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ABSTRACT 

Background:  Apolipoprotein E (APOE)-4 isoform, reelin, and clusterin share very–low-density liporeceptor and apolipoprotein E 
receptor 2 receptors and are related to cognition in neuropsychiatric disorders. These proteins are expressed in plasma and brain, but 
studies involving plasma expression and cognition are scarce. 

Methods:  We studied the peripheral expression (plasma and peripheral blood mononuclear cells) of these proteins in 24 middle-aged 
patients with alcohol use disorder (AUD) diagnosed at 4 to 12 weeks of abstinence (t = 0) and 34 controls. Cognition was assessed using 
the Test of Detection of Cognitive Impairment in Alcoholism. In a follow-up study (t = 1), we measured reelin levels and evaluated 
cognitive improvement at 6 months of abstinence.

Results:  APOE4 isoform was present in 37.5% and 58.8% of patients and controls, respectively, reaching similar plasma levels in ε4 
carriers regardless of whether they were patients with AUD or controls. Plasma reelin and clusterin were higher in the AUD group, 
and reelin levels peaked in patients expressing APOE4 (P < .05, η2 = 0.09), who showed reduced very–low-density liporeceptor and apo-
lipoprotein E receptor 2 expression in peripheral blood mononuclear cells. APOE4 had a negative effect on memory/learning mainly in 
the AUD group (P < .01, η2 = 0.15). Multivariate logistic regression analyses identified plasma reelin as a good indicator of AUD cognitive 
impairment at t = 0. At t = 1, patients with AUD showed lower reelin levels vs controls along with some cognitive improvement.

Conclusions:  Reelin plasma levels are elevated during early abstinence in patients with AUD who express the APOE4 isoform, identi-
fying cognitive deterioration to a great extent, and it may participate as a homeostatic signal for cognitive recovery in the long term.
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Significance Statement

Identifying biological markers for tracking the progression of neuropsychiatric disorders is crucial for supporting vulnerable pa-
tients. Our study discovered Reelin, which was elevated during early abstinence (4–12 weeks) in patients with alcohol use disorder 
(AUD) undergoing outpatient treatment. Plasma reelin was higher in the AUD group compared with controls, especially among 
patients with AUD expressing plasma APOE4, an aberrant isoform of APOE whose coding gen (ε4 allele) was linked to neuroin-
flammation and cognitive impairment. Plasma APOE4 did not differ between AUD and control ε4-carriers. However, reelin peaked 
in patients with AUD expressing APOE4, with no changes in control carriers, and it correlated with worse cognition during early 
abstinence. Follow-up studies showed lower reelin levels in the AUD group after 6 months of abstinence, accompanied by cognitive 
improvements. These findings suggest that reelin could identify AUD cognitive impairment during early abstinence and may act as 
a homeostatic signal involved in long-term cognitive amelioration.
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INTRODUCTION
Alcohol use disorder (AUD) is considered a public health issue 
characterized by a problematic pattern of alcohol consumption 
that leads to induced brain damage and cognitive impairment 
(Wollenweber et al., 2014; Aharonovich et al., 2018; Visontay et 
al., 2021). The cognitive deterioration profile in patients with 
AUD is on a spectrum (Hayes et al., 2016) ranging from lower 
cognitive decline (Neafsey and Collins, 2011; Sabia et al., 2014) 
to dementia (Visontay et al., 2021). The cognitive domains more 
severely affected include visuospatial abilities, memory, and 
executive functioning (EF) (Hayes et al., 2016; Sachdeva et al., 
2016).

The endogenous mechanisms that mediate cognitive decline 
in AUD are still unknown. One widely studied biomarker related 
to cognition is the presence of the ε4 allele in the Apolipoprotein 
(Apo)E gene, which codes for the APOE4 isoform, considered dys-
functional in older adults (reviewed in Hauser et al., 2011). APOE4 
is expressed in a subset of the population (ApoE-ε4 carriers) 
who carry 1 or more copies of the allele (i.e., ε3/4 heterozygotes 
and ε4/4homozygotes). APOE-ε4inheritance is one of the most 
accepted genetic risk factors for developing late-onset Alzheimer 
disease (AD) (Schmechel et al., 1993; Riedel et al., 2016; Serrano-
Pozo et al., 2021) and has been related to neuroinflammation 
(Kloske and Wilcock, 2020; Duro et al., 2022) and the emergence 
of cognitive decline (Reivang et al., 2010; Montagne et al., 2020). 
Recent studies have identified a higher vulnerability of ApoE-ε4 
carriers to the toxic effects of alcohol, even with small consump-
tions (Slayday et al., 2021), whereas other studies associated 
ApoE-ε4 with the risk of dementia independent of alcohol con-
sumption (Heffernan et al., 2016). The impact of APOE4 presence 
on AUD remains largely unstudied, and most studies examining 
APOE4 and cognition focus on genetics, providing limited infor-
mation on the presence of APOE4 and its related signaling mole-
cules in peripheral tissues.

The APOE protein shares the very–low-density liporeceptor 
(VLDLR) and the apolipoprotein E receptor 2 (ApoER2) with clus-
terin (APOJ) and reelin (Lane-Donovan and Herz, 2017; Dlugosz 
and Nimpf, 2018), which have also been related with cognition. 
While APOE4and clusterin have been associated to cognitive 
impairment, reelin plays a pivotal role in brain development, cor-
tical synaptic plasticity (Tissir and Goffinet, 2003; Herzand Chen, 
2006), and improved cognition (Stranahan et al., 2013; Ishii et al., 
2016).

Despite some evidence suggesting that these molecules 
(APOE4, reelin, and clusterin), which share common receptors, 
may modulate cognition in several neuropsychological disorders, 
there is still scarce information about the role of peripheral (vs 
central) APOE4, reelin, and clusterin in cognition, specifically in 
patients diagnosed with AUD. In the field of alcohol abuse, sev-
eral challenges exist: (1) the lack of uniformity in the assessment 
of cognitive impairment in AUD without a specific neuropsycho-
logical test for this pathology; (2) most studies on APOE4 focus 
on genetics with no measurement of APOE4 isoform levels in 
plasma, and there is scarce comprehension about a possible role 
of peripheral APOE4, reelin, or clusterin on AUD-induced cogni-
tive deterioration. Here, we used a specifically validated cogni-
tive test for AUD-diagnosed patients (Jurado-Barba et al., 2017) 
and evaluated the APOE4 isoform, reelin, and clusterin in plasma 
together with their VLDLR and ApoER2 receptors in peripheral 
blood mononuclear cells (PBMCs), studying their association 
with cognition during early abstinence in a young/middle-aged 
population.

METHODS
Study Participants
A total 76 White Caucasian patients from early- to late-middle 
adulthood were recruited (see flowchart, Fig. 1) and divided into 
2 groups: (1) AUD group: 39 abstinent patients recruited from 
an outpatient “Alcohol Programme” (Methods in supplementary 
Information 1.1), and (2) control group: 37 healthy patients with 
no history of drug abuse who were recruited from the general 
population (random sampling of normal adults; supplementary 
Information 1.1). After corroborating the eligibility for the study, 
24 patients (17 men and 7 women) were included in the AUD 
group and 34 (16 men and 18 women) in the control group.

Inclusion Criteria
Inclusion criteria were aged between 18 and 65 years, AUD diag-
nosis based on DSM-5 criteria (APA, 2014), and alcohol abstinence 
for at least 4 weeks before testing. Abstinence was monitored 
through exhaled breath controls during hospital visits (supple-
mentary Information 1.2).

Exclusion Criteria
Exclusion criteria were history of abuse or dependence on sub-
stances other than tobacco (including alcohol in the control 
group); psychiatric comorbidity or concomitant psychological dis-
order; mild-moderate to severe psychological symptoms; chronic 
medical condition, liver disease (chronic hepatitis, cirrhosis, or 
liver cancer), or infectious diseases (HIV infection and/or acute 
hepatitis); and chronic use of anti-inflammatory medication.

