumference Adjusted for BMI 63 91~303 −0.028(−0.290,0.234) 0.833 0.737 0.001 0.934 63 −0.028(−0.290,0.234) 0.833 63 −0.029(−0.293,0.236) 0.833

Waist-to-hip ratio 28 156~303 −0.044(−0.448,0.360) 0.831 0.529 0.033 0.175 28 −0.044(−0.448,0.360) 0.831 28 −0.045(−0.453,0.363) 0.829
Waist-to-hip ratio Adjusted for BMI 36 133~294 −0.038(−0.357,0.280) 0.814 0.923 0.005 0.813 36 −0.038(−0.357,0.280) 0.814 36 −0.039(−0.359,0.282) 0.813

Trunk fat percentage 370 111~541 −0.218(−0.413,−0.024) 0.028 0.011 0.002 0.629 369 −0.177(−0.360,0.007) 0.060 370 −0.219(−0.400,−0.038) 0.018
Trunk fat mass 401 121~497 −0.216(−0.383,−0.049) 0.011 0.002 0.0002 0.962 400 −0.184(−0.342,−0.025) 0.024 401 −0.216(−0.369,−0.064) 0.005

Trunk fat-free mass 546 134~813 −0.045(−0.226,0.135) 0.622 0.518 0.001 0.671 546 −0.045(−0.226,0.135) 0.622 546 −0.044(−0.225,0.138) 0.637
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Inverse-variance weighted estimates  MR PRESSO Outlier corrected estimates Maximum likelihood estimatesHorizontal pleiotropy
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Figure 3. Frequency of involvement of targets in the top five GO and Reactome enrichment
analysis results.
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2.2. Mendelian Randomization Analysis

In order to further reveal the causal association between different types of body
anthropometric indexes of obesity and the target involved in the top five functional and
pathway annotations with the highest frequency, that is, APOE gene polymorphisms, the
IVW model was used in the two-sample MR analysis, and the results are shown as follows
(Figures 4–6).
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Whole body fat mass 416 125~513 −0.205(−0.371,−0.038) 0.016 0.012 −0.002 0.623 415 −0.170(−0.329,−0.012) 0.036 416 −0.205(−0.361,−0.049) 0.010

Whole body fat-free mass 535 134~810 −0.109(−0.293,0.076) 0.248 0.414 0.001 0.806 535 −0.109(−0.293,0.076) 0.248 535 −0.106(−0.291,0.078) 0.259
Whole body water mass 541 134~808 −0.090(−0.278,0.098) 0.348 0.204 0.002 0.558 541 −0.090(−0.278,0.098) 0.348 541 −0.088(−0.272,0.097) 0.352
Appendicular lean mass 656 85~526 −0.089(−0.190,0.013) 0.088 0.776 0.002 0.528 656 −0.089(−0.190,0.013) 0.088 656 −0.088(−0.190,0.014) 0.092

Arm fat percentage (right) 377 159~654 −0.158(−0.393,0.077) 0.188 0.005 0.005 0.306 375 −0.128(−0.347,0.091) 0.253 377 −0.159(−0.376,0.058) 0.151
Arm fat percentage (left) 374 160~659 −0.155(−0.388,0.078) 0.194 0.012 0.003 0.487 373 −0.107(−0.327,0.114) 0.343 374 −0.153(−0.370,0.065) 0.169

Arm fat mass (right) 413 124~510 −0.133(−0.298,0.033) 0.116 0.021 0.001 0.796 412 −0.099(−0.256,0.057) 0.214 413 −0.132(−0.288,0.023) 0.096
Arm fat mass (left) 408 124~510 −0.111(−0.280,0.058) 0.198 0.004 −0.0004 0.922 407 −0.078(−0.238,0.082) 0.341 408 −0.111(−0.267,0.045) 0.163

Arm fat-free mass (right) 498 101-811 −0.170(−0.378,0.038) 0.108 0.135 −0.002 0.464 498 −0.170(−0.378,0.038) 0.108 498 −0.166(−0.369,0.036) 0.107
Arm fat-free mass (left) 503 132~798 −0.159(−0.362,0.044) 0.124 0.143 −0.004 0.229 503 −0.159(−0.362,0.044) 0.124 503 −0.156(−0.354,0.042) 0.123

Leg fat percentage (right) 364 161~785 −0.302(−0.599,−0.006) 0.046 0.004 0.009 0.097 363 −0.230(−0.510,0.050) 0.109 364 −0.303(−0.576,−0.030) 0.029
Leg fat percentage (left) 361 166~795 −0.282(−0.577,0.013) 0.061 0.018 0.009 0.081 360 −0.208(−0.486,0.070) 0.143 361 −0.285(−0.561,−0.009) 0.043

Leg fat mass (right) 399 129~624 −0.235(−0.442,−0.028) 0.026 0.028 0.0001 0.974 398 −0.190(−0.386,0.006) 0.058 399 −0.233(−0.428,−0.037) 0.020
Leg fat mass (left) 400 130~633 −0.238(−0.449,−0.027) 0.027 0.012 −0.001 0.820 399 −0.192(−0.391,0.008) 0.061 400 −0.236(−0.432,−0.039) 0.019

Leg fat-free mass (right) 489 128~772 −0.141(−0.332,0.050) 0.148 0.422 −0.002 0.637 489 −0.141(−0.332,0.050) 0.148 489 −0.138(−0.329,0.053) 0.156
Leg fat-free mass (left) 484 128~772 −0.199(−0.392,−0.005) 0.044 0.363 −0.005 0.140 484 −0.199(−0.392,−0.005) 0.044 484 −0.195(−0.387,−0.002) 0.047

