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Abstract: Alzheimer’s disease (AD), a main cause of dementia, is commonly seen in aging populations
with a strong genetic component. AD is one of the most common neurodegenerative disorders; it
is a genetically and clinically heterogeneous disease. Specific demographic factors and genetic
variants have been identified in non-Hispanic populations; however, limited studies have observed
the Hispanic population. Therefore, we focused on investigating a known gene, APOE, associated
with AD-related phenotypes and two psychiatric diseases (depression and anxiety) within the U.S.
Hispanic population in our current study. A total of 1382 subjects were studied based on data collected
from the Texas Alzheimer’s Research and Care Consortium (TARCC, N = 1320) and the Initial Study of
Longevity and Dementia from the Rio Grande Valley (ISLD-RGV, N = 62). Questionnaires regarding
demographics, medical history, and blood/saliva samples were collected. We genotyped the APOE
gene. The current findings indicated that APOE-ε4 was associated with not only AD (p < 0.0001) but
also with anxiety (p < 0.0001) and depression (p = 0.0004). However, APOE-ε3 was associated with
depression (p = 0.002) in the Hispanic population. We provide additional evidence in which APOE-ε4
increased the risk for AD in Hispanics. For the first time, APOE alleles show increased risks for
anxiety and depression in Hispanics. Further research is warranted to confirm the current findings.

Keywords: dementia; neuropsychiatric disorders; APOE gene; Hispanic population; aging;
demographic factors

1. Introduction

Alzheimer’s disease (AD) is one of the most common dementias. In 2015, 46.5 million
people were diagnosed with dementia [1]. It is projected that every 20 years, the cases will
approximately double, with an estimated 74.7 million cases by 2030 to 131.5 million cases
by 2050 [1]. Behaviors and chronic diseases that increase the risk for dementia include
smoking, a poor diet, a sedentary lifestyle, hypertension, diabetes, hypercholesterolemia,
high BMI, depression, anxiety, and low cognitive engagement [2,3]. AD is a progressive
disorder that disrupts the ability to carry out simple daily tasks and normal cognitive
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thinking. It may cause neuropsychiatric disorders including depression, anxiety, and
apathy [4,5]. The cause of AD is not well understood.

Mild cognitive impairment (MCI) is an intermediate point between normal cognitive
aging and untypical cognitive aging. MCI may interfere with daily life activities and cause
symptoms such as forgetting details (e.g., dates, names, or events), losing belongings,
and confusion, amongst other memory-related issues, but overall, a person with MCI
can carry out normal daily tasks [6]. The typical age of onset for patients with MCI is
65+, and it affects approximately 10–20% of adults in the U.S. [7,8]. Hispanic adults who
develop dementia-related traits tend to be younger (around the age of 45) compared to
those belonging to other ethnic groups [9]. In addition, MCI is a risk factor for dementia and
is more common in males than in females [10,11]. According to a study, 9.8% of Hispanics
are affected with MCI [12]. Data from the CDC predict that U.S. Hispanics will experience
a significant increase in dementia-related conditions regarding the population’s growth.
Furthermore, U.S. Hispanics have demonstrated higher rates of memory disturbance and
cognitive decline than non-Hispanic Whites [13,14].

AD is often comorbid with neuropsychiatric conditions. Some neuropsychiatric disor-
ders are considered early indicators of AD and present when there are cognitive problems
(e.g., MCI) that may lead to AD [15]. Moreover, age and AD progression can increase the
susceptibility to neuropsychiatric symptoms [16]. We have recently reported that dementia
is associated with several neuropsychiatric symptoms in a Hispanic cohort from the Mara-
caibo Aging Study in Venezuela [17]. Among the Hispanic population, the prevalence of
psychiatric disorders is slightly higher in females (30.2%) compared to males [18]. Hispanics
born in the U.S. were at a higher risk of neuropsychiatric disorders than Hispanics who
were not U.S.-born [18].

