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ABSTRACT
Background: The trimethylamine-containing nutrient phosphati-
dylcholine is the major dietary source for the gut microbiota me-
tabolite trimethylamine-N-oxide (TMAO), which has been related
to cardiovascular diseases (CVDs) and mortality. Previous research
suggested that the relation of TMAO with CVD risk might be stron-
ger in diabetic than in nondiabetic populations. However, the evi-
dence for an association of dietary phosphatidylcholine with CVD
and mortality is limited.
Objectives: We aimed to examine whether dietary consumption of
phosphatidylcholine, which is mainly derived from eggs, red meat,
and fish, is related to all-cause and CVD mortality in 2 cohorts of
US women and men. In particular, we also tested if such an asso-
ciation was modified by diabetes status.
Design: We followed 80,978 women from the Nurses’ Health
Study (1980–2012) and 39,434 men from the Health Profes-
sionals Follow-Up Study (1986–2012), who were free of cancer
and CVD at baseline, for mortality. Dietary intakes and potential
confounders were assessed with regularly administered question-
naires. We used Cox proportional hazards models to estimate HRs
and 95% CIs.
Results: We documented 17,829 all-cause and 4359 CVD deaths
during follow-up. After multivariate adjustment for potential con-
founders, including demographic factors, disease status, lifestyle,
and dietary intakes, higher phosphatidylcholine intakes were asso-
ciated with an increased risk of all-cause and CVD mortality. HRs
(95% CIs) comparing the top and bottom quintiles of phosphatidyl-
choline intake were 1.11 (1.06, 1.17; P-trend across quintiles, 0.0001)
for all-cause mortality and 1.26 (1.15, 1.39; P-trend , 0.0001) for
CVD mortality in the combined data of both cohorts. The associa-
tions of phosphatidylcholine with all-cause and CVD mortality were
stronger in diabetic than in nondiabetic participants (P-interaction =
0.0002 and 0.001, respectively).
Conclusion: These data suggest that higher phosphatidylcholine
consumption is associated with increased all-cause and CVD mortality
in the US population, especially in patients with diabetes, independent
of traditional risk factors. Am J Clin Nutr 2016;104:173–80.

Keywords: choline, mortality, diabetes, cardiovascular disease,
TMAO

INTRODUCTION

Several previous studies found that elevated blood concen-
trations of trimethylamine-N-oxide (TMAO)8 significantly pre-
dicted the risk of cardiovascular disease (CVD) and mortality in
prospective cohorts (1–3). TMAO is produced mainly through
metabolism by the gut microbiota of trimethylamine-containing
nutrients, especially phosphatidylcholine (1, 2). In mice, higher
dietary phosphatidylcholine led to increases in plasma concen-
trations of TMAO and eventually promoted atherosclerosis
(1). In humans, a dietary phosphatidylcholine challenge induced
increased postprandial concentrations of TMAO in both blood
and urine samples (3). However, the evidence for an association
of dietary phosphatidylcholine with CVD and mortality in hu-
mans is limited.

In our recent analyses, dietary phosphatidylcholine intake was
consistently associated with an increased risk of type 2 diabetes in
3 US populations (4). Furthermore, patients with type 2 diabetes
had a 2- to 3-fold higher risk of CVD, cardiovascular-specific
mortality, or premature mortality than did the general population
(5, 6). Thus far, the exact pathogenic mechanisms underlying this
increased risk are not fully understood. A previous study showed
that the risk of incident major adverse cardiovascular events,
including mortality attributable to increased blood TMAO con-
centrations, appeared to be greater in diabetic patients than in
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those without diabetes (HRs comparing the top and bottom
quintiles of TMAO concentrations were 2.5 and 1.6 in diabetic
and nondiabetic subjects, respectively) (3).

In the current study, we prospectively examined the association
between dietary phosphatidylcholine intake and mortality, espe-
cially CVD-specific mortality, among USwomen andmen from 2
large cohorts: the Nurses’ Health Study (NHS) (7) and the
Health Professionals Follow-Up Study (HPFS) (8). In particular,
we further assessed whether this association was stronger in
diabetic than in nondiabetic populations.

METHODS

Study population

The NHS cohort began in 1976 with the recruitment of 121,700
female registered nurses, aged 30–55 y, residing in 11 large US states.
The medical history, lifestyle information, and disease diagnosis
were updated every 2 y with the use of a validated questionnaire
(7). The HPFS cohort is a prospective cohort of 51,529 US male
health professionals, aged 40–75 y, who returned a questionnaire
on diet and medical history in 1986 (8). Detailed descriptions of
these cohorts have been presented elsewhere (9, 10). In both
cohorts, questionnaires were administered at baseline, as well
as biennially after baseline, to collect and update information on
lifestyle practices and the occurrence of chronic diseases. The
follow-up rates of the participants in these cohorts are all.90%.
In the current dietary analysis, we excluded men and women
who had diagnoses of CVD (including stroke, myocardial in-
farction, angina, and/or coronary revascularization) or cancer at
baseline (1980 for NHS and 1986 for HPFS, when dietary infor-
mation was first collected) or who reported unusual total energy
intakes (i.e., ,800 or .4200 kcal/d for men and ,500 or
.3500 kcal/d for women).