See clinical and psychological assessment methodology used 
to ensure compliance with inclusion/exclusion criteria in supple-
mentary Information 1.2.

Alcohol Abuse Variables and Liver Status 
Parameters
A semi-structured interview was conducted for both groups to 
gather information on alcohol use history (supplemental Table 1).

The liver status was evaluated in the AUD group by analyz-
ing alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), gamma-glutamyl transferase (GGT), alkaline phosphatase 
(ALP), and bilirubin levels in plasma, which is standard clinical 
practice.

Neuropsychological Testing
Participants were assessed by “Test of detection of cognitive 
impairment in alcoholism” (TEDCA), specifically validated in 
patients with AUD (Jurado-Barba et al., 2017). This test provides a 
snapshot of cognitive functioning (General Cognitive Functioning 
[GCF]) based on a compendium of tests assessing 3 specific cog-
nitive domains: visuospatial cognition, memory/learning, and EF 
(supplementary Information 1.3 and Table 2).

Sample Collection and Processing
Blood extractions were performed in the morning (8:00–10:00 
am) after 8 to 12 hours of fasting. Blood was collected into 10-mL 
BD Vacutainer tubes with K2-EDTA anticoagulant (BD, Franklin 
Lakes, NJ, USA) and processed immediately to obtain plasma and 
PBMCs (supplementary Information 1.4). Samples were coded 
and stored at −80 °C.

Plasma APOE4 Isoform Determination
APOE4 plasma levels were determined using the e4Quant pat-
ented technique (Biocross S.L.), which is based on turbidimetry 
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(Calero et al., 2018). e4Quant is a validated method specifically 
designed to detect and quantify APOE4 in human plasma, exclud-
ing APOE3 or APOE2 isoforms (supplementary Information 1.5).

Reelin, Clusterin, VLDLR, and ApoER2 Detection
Reelin and clusterin were determined in plasma, while VLDLR 
and ApoER2 in PBMCs were determined using commercially 
available enzyme-linked immunosorbent assay kits and fol-
lowing the manufacturer’s instructions (supplementary 
Information 1.6).

Follow-Up Study
Patients were evaluated at recruitment for the study (t = 0; 4–12 
weeks of abstinence) and at 6 months of abstinence (t = 1) (details 
in supplementary Information 1.7).

Statistical Analyses
Comparisons between AUD and control groups were analyzed by 
Fisher exact test, chi-square test, or Student t test according to 
the statistical assumptions for each test. Results are shown as 
number and percentage of patients (N [%]) or mean (SD).

Figure 1. Flowchart on sample recruitment. Participants were divided into 2 experimental groups: alcohol use disorder (AUD) group and control 
group. Based on the exclusion criteria previously established for the study, the final selected sample is established. AUDIT, Alcohol Use Disorders 
Identification Test; TEDCA, test of detection of cognitive impairment in alcoholism.
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ANCOVA with group, APOE4 presence, and time as fac-
tors (based on each analysis) were performed considering the 
assumptions of covariate independence and homoscedasticity 
by Levene test. Covariates for all ANCOVAs were age and edu-
cation. ANCOVAs are shown as follows: F-statistic (factor/error 
degrees of freedom), P value, and effect size partial eta-squared 
η2. The Bonferroni post hoc test was conducted when appropriate. 
Figures are displayed as scatterplots, with mean (SD).

The relationship between biomarkers and cognition/alcohol 
abuse/liver variables was studied using Spearman rank coeffi-
cients (r) (adjusted R2). To account for multiple testing in the cor-
relations, P values were adjusted using the Benjamini-Hochberg 
procedure to control the false discovery rate (FDR) at 1%. This 
correction helps limit false-positive findings among all statisti-
cally significant findings to a certain threshold.

Hierarchical logistic regression models were performed to 
determine the contribution of each biomarker (reelin, APOE4, 
clusterin, VLDLR, ApoER2) in explaining the GCF deficit. We 
employed a stepwise approach by utilizing models for GCF that 
progressively controlled for potential confounding factors, includ-
ing age and educational level. Model 1 included all biomarkers 
(reelin, APOE4, clusterin, VLDLR, ApoER2), Model 2 included age, 
and Model 3 further incorporated educational level. Reelin was 
transformed into standard Z scores for a better interpretation 
of the odds ratios because the transformation did not affect the 
Wald values and corresponding P values. The observations in our 
data set were independent; the Hosmer-Lemeshow assumption 
was met, and there was no multicollinearity. A receiving operat-
ing characteristic curve analysis was performed for GCF to deter-
mine the thresholds at which reelin could be considered a risk 
factor.

Statistical analyses were performed through IBM SPSS 
Statistical Version 25.0 software (IBM, Armonk, NY, USA) and 

GraphPad Prism version 8.00 (GraphPad Software, Inc., San Diego, 
CA, USA). P < .05 was considered statistically significant.

RESULTS
Sample Demographics
Sociodemographic comparisons between AUD and control 
groups are presented in Table 1, together with medication use. 
There were no significant differences in potential confounding 
variables (education level, current work status, etc.) except for 
age (P < .01). Both groups had a body mass index within the nor-
mal range, healthy cholesterol levels, and an equal number of 
current smokers. The most commonly used psychiatric medica-
tion in the AUD group was disulfiram, followed by antidepres-
sants. No participants in the control group received psychiatric 
medication.

Alcohol Abuse and Liver Status Results in the 
AUD group
Alcohol abuse outcomes are summarized in supplementary Table 
3 and supplementary Information 2.1. Briefly, the mean duration 
of abstinence at recruitment (t = 0) was 44.25 (SD = 23.24) days and 
the length of alcohol abuse since the last relapse was a mean 
39.54 (SD = 19.69) weeks.

Results of liver status are shown in supplementary Table S4 
(supplementary Information 2.2). The mean values of ALT, AST, 
GGT, ALP, and bilirubin fell within normal ranges.

Neuropsychological Findings
Cognitive data from AUD and control groups are presented in Table 
2. Patients with AUD showed significant lower cognitive perfor-
mance in all domains and GCF (P < .01). The mean of GFC scores in 

Table 1. Sociodemographic and Pharmacological Variables in AUD and Control Groups

Variables AUD
(n = 24)

Control
(n = 34)

P

Age, mean (SD) Years old 49.17 (6.52) 37.41 (12.61) 0.00a

BMI, mean (SD) kg/m2 26.68 (5.20) 24.43 (3.90) 0.06a

Sex, n (%) Women 7 (29.2) 18 (52.9) 0.12b

Men 17 (70.8) 16 (47.1)

Education, n (%) No high school degree 2 (8.3) — 0.07c

High school degree 7 (29.2) 5 (14.7)

College degree 15 (62.5) 29 (85.3)

Current work status, n (%) Employed 19 (79.2) 32 (94.1) 0.11b

Unemployed 5 (20.8) 2 (5.9)

Current smoking status, n (%) Yes 16 (66.7) 16 (47.1) 0.33c

Former 2 (8.3) 4 (11.8)

No 6 (25.0) 14 (41.2)

Psychiatric medication use, n (%) Antidepressants 11 (45.8) No use —

Anxiolytics 6 (25.0) No use —

Anticonvulsants 9 (37.5) No use —

Antipsychotics 3 (12.5) No use —

Disulfiram 20 (83.3) No use —

Abbreviations: AUD, alcohol use disorder; BMI, body mass index. The significant values (P < .05) are denoted by bold entries in the table.
aP value from Student t test.
bP value from Fisher exact test.
cP value from chi-square test.
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the AUD group was above the cutoff point for TEDCA to consider 
impairment (cutoff ≤10.5; supplementary Information 1.3), and the 
29.2% of the AUD group fulfilled the criteria for GCF deficit.