Neuropsychiatric disorders are reported to be frequent in the Hispanic population,
including anxiety, which is a disruptive feeling of dread, fear, and uncertainty with the
anticipation of a future threat [19] and is the most common psychiatric disorder in the
U.S. [20]. It has been estimated that 33.7% of the general population have been affected
by anxiety in their lifetime [21]. Whites were the most commonly diagnosed group with
anxiety when compared to Hispanics [22,23]. Another commonly seen psychiatric disorder
is depression, which originates from the interactions of genes and environmental events,
such as stressful/negative events [24]. Depression in late life could be associated with
cognitive impairment and/or increased risk for dementia-related diseases [25]. It has been
estimated that 16.6% of adults experience depression in their lives [26]. A meta-analysis
study composed of 48 studies in America, Europe, and Asia showed that depression was the
second leading neuropsychiatric disorder among patients with AD who had comorbidity
with neuropsychiatric disorders (e.g., depression, anxiety, motor disturbance, euphoria,
and others) [5]. A previous study by the Texas Alzheimer’s Research and Care Consortium
(TARCC) reported that Hispanics who showed early signs of cognitive decline tended to
have higher rates of depression than their White counterparts [27,28]. In addition, the
prevalence of depression in Hispanic females is higher than in Hispanic males [29]. A
review article showed an association between chronic discrimination and certain psychiatric
conditions, including depression, anxiety and substance use, and physical disorders [30].

Moreover, risk factors associated with demographic factors and genetic influences
may increase the susceptibility to developing AD and neuropsychiatric disorders. Among
all candidate genes (e.g., APOE, APP, PSEN1/2, GAPDH, TREM2, and ESR genes), the
APOE gene showed consistent associations with dementia-related phenotypes and neu-
ropsychiatric diseases (e.g., anxiety, depression), particularly in aging populations [4,31–34].
A review paper showed that the APOE gene is associated with AD and psychiatric disor-
ders [35]. APOE exhibits three alleles: ε3, ε2, and ε4. The allele known as the neutral allele
is APOE-ε3, since it is present in about 75% of the general population [36]. APOE-ε2 is
believed to be a protective allele against neurological diseases. Moreover, a meta-analysis
study on 20 cohorts from European, East Asian, and African American ancestry demon-
strated that those carrying APOE-ε2 had a higher prevalence of surviving the 90th and
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99th percentile age [37]. However, this association has not been seen among the Hispanic
population, even with their low mortality rates [38]. Both age and the APOE-ε4 allele are
known to be risk factors for neurodegenerative diseases [39]. One study reported that
at least 60% of AD participants were APOE-ε4 carriers within the White population [40].
The estimated prevalence of APOE-ε4 within Hispanics is approximately 15–20%, but due
to admixture patterns, this might not be an accurate representation [12]. In addition, a
comprehensive meta-analysis was conducted to investigate the association between the
APOE genotype and AD across various ethnic and racial populations, including Hispanic
subjects both with and without AD. Among the Hispanic subjects, 19.2% of individuals
diagnosed with AD (N = 261) carried the APOE-ε4 allele, while 11% of the control subjects
(N = 267) without AD had the APOE-ε4 allele [41]. The authors concluded that APOE-ε4
was lower in Hispanic AD patients (19.2%) than in White AD patients (36.7%) and more
weakly associated with AD as compared to non-Hispanic White [41].

Several association studies of the APOE gene with AD-related phenotypes in Hispanics
have been reported, but limited research has been conducted with consistent findings.

APOE-ε4 allele is associated with increased disease risk, however, its distribution is
not well-understood among Hispanic population which is highly admixed [38]. Overall, a
lack of studies on the associations between the APOE gene with AD-related phenotypes
and psychiatric disorders in the Hispanic population was observed [42]. No studies on
the APOE locus associated with depression and anxiety in Hispanics were reported based
on a PubMed Search on 20 May 2023. Therefore, the objective of this study is to further
understand the APOE alleles’ impact on AD-related traits, depression, and anxiety.