We defined diabetic participants by using their self-reported
diabetes status and included their person-time beginning at either
baseline for participants with prevalent diabetes or when a ques-
tionnaire that reported a diagnosis of diabetes was returned for
participants with incident diabetes during the follow-up period.
Participants who developed CVD or cancer before and/or at the
same time of diagnosis of type 2 diabetes between the baseline
questionnaire and the end of this study period (1 June 2012 for
the NHS and 31 January 2012 for the HPFS) were also excluded.
The final study sample included 80,978 women and 39,434 men.
The present study was approved by the institutional review board
at Brigham and Women’s Hospital, and the return of the ques-
tionnaires implied informed consent.

Confirmation of type 2 diabetes

Participants who reported a diagnosis of type 2 diabetes on the
main questionnaire were mailed a supplementary questionnaire
with regard to symptoms, diagnostic tests, and hypoglycemic
therapy. National Diabetes Data Group criteria (11) were used to
diagnose type 2 diabetes before the release of the American Di-
abetes Association criteria in 1997. The American Diabetes As-
sociation diagnostic criteria were adopted to diagnose cases of type
2 diabetes during the 1998 and 2012 cycles (12). Our validation
study showed that 98% of the self-reported cases of type 2 diabetes
were confirmed by review of medical records in women (13) and in

men (14). The diagnostic criteria that we used have been reported in
detail elsewhere (15).

Outcome ascertainment

The endpoints in this study included all-cause and CVD mor-
tality. The ascertainment of death was documented in a previous
study (16). Briefly, deaths were reported by next of kin or the
postal system or identified through the National Death Index.
We estimated previously that follow-up for deaths was .98%
complete (17). We obtained death certificate copies and medical
records and determined causes of death according to the Inter-
national Classification of Diseases, Eighth Revision, and we
specifically considered deaths due to CVD (codes 390.0–458.9
or 795.0–795.9). CVD is defined as a composite of coronary
artery disease and stroke (nonfatal or fatal). Coronary artery
disease is defined as a composite of nonfatal or fatal myocardial
infarction or fatal coronary artery disease. Briefly, the incidence
of nonfatal myocardial infarction and stroke was ascertained
from the biennial follow-up questionnaires and confirmed by
reviewing medical records with the WHO criteria for myocar-
dial infarction (18) or the National Survey of Stroke criteria for
stroke (19). Fatal cases of coronary artery disease and stroke
were identified if coronary artery disease or stroke was listed as
the cause of death in multiple sources, including autopsy reports,
hospital records, and death certificates.

Assessment of diet and covariates

The women in the NHS completed a food-frequency ques-
tionnaire (FFQ) first in 1980 and again in 1984, 1986, 1990, 1994,
1998, 2002, and 2006. We assessed dietary information by using
the FFQ from 1986 to 2006 in the HPFS, which was administered
every 4 y in the cohort. Participants were asked how often, on
average, they had consumed each type of food during the past
year. Serving sizes were specified for each food in the FFQ.
The questionnaire had 9 possible responses, ranging from
never or ,1 time/mo to $6 times/d. Nutrient intakes were
calculated by multiplying the frequency of intake for each food
by its nutrient content and summing these products across all
food items.

Information on the major food items containing phosphati-
dylcholine was obtained from the USDA database (http://www.
ars.usda.gov/ba/bhnrc/ndl) (20) and from values published by
Zeisel et al. (21). Our previous data showed that dietary phos-
phatidylcholine is derived mainly from intakes of egg, red meat,
and fish (4). We used the regression-residual method to adjust
nutrient intakes for total energy intake (22). Intakes of choline
and betaine measured by our FFQ predicted plasma total
homocysteine concentrations in the NHS (23), which indicated
the validity and biological relevance of intakes of choline and its
derivatives measured by the FFQ.

Information on potential confounders, including age, race, marital
status, BMI, family history of diseases, smoking status, alcohol
consumption, physical activity, medication use, menopausal status
and postmenopausal hormone therapy use for women, and a history
of major disease conditions, including diabetes, hypertension,
hypercholesterolemia, cancer, and coronary artery bypass graft,
was collected via regular biennial questionnaires throughout
follow-up of the NHS and the HPFS.
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Statistical analysis

Person-time was calculated for each participant from baseline
to the occurrence of death or the end of the study period (1 June
2012 for the NHS and 31 January 2012 for the HPFS). Cox
proportional hazards regression was used to examine the asso-
ciations between dietary phosphatidylcholine and all-cause and
CVD mortality. To represent the long-term intake of dietary
factors and to reduce measurement error, we conducted analyses
with the use of updated dietary data by taking the average of
all available previous dietary questionnaires (24). The con-
sumption of phosphatidylcholine was categorized into quintiles
in each cohort, and the median values in each quintile were used
to test for linear trends of associations across the quintiles. Non-
dietary covariates were updated at each biennial follow-up
cycle. Multivariable models were first adjusted for the fol-
lowing factors (model 1): age (mo); BMI (kg/m2); white race
(yes or no); marital status (married or single); menopausal status
and postmenopausal hormone replacement therapy [HRT; pre-
menopausal, postmenopausal + HRT nonuser, postmenopausal +
current HRT user, postmenopausal + past HRT user, or missing
(women only)]; family history of CVD (yes or no); smoking
status and smoking pack-years (never; past smoker: #5 pack-
years, 6–20 pack-years, or $21 pack-years; current smoker: #5
pack-years, 6–20 pack-years, or $21 pack-years); alcohol con-
sumption (0, 0.1–4.9, 5.0–14.9, or $15.0 g/d for women and 0,
0.1–4.9, 5.0–29.9, or $30.0 g/d for men); physical activity (in
quintiles, and a category of missing values); the presence of
diabetes, hypertension, or hypercholesterolemia (yes or no for
each); and regular aspirin use (yes or no). In model 2 we further
adjusted for cumulative averages of dietary factors including
total energy, ratio of dietary polyunsaturated to saturated fat, and
intakes of trans fat (all in quintiles). Modeling of multiplicative
interaction terms for age and quintiles of dietary phosphatidyl-
choline intake did not suggest that the proportional hazards
assumption was violated (P-interaction . 0.05). We further con-
ducted the above-mentioned analysis in diabetic and nondiabetic
participants separately.

