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Abstract

Background: Alcohol consumption is linked to decreased platelet function. Whether this link is dependent on sex or type of beverage remains
unclear.

Methods: Cross-sectional data were obtained from the Framingham Heart Study (N=3427). Alcohol consumption was assessed by using
standardized medical history and Harvard semi-quantitative food frequency questionnaires. Five bioassays measured 120 platelet reactivity traits
across agonists in whole-blood and platelet-rich plasma samples. Linear mixed-effects models adjusted for age, sex and aspirin use, hyperten-
sion, body mass index, cholesterol, high-density lipoprotein, triglycerides, smoking and diabetes evaluated associations between platelet
reactivity and alcohol consumption. Beta effects, the regression coefficients that estimate the amount of change in each unit of the predictor
variable whereas all other predictor variables remain fixed, for heavy alcohol consumption were compared with effects of aspirin use.

Results: Alcohol consumption was associated with decreased platelet reactivity, with more associations among wine and liquor compared with
beer. Many platelet—alcohol associations in the full sample (86%, P< 0.01) had larger effect sizes in females. Lower light transmission aggreg-
ometry adenosine diphosphate (1.82uM) maximum aggregation (P=2.6E-3, 95% Cl=-0.07, -0.02, f=-0.042) and area under the curve
(P=7.7E-3, 95% Cl=-0.07, -0.01, f#=-0.039) were associated with white wine consumption; however, red wine had no associations with
platelet reactivity. The effect of aspirin use was on average 11.3 (+4.0) times greater than that of heavy drinking in our full sample.

Conclusions: We confirm associations between alcohol consumption and decreased platelet reactivity. Effects appeared larger for liquor and
wine intake and in our female cohort. Red wine consumption is not associated with lower platelet function, contrasting with prior population
studies. Although we report an inhibitory relationship between alcohol intake and platelet function, these effects appear much smaller than that
of aspirin use.
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Key Messages

* Heavy drinking (>8 drinks per week for females and >15 drinks per week for males) is associated with decreased platelet reactivity in
both females and males across a wide range of platelet traits.

* Habitual wine and liquor consumption showed the most associations with the largest effects on decreased platelet reactivity, particularly
in our female sample.

¢ Alcohol consumption is unlikely to be of great utility in thrombosis prevention since the effect of aspirin associations are greater on the
same platelet reactivity traits compared with heavy alcohol consumption.

* QOur research does not suggest that increased alcohol consumption is a holistic approach to cardiovascular risk prevention, especially
when considering health risks related to heavy alcohol consumption.

Introduction

The relationship between cardiovascular disease (CVD) and cardioprotective benefits for individuals who are at risk of
alcohol consumption is intricate and multifactorial. Both epi-  atherothrombotic-related diseases such as myocardial infarc-
demiological and experimental data seem to suggest that  tion (MI), peripheral artery disease and cardiac death.'”
light-to-moderate alcohol consumption is associated with ~ Comparably, studies have demonstrated a U- or J-shaped
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correlation between cardiovascular health and alcohol intake
where heavy or binge drinking has been noted to increase the
risk of ischaemic strokes, fatal coronary heart disease and re-
lated sudden deaths.®™°

Whereas some of the physiological details underlying this
relationship have been elucidated, others remain inadequately
understood. For example, increases in high-density lipopro-
tein (HDL) levels, concentrations of total fatty acids and
blood pressure, along with decreases in low-density lipopro-
tein levels in response to alcohol consumption, have been
common explanations used to describe subsequent reductions
in CVD risk. Yet, the question remains as to whether these
biomarkers are causally related to the observed cardioprotec-
tive outcomes.”' %3 Furthermore, it is speculated that the
beneficial effects of alcohol consumption are attributable to
the phenolic antioxidant compounds found in certain alco-
holic beverages that biologically neutralize reactive oxygen
species.' The regular consumption of red wine has been cen-
tral to these hypotheses; however, these results are unresolved
due to the speculated bioavailability of wine flavonoids and
polyphenols.'*'®

To understand how these hemostatic associations are medi-
ated, prior studies have investigated the relationship between
alcohol consumption and platelet aggregate formation, and
other measurements of platelet reactivity. Hyperreactive
platelet function is an undesirable health condition that
increases the risk of thrombotic morbidity and mortality, par-
ticularly in older adults.'” Results suggest that generally alco-
hol consumption decreases platelet reactivity and alters
platelet function.'-!8:19:20:21:22:23 15 yiyo experiments,
moderate concentrations of ethanol act as inhibitors of
thromboxane (Tx) A, formation and secondary platelet ag-
gregation to agonists such as adenosine diphosphate (ADP),
epinephrine and collagen.”*** In cases of binge drinking and
alcohol withdrawals, Hillbom et al.2° showed increased TxA,
levels and hyperaggregability that was speculated to cause
increases in ischaemic stroke. Previous epidemiological and
experimental studies have generally reported congruent find-
ings for the association between alcohol consumption and
platelet reactivity.'”*"*® However, these studies did not in-
vestigate the possibility that associations are dependent on
sex and alcoholic beverage type (wine, liquor or beer) in large
well-powered samples, which further limits the conclusions
that can be drawn from the results.

To further explore the relationship between alcohol con-
sumption and platelet reactivity, we investigated five separate
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platelet function assays and three alcoholic beverage types
(wine, liquor and beer) within both males and females en-
rolled in the Framingham Heart Study (FHS). The effect sizes
of our attenuated platelet function results were then com-
pared with the effect of aspirin in hopes of elucidating the
broader clinical relevance of alcohol consumption as a pre-
vention strategy for CVD through platelet-mediated
mechanisms.