2. Materials and Methods

This study analyzed data collected by the TARCC (N = 1320) in combination with
our data, Initial Study of Longevity and Dementia from the Rio Grande Valley (ISLD-RGV,
N = 62), a total of 1382 subjects. This study’s protocols were approved by the corresponding
Institutional Ethics Committees and Institutional Review Boards. A written consent form
was obtained from each participant or their legally authorized proxies were gathered before
data collection began, as in previous studies [43,44].

The 1st set of data was from ISLD-RGV. Controls were matched to cases based on age,
gender, and ethnicity (U.S. Hispanic subjects). The patients with AD, MCI, neuropsychiatric
disorders, and healthy subjects were recruited from Brownsville and McAllen, Texas.
Participants were recruited from adult day care centers and local health care providers.
Questionnaires regarding lifestyle (10 questions [45]) and medical history (modified based
on [46]) were collected during the interview. A doctor’s diagnosis was needed to classify if
cognitive dysfunctions, e.g., AD, were present; however, neuropsychiatric disorders were
self-reported.

The 2nd set of data was collected from the TARCC, an ethnically diverse convenience
sample with annual longitudinal follow-up described in detail in [47–49]. TARCC is a
longitudinally followed convenience sample of elderly persons diagnosed with AD, MCI,
or control subjects recruited from five Texas medical schools. Participants underwent a
standardized annual examination, including a medical evaluation, neuropsychological
testing, and clinical interview. Diagnosis of depression for the TARCC subjects was assessed
based on the Geriatric Depression Scale (GDS) [50]. The Neuropsychiatric Inventory
Questionnaire (NPI-Q) was used to assess the diagnosis of anxiety (https://sites.cscc.unc.
edu/aric/sites/default/files/public/forms/NPI_0.pdf (accessed on 16 January 2023)).

The inclusion criteria for both datasets were individuals with and without diseases (as
control) and aged 60 or older belonging to the Hispanic/Latino population. For patients, we
focused on the subjects who have cognitive impairment and/or any other neuropsychiatric
disorders, including depression or anxiety. The exclusion criteria included individuals
younger than 60 and non-Hispanic/Latino subjects.

The diagnoses of AD, MCI, depression, or anxiety for ISLD-RGV were based on
self-reports; however, the diagnoses of AD, MCI, depression, or anxiety for the TARCC

https://sites.cscc.unc.edu/aric/sites/default/files/public/forms/NPI_0.pdf
https://sites.cscc.unc.edu/aric/sites/default/files/public/forms/NPI_0.pdf
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data were based on the National Institute for Neurological Communicative Disorders and
Stroke-Alzheimer’s Disease and Related Disorders Association criteria for AD [51] and
site-specific consensus-based clinical diagnoses derived from all available information but
without reliance on specific neurocognitive tests and/or cut scores [48,49]. Both databases’
demographic information was based on self-reported age, gender, education, ethnicity, and
self-explanatory information.

2.1. DNA Isolation and Genotyping

DNA extraction was performed using saliva samples for ISLD-RGV data
(N = 62 participants) using Oragene DISCOVER (OGR-500). DNA isolation from saliva
was performed following the standardized laboratory protocol described by DNA Genotek
using PrepIT®•L2P. DNA isolation and genotyping of the TARCC’s samples have been
described in detail in previous studies [52,53].

The genotypes for the APOE gene were based on the results of Affymetrix Genome-
Wide Human single nucleotide polymorphism (SNP) Array 6.0 to collect SNP rs7412 and
rs429358 data for TARCC data, as previously reported [54]. There were missing genotype
data from ISLD-RGV. APOE alleles (ε3, ε2, and ε4) were determined by SNPs rs7412 and
rs429358. SNP data were identified as either absent (ε2−, ε3−, ε4−) or present, being
heterozygous or homozygous (ε2+, ε3+, ε4+).