Hip circumference 52 100~286 −0.111(−0.363,0.142) 0.390 0.707 −0.012 0.302 52 −0.111(−0.363,0.142) 0.390 52 −0.112(−0.367,0.142) 0.387
Hip circumference Adjusted for BMI 72 133~286 0.079(−0.138,0.295) 0.477 0.349 −0.001 0.950 72 0.079(−0.138,0.295) 0.477 72 0.080(−0.133,0.293) 0.460

Waist circumference 40 102~294 −0.161(−0.478,0.157) 0.322 0.724 −0.004 0.818 40 −0.161(−0.478,0.157) 0.322 40 −0.162(−0.483,0.158) 0.322
Waist circumference Adjusted for BMI 63 91~303 −0.028(−0.290,0.234) 0.833 0.737 0.001 0.934 63 −0.028(−0.290,0.234) 0.833 63 −0.029(−0.293,0.236) 0.833

Waist-to-hip ratio 28 156~303 −0.044(−0.448,0.360) 0.831 0.529 0.033 0.175 28 −0.044(−0.448,0.360) 0.831 28 −0.045(−0.453,0.363) 0.829
Waist-to-hip ratio Adjusted for BMI 36 133~294 −0.038(−0.357,0.280) 0.814 0.923 0.005 0.813 36 −0.038(−0.357,0.280) 0.814 36 −0.039(−0.359,0.282) 0.813

Trunk fat percentage 370 111~541 −0.218(−0.413,−0.024) 0.028 0.011 0.002 0.629 369 −0.177(−0.360,0.007) 0.060 370 −0.219(−0.400,−0.038) 0.018
Trunk fat mass 401 121~497 −0.216(−0.383,−0.049) 0.011 0.002 0.0002 0.962 400 −0.184(−0.342,−0.025) 0.024 401 −0.216(−0.369,−0.064) 0.005

Trunk fat-free mass 546 134~813 −0.045(−0.226,0.135) 0.622 0.518 0.001 0.671 546 −0.045(−0.226,0.135) 0.622 546 −0.044(−0.225,0.138) 0.637

Exposure Trait
Inverse-variance weighted estimates  MR PRESSO Outlier corrected estimates Maximum likelihood estimatesHorizontal pleiotropy
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Figure 4. Causal associations between the 29 body anthropometric indexes of obesity and APOE2.
(Note: red indicates statistical significance, p < 0.05).
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body mass index 487 200~625 −0.194(−0.351,−0.038) 0.015 0.222 0.003 0.318 487 −0.194(−0.351,−0.038) 0.015 487 −0.192(−0.347,−0.038) 0.015
Weight 485 96~579 −0.211(−0.365,−0.057) 0.007 0.275 0.001 0.721 485 −0.211(−0.365,−0.057) 0.007 485 −0.210(−0.362,−0.058) 0.007

Body fat 10 120~213 −0.745(−1.684,0.193) 0.120 0.00005 0.060 0.487 8 −0.221(−0.725,0.284) 0.198 10 −0.763(−1.257,−0.269) 0.002
Body fat percentage 376 134~650 −0.302(−0.537,−0.066) 0.012 0.002 0.002 0.719 375 −0.254(−0.481,−0.028) 0.028 376 −0.303(−0.518,−0.088) 0.006
Whole body fat mass 416 125~513 −0.224(−0.387,−0.061) 0.007 0.060 0.0004 0.924 416 −0.224(−0.387,−0.061) 0.007 416 −0.225(−0.381,−0.069) 0.005

Whole body fat-free mass 535 134~810 −0.136(−0.320,0.047) 0.145 0.544 0.003 0.314 535 −0.136(−0.320,0.047) 0.145 535 −0.133(−0.318,0.051) 0.156
Whole body water mass 541 134~808 −0.132(−0.316,0.052) 0.161 0.418 0.003 0.376 541 −0.132(−0.316,0.052) 0.161 541 −0.129(−0.313,0.056) 0.171
Appendicular lean mass 656 85~526 −0.082(−0.184,0.019) 0.113 0.826 −0.0002 0.947 656 −0.082(−0.184,0.019) 0.113 656 −0.081(−0.184,0.021) 0.118

Arm fat percentage (right) 377 159~654 −0.219(−0.451,0.014) 0.065 0.013 0.007 0.165 376 −0.175(−0.398,0.047) 0.123 377 −0.220(−0.437,−0.003) 0.047
Arm fat percentage (left) 374 160~659 −0.241(−0.473,−0.010) 0.041 0.020 0.004 0.391 373 −0.199(−0.420,0.023) 0.079 374 −0.244(−0.461,−0.026) 0.028

Arm fat mass (right) 413 124~510 −0.178(−0.338,−0.018) 0.030 0.127 0.002 0.543 413 −0.178(−0.338,−0.018) 0.030 413 −0.178(−0.333,−0.022) 0.025
Arm fat mass (left) 408 124~510 −0.190(−0.350,−0.030) 0.020 0.144 0.0005 0.910 408 −0.190(−0.350,−0.030) 0.020 408 −0.191(−0.347,−0.035) 0.016

Arm fat-free mass (right) 498 101~811 −0.261(−0.462,−0.059) 0.011 0.426 −0.004 0.271 498 −0.261(−0.462,−0.059) 0.011 498 −0.255(−0.457,−0.053) 0.013
Arm fat-free mass (left) 503 132~798 −0.229(−0.426,−0.032) 0.022 0.582 −0.002 0.636 503 −0.229(−0.426,−0.032) 0.022 503 −0.224(−0.422,−0.026) 0.027

Leg fat percentage (right) 364 161~785 −0.276(−0.575,0.022) 0.069 0.002 0.009 0.082 363 −0.212(−0.498,0.074) 0.147 364 −0.277(−0.550,−0.004) 0.047
Leg fat percentage (left) # 361 166~795 −0.316(−0.615,−0.018) 0.038 0.008 0.011 0.046 360 −0.250(−0.536,0.035) 0.086 361 −0.317(−0.593,−0.040) 0.025