In sensitivity analyses, we also further mutually adjusted for the
following: 1) major food sources of phosphatidylcholine, including
eggs, red meat, and fish, and 2) major nutrients involved in the
phosphatidylcholine metabolism including folate, vitamin B-12,
and choline. To minimize residual confounding, we performed
additional stratified analyses by age (,60 or $60 y), BMI (,30
or $30), current smoker (yes or no), current alcohol consumer
(yes or no), physical activity (low or high; the cutoff was the
median in each cohort), and the major food sources of phos-
phatidylcholine (i.e., eggs, red meat, and fish; low or high in-
takes; the cutoff was the median in each cohort). The interaction
between phosphatidylcholine and the above factors on all-cause
mortality was assessed by testing the significance of the multi-
plicative interaction term in model 2. Because no significant
heterogeneity between cohorts was found, we combined the 2
cohorts and present the results with further adjustment for sex.
In addition, we analyzed the associations of phosphatidylcholine
intake with incident CVD and incident coronary artery disease
in our study population.

The SAS statistical software was used for all analyses (SAS
version 9.3 for UNIX; SAS Institute). Significance was set at
a 2-tailed a level of 0.05.

RESULTS

Characteristics of diabetic cohorts at baseline

Overall, there were 80,978 women from the NHS and 39,434
men from the HPFS included in the current analysis. The mean
intake of dietary phosphatidylcholine was, in general, compa-
rable between men and women. Compared with participants who
had lower intakes of dietary phosphatidylcholine, those who had
higher intakes were more likely to have a higher BMI, consume
less alcohol, be more likely to have type 2 diabetes, and consume
more eggs and fish in both cohorts (Table 1).

Dietary phosphatidylcholine intake and mortality in the
general population

During up to 32 y of follow-up in the NHS (2,078,089 person-
years), we confirmed 11,114 deaths; during up to 26 y of follow-
up in the HPFS (744,688 person-years), we confirmed 6715 deaths.
The crude all-cause mortality rate appeared to be higher in men
than in women in each of the quintiles of dietary phosphatidyl-
choline intake. In age-adjusted analyses, we observed that
dietary phosphatidylcholine intake was associated with a higher
risk of all-cause mortality in both the NHS and the HPFS (both
P-trend , 0.0001; Table 2). The associations were attenuated
but remained significant after multivariate adjustment in model
1. Additional adjustment for other dietary factors (i.e., dietary
intakes of energy and trans fat and ratio of polyunsaturated to
saturated fat) further attenuated the observed HR, but the asso-
ciation in both cohorts remained significant (multivariate model
2). In the combined results, the associations between phospha-
tidylcholine intakes and all-cause mortality were significant in
all of the age- and multivariate-adjusted models tested. In multi-
variate model 2 of the combined cohorts, HRs (95% CIs) across
quintiles of phosphatidylcholine intakes were 1.00 (reference),
1.02 (0.97, 1.07), 1.01 (0.96, 1.07), 1.07 (1.02, 1.13), and 1.11
(1.06, 1.17) (P-trend , 0.0001); each 100-mg/d higher phos-
phatidylcholine intake was associated with an 8% (95% CI: 5%,
11%) increment in all-cause mortality.

We then performed sensitivity analyses to further adjust for the 3
major food sources of phosphatidylcholine (red meat, eggs, and
fish) in the model and found that participants in the top quintile of
phosphatidylcholine intake still had a 7% (95% CI: 2%, 13%)
higher risk of all-causemortality than those in the bottom quintile in
the combined analysis, and the linear trend across quintiles was
retained (P-trend = 0.002). When we further adjusted for the main
nutrients of folate, vitamin B-12, and choline, the associations
remained similar (P-trend = 0.03). We also excluded participants
who took lecithin (phosphatidylcholine) supplements, and the re-
sults did not materially change (data are not shown). The risk of
death attributable to a higher intake of phosphatidylcholine (above
the cohort-specific median) was 1.66% in the combined data set.