2.2. Statistical Analyses

Statistical analysis was performed according to APOE carriers (ε2+, ε3+, ε4+) and non-
carriers (ε2−, ε3−, and ε4−). Genotype data were tested for Hardy–Weinberg equilibrium
(HWE) before data analysis (pHWE < 0.05). The categorical variables were presented in
their raw values along with the proportions, while continuous variables were presented
in the form of mean ± standard deviation (SD). Chi-square tests were used to examine
the associations of categorical variables with binary outcomes such as AD diagnostics,
anxiety, and depression. Independent samples t-test was used to determine the differences
in continuous variables between two groups.

Multivariable logistic regression models were used to test whether the APOE alleles
were independently associated with several phenotypes (e.g., AD, MCI, anxiety, depres-
sion, and memory decline), adjusting for all the potential risk factors (e.g., sex, age, and
education). The odds ratio (OR) and 95% confidence interval (CI) were used to determine
the risk value between alleles and phenotypes. Differences with two-tailed probability
values of p < 0.05 were accepted as statistically significant. All analyses were performed
using The Statistical Package for Social Sciences (SPSS) version 26.

2.3. Power Analyses

As in our previous study [55], power analyses were conducted for known genes, as
estimated using a case-control study design for discrete traits using the Genetic Power
Calculator [56], based on sample size, an average of 1000 control subjects and 300 cases
using a variance components analysis with the following parameters: disease prevalence,
0.01; D′0 between disease and SNP alleles, 0.8; α, 0.05; and case-control statistics of allelic
1 df test (B versus b). The power to detect association was estimated as 78.2%, based on the
total sample of 1333 subjects, including 300 affected subjects with disease phenotypes (e.g.,
AD or MCI) and marker allele frequency of 0.2 since these frequencies are the minor allele
frequencies of the tested SNPs/markers.

3. Results
3.1. APOE Allele Distributions and Association with AD and with Anxiety and Depression

This study included 1382 Hispanic participants collected by the TARCC and ISLD-RGV;
from the total participants, only 1320 were genotyped and assigned their corresponding
APOE allele status. APOE genotypes were tested with Hardy–Weinberg equilibrium (HWE)
(pHWE > 0.05). In total, 921 (69.8%) of the subjects were females, and 399 (30.2%) of the
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subjects were males, with a mean age of 68.95 ± 9.47 years. The clinical phenotypic
frequencies based on APOE-ε4 allele status for the 1,320 participants are displayed in
Table 1. A total of 20.6% of females and 22.2% of males carried at least one APOE-ε4 allele
(Table 1). The APOE-ε4 allele was not only associated with AD (31.2%) compared with
normal cognition (18.1%) (p < 0.0001) but was also associated with depression (p = 0.002)
and anxiety (p < 0.0001). Figure 1 shows the APOE-ε4 frequency by AD status and mental
health disorders (e.g., depression or anxiety). No difference in APOE-ε4 status was observed
for BMI, MCI, and education.

Table 1. APOE-ε4 allele status for demographic and health characteristics.

APOE-ε4− APOE-ε4+ p Value *

Age (mean ± SD) 68.96 ± 9.46 70.80 ± 9.48 0.004

Females (N, %)
Males (N, %)

731 (79.4%)
311 (77.9%)

190 (20.6%)
88 (22.2%) 0.560

Education (mean ± SD) 10.17 ± 4.61 10.41 ± 4.74 0.439

BMI (mean ± SD) 31.92 ± 6.56 31.03 ± 6.32 0.042

AD (N, %)
Control (N, %)

207 (68.8%)
835 (81.1%)

94 (31.2%)
184 (18,1%) <0.0001

MCI (N, %)
Control (N, %)

263 (80.4%)
779 (78.4%)

64 (19.6%)
214 (21.6%) 0.447

Anxiety (N, %)
Control (N, %)

311 (72.0%)
731 (82.3%)

121 (28.0%)
157 (17.7%) <0.0001

Depression (N, %)
Control (N, %)

400 (74.8%)
642 (81.7%)