Methods

Study sample

The FHS is a longitudinal cardiovascular cohort study based
on community members from Framingham, MA. Cross-
sectional data were collected from participants enrolled in the
Generation 3 (Gen 3), New Offspring Spouse (NOS) and eth-
nically diverse OMNI 2 cohorts during the third examination
cycle (2016-19). Only two individuals were excluded from
the analysis due to missing alcohol consumption information,
resulting in 3427 participants in our study (Table 1).
Recruitment and epidemiological details of the FHS cohorts
have been previously outlined.*’

Blood collection and platelet assays

Participant blood was drawn in resting supine position the
morning subsequent to an overnight fasting period. Five bio-
assays including light transmission aggregometry (LTA) using
an eight-channel aggregometer (Bio/Data, Horsham, PA),
Optimul 96-well aggregometry (Chan 2011; Chan 2012),
flow cytometry using an Accuri C6 (BD Biosciences, Santa
Cruz, CA), Multiplate® whole-blood impedance aggregome-
try (MP) (Roche Diagnostics) and Total-Thrombus
Formation Assay System (T-TAS) (Zacros, Tokyo, Japan)
were used to measure platelet reactivity traits across several
agonists in both platelet-rich plasma isolated from 4.5-mL so-
dium citrate (1:9) tubes (BD; San Jose, CA) and whole-blood
samples from 3.0-mL hirudin anti-coagulated tubes
(Diapharma; West Chester, OH). Detailed platelet assay
parameters are previously described®® and are shown in
Figure 1. Additional assay-specific information, including
platelet reactivity positive beta interpretations, can be found
in Supplementary Table S1 (available as Supplementary data
at IJE online).

Table 1. Demographic and health characteristics of participants in the Framingham Heart Study Exam 3

Characteristic Drinking category

0 >0to <2vs0 >2to <8vs0 >8to <14 vs 0 >15vs 0 P
Number of participants 803 800 907 657 260 -
Male 42.2% 33.6% 43.2% 59.1% 76.2% 3.12E-41
Age (years) 56.5+9.5 54.0x9.1 53.0%9.0 54.1=8.9 55.0x9.9 3.25E-7
Average drinks/week 0 1.0+0.6 43+1.3 9.6 2.5 23.4+10.7 <SE-324
Current smoker 7.8% 4.1% 5.0% 7.8% 13.8% 3.92E-7
BMI (kg/m?) 29.7+6.5 28.9+6.2 27.8%5.5 27.9%35.1 28.3+4.7 3.96E-11
Diabetes 5.7% 2.5% 1.0% 2.1% 1.5% 8.4E-14
Hypertension 56.1% 48.8% 47.5% 62.7% 65.0% 6.29E-6
Total cholesterol level (mg/dL) 182.4+37.3 185.7£34.2 191.9+£37.6 1952 +£35.5 197.5£35.5 5.93E-15
HDL-C level (mg/dL) 53.5x16.7 58.6+18.1 62.0=19.8 63.3x21.6 62.3+19.0 4.53E-25
Triglyceride level (mg/dL) 119.0£73.2 109.1£76.0 105.0£70.3 115.7 £90.2 126.9 £ 104.6 6.38E-4

BMI, body mass index; HDL-C, high-density lipoprotein cholesterol.
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Figure 1. Framingham Heart Study Exam 3 overview and design adapted from Grech et a/.*® Primary platelet agonists and concentrations are organized
for each of the five separate platelet assays conducted. Platelet reactivity traits measure increased reactivity in terms of increased aggregation, PAC-1
(activated GP Ilb/llla) and CD62P (platelet surface P-selectin) stimulation and thrombus formation, as well as decreased reactivity in terms of lag time,

disaggregation and concentration needed to meet % aggregation

Alcohol intake measurement

Quantitative consumption of alcohol was measured through
a standardized medical history questionnaire administered by
a FHS provider at the time of blood collection. Exam ques-
tions assessed quantitative weekly and monthly alcohol con-
sumption by alcohol type for wine (4 0z), liquor (10z) and
beer (12 0z). Drink units measured in the FHS questionnaire
differed in grams of alcohol per drink; therefore, we standard-
ized grams of alcohol per drink to ~14 g. Total alcohol con-
sumption, measured in drinks per week, was categorized into
five drinking categories for males and females (0 drinks, 0 to
<2 drinks, >2 to <8 drinks, >8 to <15 drinks, >15 drinks)
similarly to prior studies”'” and in accordance to the Centers
for Disease Control and Prevention (CDC), which defines
heavy alcohol use as >8 drinks per week for a female or >15
drinks per week for a male.®! Individual white and red wine
consumption was measured using the Harvard semi-
quantitative food frequency questionnaire (FFQ). Prior to the
exam, FFQs were mailed to participants with instructions on
how to accurately self-fill the questionnaire. Missing or in-
complete questionnaires were not included (7= 621), result-
ing in a smaller sample size of 2806 FFQs for analysis. The
FFQ contains a checklist of foods and beverages with a stan-
dard serving size and a response section for participants to re-
port how often each item was consumed annually.’?
Alcoholic beverage serving sizes in the FFQ were defined as a
5-o0z glass of wine, 12-oz bottle of beer and 1.5-0z shot of li-
quor. Participants were able to answer their individual drink-
ing pattern from nine frequency categories (Never or less than
once per month, 1-3 drinks per month, 1 drink per week, 2-4
drinks per week, 5-6 drinks per week, 1 drink per day, 2-3
drinks per day, 4-5 drinks per day, >6 drinks per day). FFQ
drinking range categories were rounded into narrow weekly
categories for analyses: 0.47 (1-3 drinks per month), 3 (2-4

drinks per week), 5.5 (5-6 drinks per week), 7 (1 drink per
day), 17.5 (2-3 drinks per day), 31.5 (4-5 drinks per day)
and 42 (>6 drinks per day) drinks per week.

