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Abstract

Aims: Converging evidence has implicated perturbed inflammatory signaling in alcohol use disor-

ders (AUDs), and both animal and human studies suggest that alcohol-induced inflammatory sig-

naling is mediated by Toll-Like Receptor 4 (TLR4). We previously demonstrated that TLR4 is

hypermethylated in subjects with AUD compared to control individuals. Examining the relation-

ship between TLR4 methylation and subjective alcohol responses could shed light on the role of

TLR4 in promoting AUDs, thereby highlighting its potential as a treatment target.

Short summary: Significant interactions were demonstrated between Toll-like Receptor 4 (TLR4)
methylation and human alcohol consumption patterns, such that greater methylation was asso-

ciated with decreased positive and negative self-reported arousal during an alcohol infusion

among light-to-moderate drinkers, but increased self-reported positive arousal and physiological

arousal (i.e. systolic blood pressure) among heavy drinkers.

Methods: Latent growth models were used to examine the relationship between TLR4 methylation

and subjective responses and physiological measures of arousal during an alcohol infusion across

222 drinkers.

Results: We observed significant interactions of TLR4 methylation and alcohol use (drinks per

week) on intercepts for self-report and physiological arousal measures. Specifically, light-to-

moderate drinkers had positive associations between methylation and stimulation and tension

(r’s = 0.21–0.24), and heavy drinkers had negative associations (r’s = −0.15 to −0.21). There
were also significant interaction effects on changes in tension (β = 0.31, P < 0.01), systolic

blood pressure (β = 0.74, P < 0.01) and marginal effects on stimulation (β = 0.15, P = 0.07) dur-

ing the infusion, such that methylation was associated with decreased arousal among light-to-

moderate drinkers (r’s = −0.12 to −0.25) but stable or increased arousal among heavy drinkers

(r’s = 0.05–0.19).

Conclusions: Findings suggest that the relationship between TLR4 methylation and subjective and

physiological arousal during acute alcohol intoxication depends upon on self-reported alcohol

use. These data demonstrate the influence of TLR4 on subjective responses to alcohol, thereby

supporting the need for further research on its potential as a pharmacological treatment target.
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INTRODUCTION

Alcohol use disorders (AUD) cause significant public health conse-
quences, including morbidity, disability and mortality (Lozano
et al., 2012; Murray et al., 2012). Epidemiologic research estimates
the lifetime prevalence of AUD in the USA at 29.1%, of which only
20% receive treatment (Grant et al., 2015). Among individuals who
access treatment, current interventions yield modest one-year post-
treatment abstention rates for pharmacological (20%) and psycho-
social therapies (35%) (e.g. Miller et al., 2001; Anton et al., 2006;
Zindel and Kranzler, 2014). The combination of high burden and
disappointing treatment efficacy for AUD highlights the need for
improved and innovative treatments.

Converging human and animal evidence suggests that the
immune system may be an important AUD intervention target
(Leclercq et al., 2012; Mayfield et al., 2013). Alcohol binds to
pattern-recognition receptors located on immune cells, which acti-
vates signaling cascades that produce pro-inflammatory cytokines
and other inflammatory mediators (Fernandez-Lizarbe et al., 2009).
This inflammatory cascade induces pro-inflammatory effects
throughout the peripheral and central nervous systems, suggesting a
plausible pathway to affecting the brain and behavior.

Toll-like Receptor 4 (TLR4) is a specific pattern-recognition
receptor that mediates normal immune functioning and plays an
important role in the immune response to alcohol. In the brain, alco-
hol and its metabolites bind directly to TLR4 (Alfonso-Loeches
et al., 2010). Further, an alcohol binge in humans acutely increases
serum levels of the endotoxin lipopolysaccharide (LPS), which also
binds TLR4 and initiates pro-inflammatory signaling (Bala et al.,
2014). Alcohol and LPS activate TLR4, which initiates signaling
cascades and results in aberrant production of inflammatory media-
tors that may lead to neurodegeneration via oxidative stress
(Fernandez-Lizarbe et al., 2009).

TLR4-mediated, alcohol-induced immune signaling may also
influence subjective responses to alcohol. TLR4 activity is broadly
associated with alcohol-induced cognitive and behavioral changes in
rodents (Pascual et al., 2011). Specifically, rodent models have
demonstrated that TLR4 mediates the intoxicating effects of alco-
hol, as TLR4 knockout mice show a reduced duration of alcohol-
induced sedation and motor incoordination (Blednov et al., 2017).
Further, increased circulating LPS and increased inflammatory sig-
naling follow an alcohol binge in humans (Bala et al., 2014), and
activation of inflammatory signaling by LPS can increase alcohol
intake in mice (Blednov et al., 2011). Thus, TLR4 activation may
promote alcohol consumption within a drinking episode, perhaps by
influencing subjective responses to alcohol. Clarifying the role of
TLR4 in the context of alcohol use could elucidate the potential
influence of inflammatory signaling on these subjective responses,
and may thus shed light on mechanism(s) through which AUD treat-
ments can target the immune system. These questions have not yet
been directly examined, but the subjective effects of alcohol are
known to be an AUD risk factor (Newlin and Thomson, 1990; King
et al., 2011, 2014). The role of genetic variation in influencing this
relationship is an area of current interest and debate.