Status of Biomarkers
Biochemical results are presented in Table 3. The e4Quant tech-
nique showed the number and percentage of patients with AUD 
and controls expressing the plasma APOE4 isoform, as well as the 
amount of APOE4 expressed in plasma (if presence). There was 
a higher percentage of patients with plasma APOE4 presence in 
the randomly recruited control group (58.80%) vs the AUD group 
(37.50%) without significant differences (P = .11, chi square test) 
(Table 3). When considering only Apo-ε4 carriers, we observed a 
similar amount of APOE4 in plasma for both experimental groups 
(P = .95, Student t test), suggesting no apparent interference of 
alcohol in the quantity of plasma APOE4.

Regarding reelin levels (Table 3), a 2-way ANCOVA controlling 
for covariates showed a main effect of group (F(1,52)  =  8.12, p = .006, 
η2 = 0.135) (with higher levels in the AUD group), a main effect of 
APOE4 (F(1,52)  = 6.63, P = .01, η2 = 0.113) (raised levels in ApoE-ε4 carri-
ers), and an interaction between group*APOE4 (F(1,52)  = 5.37, P = .02, 
η2 = 0.094] (Fig. 2A). Bonferroni post hoc analyses revealed a differ-
ence in reelin levels between patients with AUD expressing and 
not expressing the APOE4 (t = 3.699; P < .01), which did not appear 
in controls, so that reelin levels were higher when the AUD patient 
was an ApoE-ε4 carrier (see Fig. 2A).

Analyses of clusterin levels (Table 3) revealed a group effect 
(F(1,52)  = 8.84, P = .004, η2 = 0.145) (with higher levels in the AUD 
group) and no effects of APOE4 or interaction (2-way ANCOVA 
controlling for covariates; P > .05; data not shown). The presence 
of APOE4 or lack thereof did not have a significant influence on 
clusterin levels, although a trend could be observed (Fig. 2B).

We detected the presence of the receptors ApoER2 and VLDLR in 
PBMCs in both AUD and control groups (Table 3). Regarding ApoER2, 
a 2-way ANCOVA controlling for covariates revealed a main effect 
of APOE4 (F(1,51)  = 9.32, P = .004, η2 = 0.155) (lower levels in APOE4 car-
riers) and an interaction between group*APOE4 (F(1,51)  = 4.14, P = .47, 
η2 = 0.075) (Fig. 2C). Post hoc analyses revealed a difference between 
APOE4 carriers vs noncarriers in the AUD group, which was not 
observed in the control group, suggesting that ApoER2 PBMCs lev-
els may be lower in patients with AUD expressing APOE4 plasma 
levels. Regarding VLDLR, there was a main effect of group*A-
POE4 (F(1,52)  = 4.21, P = .04, η2 = 0.075) (Fig. 2D), with the lowest levels 
observed in patients with AUD carrying APOE4.

Associations Between Biomarkers and Alcohol 
Abuse or Liver Status Variables
Spearman rank correlations between biomarkers and alcohol 
abuse variables showed a significant association between reelin 
plasma levels and the length of alcohol abuse since last relapse 
(r = 0.864, P = .00). No associations were found with the other 
markers shown in Table S3.

Reelin plasma levels did not correlate with the liver status 
parameters (Spearman rank correlation): ALT (r = −0.162; P = .451); 
AST (r = 0.173; P = .418); GGT (r = 0.200; P = .350); ALP (r = 0.127, 
P = .583); Bilirubin (r = 0.327, P = .138).

Effect of Biomarkers on Cognition in Patients 
With AUD
Correlations between cognition and biomarkers
In the AUD group, reelin showed significant negative correla-
tions with GFC (r = −0.74, P = .00, q = 0.00) and EF (r = −0.75, P = .00, 

Table 2. Cognitive scores in TEDCA in the AUD and control groups

Cognitive Domains GCF Visuospatial Cognition Memory
/Learning

EF

Direct scores [mean (SD)] AUD (n=24) 11.75 (3.27) 4.62 (1.31) 3.04 (1.46) 4.04 (1.49)

Control (n = 34) 14.85 (1.94) 5.38 (0.78) 4.79 (0.98) 4.74 (1.12)

P 0.00a 0.01a 0.00a 0.04a

Abbreviations: AUD, alcohol use disorder; EF, executive functioning; GCF, general cognitive functioning. The maximum score in GCF is 18 and cognitive 
impairment is established at a cutoff point ≤10.5. The significant values (P < 0.05) are denoted by bold entries in the table.
aP value from Student t test.

Table 3. Peripheral APOE4 Expression and Levels, Reelin, Clusterin, VLDLR, and ApoER2 in AUD and Control Groups

Variables AUD (n = 24) Control (n = 34) P

Plasma APOE4 expression
n (%)

Yes 9 (37.50) 20 (58.80) 0.11a

No 15 (62.50) 14 (41.20)

APOE4 levels (ApoE4-ε4carriers) (μg/mL), mean 
(SD)

11.28 (9.30) 11.08 (6.40) 0.95b

Reelin levels (ng/mL), mean (SD) 0.42 (0.20) 0.30 (1.59) 0.02b

Clusterin levels (μg/mL), mean (SD) 46.65 (22.89) 30.72 (20.89) 0.01b

VLDLR levels (ng/mL total protein), mean (SD) 4.14 (2.74) 5.32 (3.49) 0.17b

ApoER2 levels (ng/mL total protein), mean (SD)c
3.36 (2.30) 3.20 (2.03) 0.78b

Abbreviations: n, total of cases; SD, standard deviation. APOE4, Reelin and Clusterin are determined in plasma. VLDLR and ApoER2 are determined in peripheral 
blood mononuclear cells (PBMCs). The significant values (P < .05) are denoted by bold entries in the table. In those expressing plasma APOE4 (0 values are not 
considered).
aP value from chi-square test,
bP value from Student t test.
cn = 23 due to the presence of an outlier in the AUD group.
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q = 0.00), which were maintained after adjustment by the FDR 
(supplementary Table 5; supplementary Information). The signif-
icant negative correlations of reelin and ApoER2 with memory/
learning were lost after FDR adjustment, among others. In the 
control group, no significant correlations were found between 
cognitive measures and biomarkers (data not shown).Effect of the 
Presence of Plasma APOE4 (Carriers/Noncarriers) on Cognition
ANCOVA analyses controlling for age and education revealed: 
(A) group differences in all cognitive domains except visuospa-
tial cognition, with lower scores observed in the AUD group (Fig. 
3A–D) (GCF: F(1,52)  = 15.92, P = .000, η2 = 0.234; memory/learning: 
F(1,52)  = 26.83, P = .000, η2 = 0.34; EF: F(1,52)  = 4.53, P = .038, η2 = 0.08); 
(B) the expression of plasma APOE4 (indicative of ApoE-ε4 carriers) 
influenced GCF, memory/learning, and EF, with carriers exhibiting 
lower scores (Fig. 3A,C,D) (GCF: F(1,52)  = 7.18, P=.01, η2 = 0.12; mem-
ory/learning: F(1,52)  = 7.92, P = .007, η2 = 0.13; EF: F(1,52)  = 4.25, P = .044, 
η2 = 0.076) (no APOE4 effect on visuospatial cognition, P > .05); (C) 
an interaction between group and APOE4 presence on memory/
learning (Fig. 3C) [F (1,52)  = 5.04, P = .029, η2 = 0.088], revealing 
worse performance in patients with AUD expressing APOE4 vs 
noncarriers (Bonferroni post hoc test; P < .05). APOE4 presence did 
not influence memory/learning in controls (Fig. 3C).Hierarchical 
Logistic Regression Models—Plasma reelin showed significance 
for GCF deficit up to the final model (Model 3: B = 1.56, P = .04; 
Nagelkerke R2 = 0.51; Hosmer and Lemeshow = 0.63). The resulting 

equation was: [1.56 × reelin] + [0.01 ApoE4] + [−0.01 clusterin] + 
[0.23 × VLDLR] + [−0.31 ApoER2]+ [0.05 × age] + [0.52 × education] 
(Table 4). Among all biomarkers of the signaling pathway, reelin 
showed the highest odd ratio, meaning that is the marker whose 
increase in plasma better identifies the risk of cognitive impair-
ment in the AUD group after controlling for remaining biological 
markers and all possible confounders.