135 (25.2%)
143 (18.2%) 0.002

* p value, t test for continuous variables, and χ2 test for categorical variables. Carrying at least one copy of
APOE-ε4 (APOE-ε4+). The APOE-ε4 is absent (APOE-ε4−). AD, Alzheimer’s disease; MCI, mild cognitive
impairment; BMI, body mass index. Numerical values are expressed as the mean ± SD.
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The APOE-ε3 allele maintained the highest prevalence, with at least 90% of the partici-
pants being APOE-ε3 carriers. In addition, the APOE allele frequencies of the 1019 Hispanic
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control subjects were assessed, with APOE-ε3 (89.5%) showing the highest frequency, fol-
lowed by APOE-ε4 (18.1%) and APOE-ε2 (6.8%).

3.2. APOE and Demographic and Health Characteristics with AD Diagnosis

The demographic characteristics of the AD, MCI, and the control groups are shown
in Table 2. Although females were the predominant sex within the AD group, males
(N = 105, 26.3%) were more likely to suffer from AD compared to females (N = 196, 21.3%)
(p = 0.045). The cognitive statuses of the 1,320 participants were classified as 301 AD (22.8%)
and 327 MCI (24.8%). The mean age of AD cases was 77.54± 7.73 years and was statistically
significantly older than the control subjects (67.83 ± 9.26, p < 0.0001). The mean age of the
MCI cases was 73.97 ± 8.67, 6 years older than the controls, but compared to the AD cases,
they were approximately 4 years younger. The prevalence of AD in depression (34.0%) and
anxiety (40.3%) was significant higher as compared to the control group (p < 0.0001). The
same trends were observed in the MCI group (p = 0.023 and p = 0.004, respectively)

Table 2. APOE and demographic and health characteristics with AD diagnosis.

Controls AD Cases p * Controls MCI Cases p *

Age (mean ± SD) 66.93 ± 8.58 77.53 ± 7.73 <0.0001 67.83 ± 9.26 73.97 ± 8.67 <0.0001

Male (N, %)
Female (N, %)

294 (73.7%)
725 (78.7%)

105 (26.3%)
196 (21.3%) 0.045 289 (72.4%)

704 (76.4%)
110 (27.6%)
217 (23.6%) 0.121

Education (mean ± SD) 10.19 ± 4.70 10.35 ± 4.44 0.599 10.22 ± 4.59 10.21 ± 4.80 0.983

Anxiety (N, %)
Control (N, %)

258 (59.7%)
761(85.7%)

174 (40.3%)
127 (14.3%) <0.0001 304 (70.4%)

689 (77.6%)
128 (29.6%)
199 (22.4%) 0.004

Depression (N, %)
Control (N, %)

353 (66.0%)
666 (84.8%)

182 (34.0%)
119 (15.2%) <0.0001 385 (72.0%)

608 (77.5%)
150 (28.0%)
177 (22.5%) 0.023

APOE-ε3+ (N, %)
APOE-ε3− (N, %)

912 (76.4%)
107 (84.3%)

281 (23.6%)
20 (15.7%) 0.046 892 (74.8%)

101(79.5%)
301 (25.2%)
26 (20.5%) 0.579

APOE-ε4+ (N, %)
APOE-ε4− (N, %)

184 (66.2%)
835 (80.1%)

94 (33.8%)
207 (19.9%) <0.0001 214 (77.0%)

779 (74.8%)
64 (23.0%)

263 (25.2%) 0.447

* p value, t-test for continuous variables, and χ2 test for categorical variables. AD, Alzheimer’s disease; MCI, mild
cognitive impairment; N, number of patients; %, percentage; numerical values are expressed as the mean ± SD.