Relatedly, epigenetic effects may contribute to the relationship
between alcohol and TLR4-mediated inflammatory signaling.
Epigenetics refers to the biochemical changes that influence the final
product of a genetic locus without altering the DNA sequence. DNA
methylation is an epigenetic modification that exerts downstream
effects on gene transcription and expression. DNA methylation
tends to occur at cytosine–guanine (CpG) dinucleotides, often

clustered in gene promoter regions (Goldberg et al., 2007). The rela-
tionship between methylation and its downstream effects is highly
nuanced and can differ across genes and regions (Jones, 2012).
Emerging research suggests that TLR4 methylation may be asso-
ciated with decreased gene expression (i.e. suppressed TLR4), which
results in decreased immune responses and blunted inflammatory
signaling (e.g. Takahashi et al., 2009). We demonstrated that TLR4
is hypermethylated in AUD compared to control subjects (Hagerty
et al., 2016), suggesting that TLR4 methylation may promote, or be
caused by, heavy drinking.

The existing literature underscores the potential importance of
TLR4 methylation in the context of AUDs, but how TLR4 methyla-
tion is related to AUD remains unclear. For the present analysis, we
examined whether TLR4 methylation is related to subjective effects
of alcohol during intravenous (i.v.) alcohol infusion. Self-report data
from these same subjects have demonstrated that alcohol-craving is
associated with the subjective effects (i.e. stimulation and sedation)
of alcohol, and that this association depends on level of alcohol
dependence (Bujarski et al., 2017). Thus, given the link between sub-
jective effects and alcohol problems, evidence that inflammation
affects alcohol consumption following acute administration
(Blednov et al., 2011), and the potential mediating role of TLR4
methylation on alcohol-induced inflammatory signaling (e.g.
Alfonso-Loeches et al., 2010), we examined the relationship between
TLR4 methylation and subjective responses during an alcohol infu-
sion. In addition, given that heavier drinkers tend to experience
more positive (e.g. stimulating) effects from alcohol compared to
lighter drinkers, and because TLR4 methylation may mediate the
intoxicating effects of alcohol, we examined whether the relation-
ship between TLR4 methylation and subjective responses varies by
level of alcohol use. If TLR4 methylation is associated with
increased stimulation in heavier drinkers, relative to lighter drinkers,
this would suggest that TLR4-mediated inflammatory signaling is
altered in AUD, potentially underlying increased sensitivity to the
positive effects of alcohol, thereby underscoring the utility of TLR4
as a potential treatment target.

METHOD

Participants

This study was approved by the Human Research Review
Committee at the University of New Mexico. Data collection took
place over the course of three years from August 2008 to August
2011. Termination of data collection was planned for once the
desired sample size was achieved—no other rules were set about the
termination of data collection prior to beginning data collection.
Two-hundred and forty non-treatment seeking drinkers were
recruited from a large city in the Southwestern USA using flyers and
newspaper advertisements targeting drinkers ages 21–40. To
decrease the likelihood of participants experiencing adverse events
during the alcohol administration, participants were required to be
regular drinkers reporting at least three or more drinks (two for
women) at least twice per week and to report drinking alcohol
within the 7 days prior to their appointment. For the present ana-
lyses, all eligible participants were classified as either light-to-
moderate drinkers or heavy drinkers based on their self-reported
drinking habits on a 60-day Timeline Follow-back conducted at the
baseline session (see below). Heavy drinkers were defined based on
NIAAA’s heavy drinking criteria of 14+ drinks/week for men, 7+
drinks/week for women. All other participants were considered
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light-to-moderate drinkers. Thus, participants covered a broad range
of alcohol use behaviors. A total of 222 individuals had complete
data and were included in the present analysis. Exclusion criteria
were a history of depression with suicidal ideation or lifetime psych-
otic disorder. Additional description of these methods can be found
in prior publications from this study (Bujarski et al., 2015; Bujarski
et al., 2017). No other experimental manipulations were carried out
in this study that are not being reported on here or elsewhere.