Leg fat mass (right) 399 129~624 −0.242(−0.441,−0.042) 0.017 0.201 0.004 0.309 399 −0.242(−0.441,−0.042) 0.017 399 −0.240(−0.436,−0.045) 0.016
Leg fat mass (left) 400 130~633 −0.245(−0.447,−0.043) 0.018 0.149 0.003 0.530 400 −0.245(−0.447,−0.043) 0.018 400 −0.242(−0.439,−0.045) 0.016

Leg fat-free mass (right) 489 128~772 −0.183(−0.376,0.009) 0.062 0.336 0.002 0.609 489 −0.183(−0.376,0.009) 0.062 489 −0.180(−0.371,0.011) 0.065
Leg fat-free mass (left) 484 128~772 −0.298(−0.489,−0.106) 0.002 0.548 −0.003 0.351 484 −0.298(−0.489,−0.106) 0.002 484 −0.292(−0.484,−0.100) 0.003

Hip circumference 52 100~286 −0.178(−0.430,0.074) 0.166 0.777 −0.008 0.485 52 −0.178(−0.430,0.074) 0.166 52 −0.181(−0.435,0.073) 0.163
Hip circumference Adjusted for BMI 72 133~286 0.059(−0.152,0.270) 0.584 0.668 −0.014 0.240 72 0.059(−0.152,0.270) 0.584 72 0.060(−0.153,0.273) 0.580

Waist circumference 40 102~294 −0.304(−0.622,0.013) 0.060 0.957 −0.004 0.798 40 −0.304(−0.622,0.013) 0.060 40 −0.308(−0.628,0.012) 0.060
Waist circumference Adjusted for BMI 63 91~303 0.092(−0.170,0.355) 0.490 0.757 0.002 0.867 63 0.092(−0.170,0.355) 0.490 63 0.094(−0.170,0.359) 0.484

Waist-to-hip ratio 28 156~303 0.160(−0.243,0.564) 0.436 0.469 0.010 0.671 28 0.160(−0.243,0.564) 0.436 28 0.164(−0.244,0.573) 0.430
Waist-to-hip ratio Adjusted for BMI 36 133~294 0.166(−0.176,0.508) 0.342 0.242 0.019 0.434 36 0.166(−0.176,0.508) 0.342 36 0.168(−0.153,0.490) 0.305

Trunk fat percentage 370 111~541 −0.275(−0.473,−0.078) 0.006 0.003 −0.002 0.754 369 −0.238(−0.428,−0.049) 0.014 370 −0.276(−0.457,−0.095) 0.003
Trunk fat mass 401 121~497 −0.261(−0.425,−0.098) 0.002 0.011 0.001 0.787 400 −0.233(−0.390,−0.076) 0.004 401 −0.263(−0.416,−0.111) 0.001

Trunk fat-free mass 546 134~813 −0.076(−0.257,0.105) 0.412 0.440 0.001 0.623 546 −0.076(−0.257,0.105) 0.412 546 −0.073(−0.255,0.109) 0.430
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Figure 5. Causal associations between the 29 body anthropometric indexes of obesity and APOE3.
(Note: # indicates horizontal pleiotropy; red indicates statistical significance, p < 0.05).

2.2.1. Causal Association between Different Types of Body Anthropometric Indexes of
Obesity and APOE2

Body anthropometric indexes of systemic obesity: Body mass index, weight, whole
body fat mass, and leg fat-free mass (left) had negative causal associations with APOE2,
with β values of −0.205, −0.201, −0.205, and −0.199, respectively, and all p-values were
less than 0.05, thereby showing statistical significance. Body fat, body fat percentage, whole
body fat-free mass, whole body water mass, appendicular lean mass, arm fat percentage
(right), arm fat percentage (left), arm fat mass (right), arm fat mass (left), arm fat-free
mass (right), arm fat-free mass (left), leg fat percentage (right), leg fat percentage (left), leg
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fat mass (right), leg fat mass (left), and leg fat-free mass (right) had no significant causal
association with APOE2.
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Appendicular lean mass 65 167~526 −0.324(−0.814,0.166) 0.195 0.350 0.007 0.612 65 −0.324(−0.814,0.166) 0.195 65 −0.327(−0.805,0.151) 0.179

Arm fat percentage (right) 36 260~652 −0.557(−1.832,0.718) 0.392 0.621 0.012 0.662 36 −0.557(−1.832,0.718) 0.392 36 −0.568(−1.854,0.718) 0.387
Arm fat percentage (left) 38 261~655 −0.383(−1.702,0.937) 0.570 0.427 0.023 0.417 38 −0.383(−1.702,0.937) 0.570 38 −0.368(−1.685,0.949) 0.584

Arm fat mass (right) 39 268~509 0.055(−0.880,0.990) 0.908 0.884 0.007 0.786 39 0.055(−0.880,0.990) 0.908 39 0.056(−0.885,0.996) 0.908
Arm fat mass (left) 35 268~508 0.016(−0.947,0.978) 0.974 0.492 0.023 0.414 35 0.016(−0.947,0.978) 0.974 35 0.016(−0.954,0.987) 0.974

Arm fat-free mass (right) 64 358~811 −1.422(−2.352,−0.492) 0.003 0.196 −0.004 0.792 64 −1.422(−2.352,−0.492) 0.003 64 −1.444(−2.318,−0.571) 0.001
Arm fat-free mass (left) 68 318~796 −1.455(−2.570,−0.340) 0.011 0.009 −0.014 0.455 68 −1.455(−2.570,−0.340) 0.011 68 −1.484(−2.417,−0.551) 0.002

Leg fat percentage (right) 36 384~784 −0.490(−1.845,0.864) 0.478 0.524 −0.002 0.896 36 −0.490(−1.845,0.864) 0.478 36 −0.475(−1.839,0.889) 0.495
Leg fat percentage (left) 35 413~794 −0.714(−2.258,0.830) 0.365 0.800 −0.002 0.940 35 −0.714(−2.258,0.830) 0.365 35 −0.720(−2.275,0.836) 0.365