We analyzed the associations of dietary phosphatidylcholine
with all-cause mortality in strata by major risk factors and food
sources of phosphatidylcholine (Figure 1). The various risk profiles
defined by age, physical activity, smoking, alcohol intake status,
and consumption of major phosphatidylcholine-containing foods
did not significantly modify such associations (P-interaction .
0.5). However, the association of dietary phosphatidylcholine
with all-cause mortality was stronger among obese participants
than in those who were not obese (P-interaction , 0.0001).
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In the NHS and the HPFS, there were 2297 and 2060 deaths
confirmed to be due to CVD, respectively. The crude CVD-
specific mortality rate was higher in men than in women. Dietary
phosphatidylcholine intakes were associated with a higher age-
and multivariate-adjusted risk of CVD-specific mortality in both
cohorts (P-trend , 0.0001) (Table 3). Women and men in the
top quintile of phosphatidylcholine intake tended to have 19%
and 39% higher RRs (95% CIs: 5%, 35%, and 20%, 61%, re-
spectively) of CVD-specific mortality than those in the bottom
quintile. In the combined results from model 2, HRs (95% CIs)

across quintiles of phosphatidylcholine intakes were 1.00 (ref-
erence), 1.09 (0.98, 1.21), 1.03 (0.93, 1.14), 1.07 (0.97, 1.18),
and 1.26 (1.15, 1.39) (P-trend , 0.0001). Each 100-mg/d higher
phosphatidylcholine intake was significantly related to a 13% (95%
CI: 7%, 19%) increment in CVD-specific mortality after adjust-
ment for covariates from women and men combined. Further
adjustment for the major food sources of phosphatidylcholine or
the main nutrients involved in phosphatidylcholine metabolism
did not change the results meaningfully (P-trend, 0.0001 and =
0.002 in the combined data set).

TABLE 1

Age-adjusted baseline characteristics of participants in the NHS (1980) and HPFS (1986) according to quintiles of dietary phosphatidylcholine intake1

Quintile of dietary phosphatidylcholine intake

1 (low) 2 3 4 5 (high)

NHS (n = 80,978)

Phosphatidylcholine intake, mg/d 134.1 6 20.32 174.6 6 8.2 201.4 6 7.5 230.1 6 9.7 296.7 6 59.7

Age,3 y 46.2 6 7.3 46.1 6 7.2 46.2 6 7.2 46.5 6 7.1 46.9 6 7.0

White, % 98.0 98.0 97.7 97.4 96.7

Married, % 90.8 92.0 92.1 91.7 90.4

BMI, kg/m2 23.7 6 4.3 23.9 6 4.3 24.2 6 4.4 24.4 6 4.5 24.9 6 4.7

Physical activity, MET-h/wk 13.3 6 21.3 13.7 6 19.1 14.0 6 19.0 14.5 6 21.0 15.0 6 21.2

Current use of postmenopausal hormones, % 7.9 7.8 8.0 8.3 9.1

Current smoker, % 32.4 28.5 27.3 26.9 26.3

Type 2 diabetes, % 0.3 0.4 0.5 0.6 1.1

Hypertension, % 13.1 14.3 14.3 14.9 16.7

Hypercholesterolemia, % 5.2 4.8 4.8 4.7 5.0

Family history of myocardial infarction, % 18.6 18.2 19.1 18.4 19.0

Current aspirin user, % 39.9 40.3 40.1 40.3 39.9

Dietary factors

Energy, kcal/d 1535.8 6 520.6 1592.6 6 494.9 1592.9 6 484.8 1575.1 6 478.5 1529.9 6 515.0

Alcohol, g/d 7.7 6 13.1 6.9 6 11.1 6.2 6 9.7 5.9 6 9.3 5.2 6 8.6

Ratio of polyunsaturated to saturated fat 0.4 6 0.2 0.4 6 0.1 0.3 6 0.1 0.3 6 0.1 0.3 6 0.1

trans Fat, g/d 3.8 6 1.9 4.1 6 1.9 4.1 6 1.8 4.0 6 1.8 3.6 6 1.9

Red meat,4 serving/d 1.0 6 0.6 1.1 6 0.7 1.2 6 0.7 1.2 6 0.7 1.1 6 0.7

Eggs,4 serving/d 0.2 6 0.2 0.2 6 0.3 0.3 6 0.3 0.3 6 0.3 0.4 6 0.4

Fish,4 serving/d 0.1 6 0.2 0.1 6 0.2 0.1 6 0.2 0.1 6 0.2 0.2 6 0.2

HPFS (n = 39,434)

Phosphatidylcholine intake, mg/d 134.7 6 17.6 170.4 6 7.7 196.2 6 7.5 226.6 6 10.7 324.8 6 84.5

Age,3 y 52.3 6 9.7 52.5 6 9.4 53.0 6 9.5 53.8 6 9.5 54.9 6 9.4

White, % 91.2 92.0 91.0 91.1 89.9

Married, % 88.8 90.8 91.2 91.1 89.3

BMI, kg/m2 24.9 6 2.9 25.2 6 3.1 25.4 6 3.1 25.8 6 3.4 25.8 6 3.5

Physical activity, MET-h/wk 23.2 6 31.4 21.9 6 28.1 21.0 6 26.6 19.9 6 29.3 20.9 6 32.4

Current smoker, % 8.2 9.1 8.8 10.1 11.5

Type 2 diabetes, % 1.4 1.8 2.0 3.0 3.9

Hypertension, % 19.0 18.4 20.2 20.3 19.2

Hypercholesterolemia, % 12.0 10.9 10.0 9.1 9.4

Family history of myocardial infarction, % 32.4 32.4 31.5 32.0 30.7

Current aspirin user, % 26.2 27.1 26.2 25.8 26.6

Dietary factors

Energy, kcal/d 1943.8 6 616.3 2008.3 6 622.9 2036.5 6 616.1 2010.9 6 610.1 1983.7 6 641.3