Screening and baseline session

Participants completed initial screening via telephone, and eligible
participants were scheduled for a laboratory session. At the begin-
ning of this session, participants were breathalyzed to ensure that
they had not been drinking, and only individuals with a breath alco-
hol concentration (BrAC) of 0.000 were allowed to participate.
Subjects received informed consent from a trained research assistant
and were told that they would receive alcohol during the experiment
but remained blinded to the target dose and their BrAC throughout
the experiment. Participants completed a urine toxicology screen to
ensure no recent illicit drug use (other than cannabis), and women
received a urine pregnancy test. Subjects were instructed to abstain
from alcohol for 24 h before coming to their appointment. No expli-
cit instructions were given regarding cigarette smoking.

Participants provided a saliva sample (for DNA collection), were
administered the SCID and completed a battery of measures related
to personality, drinking history, drinking problems and family his-
tory of alcohol problems. Subjects also completed several cognitive
tasks that were not included in the present analyses. This in-person
assessment visit took approximately 2 h, after which participants
traveled with the experimenter to a university-based hospital for the
alcohol administration session.

Alcohol administration

Alcohol was administered via i.v. infusion, at the University General
Medical Research Center (GCRC) (O’Connor et al., 1998).
Participants were seated in a reclining chair and administered alco-
hol through an i.v. placed in their non-dominant arm. Following an
infusion protocol (Ray et al., 2013), participants were infused at a
rate of 0.166ml/min × body weight in kilograms (0.126ml/min ×
weight for women). For safety reasons, participants were infused at
half this rate for the first 5 min, and at the full rate for the remainder
of the infusion. Every 3–5min, breath alcohol concentration (BrAC)
was measured by the research assistant using a breathalyzer.
Physiological and self-report measures were assessed at BrACs of
0.02, 0.04 and 0.06 g/dl, which occurred 15, 30, and 45min into
the infusion, respectively. After reaching each target BrAC, infusion
rates were reduced by half to maintain BrAC while subjects com-
pleted self-report assessments. This procedure resulted in highly con-
trolled BrAC levels at each assessment (mean BrACs (SD): 0.020
(0.002), 0.040 (0.002) and 0.060 (0.002), respectively). Infusion
appointment times varied during normal business hours (e.g.
between 10 a.m. and 4 p.m.) based on participant availability.

Measures

Baseline
At baseline, participants completed a demographics questionnaire
containing information on age, sex, height, weight, marital status,
SES, occupation, income, education and race/ethnicity. Alcohol, can-
nabis and cigarette use were assessed using the timeline follow-back

(TLFB; Sobell and Sobell, 1992) and past-year and lifetime alcohol-
related problems were assessed with the alcohol use disorders identi-
fication test (AUDIT) (Saunders et al., 1993), which demonstrated
adequate reliability in this sample (10 items, α = 0.77).

Physiological
To obtain objective measures of stimulation in response to the infu-
sion, physiological measurements were taken throughout the infu-
sion. Specifically, heart rate was measured because prior research
suggests that alcohol-induced HR during the rising limb of the blood
alcohol curve is may be an index of alcohol-related stimulation
(Conrod et al., 2001), and blood pressure was measured given that
laboratory studies have demonstrated that acute alcohol administra-
tion is associated with increased blood pressure (Pierucci-Lagha
et al., 2005). Participants’ heart rate and blood pressure were mea-
sured by study staff using standard equipment four times on the
ascending limb (BrAC’s = 0.00, 0.02, 0.04, 0.06).

Self-report
During the infusion, self-report scales assessed changes in subjective
effects, craving and mood. The Alcohol Urge Questionnaire (AUQ),
which consists of eight items related to urge to drink, and rated on a
seven-point Likert scale anchored by ‘Strongly Disagree’ and
‘Strongly Agree,’ was used to assess craving. The AUQ has demon-
strated adequate internal consistency in studies of acute alcohol-
craving (Bohn et al., 1995) and was found to be highly reliable in
the present sample (α = 0.81–0.91 across all time points). The
Biphasic Alcohol Effects Scale (BAES), which has stimulation and
sedation subscales, was used to collect information on changes in
self-reported stimulation and sedation after alcohol administration.
The BAES has demonstrated good internal consistency with alphas
between 0.82 and 0.94 (Martin et al., 1993). In the present study,
both subscales demonstrated adequate reliability across all time
points (stimulation, which we examined as a measure of positive
arousal, seven items α = 0.89–0.93; sedation, seven items, α =
0.80–0.87). The Subjective High Assessment Scale (SHAS; Schuckit,
1984), which consists of brief descriptors of alcohol effects, was
used to assess subjective feelings of alcohol intoxication. This meas-
ure was highly reliable across all time points during and after the
infusion (α = 0.88–0.90). Finally, the Profile of Mood States
(POMS) was used to measure mood before, during and after alcohol
administration. The POMS is a reliable and valid measure of
momentary affect (McNair et al., 1992), and has demonstrated val-
idity in the context of alcohol administration (Ray et al., 2009). The
POMS tension (examined as a measure of negative subjective arou-
sal; 10 items, α = 0.68–0.75), depression (10 items, α = 0.61–0.70)
and happiness (10 items, α = 0.87–0.88) subscales were all exam-
ined in the present study. The POMS vigor subscale demonstrated
unacceptable α at baseline, and thus was not included in these
analyses.