Leg fat mass (right) 40 306~623 −0.545(−1.748,0.658) 0.374 0.208 0.010 0.738 40 −0.545(−1.748,0.658) 0.374 40 −0.525(−1.646,0.596) 0.359
Leg fat mass (left) 32 240~630 −0.671(−2.169,0.826) 0.380 0.082 −0.033 0.376 32 −0.671(−2.169,0.826) 0.380 32 −0.682(−1.978,0.613) 0.302

Leg fat-free mass (right) 58 470~770 −0.742(−1.777,0.293) 0.160 0.011 0.032 0.102 58 −0.742(−1.777,0.293) 0.160 58 −0.750(−1.607,0.108) 0.087
Leg fat-free mass (left) 55 340~770 −0.714(−1.765,0.336) 0.183 0.031 0.029 0.116 55 −0.714(−1.765,0.336) 0.183 55 −0.722(−1.620,0.176) 0.115

Hip circumference 12 204~286 −0.279(−1.197,0.639) 0.552 0.235 −0.01 0.808 12 −0.279(−1.197,0.639) 0.552 12 −0.271(−1.093,0.551) 0.518
Hip circumference Adjusted for BMI 25 133~286 0.126(−0.652,0.904) 0.751 0.009 −0.028 0.553 24 0.241(−0.485,0.968) 0.521 25 0.131(−0.454,0.716) 0.660

Waist circumference 7 192~294 −0.225(−2.099,1.650) 0.814 0.230 −0.008 0.960 7 −0.225(−2.099,1.650) 0.814 7 −0.232(−1.872,1.408) 0.782
Waist circumference Adjusted for BMI# 19 141~303 0.529(−0.350,1.409) 0.238 0.333 −0.103 0.026 19 0.529(−0.350,1.409) 0.238 19 0.551(−0.294,1.395) 0.201

Waist-to-hip ratio 4 244~303 −0.361(−1.917,1.196) 0.650 0.738 −0.035 0.695 4 −0.361(−1.917,1.196) 0.650 4 −0.362(−1.923,1.198) 0.649
Waist-to-hip ratio Adjusted for BMI 4 250~286 −0.609(−2.390,1.171) 0.503 0.215 −0.022 0.950 4 −0.609(−2.390,1.171) 0.503 4 −0.619(−2.092,0.854) 0.410

Trunk fat percentage 37 215~540 0.160(−0.811,1.131) 0.746 0.586 −0.015 0.577 37 0.160(−0.811,1.131) 0.746 37 0.167(−0.811,1.145) 0.738
Trunk fat mass 40 197~494 −0.319(−1.162,0.524) 0.459 0.553 −0.033 0.234 40 −0.319(−1.162,0.524) 0.459 40 −0.311(−1.160,0.539) 0.474

Trunk fat-free mass 67 358~811 −0.847(−1.784,0.091) 0.077 0.028 0.004 0.794 67 −0.847(−1.784,0.091) 0.077 67 −0.856(−1.665,−0.046) 0.038
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Figure 6. Causal associations between the 29 body anthropometric indexes of obesity and APOE4.
(Note: # indicates horizontal pleiotropy, red indicates statistical significance, p < 0.05).

Body anthropometric indexes of central obesity: Trunk fat mass had a negative causal
association with APOE2, with a β value of −0.216, and p-value of less than 0.05, with
statistical significance. Hip circumference, hip circumference adjusted for BMI, waist
circumference, waist circumference adjusted for BMI, waist-to-hip ratio, waist-to-hip ratio
adjusted for BMI, trunk fat percentage, and trunk fat-free mass all had no significant causal
association with APOE2.

2.2.2. Causal Association between Different Types of Body Anthropometric Indexes of
Obesity and APOE3

Body anthropometric indexes of systemic obesity: Body mass index, weight, body
fat percentage, whole body fat mass, arm fat mass (right), arm fat mass (left), arm fat-free
mass (right), arm fat-free mass (left), leg fat mass (right), leg fat mass (left), and leg fat-free
mass (left) had negative causal associations with APOE3, with β values of −0.194, −0.211,
−0.302, −0.224, −0.178, −0.190, −0.261, −0.229, −0.242, −0.245, and −0.298, respectively,
and all p-values were less than 0.05, with statistical significance. Body fat, whole body
fat-free mass, whole body water mass, appendicular lean mass, arm fat percentage (right),
arm fat percentage (left), leg fat percentage (right), and leg fat-free mass (right) had no
significant causal association with APOE3.

Body anthropometric indexes of central obesity: Trunk fat percentage and trunk fat
mass had negative causal associations with APOE3, with β values of −0.275 and −0.261,
respectively, and both p-values were of less than 0.05, with statistical significance. Hip cir-
cumference, hip circumference adjusted for BMI, waist circumference, waist circumference
adjusted for BMI, waist-to-hip ratio, waist-to-hip ratio adjusted for BMI, and trunk fat-free
mass had no significant causal association with APOE3.

2.2.3. Causal Association between Different Types of Body Anthropometric Indexes of
Obesity and APOE4

Body anthropometric indexes of systemic obesity: Whole body fat-free mass, whole
body water mass, arm fat-free mass (right), and arm fat-free mass (left) had negative causal
associations with APOE4, with β values of −1.255, −1.350, −1.422, and −1.455, respectively,
and all p-values were less than 0.05, with statistical significance. Body mass index, body fat,
body fat percentage, whole body fat mass, appendicular lean mass, arm fat percentage (right),
arm fat percentage (left), arm fat mass (right), arm fat mass (left), leg fat percentage (right), leg
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fat percentage (left), leg fat mass (right), leg fat mass (left), leg fat-free mass (right), and leg
fat-free mass (left) had no significant causal association with APOE4.