A receiving operating characteristic curve was performed to 
explain GCF deficit because plasma reelin levels were shown 
to be significant in the logistic regression analysis (Figure 4). 
Specifically, the AUC for GCF was 0.90 (P = .002). The most optimal 
cutoff point for GCF was set at 0.36 (sensitivity: 1; specificity: 0.76) 
according to the maximum values of the Youden index (J).

Levels of Reelin and Cognition at 6-Month 
Follow-Up (t = 1)
Given the strong association between reelin and cognitive impair-
ment found in the AUD group, we conducted a 6-month follow-up 
study to check the evolution of reelin in patients with AUD and its 
possible influence on cognition.

Figure 5A shows the levels of reelin in the AUD and control 
groups according to the presence/absence of plasma APOE4 at 
t = 0 (Fig. 5A, left) and at t = 1 (Fig. 5A, right). Both time points were 
compared using 2-way ANCOVA analysis with age and education 
as covariates in each period. At t = 0, we observed a main effect of 

Figure 2. Levels of (A) reelin, (B) clusterin, (C) apolipoprotein E receptor 2 (ApoER2), and (D) very-low density liporeceptor (VLDLR) in the alcohol 
use disorder (AUD) and control groups based on ApoE4. Results are presented as mean (SD). Two-way ANCOVA with group and APOE4 as factors, 
controlling for age and education. Overall effect of group: **P < .01; APOE4: #P < .05; ##P < .01 and analysis of the interaction (group × APOE4): $P < .05. 
Bonferroni post hoc test after interaction.

http://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyad034#supplementary-data
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group, APOE4, and an interaction group*APOE4, with the highest ree-
lin levels in ApoE- ε4 carriers within the AUD group, as mentioned 
in Fig. 2A (same analysis). At t = 1, the AUD group had lower levels of 
reelin compared with the control group, as indicated by a significant 
group effect (F(1,49)  = 13.50, P = .001, η2 = 0.216). There were no signifi-
cant effects of APOE4 or interactions (P > .05 n.s.) (Fig. 5A, right).

Figure 5B illustrates the cognitive evolution in the AUD group 
between t = 0 and t = 1. Repeated-measures 2-way ANCOVAs were 

performed with age and education as covariates. There was 
an interaction between group and time on GCF (F(1,49)  = 16.98, 
P = .01, η2 = 0.121) as well as in memory/learning (F(1,49)  = 6.35, 
P = .01, η2 = 0.115) and EF (F(1,49)  = 5.49, P = .02, η2 = 0.10), showing an 
improvement in cognition among the AUD group at t = 1. In the 
control group, cognitive scores remained similar between t = 0 
and t = 1 without a learning effect (P > .05, data not presented) 
(Fig. 5B).

Figure 3. Effect of ApoE-ε4 on cognitive performance in the AUD and control groups. Two-way ANCOVA with group and APOE4 as factors, controlling 
for age and education. (A) GCF: General Cognitive Functioning, (B) visuospatial cognition, (C) memory/learning, (D) EF, Executive Functioning. Results 
as mean (SD). **P < .01 and *P < .05 denotes a main effect of group; ##P < .01 and #P < .05 denotes a main effect of APOE4. Analysis of the interaction 
(group*APOE4) in (C): $P < .05. Bonferroni post hoc test after interaction.

Table 4. Hierarchical Logistic Regression Model: Association Between GCF Deficit and Biomarkers of the Reelin/APOE4 Pathway

Variables Entered B SE Wald OR (95 % CI) P

GCF Reelin 1.56 0.77 4.12 4.77 (1.06–21.55) 0.04

APOE4 0.01 0.09 0.01 1.01 (0.85–1.19) 0.93

Clusterin −0.01 0.03 0.17 0.99 (0.93–1.05) 0.68

ApoER2 −0.31 0.88 0.12 0.74 (0.13–4.09) 0.73

VLDLR 0.23 0.54 0.18 1.25 (0.43–3.63) 0.67

Age 0.05 0.13 0.17 1.05 (0.82–1.36) 0.68

Education 0.52 1.14 0.21 1.69 (0.18–15.73) 0.65

Abbreviations: CI, confidence interval; GCF, general cognitive functioning; OR, odds ratio; Wald, Wald test. Final multivariate logistic regression model including 
all biomarkers of the APOE/reelin pathway, controlled by age and educational level. Reelin data were transformed to Z scores. Significant values (P < .05) are 
denoted by bold entries in the table.
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DISCUSSION
In this study we found plasma reelin as a biomarker that could 
identify patients with AUD with cognitive impairment during 
early abstinence. Plasma reelin was higher among patients with 
AUD expressing plasma APOE4 isoform, whereas being a ε4 car-
rier had no effects in the control group. Alterations in plasma 
clusterin and VLDLR and ApoER2 in PBMCs were found in the 
AUD group, unrelated to cognitive decline. In follow-up stud-
ies, plasma reelin levels decreased and cognition improved in 
patients with AUD after 6 months of abstinence. The implications 
of these results are discussed here.

Our results suggest an association between reelin plasma lev-
els and cognition at early states of AUD,  in the sense that reelin is 
able to explain the presence of cognitive impaiment in this group.. 
Whether this association may be causative or a consequence of 
AUD pathology is unresolved at present. Reelin appears to be a 
protective factor that maintains normal brain function (Levenson 
et al., 2008), and the alteration of reelin human gene is thought 
to be involved in the pathogenesis of some neuropsychiatric dis-
orders (Ovadia and Shifman, 2011; Wang et al., 2014; Bufill et al., 
2015; Fehér et al., 2015; Li et al., 2015). In this study, higher plasma 
levels of reelin were observed in patients with AUD compared 
with controls. Altered reelin levels in the brain, CSF, or plasma 
have been reported in animal models and humans with several 
neuropsychiatric disorders (Ishii et al., 2016; Sánchez-Hidalgo et 
al., 2022). However, most studies are genetic or focused on brain 
reelin levels, and the exact contribution of peripheral reelin to 
cognition is largely unknown. Regarding plasma reelin, Fatemi et 
al. (2002) showed reductions in autistic patients, while another 
study found that the 50% of the children with autism showed 

no changes in reelin levels and the other 50% displayed a 30-fold 
increases, compared with controls (Cuchillo-Ibáñez et al., 2020).

The higher plasma reelin levels in the AUD group can be dis-
cussed based on several aspects. Firstly, it could be argued that 
reelin may be related to liver damage, as some studies indicate 
its involvement in liver fibrosis (Kobold et al., 2002; Carotti et al., 
2017; Sturm et al., 2021) and suggest a protective effect in the 
liver (Botella-Lopez et al. 2008). However, we excluded patients 
with AUD with chronic hepatic damage and liver cirrhosis, mak-
ing it unlikely that the high levels of reelin found in the AUD 
group were induced by a significant liver disease. Moreover, reelin 
plasma levels did not correlate with biomarkers of liver status, 
which were within normal ranges in the AUD group. Alternatively, 
alterations in reelin could be reflecting medication effects, as 
some studies have reported altered reelin levels in patients 
treated with antipsychotic or antidepressant treatments (Fatemi 
et al., 2009; Yin et al., 2020). In this study, disulfiram was the most 
frequently used medication (83.3%) in the AUD group, followed 
by antidepressants (45.8%), so we cannot rule out the potential 
effects of these medications; this limitation should therefore be 
considered. Additionally, it should be noted that we found an 
association between reelin and the length of alcohol abuse since 
last relapse so that the longer the time of dependent drinking, 
the higher the reelin levels. Thus, the elevations in reelin could be 
indicative of the course of illness because at 6 months of absti-
nence, when the disorder was in recovery, we found these levels 
normalized or even below controls.