DNA collection and methylation assay

Participants provided 5ml of saliva in a sterile 50ml conical centri-
fuge tube and stored in a refrigerator until the DNA was extracted.
Once extracted, DNA was quantified using Invitrogen’s Qubit™
dsDNA BR Assay Kit (Cat. no. Q-32853) and cryogenically stored
at −80°C. The average yield of DNA was 40 ± 5 μg. To prepare
samples for pyrosequencing analysis, we pulled the original DNA
that was extracted from the freezer and re-quantified and concen-
trated it to 20 ng/μl (1μg of DNA in 50μl of solution).
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To determine the methylation of CpG sites near the TLR4 pro-
motor, pyrosequencing was performed at EpigenDX (Worcester,
MA). Pyrosequencing quantitatively monitors the real-time incorp-
oration of nucleotides through the enzymatic conversion of released
pyrophosphate into a proportional light signal (Tost and Gut,
2007). The assay covered 4 CG dinucleotides in the first exon after
the 5′ untranslated transcription start site, ranging from +27 to +54
in reference to the translational start site (see Fig. 1). Site analysis
was based on the ability to generate primers located around CpG
islands and that meet the requirements required for accurate pyrose-
quencing. All primers are owned by EpigenDx. DNA methylation
procedures have been described in depth in our previous work
(Karoly et al., 2017). The methylation status of each locus in TLR4
was analyzed individually as a T/C SNP using QCpG software
(Pyrosequencing, Qiagen) (England and Pettersson, 2005). Analyzed
DNA was presented as percent methylation at each of the four
TLR4 CpGs. To reduce the number of tests conducted, and given
that methylation at each of the four sites was significantly correlated
(all rs > 0.9), an average percent methylation at each CpG was cal-
culated to form the average methylation score used in analyses. No
other corrections were applied to the methylation data.

Data analytic procedures

Analyses were conducted in Mplus Version 7.4 (Muthén and
Muthén, 1998). Latent growth models (LGMs) examined change in
physiological and subjective states during the infusion. Analyses were
conducted in two steps: (1) exploratory LGMs identified the best-
fitting growth structure for the data (Grimm et al., 2013; Wood et al.,
2015); and (2) confirmatory LGMs, incorporating the best-fitting
growth structures, estimated associations between TLR4 methylation
and the intercept and change factors. Covariates were included in step
2. Specifically, physiological outcome measures (e.g. blood pressure)
have demonstrated associations with age (e.g. Franklin et al., 1997),
sex and body mass index (Wilsgaard et al., 2000). Thus, age, sex,
height and weight have been included as covariates in models with
physiological outcome variables. Cannabis use, cigarette use and age
were included in TLR4 methylation models, given associations
between age and methylation (Bell et al., 2012), cigarette smoking
and methylation (Lee and Pausova, 2013) and the finding that canna-
binoids directly mediate TLR4-induced pro-inflammatory signaling
(e.g. Rajan et al., 2016; Fitzpatrick and Downer, 2017). Given the sex
differences in AUDs (e.g. Erol et al., 2017), sex was also included as a
covariate in models of subjective effects.

In step one, an atheoretical approach used exploratory LGMs to
model change during alcohol infusion. This analytic approach con-
sists of two accommodations to determine the best fit of growth to

the data (Grimm et al., 2013). First, the combination of intercept
and growth factors that provided the best fit was determined for
each measure. A sequence of models within an exploratory struc-
tural equation modeling (ESEM) framework was conducted on
four-time points during the ascending limb of the infusion: (1) a tau-
equivalent model which consisted of an intercept only (i.e. loadings
fixed to one for all waves); (2) a 1-factor model (i.e. loadings freely
estimated for each wave) and (3) a 1-factor+intercept model (i.e.
loadings freely estimated on one factor, fixed to one on the inter-
cept). The best-fitting model was chosen based on the Comparative
Fit Index (CFI) and root mean square error of approximation
(RMSEA). After determining the best-fitting model, indicator load-
ings were consulted to choose how to model change.