Alcohol, g/d 13.5 6 18.8 12.3 6 15.9 11.3 6 14.4 10.3 6 13.4 9.3 6 13.1

Ratio of polyunsaturated to saturated fat 0.6 6 0.2 0.6 6 0.2 0.6 6 0.2 0.5 6 0.2 0.5 6 0.2

trans Fat, g/d 2.7 6 1.7 2.9 6 1.6 3.0 6 1.6 2.9 6 1.5 2.7 6 1.5

Red meat,4 serving/d 0.7 6 0.6 1.0 6 0.7 1.2 6 0.8 1.4 6 0.8 1.4 6 1.0

Eggs,4 serving/d 0.1 6 0.1 0.2 6 0.2 0.3 6 0.2 0.4 6 0.2 0.7 6 0.7

Fish,4 serving/d 0.3 6 0.2 0.3 6 0.3 0.3 6 0.3 0.4 6 0.3 0.4 6 0.3

1Values were standardized to the age distribution of the study population. HPFS, Health Professionals Follow-Up Study; MET-h, metabolic equivalent

task hours; NHS, Nurses’ Health Study.
2Mean 6 SD (all such values).
3Values were not age adjusted.
4Serving sizes: red meat = 4 oz.; eggs = 1 whole egg; fish = 4 oz.
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Dietary phosphatidylcholine intake and mortality among
diabetic and nondiabetic populations

We documented 2533 all-cause deaths and 799 CVD-specific
deaths from 12,769 diabetic participants, and 15,296 all-cause

deaths and 3558 CVD-specific deaths from 110,630 nondiabetic
participants. In the combined population of men and women, the

diabetic participants in the top quintile of phosphatidylcholine

intake had a 24% increased risk of all-cause mortality and a 67%

TABLE 2

HRs (95% CIs) of all-cause mortality by quintile of energy-adjusted cumulative dietary choline from phosphatidylcholine in US women and men1

Quintile of intake of choline from phosphatidylcholine

P-trend1 (low) 2 3 4 5 (high)

NHS

Median intake, mg/d 129.6 153.6 171.4 191.4 235.5

No. of cases/person-years 2224/416,722 2005/416,535 1998/416,267 2216/415,412 2671/413,153

Rate per 100,000 person-years 534 481 480 533 646

Age-adjusted 1 0.96 (0.90, 1.02) 0.98 (0.93, 1.05) 1.09 (1.03, 1.15) 1.30 (1.23, 1.37) ,0.0001

Multivariate model 12 1 1.02 (0.96, 1.09) 1.03 (0.97, 1.09) 1.09 (1.02, 1.15) 1.08 (1.02, 1.14) 0.003

Multivariate model 23 1 1.01 (0.95, 1.08) 1.01 (0.95, 1.08) 1.07 (1.00, 1.13) 1.06 (1.00, 1.12) 0.03

HPFS

Median intake, mg/d 139.5 166.1 187.1 211.5 261.3

No. of cases/person-years 1106/149,346 1141/149,301 1187/149,292 1439/148,779 1842/147,970

Rate per 100,000 person-years 741 764 795 967 1245

Age-adjusted 1 1.01 (0.93, 1.10) 1.03 (0.94, 1.12) 1.17 (1.08, 1.27) 1.42 (1.31, 1.53) ,0.0001

Multivariate model 12 1 1.04 (0.96, 1.14) 1.05 (0.96, 1.14) 1.15 (1.06, 1.25) 1.25 (1.16, 1.36) ,0.0001

Multivariate model 23 1 1.03 (0.95, 1.13) 1.04 (0.95, 1.13) 1.13 (1.04, 1.23) 1.23 (1.13, 1.33) ,0.0001

Pooled results

No. of cases/person-years 3330/565,431 3146/565,067 3185/564,761 3655/563,261 4513/560,138

Rate per 100,000 person-years 589 557 564 649 806

Age-adjusted 1 0.99 (0.94, 1.04) 1.01 (0.96, 1.06) 1.13 (1.08, 1.18) 1.37 (1.31, 1.43) ,0.0001

Multivariate model 12 1 1.03 (0.98, 1.08) 1.03 (0.98, 1.08) 1.10 (1.04, 1.15) 1.14 (1.09, 1.20) ,0.0001

Multivariate model 23 1 1.02 (0.97, 1.07) 1.01 (0.96, 1.07) 1.07 (1.02, 1.13) 1.11 (1.06, 1.17) ,0.0001

1HPFS, Health Professionals Follow-Up Study; HRT, hormone replacement therapy; NHS, Nurses’ Health Study.
2Model 1 adjusted for the following: age (mo); BMI (kg/m2); white race (yes or no); marital status (married or single); menopausal status and

postmenopausal HRT [premenopausal, postmenopausal + HRT nonuser, postmenopausal + current HRT user, postmenopausal + past HRT user, or missing

(women only)]; family history of cardiovascular disease (yes or no); smoking status and smoking pack-years (never; past smoker: #5 pack-years, 6–20 pack-

years, or $21 pack-years; current smoker: #5 pack-years, 6–20 pack-years, or $21 pack-years); alcohol consumption (0, 0.1–4.9, 5.0–14.9, or $15.0 g/d for

women and 0, 0.1–4.9, 5.0–29.9, or $30.0 g/d for men); physical activity (in quintiles, and a category of missing values); the presence of diabetes,

hypertension, or hypercholesterolemia (yes or no for each); and regular aspirin use (yes or no).
3Model 2 further adjusted for dietary intakes of energy and trans fat and the ratio of polyunsaturated to saturated fat (quintiles).