Interestingly, patients with AUD showing cognitive deficits 
and the highest reelin levels were those who expressed APOE4 
in plasma. The ApoE-ε4 allele is one of the genetic risk factors 
recently found to modulate cognition in alcohol consumption 
(Kim et al., 2012; Downer et al., 2014; Slayday et al., 2021). Most 
of the studies have focused on genetic variants, and very few 
studies have studied the presence of APOE4 protein in plasma. 
Determining plasma APOE4 not only identifies individuals car-
rying the allele ε4 of APOE (a genetic component indicated by 
a “yes/no” question) but also provides information about the 
quantitative levels of APOE4 protein reached in plasma. In this 
regard, epigenetic mechanisms and pathologies may influence 
the expression of the protein.

In our study we found an elevated percentage of APOE4+ 
among control patients. This was surprising in a random sam-
pling of normal adults, according to the published prevalence in 
Europe (see supplementary Discussion 3.1). Anyhow, we did not 
observe differences in the levels of APOE4 reached in plasma by 
ε4 carriers in the control and AUD groups, and this constitutes 
an important data itself, suggesting that alcohol abuse did not 
interfere with plasma APOE4 expression. Interestingly, patients 
expressing plasma APOE4 had worse cognitive performance than 
no carriers in the AUD group but APOE4 presence in controls has 
no negative effect on cognition. The absence of cognitive impact 
of Apoe-ε4 in the control group was not surprising considering 
previous research showing an effect of Apoe-ε4 genotype in cog-
nition in alcohol consumers but no effect in nondrinkers (Slayday 
et al., 2021).

While it would be reasonable to hypothesize that higher levels 
of APOE4 protein among Apoe-ε4 carriers would have a greater 
impact on cognition, we did not find an association between the 
quantity of plasma APOE4 in ε4-carriers in either the AUD group 
or the control group. However, it was the presence of plasma 
APOE4 (which identifies the genotype Apoe-ε4 carriers from 
noncarriers) that showed a relationship with worse cognition 
(memory/learning) in the AUD group. These results suggest that 

Figure 4. ROC analysis for reelin levels and GCF in the AUD group. 
ROC analysis for logistic regression models in the AUD group are 
shown, demonstrating the tradeoff between sensitivity (y-axis) and 1- 
specificity (x-axis). Both axes of the graph include values between 0 and 
1 (0% to 100%). The line drawn from point 0.0 to the point 1.0 is called 
the reference diagonal, or the of nondiscrimination. AUC, area under the 
curve; CI, confidence interval; SE, standard error.



Reelin Levels Identify Cognitive Decline in Alcohol Use Disorder | 553

the central APOE4 levels may play a fundamental role in AUD 
cognition rather than plasma levels. In contrast, reelin plasma 
levels served as good indicators of cognitive impairment during 
early abstinence. In our study, we found an inverse association 
between plasma reelin levels and cognition, with levels of reelin 
significantly elevated in Apoe-ε4 carriers within the AUD group. 
At 6 months of abstinence, as reelin levels decreased in the AUD 
group, we observed an improvement in cognitive function.

Our fundamental question therefore would be discerning the 
role of peripheral APOE4 and reelin in AUD-associated cognitive 
decline. The function of both proteins outside the CNS is cur-
rently poorly understood. Most of the studies focused on genetic 
variants or central levels of these proteins, and the specific con-
tribution of peripheral reelin and APOE4 to the pathogenesis of 
neuropsychiatric disorders and associated cognitive impairment, 
as well as any potential abnormalities in the reelin/APOE4 path-
way, remain largely unknown. New lines of evidence suggest a 
peripheral role of these proteins in the regulation of cognition. 
For example, peripheral APOE might have an impact in cerebro-
vascular and brain functions (Martínez-Morillo et al., 2014; Lane-
Donovan et al., 2016). A very recent study, by developing mice 

models that express human APOE4 in the liver with no detectable 
levels in the brain, identified a role for peripheral APOE4 in syn-
aptic plasticity and cognition, impairing cerebrovascular func-
tions, independently of brain levels (Liu et al., 2022). Regarding 
reelin, it is primarily synthesized in the brain, and it has been 
suggested that the pools of plasma and CSF reelin have different 
origins (Botella-López et al., 2006). Circulating reelin appears to 
be produced largely by the liver (Smalheiser NR et al., 2000), and 
members of the reelin signaling pathway (e.g., VLDLR receptor) 
are expressed in the periphery, suggesting a role in the periphery.

The molecular mechanisms by which plasma reelin and 
APOE4 might contribute to AUD cognitive impairment are cur-
rently unknown. The known protective effects of reelin in synap-
tic plasticity and brain function (Martínez-Cerdeño et al., 2002; 
Weeber et al., 2002) and in the liver (Botella-Lopez et al., 2008) 
suggest that the elevations of reelin found in early abstinence 
in ε4 carriers may serve as a homeostatic signal to counteract 
alcohol-induced toxicity in the AUD group. In this regard, since 
reelin and APOE4 share receptors, it could be possible that cir-
culating levels of APOE4 compete with reelin for binding to their 
shared receptors. In fact, in vitro studies have shown that the 

Figure 5. Evolution of reelin and cognition in the AUD group after 6 months of abstinence(t = 1). (A) Reelin plasma levels in the AUD and control 
groups at t = 0 (left panel) and t = 1 (right panel) in patients expressing or not plasma APOE4. Two-way ANCOVAs, controlling for age and education. 
The statistical analyses in A (t = 0) showed an overall effect of group P < .01; APOE4 P < .05 and analysis of the interaction (group*APOE4) P < .05. In A we 
represent the interaction with “$.” Bonferroni post hoc test after interaction. (B) Cognitive evolution (GCF) in the control group (discontinued line) and 
in the AUD group (nondiscontinued lines) from t = 0 to t = 1. Two-way ANCOVA with group and APOE4 as factors, controlling for age and education. 
Effect of group*time *P < .05. Results are presented as mean (SD) in A and B. EF, executive function; GCF, general cognitive functioning.
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interaction of reelin with lipoprotein receptors is inhibited when 
ApoE4 alleles are present (D’Arcangelo et al., 1999). Some studies 
showed that the isoform of APOE expressed by patients can differ-
entially affect the reelin signaling. For instance, ApoE4 impaired 
the NMDA receptor phosphorylation by reelin, resulting in synap-
tic plasticity anomalies (Chen et al., 2010). The lack of reelin has 
been associated with hyperphosphorylation of Tau (D’Arcangelo 
et al., 1999; Hiesberger et al., 1999), leading to neuronal degen-
eration (cited by Botella-López et al., 2006), and reelin deficiency 
appears to be related to the onset of cognitive deficits in ree-
lin-deficient mice (Falconer, 1951; Brigman et at., 2006; Krueger et 
al., 2006). Intriguingly, the APOE4 isoform impairs both receptors 
ApoER2 and VLDLR recycling to the surface upon reelin activa-
tion, leading to reelin resistance to signaling (Lane-Donovan and 
Herz, 2017). Hence, it is plausible to speculate that the organism 
may induce the release of reelin as a compensatory mechanism 
to overcome the signaling deficit in patients with AUD that are 
APOE4 carriers. However, this hypothesis requires thorough test-
ing in future investigations.