In step two, a LGM was chosen and incorporated into a final con-
firmatory model to assess the relationship between changes during
infusion, TLR4 methylation, and alcohol use. In confirmatory models
of subjective self-reported outcomes, growth factors were regressed on
sex as a covariate. For physiological outcomes, covariates were sex,
age, height, weight, cigarette use (number of cigarettes in past 60 days)
and cannabis use (number of days of cannabis use in the past 60 days).
Further, TLR4 methylation was regressed on age, cigarette use and
cannabis use. The regression coefficients of all covariates on growth
factors and TLR4methylation are provided in supplemental tables (see
Supplementary Tables S1–S3). Of primary interest, we assessed main
and interaction effects of TLR4 methylation and alcohol use (drinks
per week) on the intercept and change factors for each measure.

RESULTS

Participant demographic characteristics

The present analyses included 222 subjects (36.9% female, mean
age = 25.5 years [SD = 4.2]). One-hundred twenty-five met criteria
for the heavy drinking group and 97 met criteria for the light-
moderate drinking group. Racial and ethnic composition of the sam-
ple was reflective of the geographical region of the USA in which the
study took place (47.5% White, 1.8% Black, 1.8% Asian, 22.2%
Latino/a, 4.1% Native and 22.6% Mixed Race). In addition, 38%
of participants identified as Hispanic. Participants consumed an
average of 15.12 drinks per week (SD = 11.94), 4.96 drinks per
drinking day (SD = 2.62) and reported a mean AUDIT total score
of 12 (SD = 5.3). 58% of participants reported being regular cigar-
ette smokers, with average FTND total = 4.57 (SD = 3.45), average
number of smoking days on the 60-day TLFB = 22 (SD = 70.4) and
average number of cigarettes per smoking day = 3.17 (SD = 5.64).
About 20% of participants reported daily cigarette smoking over
the past 60 days. About 49% of participants reported any cannabis
use in the past 60 days, with average number of cannabis use days
on the TLFB = 12.19 (SD = 20.84).

Exploratory latent growth models

ESEM determined that a model with an intercept and linear change
across the ascending limb assessments best fit the data for all mea-
sures (Table 1). Estimating the final time point (at minute 45) pro-
vided optimal fit for most self-report measures (AUQ, BAES scales,
SHAS and POMS scales), and fixing the final time point to index lin-
ear change in BAC (BrAC = 0.06) provided optimal fit for physio-
logical measures (heart rate, blood pressure). These models provided
excellent fit for the AUQ, POMS depression, and POMS happiness
(RMSEA < 0.05; CFI > 0.98); adequate fit for diastolic blood pres-
sure, systolic blood pressure, heart rate, BAES stimulation, and

Fig. 1. Location of TLR4 CPGs. Four CpGs located within the first exon of

TLR4 were assayed. CpGs were chosen based on their proximity to the tran-

scription start site (TSS) and location within an important regulatory region

of the TLR4 gene. This figure was original published in Karoly et al.. (2017)
and is under copyright of Alcohol Research Documentation, Inc., publisher of

the Journal of Studies on Alcohol and Drugs. The figure is used with

permission.
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POMS tensions (RMSEA < 0.08, CFI > 0.95); and inadequate fit
for BAES sedation and SHAS. Thus, findings for the BAES sedation
and SHAS scales should be interpreted with caution.

Confirmatory latent growth models

The fit was adequate for all confirmatory LGMs (CFIs = 0.96–1.00,
RMSEAs = 0.001–0.076 [90% CIs = 0.00, 0.10]), except the SHAS,
for which results should be interpreted with caution. Table 2 dis-
plays main and interaction effects of TLR4 methylation and alcohol
use. TLR4 methylation was associated with increased happiness
(β = 0.19 SE = 0.09) and decreased subjective high (β = −0.14 SE =
0.07) during infusion. Opposing effects such as this (i.e. feeling both
happier and less subjective intoxication) can suggest underlying
moderation effects; however, it should be noted that statistical sig-
nificance was weak (ps = 0.04) and was absent when covariates
were excluded.