FIGURE 1 Stratified HRs of all-cause mortality per 100 mg phosphatidylcholine/d. All P-interaction values were .0.05, except for BMI (P-interaction , 0.0001).
Covariates included in the analysis were: age; BMI (kg/m2); white race (yes or no); marital status; menopausal status and postmenopausal HRT (women only); family
history of CVD; smoking status and smoking pack-years; alcohol consumption; physical activity; the presence of diabetes, hypertension, or hypercholesterolemia; regular
aspirin use (yes or no); dietary intakes of energy and trans fat; and the ratio of polyunsaturated to saturated fat. We used Cox proportional hazards models to estimate HRs
and 95% CIs with updated dietary measurements from the combined data set of both the NHS and the HPFS. yCutoffs are the cohort-specific median value. CVD,
cardiovascular disease; HPFS, Health Professionals Follow-Up Study; HRT, hormone replacement therapy; NHS, Nurses’ Health Study.
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increased CVD-mortality risk, whereas the nondiabetic partici-
pants in the top quintile had a 9% increased all-cause mortality
risk and a 19% increased CVD-specific mortality risk than those
in the bottom quintile in each population (Table 4). Diabetes
status modified the association of dietary phosphatidylcholine with
risks of all-cause and CVD-specific mortality (P-interaction =
0.0002 and 0.001, respectively).

Dietary phosphatidylcholine and incident diseases

For the associations of dietary phosphatidylcholine intake with
incident CVD and incident coronary artery disease, the overall
results were not significant (Supplemental Table 1).

DISCUSSION

In the current prospective study in 80,978 women and 39,434
men who were followed for up to 32 y, we observed that higher
habitual dietary intakes of phosphatidylcholine were associated
with an increased risk of all-cause mortality, especially CVD-
specific mortality. Such associations were independent of tradi-
tional CVD risk factors.

Phospholipid phosphatidylcholine is a major dietary source of
choline and trimethylamine, which are metabolized into circu-
lating TMAO via intestinal microbiota-dependent mechanisms
(1, 2, 25). Compelling evidence suggests that circulating TMAO
might advance atherosclerosis by disturbing the clearance of
cholesterol in the liver (3), and higher blood TMAO concentrations

have been related to an increased risk of CVD and mortality (1, 25).
Other putative mechanisms may involve upregulation of macro-
phage scavenger receptors, augmented macrophage cholesterol
accumulation, and foam cell formation, which result in increased
inflammation and oxidation of LDL cholesterol (1).

Our results are consistent with previous findings that suggest
an association between circulating metabolites of dietary phos-
phatidylcholine and increased risk of CVD (1, 3). Wang et al.
(1) found that plasma concentrations of metabolites (including
TMAO) from dietary phosphatidylcholine via a gut microbiota–
related nutrient metabolism pathway were highly predictive of
CVD risk. Furthermore, elevated circulating TMAO concentra-
tions were also associated with an increased risk of major car-
diovascular events, including mortality, in another larger cohort
study (3). Our study extends these findings by suggesting that
the dietary sources of such gut microbiota–related metabolites
may also be related to mortality. Our previous results (4) showed
that participants in the top quintile of dietary phosphatidylcho-
line intakes had a 34% (95% CI: 27%, 44%) higher risk of type
2 diabetes than those in the bottom quintile intakes. Taken to-
gether with these findings, our data suggest that nutrient path-
ways via gut microbiota metabolites are likely involved in other
clinical outcomes, such as diabetes and mortality.

Although, to our knowledge, no epidemiologic study has as-
sessed the association of dietary phosphatidylcholine intake with
cardiovascular and mortality risk thus far, several studies have
reported inconsistent associations between dietary intakes of total

TABLE 3

HRs (95% CIs) of CVD-specific mortality by quintile of energy-adjusted cumulative dietary choline from phosphatidylcholine in US women and men1

Quintile of choline intake from phosphatidylcholine

P-trend1 (low) 2 3 4 5 (high)

NHS

Median intake, mg/d 129.6 153.6 171.4 191.4 235.5

No. of cases/person-years 434/416,722 425/416,535 389/416,267 436/415,412 613/413,153

Rate per 100,000 person-years 104 102 93 105 148

Age-adjusted 1 1.04 (0.91, 1.19) 0.98 (0.85, 1.12) 1.09 (0.95, 1.25) 1.50 (1.33, 1.70) ,0.0001

Multivariate model 12 1 1.08 (0.94, 1.23) 0.99 (0.86, 1.13) 1.04 (0.91, 1.19) 1.22 (1.08, 1.39) 0.002

Multivariate model 23 1 1.07 (0.93, 1.22) 0.97 (0.85, 1.12) 1.02 (0.89, 1.17) 1.19 (1.05, 1.35) 0.008