Body anthropometric indexes of central obesity: Hip circumference, hip circumference
adjusted for BMI, waist circumference, waist-to-hip ratio, waist-to-hip ratio adjusted for
BMI, trunk fat percentage, trunk fat mass, and trunk fat-free mass had no significant causal
association with APOE4.

Moreover, the above statistically significant results with p-values of less than 0.05
(shown in Table 1) were also significant in MR-PRESSO and Maximum likelihood analyses.
The MR Egger analysis showed that there was no significant difference between Egger
Intercept and 0, with a p-value greater than 0.05, indicating no horizontal pleiotropy.

Table 1. Summary table of statistically significant causal effects between anthropometric indexes of
obesity and APOE alleles.

IVW-β (95%CI) APOE2 (4% AD) APOE3 (58% AD) APOE4 (38% AD)

body mass index −0.205(−0.371,−0.040) −0.194(−0.351,−0.038) /
Weight −0.201(−0.356,−0.046) −0.211(−0.365,−0.057) /

Body fat percentage / −0.302(−0.537,−0.066) /
Whole body fat mass −0.205(−0.371,−0.038) −0.224(−0.387,−0.061) /

Whole body fat-free mass / / −1.255(−2.312,−0.199)
Whole body water mass / / −1.350(−2.347,−0.353)

Arm fat mass (right) / −0.178(−0.338,−0.018) /
Arm fat mass (left) / −0.190(−0.350,−0.030) /

Arm fat-free mass (right) / −0.261(−0.462,−0.059) −1.422(−2.352,−0.492)
Arm fat-free mass (left) / −0.229(−0.426,−0.032) −1.455(−2.570,−0.340)

Leg fat mass (right) / −0.242(−0.441,−0.042) /
Leg fat mass (left) / −0.245(−0.447,−0.043) /

Leg fat-free mass (left) −0.199(−0.392,−0.005) −0.298(−0.489,−0.106) /
Trunk fat percentage / −0.275(−0.473,−0.078) /

Trunk fat mass −0.216(−0.383,−0.049) −0.261(−0.425,−0.098) /

(Note: / indicates no statistical significance, p > 0.05).

3. Discussion

Although many basic and clinical studies have been conducted worldwide on the
correlation between obesity and AD in the medical field, the research conclusions and
mechanisms are inconsistent. Therefore, to investigate the correlation between obesity
and AD, this study screened and obtained 53 common targets of obesity and AD using
bioinformatics and conducted functional and pathway annotations. A total of 42 targets
were involved in the top five functional and pathway annotations, of which APOE was
the target with the highest frequency. There are three alleles of the APOE gene, which
are the protective alleles APOE ε2 [19,20] and APOE ε3 [21] and the risk allele APOE
ε4 [22]. The distribution of these alleles in the AD population was as follows: ε3 accounted
for the majority of APOE gene pool (58%), and ε2 and ε4 accounted for 4% and 38%,
respectively [23]. APOE gene is the most common and strong genetic risk factor for AD,
indicating that obesity is correlated with AD.

However, the interaction between obesity and APOE to regulate the pathogenesis of
AD remains unclear. Therefore, this study adopted functional and pathway annotations for
analysis and found that the main biological processes in which the key target APOE was
involved included muscle cell proliferation, the regulation of smooth muscle cell prolifera-
tion, smooth muscle cell proliferation, and the regulation of lipid localization; the cellular
components in which it was involved included plasma lipoprotein particle, lipoprotein
particle, protein–lipid complex, high-density lipoprotein particle, and chylomicron; the
molecular function in which it was involved was cholesterol transfer activity; and finally,
the Reactome pathways with which it was involved included plasma lipoprotein remod-
eling, chylomicron remodeling, and HDL remodeling. APOE is a class of glycoproteins
expressed in a variety of cells, with the highest expression levels in the liver and brain [24].
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However, APOE exists in different forms in peripheral circulation and the central nervous
system (CNS) due to the blood–brain barrier (BBB) [25]. APOE in peripheral circulation
participates in the redistribution and metabolism of triglycerides, cholesterol, cholesterol
esters, phospholipids, and other lipids by forming lipoprotein particles, thereby main-
taining lipid homeostasis. Although APOE cannot cross the BBB, the APOE in peripheral
circulation could regulate brain function either by directly acting on the endothelial cells
of the BBB or by indirectly regulating endothelial and neuronal functions through lipid
metabolism, atherosclerosis, and peripheral inflammation [26]. The requirement of choles-
terol in the brain is relatively constant, which is mainly synthesized in situ by astrocytes
(AS). When APOE is released from the cell, ATP-binding cassette transporters (ABCA1
and ABCG1) on the cell surface will transport cholesterol and phospholipids to bind to
APOE, forming phospholipid protein particles, which then bind to the receptors on the
cell surface to redistribute cholesterol and other phospholipids into neurons. As the APOE
activity increases, so does the amount of cholesterol it carries. At the same time, with the
increase in cholesterol in the diet, the cholesterol level in the circulatory system increases,
which also causes the increase in APOE in the brain [27]. APOE2, APOE3, and APOE4 are
three different apolipoproteins. The different amino acid polymorphisms among the alleles
change the structure and function of APOE and determine the differential distributions
of APOE subtypes in lipoprotein particles. APOE4 mainly exists in triglyceride-rich par-
ticles such as chylomicrons and very-low-density lipoproteins (VLDL), whereas APOE2
and APOE3 preferentially exist in high-density lipoproteins (HDL) [28]. Meanwhile, this
single amino acid difference also leads to differences in the regulation of lipid binding
and receptor binding, oligomerization tendency, and stability of different subtypes [29–32].
Studies have shown that different APOE subtypes have different abilities in regulating the
transportation of cholesterol between nerve cells and astrocytes. APOE2 and APOE3 can
effectively complete the transfer of neuronal lipids to astrocytes to protect neurons from the
toxic effects of lipid peroxide, while APOE4 is weaker in this ability [33]. Meanwhile, it has
been reported that APOE subtypes have different regulatory effects on the cholesterol level
in the brain, and cholesterol can regulate the activity of γ-secretase and Aβ production.
Compared with APOE4, APOE3 can promote enzyme-mediated Aβ degradation more
effectively [34]. Therefore, combined with the functional and pathway annotations obtained
from the bioinformatics analysis in this study, it is suggested that obesity may induce the
occurrence of AD through the regulation of lipid metabolism by APOE.