Interaction effects were significant for TLR4 methylation and
alcohol use on measures of self-reported arousal and physiological
arousal. TLR4 methylation and alcohol use were modeled as con-
tinuous, but effects displayed with participants grouped into heavy
drinkers (based on NIAAA’s heavy drinking criteria of 14+ drinks/

week for men, 7+ drinks/week for women) and light-moderate drin-
kers. There were similar interaction effects on the intercepts for
BAES stimulation (β = −0.23 [SE = 0.07], P < 0.01) and POMS ten-
sion (β = −0.18 [SE = 0.08], P = 0.02). The intercept is an index of
the variance shared by all time points. Thus, light-moderate drinkers
had positive associations between TLR4 methylation and measures
of stimulation (r = 0.24) and tension (r = 0.21), whereas heavy drin-
kers had negative associations (r’s = −0.15 to −0.21; see Fig. 2).
There were also significant interaction effects on the change over the
course of the infusion for tension (β = 0.31 [SE = 0.12], P < 0.01)
and systolic blood pressure (β = 0.74 [SE = 0.23], P < 0.01), and a
marginal effect for stimulation (β = 0.15 [SE = 0.08], P = 0.07).
Though the effect for stimulation does not meet statistical signifi-
cance, it was statistically significant prior to modeling covariates
and is consistent with the effects observed for tension and systolic
blood pressure. Nevertheless, less weight should be given to inter-
preting the effect of change in stimulation, relative to tension and
systolic blood pressure. Interaction effects were such that light-to-
moderate drinkers had decreased positive and negative self-reported
arousal with increasing methylation (stimulation r = −0.24, P =
0.02; tension r = −0.23, P = 0.03), and heavy drinkers had
increased positive arousal with increasing methylation (stimulation
r = 0.19, P = 0.03) as well as increased physiological arousal with
increasing methylation (systolic BP r = 0.19, P = 0.03) (Fig. 3).

DISCUSSION

TLR4 methylation was associated with changes in subjective arousal
and affective states during acute alcohol intoxication, depending
upon level of regular drinking. Among heavy drinkers, greater
methylation was associated with increases in positive self-reported
arousal (stimulation only) and physiological arousal (systolic BP)
during the infusion. For light-to-moderate drinkers, methylation was
associated with decreased positive and negative self-reported arousal
(stimulation and tension) during the infusion.

Given the role of TLR4 in mediating alcohol-induced inflamma-
tory signaling (Alfonso-Loeches et al., 2010), evidence that TLR4
methylation may be associated with reduced expression of TLR4
(e.g. Takahashi et al., 2009), and prior work demonstrating that
chronic inflammatory signaling is associated with negative arousal
in mice (Bercik et al., 2010), we hypothesize that greater TLR4
methylation may inhibit inflammatory signaling, thereby decreasing
immune-mediated effects of alcohol, and altering subjective arousal
(the valence of which may vary by expectancies and level of alcohol
consumption). Specifically, light-to-moderate drinkers may show a
negative relationship between TLR4 methylation and arousal (both
positive and negative) during the infusion because lighter drinkers
tend to report less stimulation and more sedation on the ascending
limb, compared to heavy drinkers (Morean and Corbin, 2009).
Blunted inflammatory signaling via TLR4 methylation may make
this difference even more pronounced. In contrast, among heavy
drinkers, who tend to experience more positive subjective effects
from alcohol compared to lighter drinkers, the blunted inflamma-
tory signaling associated with TLR4 methylation may be associated
with fewer subjectively aversive acute effects, thereby making the
rewarding effects (e.g. stimulation) even more salient. Further, heavy
drinkers tend to have more positive alcohol expectancies (Reich
et al., 2012), thereby promoting positive interpretations of elevated
physiological arousal (systolic BP). In summary, among heavy drin-
kers, higher levels of TLR4 methylation (and presumably reduced
inflammatory signaling) could ultimately promote further heavy

Table 1. Fit statistics for latent growth models of affect during alco-

hol infusion

Measure Model CFI RMSEA

AUQ Total Intercept Only 0.91 0.26
Intercept + Linear Change 0.97 0.15
Intercept + Free Change* 1.00 0.00

BAES Sedation Intercept Only 0.82 0.32
Intercept + Linear Change 0.93 0.23
Intercept + Free Change* 0.95 0.21

BAES Stimulation Intercept Only 0.90 0.28
Intercept + Linear Change 0.99 0.08
Intercept + Free Change* 1.00 0.00

SHAS Total Intercept Only 0.82 0.33
Intercept + Linear Change 0.89 0.30
Intercept + Free Change* 0.96 0.21

POMS Depression Intercept Only 0.99 0.08
Intercept + Linear Change 1.00 0.00
Intercept + Free Change* 1.00 0.00

POMS Happiness Intercept Only 0.98 0.14
Intercept + Linear Change 1.00 0.04
Intercept + Free Change* 1.00 0.00

POMS Tension Intercept Only 0.97 0.13
Intercept + Linear Change 0.99 0.08
Intercept + Free Change* 1.00 0.06

Heart Rate Intercept Only 0.97 0.15
Intercept + Linear Change* 0.99 0.07
Intercept + Free Change 0.99 0.11

Diastolic Blood Pressure Intercept Only 0.99 0.06
Intercept + Linear Change* 0.99 0.07
Intercept + Free Change 0.98 0.09