3.3. APOE and Demographic Characteristics with Two Neuropsychiatric Disorders

The frequencies of the APOE alleles and demographic characteristics within neu-
ropsychiatric disorders are shown in Table 3. The independent t-test showed that age was
associated with anxiety (p < 0.0001) and depression (p < 0.0001). Furthermore, the APOE-ε4
allele showed significant associations with anxiety (p < 0.0001) and depression (p = 0.002).
APOE-ε3 was shown to be significantly associated with depression (p = 0.002). Finally,
highly educated Hispanics were less likely to suffer from depression (p = 0.04).

3.4. Logistic Regression Analysis of AD diagnosis

After adjusting for covariates, multivariable logistic regression analysis further sup-
ported the association between APOE-ε4 and AD (OR = 1.54, p = 0.033, Table 4), whereas
no association was found between MCI and APOE-ε4 (p = 0.156, Table 4). Furthermore,
age (OR = 1.16, p < 0.0001), anxiety (OR = 2.01, p < 0.0001), and depression (OR = 1.71,
p = 0.004) were associated with AD. However, anxiety (OR = 1.24, p = 0.196) and depression
(OR = 1.12, p = 0.455) did not maintain significant associations with MC in the multivariable
logistic regression analyses.
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Table 3. APOE and demographic characteristics with neuropsychiatric disorders.

Controls Anxiety p * Controls Depression p *

Age (mean ± SD) 68.09 ± 9.37 71.93 ± 9.22 <0.0001 68.37 ± 9.57 70.78 ± 9.20 <0.0001

Male (N, %)
Female (N, %)

274 (68.7%)
614 (66.7%)

125 (31.3%)
307 (33.3%) 0.476 246 (61.7%)

539 (58.5%)
153 (38.3%)
382 (41.5%) 0.287

BMI (mean ± SD) 31.89 ± 6.51 31.42 ± 6.54 0.227 31.47 ± 6.43 32.13 ± 6.63 0.071

Education
(mean ± SD) 10.25 ± 4.69 10.16 ± 4.53 0.734 10.44 ± 4.73 9.90 ± 4.48 0.040

APOE-ε3+ (N, %)
APOE-ε3− (N, %)

795 (66.6%)
93(73.2%)

398 (33.4%)
34 (26.8%) 0.132 693 (58.1%)

92 (72.4%)
500 (41.9%)
35 (27.6%) 0.002

APOE-ε4+ (N, %)
APOE-ε4− (N, %)

157 (56.5%)
731 (70.2%)

121 (43.5%)
311 (29.8%) <0.0001 143 (51.4%)

642 (61.6%)
135 48.6%)
400 (38.4%) 0.002

* p value, t-test for continuous variables, and χ2 test for categorical variables. BMI, body mass index. Numerical
values are expressed as the mean ± SD.

Table 4. Logistic regression analysis of AD diagnosis.

AD vs. Control MCI vs. Control

OR (95% CI) p OR (95% CI) p

Age 1.16 (1.13, 1.18) <0.0001 1.08 (1.06, 1.09) <0.0001

Sex (ref = female) 1.20 (0.80, 1.58) 0.515 1.13 (0.85, 1.51) 0.400

BMI 0.99 (0.96, 1.02) 0.399 1.03 (1.01, 1.05) 0.015

Education 1.02 (0.98, 1.05) 0.399 1.00 (0.97, 1.03) 0.989

Anxiety (ref = no) 2.01 (1.39, 2.91) <0.0001 1.24 (0.90, 1.72) 0.196

Depression (ref = no) 1.71 (1.19, 2.47) 0.004 1.12 (0.83, 1.53) 0.455

APOE-ε4+
(ref = APOE-ε4−) 1.50 (1.03, 2.18) 0.033 0.79 (0.56, 1.10) 0.156

t-test for continuous variables. AD, Alzheimer’s; MCI, mild cognitive impairment; disease B unstandardized
regression weight; OR, odds ratio; CI, confidence interval. BMI, body mass index. Carrying at least one copy of
APOE-ε4 (APOE-ε4+).