Statistical analyses

Five main analyses were conducted. The first and second
assessed categorical and quantitative alcohol consumption,
respectively. In our categorical alcohol consumption analysis,
a global P-value based on the Wald chi-square statistic was
reported for each trait where 0 drinks per week or no alcohol
consumption was used as the reference group. Sex interac-
tions among quantitative alcohol consumption were investi-
gated in our third analysis. Our fourth analysis focused on
alcohol intake in individuals who only consumed either red or
white wine. Lastly, we performed an analysis to infer whether
the effect size of aspirin use was larger than the effect size of
the heavy drinking indicator (>8 and >15 drinks per week
for females and males, respectively), where the drinking cate-
gories were further dichotomized. One-sided statistical testing
was used to derive P-values for the aspirin use versus heavy
drinking analysis whereas two-sided statistical tests were used
to derive all other P-values. Beta regression coefficients esti-
mate the amount of change in each unit of the predictor vari-
able whereas all other predictor variables remain fixed. All
analyses were conducted using the R language and environ-
ment.*? P-values of <5E-324 were reported as the SE-324, as
this is the minimum value computed by R. We performed in-
verse normal transformations to all platelet reactivity traits.
Transformed traits were then analysed using a linear mixed-
effects model implemented in the GMMAT (Generalized
Linear Mixed Model Association Tests) R package (https://
cran.r-project.org/web/packagess GMMAT/index.html)  that
accounted for familial correlation and was adjusted for age,
sex, aspirin use, hypertension (HTN), body mass index


https://cran.r-project.org/web/packages/GMMAT/index.html
https://cran.r-project.org/web/packages/GMMAT/index.html
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(BMI), total cholesterol, HDL levels, triglycerides, smoking
and diabetes. We found that the LTA area under the curve
(AUC) calculations were not comparable with instrument
built-in software (PAP-8E, BioData, Inc.) for uncommon
occurrences in which data collection varied from the standard
6-min duration. This was addressed by recomputing the AUC
from the raw data aggregation percentages (measured every
0.5s), rescaling between 0 and 1, and dividing the output by
the total duration of the assay after agonist injection, in sec-
onds, resulting in a standardized AUC with values ranging
from 0 to 1.

flowAl

To minimize the impact of abnormal events due mainly to
pressure fluctuations during data acquisition and to exclude
events affected by technical artefacts, we performed quality
control on all compensated Flow Cytometric Standard (fcs)
files using the flowAl package (version1.12.7)** on Flow]Jo
(version 10.7.1).*° The flowAl package allows the screening,
selection and exclusion of bad-quality events, based on the
evaluation of flow rate abnormalities, parameter instability
and omission of fluorescence signals or events that fall out of
the specific dynamic range of each fluorescence channel.**

Results

Study sample

Overall characteristics of health for participants in the FHS
cohort were categorized by sex and categorical weekly drink-
ing quantity (Table 1). Our population sample had a mean
age of 54.5 years and was 53.4% female. Of the 3427 partici-
pants in our study, 1247 male participants (78.6%) and 1377
female participants (74.8%) reported weekly alcohol con-
sumption (Table 2). Sample sizes varied between platelet
assays due to differences in blood collection availability
throughout Exam 3 and can be found in Supplementary
Tables S2-S8 (available as Supplementary data at IJE online).

Alcohol consumption in FHS

In the Exam 3 FHS sample, female participants generally con-
sumed less alcohol compared with male participants, resulting
in higher percentages of male drinkers in the top drinking cat-
egories (>8 to <15 drinks per week: 59.1%, >15 drinks:
76.2%). A more quantitative look at the drinking patterns in
the FHS sample stratified by sex and type of alcoholic bever-
age agreed with the drinking patterns of the categorical drink-
ing groups and revealed that after excluding non-drinkers,
male participants consumed an average of 8.5 drinks per
week whereas female participants consumed an average of
4.8 drinks per week (P=1.69E-41). Generally, males con-
sumed more beer (4.5 drinks per week) compared with wine
(2.2 drinks per week) and liquor (2.0 drinks per week) bever-
ages and females consumed more wine (3.0 drinks per week)
compared with beer (1.0 drinks per week) and liquor (0.8
drinks per week) beverages. Preferences in beverage type be-
tween our male and female cohorts were most distinct in indi-
viduals who only consumed beer or wine from the three
beverage types. Of the individuals who only drank beer
(n=2338), 73% were male; moreover, of the individuals who
only drank wine (n=451), 87% were female. Sample sizes
and quantitative intake details for each alcoholic beverage
type consumed by participants can be found in Table 2.
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Alcohol consumption and platelet reactivity traits