Nevertheless, since ApoE-ε4 carriers in the control group did 
not exhibit alterations in reelin levels or cognition, some inter-
actions driven by alcohol may have taken place. In this regard, 
alcohol exposure critically target elements in the ApoE/reelin 
signaling pathway in vitro followed by a sustained period dur-
ing which the pathway itself can no longer be activated by 
application of reelin, suggesting that ethanol disrupts the ree-
lin pathway in vitro (Wang et al., 2019; McClintick et al., 2020). 
Similar disruptions have also been described in vivo (Wang et 
al., 2021). Within the hippocampus, ethanol exposure leads to 
a reduction in reelin-positive interneurons, neuroinflamma-
tion, and suppression of neurogenesis (Takahashi et al., 2022). 
Both alcohol exposure (Jiang et al., 2021) and reelin deficiency 
(cited by Botella-López et al., 2006) have been implicated in tau 
protein phosphorylation in rodents, which is associated with 
neuroinflammation and neurodegeneration. Furthermore, it 
is well-known that alcohol abuse induces oxidative stress and 
lipid peroxidation, and it has been very recently hypothesized 
that these are important factors linked to derangements in 
the ApoE/Reelin-ApoER2 pathway (Ramsden et al., 2022). The 
release of reelin in the AUD group may be driven by an impaired 
signaling pathway in ApoE-ε4 carriers when there is alcohol on 
board, serving as a homeostatic signal to counteract this signal-
ing deficit and explaining the elevated reelin levels during early 
abstinence. This hypothesis is speculative at the moment and it 
would need future confirmation.

Little information is available about the presence and func-
tion of VLDLR and ApoER2 in PBMCs, although both appear to be 
present in these immune cells (The Human Protein Atlas, https://
www.proteinatlas.org/) (see supplementary Discussion 3.2).

We are aware of the limitations of this study. The small sam-
ple size influences the inclusion of covariates in the statistical 
analysis as only large differences appear significant in such cases. 
We controlled by age and education, but future studies will aim 
to control other important factors such as sex. Another aspect 
to be highlighted is that the novel e4Quant technique does not 
differentiate between homozygous and heterozygous APOE ε4/ε4, 
so we cannot compare our results with genetic studies. However, 
e4Quant is an efficient technique that discriminates APOE4 from 
other isoforms and, in the actual context of this study, the pres-
ence or absence of APOE4 in plasma (measured quantitatively) is 
a more valuable measure for us than genetic variants.

Both a limitation and a strength of this study is the 
young age group included. The influence of aging on 

cognition and expression of apolipoproteins has been doc-
umented (Muenchhoff et al. 2017), so studies involving mid-
dle-aged individuals are needed. In addition, the detrimental 
effects of alcohol appear to be more pronounced in the elderly 
than in young adults, particularly with regard to cognition 
(reviewed in Kim et al., 2012). Specifically, alcohol consump-
tion in older adults has been associated with cognitive impair-
ment in individuals who are APOE-ε4 carriers (Dufouil et al., 
2000; Anttila et al., 2004), but the interaction between APOE-ε4 
genotype and alcohol consumption on cognition has not been 
found in midlife adults (Downer et al., 2014). To date, very few 
studies have revised the risk of the presence of APOE4 in the 
relationship between alcohol consumption and cognition in 
middle-aged patients. Additionally, age might be a contrib-
uting factor to changes in brain reelin levels given declining 
reelin expression with age (Abraham and Meyer, 2003; Long et 
al.2020; Despotovski et al., 2021). In our study, the AUD group 
was older than the control group but still displayed the highest 
plasma reelin levels. These results suggest that the contribu-
tion of alcohol is greater than the potential influence of age.

Also, we do not have information regarding the levels of APOE4 
and reelin in the brain of these patients, so we cannot draw direct 
conclusions about the effects of each biomolecule on brain func-
tion based on plasma levels alone. Brain and plasma reelin levels 
may have different cellular origins, and studies on plasma reelin 
are still scarce, so studies about the peripheral contribution of 
elements of the reelin/APOE4 pathway controlling for all con-
founded factors are encouraged.

In conclusion, our results show that reelin plasma levels peak 
in patients with AUD during early abstinence in those individu-
als who also express the APOE4 isoform in plasma, identifying 
worse cognitive performance. Control patients expressing APOE4 
did not show any changes in reelin levels or cognition. Reelin lev-
els correlated with the length of alcohol abuse in the past and 
levels normalized along evolution of the disorder together with a 
mild cognitive improvement, suggesting that reelin plasma levels 
could be a reflection of an homeostatic mechanism against toxic 
effects of alcohol in ε4 carriers.

Supplementary Materials
Supplementary data are available at International Journal of 
Neuropsychopharmacology (IJNPPY) online.

Acknowledgments
We thank nurses Yolanda Guerrero Roldán, Nazaret Sáiz Briones, 
and Pilar de la Cruz González for their invaluable help in this 
study. Authors are members of the Instituto de Salud Carlos III 
RICORS—RIAPAd Grants RD21/0009/0027 and RD21/0009/0007 
(European Union, Fondo Europeo de Desarrollo Regional FEDER).
This work was supported by FEDER (European Union)/Ministerio 
de Ciencia e Innovación, Agencia Estatal de Investigación 
(Spain) (grant numbers RTI2018-099535-B-I00 and PID2021-
127256OB-I00) to LO. BE and LLV are recipients of predoctoral 
scholarships FPU18/01575 and PRE2019-087771, respectively.

This study was approved by the Research Ethics Committee 
of the Hospital 12 de Octubre, Madrid (Spain), Nº CEIm: 19/002, 
and was conformed to the provisions of the World Medical 
Association Declaration of Helsinki. Each participant signed a 
written informed consent individually and all data were coded to 
maintain anonymity and confidentiality.

https://www.proteinatlas.org/
https://www.proteinatlas.org/


Reelin Levels Identify Cognitive Decline in Alcohol Use Disorder | 555

Interest Statement
The authors have no conflicts of interest to declare.

Data Availability
Patient personal information is confidential according to the law. 
Other data in the manuscript are freely available upon request to 
the corresponding author (lorio@psi.ucm.es).

REFERENCES
Abraham H, Meyer G (2003) Reelin-expressing neurons in the post-

natal and adult human hippocampal formation. Hippocampus 
13:715–727.

Aharonovich E, Campbell A, Shulman M, Hu MC, Kyle T, Winhusen 
T, Nunes E. V. (2018) Neurocognitive profiling of adult treat-
ment seekers enrolled in a clinical trial of a web-deliv-
ered intervention for substance use disorders. J Addict Med 
12:99–106.

American Psychiatric Association (APA) (2014). Manual Diagnóstico 
Y Estadístico De Los Trastornos Mentales DSM-5. 5a. ed. Madrid: 
Editorial Médica Panamericana.

Anttila T, Helkala EL, Viitanen M, Kåreholt I, Fratiglioni L, Winblad B, 
Soininen H, Tuomilehto J, Nissinen A, Kivipelto M (2004) Alcohol 
drinking in middle age and subsequent risk of mild cognitive 
impairment and dementia in old age: a prospective population 
based study. BMJ (Clinical research ed.) 329:539.

Botella-López A, Burgaya F, Gavín R, García-Ayllón MS, Gómez-
Tortosa E, Peña-Casanova J, Ureña JM, Del Río JA, Blesa R, 
Soriano E, Sáez-Valero J (2006) Reelin expression and glycosyl-
ation patterns are altered in Alzheimer’s disease. Proc Natl Acad 
Sci USA 103:5573–5578.

Botella-Lopez A, de Madaria E, Jover R, Bataller R, Sancho-Bru P, 
Candela A, Compañ A, Pérez-Mateo M, Martinez S, Sáez-Valero J 
(2008) Reelin is overexpressed in the liver and plasma of bile duct 
ligated rats and its levels and glycosylation are altered in plasma 
of humans with cirrhosis. Int J Biochem Cell Biol 40:766–775.