HPFS

Median intake, mg/d 139.5 166.1 187.1 211.5 261.3

No. of cases/person-years 308/150,072 342/149,997 374/150,062 439/149,665 597/149,115

Rate per 100,000 person-years 205 228 249 293 400

Age-adjusted 1 1.09 (0.93, 1.28) 1.15 (0.98, 1.34) 1.28 (1.10, 1.49) 1.62 (1.41, 1.87) ,0.0001

Multivariate model 12 1 1.12 (0.95, 1.31) 1.15 (0.98, 1.34) 1.22 (1.05, 1.42) 1.41 (1.22, 1.63) ,0.0001

Multivariate model 23 1 1.11 (0.95, 1.31) 1.14 (0.97, 1.33) 1.21 (1.04, 1.41) 1.39 (1.20, 1.61) ,0.0001

Pooled results

No. of cases/person-years 742/565,431 767/565,067 763/564,761 875/563,261 1210/560,138

Rate per 100,000 person-years 131 136 135 155 216

Age-adjusted 1 1.09 (0.98, 1.20) 1.08 (0.97, 1.20) 1.20 (1.09, 1.32) 1.61 (1.47, 1.76) ,0.0001

Multivariate model 12 1 1.10 (0.99, 1.22) 1.04 (0.94, 1.16) 1.09 (0.98, 1.20) 1.29 (1.18, 1.42) ,0.0001

Multivariate model 23 1 1.09 (0.98, 1.21) 1.03 (0.93, 1.14) 1.07 (0.97, 1.18) 1.26 (1.15, 1.39) ,0.0001

1CVD, cardiovascular disease; HPFS, Health Professionals Follow-Up Study; HRT, hormone replacement therapy; NHS, Nurses’ Health Study.
2Model 1 adjusted for the following: age (mo); BMI (kg/m2); white race (yes or no); marital status (married or single); menopausal status and

postmenopausal HRT [premenopausal, postmenopausal + HRT nonuser, postmenopausal +current HRT user, postmenopausal + past HRT user, or missing

(women only)]; family history of CVD (yes or no); smoking status and smoking pack-years (never; past smoker: #5 pack-years, 6–20 pack-years, or $21

pack-years; current smoker: #5 pack-years, 6–20 pack-years, or $21 pack-years); alcohol consumption (0, 0.1–4.9, 5.0–14.9, or $15.0 g/d for women and 0,

0.1–4.9, 5.0–29.9, or $30.0 g/d for men); physical activity (in quintiles, and a category of missing values); the presence of diabetes, hypertension, or

hypercholesterolemia (yes or no for each); and regular aspirin use (yes or no).
3Model 2 further adjusted for dietary intakes of energy and trans fat and the ratio of polyunsaturated to saturated fat (quintiles).
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choline and the risk of coronary artery disease (26–28). Phos-
phatidylcholine is the major dietary source of choline (20),
contributing to w54% of choline intake in both of our cohorts.
Various choline sources might differentially affect CVD and
mortality, although our data show that phosphatidylcholine is
likely to be the nutrient of the most importance.

The associations of dietary phosphatidylcholine with all-cause
and CVD-specific mortality were stronger among diabetic than in
nondiabetic participants, although in both populations such as-
sociations were all significant. Our observation is in line with the
previous finding that the association of increased blood TMAO
concentrations with CVD risk appeared to be stronger in diabetic
patients than in those without diabetes (1). The associations of
dietary phosphatidylcholine with all-cause and CVD-specific
mortality appeared to be consistent in both men and women. This
observation is in line with a previous report that the associations
of TMAO concentrations with composite risk of incident CVD
and mortality were comparable, in general, between sexes (3).
The extreme quintile HR of CVD-specific mortality appeared
to be slightly stronger than that of all-cause mortality in the
combined results, which is in accordance with our hypothesis
that the effects of dietary phosphatidylcholine on mortality are
mainly through its effects on CVD. Our results on incident

CVD and incident coronary artery disease analyses showed
attenuated and nonsignificant associations compared with those
from the mortality analyses, suggesting that the effects of
dietary phosphatidylcholine intake may be stronger on CVD
prognosis than on CVD development.

To our knowledge, our study is the first large prospective study
to assess the association of dietary phosphatidylcholine intakes
with the risk of all-cause and CVD-specific mortality in general
US populations and, in particular among diabetic patients, who
have a higher risk of CVD and premature mortality than the
general population. The strengths of our study include the large
sample size, long-term follow-up, the specific diabetic study pop-
ulation, and detailed information on dietary and lifestyle factors.
Furthermore, we used cumulative average dietary measurements
of phosphatidylcholine intake with the use of repeated FFQ data
to reduce measurement errors and to capture long-term dietary
exposure.