Our categorical alcohol consumption analysis revealed 20
platelet reactivity traits associated with alcohol consumption
(P <0.01). The mild drinkers (0 to <2 drinks per week) cate-
gory revealed a single increased platelet reactivity association
for ADP (middle concentration, 1.82 pM) secondary wave %
aggregation in LTA (P=8.27E-03, 95% CI = 0.03, 0.17,
f=0.097) compared with the reference group (0 drinks per
week of alcohol consumption). We observed six, four and
nine decreased platelet reactivity traits associated with the >2
to <8, >8 to <15 and >15 drinks per week alcohol consump-
tion categories, respectively (Supplementary Table S2, avail-
able as Supplementary data at IJE online). Optimul trait
U46619 (TxA2 receptor mimetic) maximal % aggregation
was the only trait that showed associations with the top three
drinking categories with a P-value of <0.01. The heavy drink-
ing indicator primarily showed associations with decreased
LTA AUC (P=1.1E-3, 95% CI=-0.44, -0.11, f=-0.273),
maximal (P=8.7E-4, 95% CI=-0.44,-0.12, $=-0.280), fi-
nal (P =2.5E-3, 95% CI=-0.41, -0.09, §=-0.249) and pri-
mary wave (P=7.5E-3, 95% CI=-0.40, -0.08, f=-0.227)
% aggregations in response to ADP stimulation (0.95 uM), as
well as Optimul traits U46619 concentration needed to reach
20% aggregation (P=6.0E-3, 95% CI=-0.44, -0.07,
p=-0.256), 40% aggregation (P=8.2E-3, 95% Cl=-0.42,
-0.06, f=-0.242), maximal % aggregation (P=4.5E-3,
95% Cl=-0.44, -0.08, $=-0.259) and AUC (P=4.1E-3,
95% CI=-0.44, -0.08, f=-0.261) across the concentration
range (0.005, 0.02, 0.10, 0.44, 1.98, 8.89 and 40uM).
Patterns of associations between platelet reactivity traits and
the heavier drinking categories suggests an inhibitory dose-re-
sponse relationship between alcohol consumption and plate-
lets. For the same traits showing a P<0.01 in both >8 to
<15 vs 0, and >15 vs 0 drinks per week analyses, the magni-
tude of the effect on the platelet trait was on average greater
in the heaviest drinking group (Figure 2). Correspondingly,
our quantitative analysis for total alcohol consumption
revealed seven traits with decreased platelet reactivity in re-
sponse to all concentrations of ADP (low: 0.95uM, mid:
1.82 uM and high: 5.71 pM) and U46619 agonists associated
with total alcohol consumption amount (P < 0.01 in all sam-
ples). The top 10 strongest platelet reactivity trait associations
for quantitative analysis of each beverage consumption type
are summarized in Table 3, together with sex-stratified and
sex-interaction results from separate analyses. Notably, of the
three beverage types, we observed that a majority of the plate-
let reactivity traits with a P-value of <0.01 were associated
with wine and liquor consumption and not beer in the full
sample, and especially in our female sample (Figure 3 and
Supplementary Table S3, available as Supplementary data at
IJE online). In addition, we show that the largest negative
platelet effects are among liquor consumption (seven traits
P <0.01, mean $=-0.022 = 0.002) compared with wine (six
traits P <0.01, mean f=-0.015 = 0.002). The majority of
associations (86% at P<0.01) tended to have larger effect
sizes in our female sample. Sex—total alcohol consumption in-
teraction tests revealed 25 platelet traits associated with the
interaction (6 traits P<0.001, 19 traits P<0.01)
(Supplementary Table S4, available as Supplementary data at
IJE online). Of these 25 platelet traits, only two were associ-
ated (P < 0.01) with total alcohol consumption in the overall
sample. When looking at distinguishing between the three al-
cohol types, sex-interaction tests showed similar associations
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Table 2. Sample sizes and quantitative consumption (mean * standard deviation) for each alcoholic beverage type consumed by participants in the Framingham Heart Study Generation 3/New Offspring Spouse/
OMNI 2 Exam 3°

All alcohol consumption Any wine drinkers Only wine drinkers Any beer drinkers Only beer drinkers Any liquor drinkers Only liquor drinkers
Male Female Male Female Male Female Male Female Male Female Male Female Male Female
Sample (1) 1247 1377 739 1125 58 393 1052 610 247 91 706 667 63 101
Age (years) 54.6 9.3 542+93 54.6*x9.8 53.7x9.1 575*+83 558x92 53.7x92 §519+88 54.0x84 512x88 53.8x9.5 53.1x86 53.7x9.1 54.7+£9.2
Drinks/week 8.6 £9.1 4.8+5.0 91+x82 51x48 33*x37 37%x44 91*x91 §8*x54 76x112 3.7x6.0 100x9.1 54=£50 S5.1x£58 2.0=x34
Beers/week 45+6.9 1.0x2.7 3.5%45 07x1.8 0 0 53+x72 22%x37 7.6x112 3.7x6.0 39x52 09=x25 0 0
Wine/week 2.2+40 3.0x4.0 3.7+x46 3.7x41 33x37 37x44 20x3.7 29*39 0 0 26*+45 28*x3.7 0 0
Red wine/week" 1.5+1.6 1.5+1.6 23*+x16 18*x16 22*x1.7 15*x17 15*x16 16=*x1.6 0 0 1617 15=x1.6 0 0
White wine/week? 0.8 = 1.4 1.5£1.7 12+16 18*x1.7 11x17 19*x18 07x13 14=x1.6 0 0 1.0£16 15=x1.6 0 0
Liquor/week 20*x44 0.8*1.8 20%x45 07=x1S5 0 0 1.7+3.7 08=x17 0 0 3454 16*+23 51x58 20x34

* Generation 3 represents the third generation of the Framingham Heart Study. The New Offspring Spouse cohort represents the spouses of offspring participants who were not otherwise enrolled and had at least two
biological children in the Generation 3 cohort. OMNI 2 represents a second generation of the ethnically diverse cohort at the Framingham Heart Study. All three cohorts were seen during the third exam period (2016—
19).
" All reported values in the table are based on questions at the time of the exam, except for red and white wine consumption, which were assessed by using mail-out food frequency questionnaires and reflect varying
time periods from the platelet data collection.
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Figure 2. Box plot with jittered data points assessing categorical alcohol consumption in the full, female and male samples. 120 distinct platelet traits are
plotted by alcohol consumption group (x-axis) and effect size (y-axis). Positive beta effects that indicate decreased platelet reactivity (e.g. Aa_LagTim,
AAagg20, AAech0, etc.; full table in Supplementary Table S1, available as Supplementary data at /JE online) are flipped to represent the correct effect of
the trait. Traits are adjusted for age, sex, aspirin use, hypertension, body mass index, cholesterol, high-density lipoprotein, triglycerides, smoking and
diabetes. Jittered data points representing a platelet trait with a P-value of <0.01 are coloured in black, whereas platelet traits with a P-value of >0.01 are

represented by a grey-coloured data point

among all three alcohol types indicating effect size differences
between males and females. Of the platelet traits associated
with the specific beverage type of either beer (0 traits
P <0.01), liquor (7 traits P < 0.01) or wine (5 traits P < 0.01)
consumption, we found no interactions with sex. It is possible
that the overall pattern of decreased platelet reactivity traits
with a P-value of <0.01 among our female sample may par-
tially reflect the observed preference for wine consumption.