Brigman JL, Padukiewicz KE, Sutherland ML, Rothblat LA (2006) 
Executive functions in the heterozygous reeler mouse model of 
schizophrenia. Behav Neurosci 120:984–988.

Bufill E, Roura-Poch P, Sala-Matavera I, Antón S, Lleó A, Sánchez-
Saudinós B, Tomàs-Abadal L, Puig T, Abós J, Bernades S, 
Clarimon J, Blesa R (2015) Reelin signaling pathway genotypes 
and Alzheimer disease in a Spanish population. Alzheimer Dis 
Assoc Disord 29:169–172.

Calero O, García-Albert L, Rodríguez-Martín A, Veiga S, Calero M 
(2018) A fast and cost-effective method for apolipoprotein E iso-
typing as an alternative to APOE genotyping for patient screen-
ing and stratification. Sci Rep 8:5969.

Carotti S, Perrone G, Amato M, Vespasiani Gentilucci U, Righi D, 
Francesconi M, Pellegrini C, Zalfa F, Zingariello M, Picardi A, 
Onetti Muda A, Morini S (2017) Reelin expression in human liver 
of patients with chronic hepatitis C infection. Eur J Histochem 
61:2745.

Chen Y, Durakoglugil MS, Xian X, Herz J (2010) ApoE4 reduces glu-
tamate receptor function and synaptic plasticity by selectively 
impairing ApoE receptor recycling. Proc Natl Acad Sci U S A 
107:12011–12016.

Cuchillo-Ibáñez I, Andreo-Lillo P, Pastor-Ferrándiz L, Carratalá-
Marco F, Sáez-Valero J (2020) Elevated plasma reelin levels in 
children with autism. Front Psychiatry 11:242.

D’Arcangelo G, Homayouni R, Keshvara L, Rice DS, Sheldon M, 
Curran T (1999) Reelin is a ligand for lipoprotein receptors. 
Neuron 24:471–479.

Despotovski V, Vivekanandarajah A, Waters KA, Machaalani R (2021) 
Expression of reelin with age in the human hippocampal for-
mation. Hippocampus 31:493–502.

Dlugosz P, Nimpf J (2018) The reelin receptors apolipoprotein E 
receptor 2 (ApoER2) and VLDL receptor. Int J Mol Sci 19:3090.

Downer B, Zanjani F, Fardo DW (2014) The relationship between 
midlife and late life alcohol consumption, APOE e4 and the 
decline in learning and memory among older adults. Alcohol 
Alcohol 49:17–22.

Dufouil C, Tzourio C, Brayne C, Berr C, Amouyel P, Alpérovitch A 
(2000) Influence of apolipoprotein E genotype on the risk of 
cognitive deterioration in moderate drinkers and smokers. 
Epidemiology 11:280–284.

Duro MV, Ebright B, Yassine HN (2022) Lipids and brain inflammation 
in APOE4-associated dementia. Curr Opin Lipidol 33:16–24.

Falconer DS (1951) Two new mutants, “trembler” and “reeler,” with 
neurological actions in the house mouse (Mus musculus L.). J 
Genet 50:192–201.

Fatemi SH, Stary JM, Egan EA (2002) Reduced blood levels of reelin 
as a vulnerability factor in pathophysiology of autistic disorder. 
Cell Mol Neurobiol 22:139–152.

Fatemi SH, Reutiman TJ, Folsom TD (2009) Chronic psychotropic 
drug treatment causes differential expression of Reelin signa-
ling system in frontal cortex of rats. Schizophr Res 111:138–152.

Fehér A, Juhász A, Pákáski M, Kálmán J, Janka Z (2015) Genetic 
analysis of the RELN gene: gender specific association with 
Alzheimer’s disease. Psychiatry Res 230:716–718.

Hauser PS, Narayanaswami V, Ryan RO (2011) Apolipoprotein E: from 
lipid transport to neurobiology. Prog Lipid Res 50:62–74.

Hayes V, Demirkol A, Ridley N, Withall A, Draper B (2016) Alcohol-
related cognitive impairment: current trends and future per-
spectives. Neurodegener Dis Manag 6:509–523.

Heffernan M, Mather KA, Xu J, Assareh AA, Kochan NA, Reppermund 
S, Draper B, Trollor JN, Sachdev P, Brodaty H (2016) Alcohol con-
sumption and incident dementia: evidence from the sydney 
memory and ageing study. J Alzheimers Dis 52:529–538.

Herz J, Chen Y (2006) Reelin, lipoprotein receptors and synaptic plas-
ticity. Nat Rev Neurosci 7:850–859.

Hiesberger T, Trommsdorff M, Howell BW, Goffinet A, Mumby 
MC, Cooper JA, Herz J (1999) Direct binding of reelin to VLDL 
receptor and ApoE receptor 2 induces tyrosine phosphoryla-
tion of disabled-1 and modulates tau phosphorylation. Neuron 
24:481–489.

Ishii K, Kubo KI, Nakajima K (2016) Reelin and neuropsychiatric dis-
orders. Front Cell Neurosci 10:229.

Jiang C, Zhang Y, Tang X, Jing C, Qiu S, Li B, Li Y (2021) IL-6 and IL-1β 
upregulation and tau protein phosphorylation in response 
to chronic alcohol exposure in the mouse hippocampus. 
Neuroreport 32:851–857.

Jurado-Barba R, Martínez A, Sion A, Álvarez-Alonso MJ, Robles A, 
Quinto-Guillen R, Rubio G (2017) Development of a screening 
test for cognitive impairment in alcoholic population: TEDCA. 
Actas Esp Psiquiatr 45:201–217.

Kim JW, Lee DY, Lee BC, Jung MH, Kim H, Choi YS, Choi IG (2012) 
Alcohol and cognition in the elderly: a review. Psychiatry Investig 
9:8–16.

Kloske CM, Wilcock DM (2020) The important interface between 
apolipoprotein e and neuroinflammation in Alzheimer’s dis-
ease. Front Immunol 11:754.

lorio@psi.ucm.es


556 | International Journal of Neuropsychopharmacology, 2023, Vol. 26, No. 8

Kobold D, Grundmann A, Piscaglia F, Eisenbach C, Neubauer K, 
Steffgen J, Ramadori G, Knittel T (2002) Expression of reelin in 
hepatic stellate cells and during hepatic tissue repair: a novel 
marker for the differentiation of HSC from other liver myofibro-
blasts. J Hepatol 36:607–613.

Krueger DD, Howell JL, Hebert BF, Olausson P, Taylor JR, Nairn A. C. 
(2006) Assessment of cognitive function in the heterozygous 
reeler mouse. Psychopharmacology (Berl) 189:95–104.

Lane-Donovan C, Herz J (2017) The ApoE receptors Vldlr and Apoer2 
in central nervous system function and disease. J Lipid Res 
58:1036–1043.

Lane-Donovan C, Wong WM, Durakoglugil MS, Wasser CR, Jiang 
S, Xian X, Herz J (2016) Genetic restoration of plasma ApoE 
improves cognition and partially restores synaptic defects in 
ApoE-deficient mice. J Neurosci 36:10141–10150.

Levenson JM, Qiu S, Weeber EJ (2008) The role of reelin in adult syn-
aptic function and the genetic and epigenetic regulation of the 
reelin gene. Biochim Biophys Acta 1779:422–431.

Li W, Guo X, Xiao S (2015) Evaluating the relationship between reelin 
gene variants (rs7341475 and rs262355) and schizophrenia: a 
meta-analysis. Neurosci Lett 609:42–47.