Systolic Blood Pressure Intercept Only 0.99 0.08
Intercept + Linear Change* 0.99 0.08
Intercept + Free Change 0.99 0.09

Note. Estimates are rounded to the nearest hundredth. The linear change
model fixed all four-time points to estimate linear change. The free change
model fixed the first three time points to estimate linear change and freely esti-
mated the final time point. AUQ, Alcohol Urge Questionnaire; BAES,
Biphasic Alcohol Effects Scale; SHAS, Subjective High Assessment Scale;
POMS, Profile of Mood States. *p < .05.
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Table 2. Main and interaction effects of alcohol use and TLR4 methylation on intercept and change factors in subjective and physiological

response during alcohol infusion

Outcome Growth factor Drinks/week TLR4 Methylation Drinking x TLR4

Subjective effects
AUQ Intercept 0.33 (0.07)*** −0.06 (0.07) 0.00 (0.07)
AUQ Slope 0.04 (0.08) −0.10 (0.08) −0.05 (0.08)
BAES Sedation Intercept 0.15 (0.07)* 0.12 (0.07) −0.03 (0.07)
BAES Sedation Slope −0.20 (0.07)** −0.11 (0.07) 0.05 (0.07)
BAES Stimulation Intercept −0.08 (0.08) 0.03 (0.08) −0.23 (0.07)**
BAES Stimulation Slope 0.01 (0.09) −0.03 (0.08) 0.15 (0.08)
SHAS Total Intercept NA NA NA
SHAS Total Slope −0.20 (0.07)** −0.14 (0.07)* −0.05 (0.07)
POMS Depression Intercept 0.11 (0.08) 0.03 (0.07) −0.14 (0.07)
POMS Depression Slope −0.02 (0.09) −0.13 (0.10) 0.15 (0.10)
POMS Happiness Intercept −0.08 (0.08) −0.04 (0.07) −0.13 (0.07)
POMS Happiness Slope 0.21 (0.10)* 0.19 (0.09)* 0.07 (0.09)
POMS Tension Intercept −0.05 (0.08) −0.04 (0.07) −0.18 (0.08)*
POMS Tension Slope 0.19 (0.11) −0.09 (0.11) 0.31 (0.12)**

Physiological effects
Heart Rate Intercept 0.09 (0.07) 0.05 (0.07) 0.10 (0.07)
Heart Rate Slope 0.05 (0.10) 0.04 (0.10) −0.05 (0.09)
Diastolic BP Intercept 0.17 (0.08)* 0.01 (0.08) −0.03 (0.08)
Diastolic BP Slope 0.03 (0.35) 0.20 (0.47) −0.10 (0.37)
Systolic BP Intercept 0.08 (0.07) −0.02 (0.07) −0.10 (0.07)
Systolic BP Slope 0.24 (0.33) 0.00 (0.33) 0.74 (0.23)**

AUQ, Alcohol Urge Questionnaire; BAES, Biphasic Alcohol Effects Scale; SHAS, Subjective High Assessment Scale; POMS, Profile of Mood States.
Note. ***P < 0.001, **P < 0.01, *P < 0.05, P < 0.10. Estimates are standardized path coefficients, with standard errors in parentheses. Models fitted were the

best-fitting models identified by exploratory structural equation models (see Table 1). NA, intercept effects were not tested for subjective effects of alcohol as there
was not enough variability in subjective high at baseline (prior to alcohol infusion) to test this effect.
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Fig. 2. Associations between TLR4 methylation and arousal (intercepts) among heavy and light-moderate drinkers. Among heavy drinkers, TLR4 methylation

was associated with decreased tension and stimulation, and among light-to-moderate drinkers TLR4 methylation was associated with greater tension and

stimulation.
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drinking by increasing the positive (stimulating) effects of alcohol
(King et al., 2011). Future research should explore TLR4 methyla-
tion and inflammation as potential risk factors for heavy drinking or
relapse.

Contrary to hypotheses, TLR4 methylation was unrelated to
craving (i.e. AUQ) during the infusion. This contrasts prior work
linking craving to subjective alcohol responses (Bujarski et al., 2017)
and inflammation (Leclercq et al., 2012). In light of these findings,
we speculate that inflammation may not directly drive inter-episode
desire to drink, but it may be related to the subjective effects of alco-
hol and promote drinking after BAC has come down (Blednov et al.,
2011). Future research should measure inflammation during an
acute drinking episode and assess subsequent alcohol use to deter-
mine whether inflammatory responses during an acute bout of
drinking predict future drinking.