Red wine vs white wine drinking

Total (n=1663), red (n=1377) and white (z=1147) wine
consumption data were utilized from the FFQ data sets result-
ing in smaller overall sample sizes for analysis. To assess a
Pearson correlation, wine consumption data collected from
the FFQs were fit to wine consumption data collected from
the FHS exam questions, resulting in an R-value of 0.8142
(P<1E-5) (Supplementary Table S5, available as
Supplementary data at IJE online). Among individuals who
consumed red wine only (7=72) in this subsample analysis,
we observed no associations with platelet reactivity
(Supplementary Table S6, available as Supplementary data at
IJE online). On the other hand, our analysis revealed two
platelet reactivity traits (P < 0.01) associated with white-wine-
only consumption (7= 108) (Supplementary Table S7, avail-
able as Supplementary data at IJE online). White wine con-
sumption was primarily associated with lower LTA ADP
(1.82 uM) maximum aggregation (P=2.6E-3,
95% CI=-0.07, -0.02, f=-0.042) and AUC (P="7.7E-3,
95% CI=-0.07,-0.01, f=-0.039).

Effect of aspirin vs alcohol on platelet inhibition

In order to give a broader insight into the effect size of the
antiplatelet effect of alcohol, we conducted an analysis that
evaluated whether the effect size of aspirin inhibition was
greater than that of heavy alcohol consumption (>8 and >15
drinks/week for females and males, respectively). In the full
sample, results showed that of the 11 platelet traits associated
with heavy drinking, 9 (82%) had negative effect sizes smaller
than that of aspirin use (P < 1.83E-22), where on average, the
effect of aspirin use was 11.3 (=4.0) times greater than that
of heavy drinking (Supplementary Table S8, available as
Supplementary data at IJE online). Box plots displaying a
comparison of the effects for all platelet traits in either the
heavy alcohol consumption analyses and/or the aspirin analy-
ses broadly illustrate the larger effect size of aspirin compared
with heavy drinking (Figure 4).

Discussion

In this cross-sectional analysis of FHS participants, we show
numerous associations between heavy alcohol consumption
(>8 drinks per week for females and >135 drinks per week for
males) and attenuated platelet reactivity traits among both
male and female participants. Wine and liquor beverages
were observed to have a stronger relationship with reduced
platelet aggregation with more associated platelet traits and
larger effect sizes compared with beer when differentiating be-
tween alcoholic beverage type. Differences are observed
within the alcohol consumption—platelet reactivity relation-
ship for males and females, where sex-interaction tests
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Table 3. Top 10 platelet reactivity traits associated with any beer, liquor and wine consumption along with their sex-stratified and sex-interaction results (separate