Liu CC, et al (2022) Peripheral apoE4 enhances Alzheimer’s pathology 
and impairs cognition by compromising cerebrovascular func-
tion. Nat Neurosci 25:1020–1033.

Long JM, Perez EJ, Roberts JA, Roberts MT, Rapp PR (2020) Reelin in 
the years: decline in the number of reelin immunoreactive neu-
rons in layer II of the entorhinal cortex in aged monkeys with 
memory impairment. Neurobiol Aging 87:132–137.

Martínez-Cerdeño V, Galazo MJ, Cavada C, Clascá F (2002) Reelin immu-
noreactivity in the adult primate brain: intracellular localization 
in projecting and local circuit neurons of the cerebral cortex, hip-
pocampus and subcortical regions. Cereb Cortex 12:1298–1311.

Martínez-Morillo E, Hansson O, Atagi Y, Bu G, Minthon L, Diamandis EP, 
Nielsen HM (2014) Total apolipoprotein E levels and specific isoform 
composition in cerebrospinal fluid and plasma from Alzheimer’s 
disease patients and controls. Acta Neuropathol 127:633–643.

McClintick JN, Thapa K, Liu Y, Xuei X, Edenberg HJ (2020) Effects of 
chronic intermittent ethanol exposure and withdrawal on neu-
roblastoma cell transcriptome. Alcohol 85:119–126.

Montagne A, et al (2020) APOE4 leads to blood-brain barrier dysfunc-
tion predicting cognitive decline. Nature 581:71–76.

Muenchhoff J, Song F, Poljak A, Crawford JD, Mather KA, Kochan 
NA, Yang Z, Trollor JN, Reppermund S, Maston K, Theobald A, 
Kirchner-Adelhardt S, Kwok JB, Richmond RL, McEvoy M, Attia J, 
Schofield PW, Brodaty H, Sachdev PS (2017) Plasma apolipopro-
teins and physical and cognitive health in very old individuals. 
Neurobiol Aging 55:49–60.

Neafsey EJ, Collins MA (2011) Moderate alcohol consumption and 
cognitive risk. Neuropsychiatr Dis Treat 7:465–484.

Ovadia G, Shifman S (2011) The genetic variation of RELN expression 
in schizophrenia and bipolar disorder. PLoS One 6:e19955.

Ramsden CE, Keyes GS, Calzada E, Horowitz MS, Zamora D, Jahanipour 
J, Sedlock A, Indig FE, Moaddel R, Kapogiannis D, Maric D (2022) 
Lipid peroxidation induced ApoE receptor-ligand disruption as a 
unifying hypothesis underlying sporadic Alzheimer’s disease in 
humans. J Alzheimers Dis 87:1251–1290.

Reinvang I, Winjevoll IL, Rootwelt H, Espeseth T (2010) Working mem-
ory deficits in healthy APOE epsilon 4 carriers. Neuropsychologia 
48:566–573.

Riedel BC, Thompson PM, Brinton RD (2016) Age, APOE and sex: triad of 
risk of Alzheimer’s disease. J Steroid Biochem Mol Biol 160:134–147.

Sabia S, Elbaz A, Britton A, Bell S, Dugravot A, Shipley M, Kivimaki 
M, Singh-Manoux A (2014) Alcohol consumption and cognitive 
decline in early old age. Neurology 82:332–339.

Sachdeva A, Chandra M, Choudhary M, Dayal P, Anand KS (2016) 
Alcohol-related dementia and neurocognitive impairment: a 
review study. Int J High Risk Behav Addict 5:e27976.

Sánchez-Hidalgo AC, Martín-Cuevas C, Crespo-Facorro B, Garrido-
Torres N (2022) Reelin alterations, behavioral phenotypes, 
and brain anomalies in schizophrenia: a systematic review of 
insights from rodent models. Front Neuroanat 16:844737.

Schmechel DE, Saunders AM, Strittmatter WJ, Crain BJ, Hulette 
CM, Joo SH, Pericak-Vance MA, Goldgaber D, Roses AD (1993) 
Increased amyloid beta-peptide deposition in cerebral cortex 
as a consequence of apolipoprotein E genotype in late-onset 
Alzheimer disease. Natl Acad Sci U S A 90:9649–9653.

Serrano-Pozo A, Das S, Hyman BT (2021) APOE and Alzheimer’s dis-
ease: advances in genetics, pathophysiology, and therapeutic 
approaches. Lancet Neurol 20:68–80.

Slayday RE, Gustavson DE, Elman JA, Beck A, McEvoy LK, Tu XM, 
Fang B, Hauger RL, Lyons MJ, McKenzie RE, Sanderson-Cimino 
ME, Xian H, Kremen WS, Franz CE (2021) Interaction between 
alcohol consumption and apolipoprotein E (ApoE) genotype 
with cognition in middle-aged men. J Int Neuropsychol Soc 
27:56–68.

Smalheiser NR, Costa E, Guidotti A, Impagnatiello F, Auta J, Lacor P, 
Kriho V, Pappas GD (2000) Expression of reelin in adult mamma-
lian blood, liver, pituitary pars intermedia, and adrenal chroma-
ffin cells. Proc Natl Acad Sci U S A 97:1281–1286.

Stranahan AM, Erion JR, Wosiski-Kuhn M (2013) Reelin signaling in 
development, maintenance, and plasticity of neural networks. 
Ageing Res Rev 12:815–822.

Sturm L, Roth L, Zoldan K, Schultheiss M, Boettler T, Huber JP, Kaeser 
R, Thimme R, Bettinger D (2021) Blood reelin in the progression 
of chronic liver disease. Adv Med Sci 66:148–154.

Takahashi Y, Okano H, Takashima K, Ojiro R, Tang Q, Ozawa S, Ogawa 
B, Woo GH, Yoshida T, Shibutani M (2022) Oral exposure to high-
dose ethanol for 28 days in rats reduces neural stem cells and 
immediate nascent neural progenitor cells as well as FOS-
expressing newborn granule cells in adult hippocampal neuro-
genesis. Toxicol Lett 360:20–32.

Tissir F, Goffinet AM (2003) Reelin and brain development. Nat Rev 
Neurosci 4:496–505.

Visontay R, Rao RT, Mewton L (2021) Alcohol use and dementia: new 
research directions. Curr Opin Psychiatry 34:165–170.

Wang D, Enck J, Howell BW, Olson E. C. (2019) Ethanol exposure tran-
siently elevates but persistently inhibits tyrosine kinase activ-
ity and impairs the growth of the nascent apical dendrite. Mol 
Neurobiol 56:5749–5762.

Wang D, Howell BW, Olson E. C. (2021) Maternal ethanol exposure 
acutely elevates Src family kinase activity in the fetal cortex. 
Mol Neurobiol 58:5210–5223.

Wang Z, Hong Y, Zou L, Zhong R, Zhu B, Shen N, Chen W, Lou J, Ke J, 
Zhang T, Wang W, Miao X (2014) Reelin gene variants and risk of 
autism spectrum disorders: an integrated meta-analysis. Am J 
Med Genet B Neuropsychiatr Genet 165B:192–200.

Weeber EJ, Beffert U, Jones C, Christian JM, Forster E, Sweatt JD, 
Herz J (2002) Reelin and ApoE receptors cooperate to enhance 
hippocampal synaptic plasticity and learning. J Biol Chem 
277:39944–39952.

Wollenweber FA, Halfter S, Brügmann E, Weinberg C, Cieslik EC, 
Müller VI, Hardwick RM, Eickhoff SB (2014) Subtle cognitive defi-
cits in severe alcohol addicts--do they show a specific profile? J 
Neuropsychol 8:147–153.

Yin J, Lu Y, Yu S, Dai Z, Zhang F, Yuan J (2020) Exploring the mRNA 
expression level of RELN in peripheral blood of schizophrenia 
patients before and after antipsychotic treatment. Hereditas 
157:43.