3.5. Logistical Regression Analysis of Neuropsychiatric Disorders

Table 5 presents the results of multivariable logistic regression analyses of depression
and anxiety. After adjusting for covariates, the APOE-ε4 remained statistically significantly
associated with anxiety (OR = 1.71, p = 0.0002) and depression (OR = 1.48, p = 0.004).
Furthermore, age was associated with anxiety (p < 0.0001) and depression (p < 0.0001).

Table 5. Logistical regression analysis of neuropsychiatric disorders.

Anxiety vs. Control Depression vs. Control

OR (95% CI) p OR (95% CI) p

Age 1.05 (1.03, 1.06) <0.0001 1.03 (1.02, 1.04) <0.0001

Education 1.00 (0.97, 1.02) 0.723 0.98 (0.95, 1.00) 0.054

Sex (ref = female) 0.82 (0.63, 1.06) 0.130 0.86 (0.67, 1.10) 0.226

BMI 1.00 (0.98, 1.02) 0.918 1.02 (1.01, 1.04) 0.009

APOE-ε4+
(ref = APOE-ε4−) 1.71 (1.29, 2.26) <0.0001 1.48 (1.13, 1.95) 0.004

t-test for continuous variables. B unstandardized regression weight; OR, odds ratio; CI, confidence interval. BMI,
body mass index. Carrying at least one copy of APOE-ε4 (APOE-ε4+).
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4. Discussion

The major findings of this study include that (1) APOE-ε4 is associated with AD in the
elderly Hispanic participants, which correlates with previous studies, including a meta-
analysis study that showed Whites, African Americans, and Asians who were APOE-ε4
carriers had a high risk for AD [41,57]. Moreover, a study on Caribbean Hispanics indicated
that APOE-ε4 carriers were at risk for AD due to their genetic diversity background,
local ancestry, or haplotypic background [58]. (2) The APOE-ε4 allele is associated with
anxiety and depression in the current studied population, Hispanics, which is the first
positive association reported in this population, although APOE-ε4-associated anxiety and
depression was reported in non-Hispanic populations [59,60]. This study provides the
future possibility of further research on the APOE allele status as a genetic marker for early
diagnosis of dementia-related problems, anxiety, and/or depression.

The APOE allele frequencies of the Hispanic participants showed that 89.5% carried
APOE-ε3, followed by 18.1% for APOE-ε4, and 6.8% for APOE-ε2, similar to previous stud-
ies in Hispanics [38,58]. The frequency of the APOE-ε4 allele (18.1%) was slightly lower
in Hispanics as compared to other populations, including in the National Cell Repository
for Alzheimer’s Disease Family study (NIALOAD) on Europeans (32%). As predicted,
APOE-ε4 was more frequent in patients with AD compared to the control subjects in our
studied Hispanic population, which shows a similar finding to a previous study [61],
Caribbean Hispanics [58], and Caribbean Hispanics and Hispanic Americans [62]. Impor-
tantly, Hispanic patients with anxiety, depression, and MD were more likely to be APOE-ε4
carriers than non-APOE-ε4 carriers. However, a future study for confirmation is necessary.
Although we did not observe APOE-ε2 as a protective allele for AD or MCI, previous
studies suggest that APOE-ε2 may have protective effects against AD in Hispanics [38,61]
and Caribbean Hispanics [58]. However, APOE-ε2′s effect on cognition, dementia-related
traits, and/or other AD imaging markers (e.g., brain structure, function, and metabolism)
were inconsistent and, therefore, inconclusive [63]. Furthermore, APOE-ε3 revealed its
significance relating to depression after controlling potential confounding factors in our
current study. Previous reports focused on the association of APOE alleles (ε2, ε3, ε4)
and AD or other traits in the Hispanic population have found inconsistent results, partly
due to the high heterogeneity in Hispanic populations (e.g., admixture, diet, environment,
vascular risk factors) [63]. Nevertheless, further studies with a large sample are required
for confirmation. Hispanics with slightly higher levels of education were found to be less
prone to experiencing depression in our current study.