analyses)
Total Male Female Sex interaction

Type Trait Assay® Beta SE P Beta SE P Beta SE P Beta SE P
Alcohol  ADPlow_MaxAgg LTA -0.0088 0.0028 0.0019 -0.0071 0.0033 0.0327 -0.0145 0.0059 0.0140 -0.0882 0.0375 0.0185
Alcohol  ADPlow_AUC.std LTA -0.0087 0.0028 0.0021 -0.0071 0.0031 0.0234 -0.0140 0.0062 0.0236 -0.1198 0.0374 0.0014
Alcohol  ADPlow_FinAgg LTA -0.0084 0.0028 0.0025 -0.0063 0.0030 0.0359 -0.0144 0.0061 0.0183 -0.1190 0.0366 0.0011
Alcohol  ADPmid_PrimAgg LTA -0.0077 0.0028 0.0052 -0.0072 0.0033 0.0265 -0.0088 0.0057 0.1195 -0.0568 0.0361 0.1150
Alcohol  U46619eMax Optimul  -0.0086 0.0031 0.0059 -0.0044 0.0038 0.2574 -0.0216 0.0059 0.0003 -0.0631 0.0403 0.1176
Alcohol  ADPhigh_AUC.std LTA -0.0072 0.0026 0.0062 -0.0030 0.0032 0.3511 -0.0209 0.0053 0.0001 -0.0444 0.0342 0.1946
Alcohol  ADPmid_MaxAgg LTA -0.0074 0.0027 0.0066 -0.0074 0.0033 0.0272 -0.0065 0.0053 0.2240 -0.0304 0.0355 0.3909
Alcohol  ADPmid_AUC.std LTA -0.0067 0.0027 0.0124 -0.0065 0.0032 0.0396 -0.0064 0.0055 0.2482 -0.0547 0.0351 0.1189
Alcohol  ADPhigh_MaxAgg LTA -0.0065 0.0026 0.0126 -0.0023 0.0031 0.4577 -0.0204 0.0052 0.0001 -0.0425 0.0335 0.2044
Alcohol  ADPhigh_FinAgg LTA -0.0060 0.0025 0.0163 -0.0019 0.0030 0.5214 -0.0195 0.0050 0.0001 -0.0414 0.0323 0.1991
Beer CollecMax Optimul  -0.0064 0.0027 0.0180 -0.0054 0.0029 0.0623 -0.0098 0.0071 0.1664 -0.0013 0.0275 0.9632
Beer Risto_DisAgg LTA 0.0067 0.0030 0.0245 0.0066 0.0033 0.0433 0.0043 0.0080 0.5904 0.0760 0.0310 0.0141
Beer AAec50 Optimul 0.0084 0.0039 0.0297 0.0015 0.0041 0.7187 0.0417 0.0100 0.0000 0.0236 0.0384 0.5389
Beer ADPhigh_DisAgg LTA 0.0041 0.0019 0.0309 0.0024 0.0022 0.2930 0.0124  0.0048 0.0090 0.0338 0.0199 0.0894
Beer EpiAgg20 Optimul 0.0085 0.0040 0.0322 0.0051 0.0044 0.2457 0.0297 0.0099 0.0027 0.0721 0.0402 0.0727
Beer Coll_LagTim LTA 0.0062 0.0032 0.0497 0.0030 0.0036 0.4047 0.0248 0.0082 0.0024 0.0247 0.0328 0.4518
Beer ADPlow_AUC.std LTA -0.0067 0.0035 0.0531 -0.0047 0.0037 0.1972 -0.0132 0.0098 0.1791 -0.1235 0.0373 0.0009
Beer ADPlow_FinAgg LTA -0.0065 0.0034 0.0571 -0.0041 0.0035 0.2442 -0.0127 0.0097 0.1899 -0.1221 0.0365 0.0008
Beer U46619Agg20 Optimul 0.0079 0.0042 0.0579 0.0064 0.0047 0.170S 0.0178 0.0101 0.0782 0.1382 0.0410 0.0008
Beer ADPmid_MaxAgg LTA -0.0064 0.0034 0.0579 -0.0061 0.0039 0.1189 -0.0015 0.0086 0.8639 -0.0331 0.0354 0.3509
Liquor Aa_FinAgg LTA -0.0213 0.0063 0.0008 -0.0190 0.0066 0.0039 -0.0459 0.0185 0.0130 -0.0102 0.0269 0.7035
Liquor Aa_MaxAgg LTA -0.0203 0.0064 0.0014 -0.0178 0.0067 0.0077 -0.0466 0.0186 0.0121 -0.0161 0.0271 0.5530
Liquor Aa_PrimAgg LTA -0.0203 0.0064 0.0014 -0.0178 0.0067 0.0077 -0.0466 0.0186 0.0121 -0.0161 0.0271 0.5530
Liquor  AA_AUC.std LTA -0.0197 0.0064 0.0022 -0.0183 0.0067 0.0063 -0.0409 0.0188 0.0294 -0.0115 0.0274 0.6742
Liquor ADPhigh_AUC.std LTA -0.0234 0.0080 0.0035 -0.0227 0.0090 0.0114 -0.0367 0.0222 0.0987 -0.0452 0.0342 0.1862
Liquor ADPslope Optimul  -0.0268 0.0094 0.0044 -0.0279 0.0099 0.0049 -0.0147 0.0282 0.6012 0.0459 0.0411 0.2635
Liquor ADPhigh_MaxAgg LTA -0.0222 0.0079 0.0048 -0.0217 0.0088 0.0137 -0.0354 0.0218 0.1042 -0.0430 0.0335 0.1995
Liquor ADPmid_PrimAgg LTA -0.0215 0.0084 0.0106 -0.0248 0.0093 0.0075 -0.0130 0.0233 0.5760 -0.0587 0.0360 0.1034
Liquor ADPhigh_PrimSlope LTA -0.0225 0.0089 0.0110 -0.0215 0.0099 0.0307 -0.0376 0.0245 0.1251 -0.0324 0.0377 0.3908
Liquor ADPhigh_FinAgg LTA -0.0190 0.0076 0.0120 -0.0179 0.0084 0.0325 -0.0351 0.0212 0.0981 -0.0419 0.0323 0.1939
Wine U46619eMax Optimul  -0.0182 0.0062 0.0032 -0.0166 0.0099 0.0925 -0.0187 0.0079 0.0179 -0.0674 0.0403 0.0942
Wine ADPhigh_MaxAgg LTA -0.0153 0.0052 0.0036 -0.0128 0.0082 0.1175 -0.0172 0.0068 0.0118 -0.0466 0.0335 0.1633
Wine AAeMax Optimul  -0.0141 0.0051 0.0059 -0.0125 0.0082 0.1290 -0.0168 0.0065 0.0101 0.0014 0.0333 0.9658
Wine ADPhigh_FinAgg LTA -0.0138 0.0051 0.0065 -0.0120 0.0077 0.1201 -0.0154 0.0067 0.0209 -0.0455 0.0322 0.1579
Wine ADPhigh_AUC.std LTA -0.0145 0.0054 0.0066 -0.0119 0.0083 0.1523 -0.0169 0.0070 0.0153 -0.0492 0.0342 0.1499
Wine ADPhigh_PrimAgg LTA -0.0139 0.0054 0.0099 -0.0124 0.0084 0.1391 -0.0154 0.0070 0.0287 -0.0507 0.0344 0.1410
Wine TRAP6eMax Optimul  -0.0170 0.0067 0.0110 -0.0037 0.0101 0.7153 -0.0293 0.0090 0.0011 -0.0571 0.0432 0.1860
Wine Trap_MaxAgg LTA -0.0145 0.0060 0.0156 -0.0063 0.0094 0.5019 -0.0201 0.0078 0.0098 -0.0178 0.0382 0.6413
Wine Risto_PrimAgg LTA -0.0141 0.0059 0.0181 -0.0083 0.0093 0.3725 -0.0189 0.0077 0.0140 -0.0252 0.0380 0.5068
Wine ADPlow_MaxAgg LTA -0.0132 0.0058 0.0231 -0.0133 0.0087 0.1275 -0.0159 0.0079 0.0442 -0.0940 0.0374 0.0119

CollecMax, AAec50, EpiAgg20, Coll_LagTim and U46619Agg20 positive beta values indicate decreased platelet reactivity (ST1).

# LTA stands for light transmission aggregometry, the gold-standard platelet function test that determines platelet aggregation percentages in platelet-rich
plasma through light transmittance in response to various agonists. Optimul is a custom 96-well plate-based absorbance assay that measures platelet
aggregation across various agonists and concentrations in platelet-rich plasma.

revealed moderate associations between sex and decreased
platelet reactivity with respect to alcohol consumption.
Collectively, the results from our study illustrate habitual al-
cohol consumption as one socio-environmental determinant
of platelet function and can be used to inform broader public
health schemes for cardiovascular bleeding risks on a popula-
tion scale.