Unlike other risk factors for AD, the amino acid sequence of APOE is not disturbed by
diseases or other confounding factors, and the APOE phenotype is determined since birth
in patients with AD. Thus, comparing the causal associations between obesity and different
APOE phenotypes will be helpful in elucidating the relationship between obesity and AD.
In the meantime, most existing studies on obesity mainly focused on BMI. Based on the
abovementioned knowledge and assumptions, this study adopted Mendelian randomization
to explore the potential associations between 29 body anthropometric indexes of obesity and
three subtypes of APOE. The results of the analyses showed that there was no consistent
trend in fat mass and fat percentage results for the same indicator. The reason may be that
when the fat mass is the same but the body weight is different, the body fat percentage will be
different. Thus, body fat percentage is a more objective and accurate measure to reflect the
fat distribution. At the same time, some inconsistent results were also found in the analysis
of fat-free measures: with the increase of whole body fat-free mass, arm fat-free mass (right)
and arm fat-free mass (left), APOE4 (the risk gene of AD) decreases significantly, which may
lead to the decrease of the risk of AD. However, as the arm fat-free mass (right), arm fat-free
mass (left), leg fat-free mass (left) rise, make APOE3 (the protective gene of AD) dropped
significantly, moreover, with the increase of leg fat-free mass (left), APOE2 (the protective
gene of AD) will also decrease significantly, which may lead to the in-crease of the risk of AD.
Analysis of these inconsistent results may be due to the fact that fat-free mass refers to the
mass of bone, water, muscle, and other body components excluding fat, of which muscle is a
key component, and it has a weak correlation with lipid metabolism, suggesting that fat-free
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mass may not be a risk factor for obesity-induced AD. Therefore, the following discussion
will focus on the associations between body fat percentage and non-fat-free indexes and the
different phenotypes of APOE.

For the body anthropometric indexes related to systemic obesity, a 1-Standard Devia-
tion (SD) increase in body mass index (BMI) corresponds to a 20.5% and 19.4% decrease
in the β-values for APOE2 and APOE3, respectively, but BMI had no significant causal
association with APOE4; a 1-Standard Deviation (SD) increase in Body fat percentage (BFP)
corresponds to a 30.2% decrease in the β-values for APOE3, but BFP had no significant
causal association with APOE2 and APOE4; arm and leg fat percentages had no significant
causal association with APOE2, APOE3, and APOE4. For the body anthropometric indexes
related to central obesity, a 1-Standard Deviation (SD) increase in Trunk fat percentage (TFP)
corresponds to a 27.5% decrease in the β-values for APOE3, but TFP had no significant
causal association with APOE2 and APOE4. Therefore, the current inconsistent conclusions
on the correlation between obesity and AD may be mainly due to APOE polymorphism,
and different body fat distribution has little influence on it. The expression level of APOE2
in the AD population carrying APOE ε2 allele (4%) is only regulated by BMI, but not by BFP.
Thus, the causal association between systemic obesity and APOE2 cannot be accurately
determined when only BMI is used as an indicator of systemic obesity. Meanwhile, there
was no significant causal association between the central obesity indicator TFP and APOE2,
indicating that the risk of AD in patients carrying the APOE ε2 allele was not caused
by central obesity, whereas AD population carrying APOE ε3 allele (58%) may be more
susceptible to obesity. Both systemic and central obesity indicators have an impact on the
disease. With the increase in BMI, BFP, and TFP, the expression level of APOE3, which
plays a protective role against AD, decreases, which may lead to an increase in the risk
of AD. However, the expression level of APOE4 in the AD population carrying APOE ε4
allele (38%) is not associated with the abovementioned indicators, which suggests that the
risk of AD in this population may not be caused by obesity. APOE4 may be an independent
risk factor for AD.

In conclusion, due to the controversies in current studies on the correlation between
obesity and AD, this study revealed the correlation between obesity and AD at the molecu-
lar level using bioinformatics. Obesity induces the development of AD mainly through
the regulation of lipid metabolism by APOE. Furthermore, we innovatively revealed the
complexity of the association between obesity and AD via Mendelian randomization, which
was mainly determined by APOE polymorphism rather than body fat distribution. APOE
ε3 carriers, as the largest group in AD population, might be more susceptible to obesity,
while the risk of AD in APOE ε2 and APOE ε4 carriers might not be induced by obesity.
These findings open up new ideas for the current disputes and controversies to better
understand the association between obesity and AD. Meanwhile, attention should be paid
to obesity-related indicators of APOE ε3 carriers in the early stage, and they should regulate
their body fat as early as possible and reduce the body fat mass to reduce the risk of AD.

4. Methods and Materials
4.1. Databases and Software

The following databases and software packages were used in this study: the GeneCards
database [35] (https://www.genecards.org/, accessed on 5 May 2023), EVenn [36]
(http://www.ehbio.com/test/venn/#/, accessed on 5 May 2023), the STRING database [37]
(https://string-db.org/cgi/input.pl, accessed on 5 May 2023), IEU OPEN GWAS [38]
(https://gwas.mrcieu.ac.uk/, accessed on 5 May 2023), and the R (version 4.1.2) soft-
ware [39].

https://www.genecards.org/
http://www.ehbio.com/test/venn/#/
https://string-db.org/cgi/input.pl
https://gwas.mrcieu.ac.uk/
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4.2. Bioinformatics and Mendelian Randomization Analysis of the Mechanism of Obesity-Induced AD

Figure 7 depicts detailed information.
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AD. (PPI: Protein-Protein Interaction; GO: Gene Ontology; BP: Biological Process; CC: Cellular
Com-ponent; MF: Molecular Function; SNPs: Single nucleotide polymorphisms; MR: Mendelian
ran-domization).