Limitations and future directions

This work has several limitations that should be considered. First,
although we selected TLR4 CpGs due to their location within a
regulatory region of TLR4, it is possible that methylation elsewhere
in TLR4 would confer different effects. In addition, the relationship
between TLR4 methylation and gene expression was not directly
measured. We hypothesized that TLR4 methylation may decrease
gene expression, thereby blunting inflammatory signaling, as TLR4
methylation has been associated with TLR4 silencing in several cell
types (Takahashi et al., 2009). However, it should be noted that the
present study measured TLR4 methylation only in saliva, and prior
work has demonstrated increased TLR4 expression in post-mortem
alcoholic human brain tissue (e.g. Crews et al., 2013). Given our
prior work linking AUD to increased TLR4 methylation in brain

tissue (Hagerty et al., 2016), it seems plausible that the relationship
between TLR4 methylation and expression may differ across tissue
types (e.g. increased methylation may be associated with increased
expression in brain tissue and decreased expression in peripheral tis-
sues). Although emerging work has demonstrated associations
between buccal and brain tissue methylation (Smith et al., 2015),
and we previously found that methylation of numerous CpGs
(including CpGs in TLR4) differed significantly between AUD and
control subjects and was consistent across brain and buccal cells
(Hagerty et al., 2016), further studies are needed to directly measure
the relationships between TLR4 methylation and TLR4 expression
in human brain and peripheral tissue—and between alcohol and
immune signaling more generally—across tissue types. For example,
a recent study used positron emission tomography (PET) imaging to
measure brain levels of 18-kDa translocator protein (TSPO), a
marker of microglial activation and neuroinflammation, in alcohol-
dependent and control subjects, and demonstrated that alcohol
dependence was associated with decreased TSPO and blunted per-
ipheral pro-inflammatory responses (Hillmer et al., 2017). These
findings are in contrast to prior work (e.g. Crews et al., 2013), and
underscore the importance of continued exploration in this area.

It should also be noted that given that the alcohol infusion only
explored BrAC levels up to 0.06, BrAC levels typically reached by hea-
vy drinkers were likely not examined. Differences in subjective experi-
ences may emerge at higher BrAC levels for heavy drinkers, and those
differences may be related to TLR4 and inflammation. Specifically, hea-
vy drinkers are typically more sensitive to alcohol’s rewarding and
stimulating effects, and this effect may become more pronounced at
higher BrAC levels, when alcohol’s effects become more aversive for
lighter drinkers. Such effects may be largely explained by alcohol
expectancies and family history, but inflammatory response may also
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Fig. 3. Associations between TLR4 methylation and standardized change in arousal among heavy and light-to-moderate drinkers. Among heavy drinkers, TLR4

methylation was associated with significant increases in stimulation and systolic blood pressure from baseline (BAC = 0.00) to Time 3 (BAC = 0.06) and among

light-to-moderate drinkers TLR4 methylation was associated with significant decreases in tension and stimulation from baseline to Time 3.
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modulate alcohol’s rewarding and aversive effects. Although future
studies could shed light on these questions, there are substantial ethical
considerations when conducting alcohol challenge studies.

Another minor limitation is that the heavy drinkers in the pre-
sent study were not required to have a diagnosed AUD. This limits
comparisons between the present results and our previous work
(e.g. Hagerty et al., 2016), given that the prior study examined indi-
viduals with alcohol dependence. Finally, data were collected at a
single assessment, and thus do not address the causal nature of the
relations observed. Longitudinal data are needed to draw causal
conclusions about the relationship between TLR4 methylation and
alcohol-related stimulation, in which alcohol use and TLR4 methy-
lation are observed over time, to examine whether the relationship
between TLR4 methylation and subjective responses changes at the
within-subject level based upon level of alcohol consumption.

Conclusions

These findings suggest that TLR4-mediated inflammatory signaling
may broadly underlie physiological arousal during acute intoxication,
but not specifically relate to craving. However, given the link between
subjective responses and craving (Bujarski et al., 2017), immune-
mediating treatments could indirectly promote drinking behavior
by modulating subjective responses such as arousal. Overall, results
support a role for TLR4-mediated signaling in influencing acute
responses to alcohol, and implicate physiological arousal as subjective
responses that could be linked to inflammation. The TLR4-mediated
signaling cascade may thus be an important possible treatment target.
However, because of potential differences in alcohol-induced immune
responses in central and peripheral tissues, explicating potential treat-
ment implications will require animal and post-mortem human brain
studies to examine relationships between alcohol consumption and
TLR4 methylation and expression, as well as concordance between
TLR4 methylation and expression across tissue types. Further, human
research is needed to examine the effects of alcohol-induced inflam-
mation in the brain (e.g. using PET imaging of TSPO) and periphery
on acute responses to alcohol and long-term drinking patterns.
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