In agreement with previous literature, our results strongly sug-
gest that heavy alcohol consumption inhibits platelet function
and aggregation to various agonists.”">*** We observed notable
decreased platelet aggregation to ADP, epinephrine and ristoce-
tin, as well as decreased activation to stimulation with U46619
and arachidonic acid (AA) consistent overall for both Optimul
and LTA assays. Our categorical analysis shows the greatest
number of associations and largest effect sizes to attenuated
platelet reactivity when comparing the highest consumption
group of >15 drinks per week with the reference group of 0
drinks per week. Our results indicate that attenuated effect sizes

increase and level out towards a maximum from the lowest
drinking category to the highest. One example of this is shown
by the Optimul trait U46619 maximal % aggregation that has
associations (P < 0.01) with the top three drinking categories
where the negative effect size of the platelet trait increases with
the next highest drinking indicator, then levels off (>2 to <8
drinks/week: $=-0.0.141; >8 to <15 drinks/week: f =-0.242;
>15 drinks/week: f=-0.260).The results from our categorical
alcohol consumption analysis suggest that alcohol intake inhibits
platelet reactivity in a direct dose—response manner, which is not
entirely consistent to the complex U- or J-shaped phenomenon
for mortality and CVD risk seen in individuals who binge-drink.
However, this phenomenon may be modulated by non-platelet-
driven effects of heavy drinking such as increased hypertension,
ventricular and atrial dysfunction and arrythmia.’

Mechanisms for ethanol-induced platelet inhibition are
thought to act on the initial responses of platelet activation.>®
Fundamentally, ethanol disrupts various activation agonists
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Figure 3. Associations of quantitative alcohol consumption (drinks per week) and platelet reactivity traits (P < 0.05) adjusted for age, sex, aspirin use,
hypertension, body mass index, cholesterol, high-density lipoprotein, triglycerides, smoking and diabetes. Platelet reactivity traits are organized by
alcoholic beverage type (wine/liquor/beer) consumption among the total sample of participants enrolled in the Framingham Heart Study with a complete
standardized medical history questionnaire (N = 3427). Bolded traits had alcohol-platelet associations of P< 0.01, whereas non-bolded traits had
associations of P< 0.05. Traits with a pointed-down arrow (]) or a pointed-up arrow (1) indicate decreased or increased platelet reactivity associated with
the beverage type consumed, respectively. Platelet trait abbreviations reflect the following assays: (i) Optimul platelet-rich plasma absorbance assays
reflect values across a range of agonist concentrations and are labelled with their corresponding agonist and either ec50, Agg20, aucMean, slope (and
eMax, which reflects maximal aggregation at any agonist concentration; and ecMax, the concentration where eMax was reached); (i) MP (Multiplate
Impedance aggregometry in hirudin anti-coagulated blood)—AUC, Agg or Velocity/Slope for ADP (3.19 uM), TRAP-6 (670 uM); (iii) Total-Thrombus
Formation Analysis System (T-TAS) collagen-coated shear stress platelet thrombus formation: occlusion start time; (iv) light transmission aggregometry
(LTA) with a Bio/Data 8 channel aggregometer—all derived traits from curves reflected with ‘_" in the trait name including lag time, primary and secondary
slope, final and maximal % aggregation, % disaggregation and total AUC. Agonist concentrations in LTA include arachidonic acid (5600 uM/mL), collagen
(190 uM/mL), epinephrine (100 uM), ristocetin (1.5 mg/mL), TRAP-6 (216 pM) and ADP_low (0.98 uM), ADP_mid (1.82 uM) and ADP_high (5.71 pM)

including collagen, AA, ADP released by activated platelets
and thrombin produced from the coagulation cascade.
Ethanol initially prevents platelet activation by enhancing
prostacyclin and nitric oxide bioavailability within endothe-
lial cells.>”>*® Moreover, signalling pathways from these ago-
nists are disrupted and lead to a decreased entry of
intracellular Ca**.*” Intracellular Ca®" concentration
changes are crucial for platelet aggregation and activation of
phospholipase A2, an AA release mediator, followed by
TxA2, which accelerates further platelet activation and sec-
ondary aggregation.*’

Our quantitative alcohol consumption analysis was consis-
tent with our categorical results and again revealed notable
lower platelet activation to ADP, U46619 and AA for both
Optimul and LTA. We observed more relationships of re-
duced platelet functioning with wine and liquor consumption
compared with beer. Reasons for this observation remain
unclear and could be modulated by several different social-
habitual or biochemical factors. Theoretically, a standard
drink in the USA is defined as ~14 g of pure alcohol, which is

found in 12 oz of regular beer (5% alcohol), 5 oz of wine
(12% alcohol) or 1.5 oz of distilled spirits (40% alcohol). In
most cases beer is packaged in a 12-o0z serving but that is not
usually the case for wine or liquor beverages, which are more
typically packaged in 750-mL (~25.4-0z) bottles and are not
often standardly measured upon consumption. In the case of
wine, which has even greater associations with platelet func-
tion compared with liquor beverages, studies have suggested
that high polyphenol and antioxidant content are the primary
modulators of platelet activity, even more so than that of eth-
anol concentrations,' 44!

Polyphenol compounds are mainly hypothesized to increase
the production of nitric oxide by endothelial-mediated vasodi-
lation that results in inhibition of platelet aggregation and ad-
hesion.*! Upon activation, platelets produce reactive oxygen
species and, in this way, further stimulate platelet activation.
Antioxidants are the main regulators of reactive oxygen spe-
cies in the body and exert antithrombotic effects through the
neutralization of free radicals into more stable compound
forms.*” When looking at the antiplatelet effects of wine
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Figure 4. Three box plots with jittered data points illustrate beta effects of all 120 platelet traits associated with aspirin use vs heavy drinking (>8 drinks
for females and >15 drinks for males) in the full, female and male samples. Each jittered data point represents the beta effect of an individual platelet trait
associated with aspirin use (light shaded box) or heavy alcohol consumption (dark shaded box). Associations between platelet reactivity traits and heavy
drinking are adjusted for age, sex, aspirin use, hypertension, body mass index, cholesterol, high-density lipoprotein, triglycerides, smoking and diabetes.
Positive beta effects that indicate decreased platelet reactivity (e.g. Aa_LagTim, AAagg20, AAec50, etc.; full table in Supplementary Table S1, available as
Supplementary data at /JE online) are flipped to represent the correct effect of the trait