4.3. Bioinformatics Analysis
4.3.1. Screening of Obesity-Related Targets

The GeneCards database was searched using the keywords “obesity” and “over-
weight”, and the results were exported in an Excel format to filter for obesity-related targets
with a relevance score ≥ 7, and were supplemented based on the literature.

4.3.2. Screening of AD-Related Targets

The GeneCards database was screened using the keywords “Alzheimer’s disease”,
“Alzheimer”, “Alzheimer disease”, “Alzheimer Dementia”, and “AD”, and the results were
exported in an Excel format to filter for AD-related targets with a relevance score ≥ 20, and
were supplemented based on the literature.

4.3.3. Protein–Protein Interaction (PPI) Network of Overlapping Targets between Obesity
and AD

Obesity- and AD-related targets were imported into EVenn and mapped to each other to ob-
tain the overlapping targets, which were imported into the STRING database to construct PPI net-
work, and the relevant parameters were set as follows: (1) Basic Settings: 1©Network type: full
network (the edges indicating both functional and physical protein associations); 2©meaning of
network edges: evidence (line color indicates the type of interaction ev-idence); 3©active interac-
tion sources: Textmining, Experiments, Databases, Co-expression, Neighborhood, Gene Fusion,
and Co-occurrence; 4©minimum re-quired interaction score: medium confidence (0.400); 5©max
number of interactors to show: 1st shell: none/query proteins only, 2nd shell: none. (2) Ad-
vanced Settings: 1©network display mode: interactive svg; 2©network display options: hide
disconnected nodes in the network.

In the protein-protein interaction network, the network nodes are proteins. The edges
represent the predicted functional associations. In evidence mode, an edge may be drawn
with up to 7 differently colored lines, these lines represent the existence of the seven types
of evidence used in predicting the associations. Red line indicates the presence of fusion
evidence. Green line indicates neighborhood evidence. Blue line in-dicates cooccurrence
evidence. Purple line indicates experimental evidence. Yellow line indicates textmining
evidence. Light blue line indicates database evidence. Black line indicates coexpression
evidence. In confidence mode the thickness of the line indicates the degree of confidence
prediction of the interaction.
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4.3.4. GO Enrichment and Reactome Pathway Analyses of Overlapping Targets between
Obesity and AD

GO enrichment analysis of overlapping targets was performed using the clusterProfiler
package in R (version 4.1.2) [40]. Reactome pathway analysis of overlapping targets was per-
formed using the ReactomePA package [41]. The ggplot2 package was used for visualization.
The biological processes, location of the reaction in the cell, molecular function involved, and
signaling pathways involved were analyzed to elucidate the interrelationship between obesity
and AD. The frequency of the relevant targets involved in the top five biological processes,
cellular components, molecular functions, and Reactome pathways were also determined to
elucidate the key targets that play an important role in obesity-induced AD.

4.4. Mendelian Randomization (MR) Analysis

Two-sample Mendelian randomization (2SMR) was performed using large-scale
genome-wide association study (GWAS) datasets of diseases and related targets. MR
is based on the Mendelian inheritance that alleles segregate randomly during gamete
formation, so that that they are not confounded by common factors such as postnatal
environment, socioeconomic factors, and behavioral habits, and instead conform to a causal
time series, which is more practical and convenient compared to the gold-standard ran-
domized controlled trials (RCTs) for verifying causal associations, and is similar to RCTs in
terms of reliability [42–45].

4.4.1. Data Source

In this study, 29 body anthropometric indexes of obesity were selected as exposure
traits to analyze the causal association between them and APOE, the target with the highest
frequency of involvement among the top five functional and pathway annotations obtained
in Section 2.1.2. Since the APOE gene has significant polymorphism with APOE2, APOE3,
and APOE4 as its main alleles [26], the three were selected as the outcome traits. GWAS
data for these variables were obtained through the IEU OPEN GWAS platform, and basic
information are shown in Tables 2 and 3. These data were obtained from populations of
European origin.

4.4.2. Selection of Instrumental Variables

Single nucleotide polymorphisms (SNPs) are instrumental variables that are the basis
for MR studies. In this study, SNPs for the 29 body anthropometric indexes of obesity
such as body mass index, weight, and hip circumference were screened separately from
the GWAS data shown in Table 2 for MR studies. SNPs were screened based on the
following criteria: (1) significant association with risk factors at the genome-wide level
(p < 5 × 10−8) using genome-wide data from the European 1000 Genomes Project as a
reference; (2) independence from each other (physical distance within 10,000 kb with
linkage disequilibrium r2 < 0.001) to avoid possible bias in the analysis due to strong
linkage disequilibrium (LD) between SNPs; (3) correlation strength (F-statistic) > 10 with
phenotypes to avoid bias from the presence of weak instrumental variables.

4.4.3. Statistical Inference for Causal Effects

The inverse variance weighted (IVW) random effects model was used as the primary
analytical method to assess the causal effect between obesity and the target with the highest
frequency of involvement in the functional and pathway annotations. The principle of
IVW is to weigh the inverse of the variance of each instrumental variable while ensuring
that all instrumental variables are valid, and to perform regression without considering
the intercept term; the final result is the weighted average of the effect values of all in-
strumental variables [46]. To assess the robustness of the IVW results, (i) MR-Egger [47]
regression was used in order to assess the bias caused by horizontal pleiotropy, in which
the intercept indicates the magnitude of horizontal pleiotropy, with an intercept close to
0 indicating minimal pleiotropy; (ii) Cochran’s Q was used to test the difference between in-
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dividual IVs, and the effect of heterogeneity was considered negligible if the test result was
p > 0.05; (iii) MR-PRESSO [48] was used to remove abnormal SNPs (outliers) to correct for
horizontal pleiotropy to provide more robust estimates; (iv) and IVW causal estimation
was complemented using the maximum likelihood model, and the causal effect between
exposure and outcome traits was considered robust when the results of the analysis of both
the models were statistically significant.