We acknowledge several limitations of our study. First, similar
to other observational studies, we could not show causality, al-
though reverse causality is less likely when mortality is analyzed
as the outcome. Second, we did not have a direct measure of
circulating TMAO or the correlation of dietary phosphatidyl-
choline with circulating TMAO in our study. However, previous

TABLE 4

HRs (95% CIs) of overall and CVD-specific mortality by quintile of energy-adjusted cumulative dietary choline from phosphatidylcholine by diabetes status1

Quintile of choline intake from phosphatidylcholine

P-trend1 (low) 2 3 4 5 (high)

Overall mortality

Patients with diabetes

Median intake, mg/d 131.8 158.4 177.8 199.4 246.2

Age-adjusted 1 0.93 (0.79, 1.09) 0.98 (0.84, 1.15) 1.15 (0.99, 1.33) 1.31 (1.14, 1.50) ,0.0001

Multivariate model 12 1 1.06 (0.90, 1.25) 1.07 (0.91, 1.25) 1.25 (1.08, 1.45) 1.27 (1.10, 1.46) ,0.0001

Multivariate model 23 1 1.06 (0.89, 1.25) 1.06 (0.90, 1.24) 1.24 (1.06, 1.44) 1.24 (1.08, 1.44) 0.0003

Nondiabetics

Median intake, mg/d 130.2 152.1 168.2 188.6 234.1

Age-adjusted 1 0.98 (0.93, 1.04) 0.99 (0.94, 1.05) 1.08 (1.03, 1.14) 1.29 (1.23, 1.36) ,0.0001

Multivariate model 12 1 1.03 (0.98, 1.09) 1.03 (0.98, 1.09) 1.07 (1.02, 1.13) 1.12 (1.07, 1.18) ,0.0001

Multivariate model 23 1 1.02 (0.97, 1.08) 1.02 (0.96, 1.07) 1.05 (1.00, 1.11) 1.09 (1.04, 1.14) ,0.0001

CVD mortality

Patients with diabetes

Median intake, mg/d 131.8 158.4 177.8 199.4 246.2

Age-adjusted 1 1.13 (0.83, 1.54) 1.20 (0.89, 1.62) 1.37 (1.04, 1.82) 1.77 (1.36, 2.31) ,0.0001

Multivariate model 12 1 1.28 (0.93, 1.76) 1.32 (0.97, 1.79) 1.50 (1.12, 2.00) 1.73 (1.31, 2.27) ,0.0001

Multivariate model 23 1 1.27 (0.92, 1.75) 1.30 (0.96, 1.76) 1.46 (1.10, 1.96) 1.67 (1.26, 2.20) 0.0001

Nondiabetics

Median intake, mg/d 130.2 152.1 168.2 188.6 234.1

Age-adjusted 1 1.06 (0.95, 1.18) 1.03 (0.92, 1.15) 1.1 (0.99, 1.23) 1.42 (1.28, 1.57) ,0.0001

Multivariate model 12 1 1.08 (0.96, 1.20) 1.02 (0.91, 1.14) 1.04 (0.93, 1.16) 1.22 (1.10, 1.35) 0.0002

Multivariate model 23 1 1.07 (0.96, 1.19) 1.00 (0.90, 1.12) 1.03 (0.92, 1.14) 1.19 (1.07, 1.31) 0.001

1There were 12,769 diabetic participants and 110,630 nondiabetic participants included in this analysis (a participant could contribute to the analysis

among the nondiabetics before he or she developed diabetes and then contribute to the analysis among patients with diabetes). P-interaction values for overall

mortality and for CVD mortality were 0.0002 and 0.001, respectively. CVD, cardiovascular disease; HPFS, Health Professionals Follow-Up Study; HRT,

hormone replacement therapy; NHS, Nurses’ Health Study.
2Model 1 adjusted for the following: age (mo); BMI (kg/m2); white race (yes or no); marital status (married or single); menopausal status and

postmenopausal HRT [premenopausal, postmenopausal + HRT nonuser, postmenopausal +current HRT user, postmenopausal + past HRT user, or missing

(women only)]; family history of CVD (yes or no); smoking status and smoking pack-years (never; past smoker: #5 pack-years, 6–20 pack-years, or $21

pack-years; current smoker: #5 pack-years, 6–20 pack-years, or $21 pack-years); alcohol consumption (0, 0.1–4.9, 5.0–14.9, or $15.0 g/d for women and 0,

0.1–4.9, 5.0–29.9, or $30.0 g/d for men); physical activity (in quintiles, a category of missing values); the presence of diabetes, hypertension, or hypercho-

lesterolemia (yes or no for each); and regular aspirin use (yes or no).
3Model 2 further adjusted for dietary intakes of energy and trans fat and the ratio of polyunsaturated to saturated fat (quintiles).
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studies in humans and in mice consistently indicated close corre-
lations (1, 3). Third, higher intakes of phosphatidylcholine-
containing foods, such as eggs and red meat, may be correlated with
a cluster of unhealthier dietary and lifestyle habits (e.g., more
smoking, less physical activity, and a higher BMI). Although we
adjusted for the lifestyle and dietary factors known to be associated
with CVD and mortality, the potential of uncontrolled and un-
measured confounders might still remain. In addition, blood
homocysteine concentrations might be involved in our observed
association between phosphatidylcholine intakes and mortality.
However, we were not able to explore this hypothesis in the current
analysis, because we had measurements of circulating homocysteine
concentrations in only a small sample of our population (29). Fur-
thermore, because the present study was conducted in mainly whites,
the associations need to be examined in other race/ethnic groups.

In conclusion, we found that a high intake of phosphatidyl-
choline, which could lead to a higher production of TMAO, was
significantly associated with an increased risk of all-cause and
CVD-specific mortality, in particular among diabetic patients.
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