In terms of the association of the APOE gene with neuropsychiatric disorders, a meta-
analysis showed an association between the APOE-ε3/ε4 genotype and depression in
White and Asian populations based on 20 studies [64]. In our current study, AD patients
were associated with higher frequencies of anxiety and depression. Patients with AD
(22.8%) and comorbid with depression (34.0%) and anxiety (40.3%) are shown in Table 2. As
previously indicated, more than half of the AD cases showed symptoms of depression and
anxiety, which were less frequent in MCI cases compared with AD cases. The same trends
were observed among the patients with MCI (24.8%) with comorbidity with depression
(28%) and anxiety (29.6%) in the MCI group.

However, a recent meta-analysis study indicated that there is no evidence that APOE-
ε4 allele carriership is associated with depression and/or anxiety in non-Hispanic popula-
tions [65]. A study suggested that individuals with depression have a higher prevalence
of developing AD, concluding that depression found later in life may be a risk factor for
developing AD in mixed populations [66]. However, relationships between depression
and AD are difficult to interpret due to the similarity of their clinical presentations [25].
Although there were inconsistent findings, a recent study based on 15,640 individuals
demonstrated a significant genomic overlap with genetic variants (including APOE gene)
associated with depression and cognitive functioning in unknown populations [67]. Our
current study is the first study which examines the association between the APOE-ε4
allele and depression and anxiety in the Hispanic population. However, we are aware
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of phenotype heterogeneity among the U.S Hispanic population. Relationships between
certain psychiatric disorders (e.g., anxiety, depression) and AD may become clearer if
studied in preclinical AD participants or in participants without AD. Further studies with
a large sample size are required to confirm the association of the APOE-ε4 allele with these
neuropsychiatric disorders in the Hispanic population.

We are aware of the limitations of our current study. (1) Although we observed
the comorbidity of AD and/or MCI with depression and/or anxiety, which has been
widely reported [68], we did not test the causal relationship between these psychiatric
conditions and AD. Alternatively, their co-occurrence might be due to confounding or
common risk factors such as aging [69]. In addition, confounding factors for AD, MCI,
or neuropsychiatric disorders also include alcohol, alcoholism, social isolation, and/or
lifestyle. (2) The sample size in our current study is small (N = 1382), which may be limiting
for genetic studies, potentially resulting in false-negative or positive findings. Thus, a future
study on U.S. Hispanics with a larger sample size is needed to confirm our current findings.
There was 78% statistical power; however, it is known that the U.S Hispanic population
is heterogeneous geographically, culturally, racially, and genetically [70]. It is plausible
to consider that the expression of APOE genetic susceptibility may vary inconsistently,
potentially influenced by sub-Hispanic populations or specific population origins present
in the two data collection sites of our study. (3) In terms of the association between the
APOE-ε4 allele and depression and anxiety, the occurrence of mental disorders is high
across AD and MCI. In our current study, participants with depression and/or anxiety
are phenotypically heterogenous and comorbid with AD and MCI. For example, among
our studied population, 432 cases were reported with anxiety (28%), 174 with AD (58%),
128 with MCI (39%), and 130 control subjects without AD were reported (25%). It is unclear
if the APOE-ε4 allele is associated with these psychiatric conditions, AD, or comorbidity of
both. Thus, a future association study between APOE alleles and these neuropsychiatric
traits without AD in the Hispanic population is needed. (4) Phenotypic and genotypic
heterogeneity (certain variables, e.g., age, sex, and level of education and sociability) may
exist between the two datasets. Future studies which specifically focus on investigating
the association between APOE and diseases among different Hispanic origins and sub-
populations are needed.

5. Conclusions

We present compelling evidence indicating that APOE-ε4 significantly raises the risk of
developing AD among individuals of Hispanic descent. Furthermore, our study reveals, for
the first time, that APOE alleles are associated with elevated risks of anxiety and depression
in the Hispanic population. These novel findings call for further research to validate and
expand upon the current observations. However, further studies are needed to confirm our
current findings regarding this population.
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