Table 2. Basic information of exposure traits from the GWAS data.

Exposure Trait GWAS ID Sample
Size

Number
of SNPs Consortium PMID Sex Year

Body mass index ieu-b-40 681,275 2,336,260 GIANT 30124842 Males and Females 2018
Weight ukb-b-11842 461,632 9,851,867 MRC-IEU — Males and Females 2018

Body fat ieu-a-999 100,716 3,228,665 — 26833246 Males and Females 2016
Body fat percentage ukb-b-8909 454,633 9,851,867 MRC-IEU — Males and Females 2018
Whole body fat mass ukb-b-19393 454,137 9,851,867 MRC-IEU — Males and Females 2018

Whole body fat-free mass ukb-b-13354 454,850 9,851,867 MRC-IEU — Males and Females 2018
Whole body water mass ukb-b-14540 454,888 9,851,867 MRC-IEU — Males and Females 2018
Appendicular lean mass ebi-a-GCST90000025 450,243 18,071,518 — 33097823 Males and Females 2020

Arm fat percentage (right) ukb-b-12854 454,789 9,851,867 MRC-IEU — Males and Females 2018
Arm fat percentage (left) ukb-b-20188 454,724 9,851,867 MRC-IEU — Males and Females 2018

Arm fat mass (right) ukb-b-6704 454,757 9,851,867 MRC-IEU — Males and Females 2018
Arm fat mass (left) ukb-b-8338 454,684 9,851,867 MRC-IEU — Males and Females 2018

Arm fat-free mass (right) ukb-b-19520 454,753 9,851,867 MRC-IEU — Males and Females 2018
Arm fat-free mass (left) ukb-b-19925 454,672 9,851,867 MRC-IEU — Males and Females 2018

Leg fat percentage (right) ukb-b-20531 454,854 9,851,867 MRC-IEU — Males and Females 2018
Leg fat percentage (left) ukb-b-18377 454,826 9,851,867 MRC-IEU — Males and Females 2018

Leg fat mass (right) ukb-b-18096 454,846 9,851,867 MRC-IEU — Males and Females 2018
Leg fat mass (left) ukb-b-7212 454,823 9,851,867 MRC-IEU — Males and Females 2018

Leg fat-free mass (right) ukb-b-12828 454,835 9,851,867 MRC-IEU — Males and Females 2018
Leg fat-free mass (left) ukb-b-16099 454,805 9,851,867 MRC-IEU — Males and Females 2018

Hip circumference ieu-a-49 213,038 2,559,739 GIANT 25673412 Males and Females 2015
Hip circumference adjusted for BMI ieu-a-55 211,114 2,540,926 GIANT 25673412 Males and Females 2015

Waist circumference ieu-a-61 232,101 2,565,408 GIANT 25673412 Males and Females 2015
Waist circumference adjusted for BMI ieu-a-67 231,353 2,546,074 GIANT 25673412 Males and Females 2015

Waist-to-hip ratio ieu-a-73 212,244 2,560,782 GIANT 25673412 Males and Females 2015
Waist-to-hip ratio Adjusted for BMI ieu-a-79 210,082 2,542,432 GIANT 25673412 Males and Females 2015

Trunk fat percentage ukb-b-16407 454,613 9,851,867 MRC-IEU — Males and Females 2018
Trunk fat mass ukb-b-20044 454,588 9,851,867 MRC-IEU — Males and Females 2018

Trunk fat-free mass ukb-b-17409 454,508 9,851,867 MRC-IEU — Males and Females 2018

Table 3. Basic information of outcome traits from the GWAS data.

Outcome Trait GWAS ID Sample
Size

Number
of SNPs Consortium PMID Sex Year

Apolipoprotein E (isoform E2) prot-a-132 3301 10,534,735 — 29875488 Males and Females 2018
Apolipoprotein E (isoform E3) prot-a-131 3301 10,534,735 — 29875488 Males and Females 2018

Apo E4 prot-c-2938_55_2 — 501,428 — 28240269 Males and Females 2019

These analyses were performed using the TwoSampleMR package [38] in R (version 4.1.2).
The evaluation metrics were β-values and a 95% confidence interval (95% CI). Differences
with a two-sided p < 0.05 were considered statistically significant.
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AD Alzheimer’s disease
ALB Albumin
APOA1 Apolipoprotein A-I
APOB Apolipoprotein B-100
APOE Apolipoprotein E
AS astrocytes
Aβ amyloid β-protein
BBB blood–brain barrier
BFP body fat percentage
BMI body mass index
BP biological process
CC cellular component
CETP cholesteryl ester transfer protein
CI confidence interval
CNS central nervous system
GO gene ontology
GWAS genome-wide association study
HDL high density lipoprotein
IL18 Interleukin 18
IL1B Interleukin 1 beta
IL6 Interleukin 6
INS insulin
IVs instrumental variables
IVW inverse variance Weighted
LD linkage disequilibrium
LPL lipoprotein lipase
MF molecular function
MR Mendelian randomization
OR odds ratio
PON1 serum paraoxonase/arylesterase 1
PPI protein–protein interaction
PTEN Phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase

and dual-specificity protein phosphatase PTEN
RCT randomized controlled trial
SD Standard Deviation
SNPs single-nucleotide polymorphisms
TFP trunk fat percentage
TNF tumor necrosis factors
VLDL very low-density lipoprotein
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