based on their polyphenol and antioxidant makeup, it is im-
portant to note that the fermentation process of red wine is
performed with the inclusion of the grape skins, whereas for
white wine fermentation the grape skin is not included, result-
ing in an ~10-fold higher concentration of polyphenols in red
wine compared with white wine.*> Some studies have con-
cluded that greater platelet inhibition is attributable to red
wines that contain greater resveratrol concentrations—a com-
mon polyphenol found in grape skins with a high free radical
scavenging ability, though results of this have varied.!****
Our results, in a comparatively larger cohort study, show no
platelet reactivity associations in individuals who reported
only consuming red wine and rather suggest some notable
inhibition of ADP-driven platelet activation among white-
wine-only drinkers. Previous studies that have compared anti-
oxidant and polyphenol contents with antithrombotic activity
among red and white wines observed that different types of
extracts found in both red and white wines demonstrated
comparative activity against oxidative stress and platelet reac-
tivity.***¢ Evidence from our results, as well as previous liter-
ature, demonstrate that the overall antithrombotic effect of
wine cannot be assumed solely based on its red or white col-
our, but likely varies by the specific grape composition of the

wine and potentially other factors such as consumption
patterns.

When looking at the drinking demographics of the FHS co-
hort, we observed sex differences in alcohol-drinking behav-
iour that were consistent with previous FHS studies on
alcohol consumption.>'” Our sex-stratified results show that
attenuated platelet effects are greater among females com-
pared with males. Male participants tended to consume a
higher volume of alcoholic drinks per week compared with fe-
male participants; however, the differences in beer- and wine-
drinking preferences could postulate the distinction in platelet
reactivity responses observed between male and female partic-
ipants. Studies that investigated sex as a modulator for
alcohol-induced platelet inhibition are mostly inconclusive. It
may be appropriate to consider biological components such
as increased blood alcohol concentrations, which persist for
longer durations in females than in males, and may result in
larger differences in platelet activation.*”

More broadly, there have been several observational
studies that have similarly described the cardioprotective
effects of light-to-moderate alcohol consumption in
females, unlike males, with respect to thrombotic-related
incidents such as ischaemic stroke,*®* PAD* and
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hypertension.”*’' However, the inconsistent relationships
between alcohol and cardiovascular disease morbidity and
mortality®* confuse the ideal recommendations for safe al-
cohol consumption, particularly when considering sex-
specific recommendations. Our results that report a
greater attenuation of platelet reactivity associated with al-
cohol consumption, specifically wine and liquor consump-
tion, among females may have theoretical and clinical
implications in the discussions of the aforementioned car-
dioprotective relationships as well as current guidelines
which recommend that females consume less alcohol than
males in order to achieve the same beneficial cardiovascu-
lar outcomes.’?

The relationship between alcohol consumption and cardio-
vascular health is multifactorial but the cardioprotective asso-
ciations suggested by platelet inhibition are limited to only
one cell type in the cardiovascular system. Our results support
previous findings that established an inhibitory relationship
between moderate to heavy alcohol consumption and platelet
activation and aggregation. It is important to note that causa-
tion in our observational study cannot be clearly identified
from the associations we determined between alcohol and
platelet reactivity. Social and environmental determinants of
health that are also related to patterns of alcohol consumption
such as exposure to mental stress, diet and levels of physical
activity all may have additional modulatory effects on platelet
function.>*=3® From a public health standpoint, our research
does not suggest that increased alcohol consumption is holisti-
cally cardioprotective since associations varied by beverage
type and sex, and may not attenuate the incidence of stroke,
MI and mortality, as previously observed.””>*® In some stud-
ies, the modulatory effects of alcohol have been compared
with aspirin based on inhibition mechanisms of similar coagu-
lation pathways. However, we found that for a large propor-
tion of the platelet reactivity traits tested, the effect of aspirin
associations is greater on the same platelet reactivity traits
compared with heavy alcohol consumption. The use of aspi-
rin itself in primary and secondary thrombosis remains con-
flicting when balanced against increased bleeding risks.>”
Thus, given the much larger effect size of aspirin on platelet
inhibition, alcohol consumption is unlikely to be of great util-
ity in thrombosis prevention, at least via a platelet-specific
mechanism. This may be particularly valid considering the ad-
ditional risks carried by heavy alcohol use.”

It is fundamental to consider the limitations of the results
within our study. Our research made use of self-reported alco-
hol consumption, which may be susceptible to inaccuracies
on account of recall, temporal and self-desirability biases. In
addition, the FHS exam questionnaire did not ask about the
participant’s specific drinking pattern such as weekends vs
specific weekdays or the most recent acute alcohol exposure
in order to capture recency, which may mediate the effects on
platelet reactivity; however, participants were examined con-
sistently after an overnight fasting period of >10 h (mean fast-
ing: 12.7*2.1h). Given the nature of our cross-sectional
study, we are able to highlight the effects of habitual alcohol
consumption on platelet function since most acute effects of
alcohol intake can be presumed to have subsided by the time
of platelet activation assays. Lastly, the FHS cohort studied in
Exam 3 comprised mostly individuals with European ancestry
and cannot be generalized to all US populations. On the other
hand, the FHS cohort has a large sample size that consists of
participants who are mostly healthy and middle-aged, which
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gives a broader insight into the antiplatelet effects of alcohol
consumption.

The overall findings from this study strongly indicate asso-
ciations between alcohol intake and decreased platelet reactiv-
ity, which may largely modulate the cardioprotective effects
observed in light-to-moderate alcohol consumers, particularly
for individuals who habitually consume wine. Although our
study suggests an inhibitory dose-response relationship be-
tween alcohol consumption and platelets, increased health
risks related to heavy drinking observed in the literature
should be taken into consideration when considering recom-
mendations for the social-habitual consumption of alcohol.
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