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IMPORTANCE Although emphasis has recently been placed on the importance of high-protein
diets to overall health, a comprehensive analysis of long-term cause-specific mortality
in association with the intake of plant protein and animal protein has not been reported.

OBJECTIVE To examine the associations between overall mortality and cause-specific
mortality and plant protein intake.

DESIGN, SETTING, AND PARTICIPANTS This prospective cohort study analyzed data from
416 104 men and women in the US National Institutes of Health-AARP Diet and Health Study
from 1995 to 2011. Data were analyzed from October 2018 through April 2020.

EXPOSURES Validated baseline food frequency questionnaire dietary information, including
intake of plant protein and animal protein.

MAIN OUTCOMES AND MEASURES Hazard ratios and 16-year absolute risk differences for
overall mortality and cause-specific mortality.

RESULTS The final analytic cohort included 237 036 men (57%) and 179 068 women. Their
overall median (SD) ages were 62.2 (5.4) years for men and 62.0 (5.4) years for women.
Based on 6 009 748 person-years of observation, 77 614 deaths (18.7%; 49 297 men and
28 317 women) were analyzed. Adjusting for several important clinical and other risk factors,
greater dietary plant protein intake was associated with reduced overall mortality in both
sexes (hazard ratio per 1SD was 0.95 [95% Cl, 0.94-0.97] for men and 0.95 [95% ClI,
0.93-0.96] for women; adjusted absolute risk difference per 1SD was -0.36% [95% ClI,
-0.48% to -0.25%] for men and -0.33% [95% Cl, -0.48% to -0.21%] for women; hazard
ratio per 10 g/1000 kcal was 0.88 [95% Cl, 0.84-0.91] for men and 0.86 [95% Cl, 0.82-0.90]
for women; adjusted absolute risk difference per 10 g/1000 kcal was -0.95% [95% Cl,
-1.3% to -0.68%] for men and -0.86% [95% Cl, -1.3% to -0.55%] for women; all P < .001).
The association between plant protein intake and overall mortality was similar across the
subgroups of smoking status, diabetes, fruit consumption, vitamin supplement use, and
self-reported health status. Replacement of 3% energy from animal protein with plant
protein was inversely associated with overall mortality (risk decreased 10% in both men and
women) and cardiovascular disease mortality (11% lower risk in men and 12% lower risk in
women). In particular, the lower overall mortality was attributable primarily to substitution
of plant protein for egg protein (24% lower risk in men and 21% lower risk in women) and
red meat protein (13% lower risk in men and 15% lower risk in women).

CONCLUSIONS AND RELEVANCE In this large prospective cohort, higher plant protein intake
was associated with small reductions in risk of overall and cardiovascular disease mortality.
Our findings provide evidence that dietary modification in choice of protein sources may
influence health and longevity.
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reat emphasis has been placed on the human health

effects of a high-quality protein diet owing to its pro-

posed benefits regarding weight management, me-
tabolism, and healthy aging.! Previous studies, including
meta-analyses of short-term clinical trials, have shown that
high-protein diets lead to weight loss and fat mass loss, pos-
sibly from the negative energy balance that results from sus-
tained satiety and energy expenditure.? In addition, cardio-
vascular metrics, including blood pressure, circulating lipid and
lipoprotein profiles, and glycemic modulation, have shown
improvement with protein substitution for carbohydrate.**
Notwithstanding such evidence and interest in the beneficial
health effects of dietary protein, recommendations regard-
ing food sources of protein have yet to be made. A thorough
analysis of disparate long-term health outcomes resulting from
choices of dietary protein sources (ie, plant protein or animal
protein) remains to be elucidated given the different dimen-
sions of nutritional profiles, including macronutrients, micro-
nutrients, polyphenols, and amino acid combinations from
varied protein sources.®'°

The association between dietary protein sources and mor-
tality has been examined in only a few population-based
studies."'®* The lowa Women’s Health Study showed that plant
protein substitution for animal protein is associated with re-
duced coronary heart disease mortality but not with overall
or cancer mortality.! The Nurses’ Health Study (NHS) and
Health Professionals Follow-up Study (HPFS) cohorts with
131342 participants found lower overall and cardiovascular
disease (CVD) mortality with greater plant protein intake,?
whereas reduced risk of mortality overall and mortality re-
lated to cancer or CVD was associated with a 3% energy sub-
stitution of plant protein for red meat protein in the Japan Pub-
lic Health Center-Based Prospective Cohort Study of 70 696
participants.!® Additional evidence is needed regarding the
association between the intake of plant protein and animal pro-
tein and mortality in a large cohort that examines specific plant
and animal protein sources in detail as well as in population
subgroups based on risk factors.

To this end, we examined whether plant protein intake and
animal protein intake from various sources are associated with
overall and cause-specific mortality in the National Institutes
of Health (NIH)-AARP Diet and Health Study, a large prospec-
tive cohort of more than 400 00O participants with more than
77 000 deaths.

Methods

Study Population

Details of the NIH-AARP Diet and Health Study have been
described.'* In brief, 617 119 participants 50 to 71 years of age
who returned a baseline questionnaire were enrolled from
6 states (California, Florida, Louisiana, New Jersey, North Caro-
lina, and Pennsylvania) and 2 metropolitan areas (Atlanta
and Detroit) in 1995 and 1996. The study was approved by the
Special Studies institutional review board of the US National
Cancer Institute. Completion of the self-administered ques-
tionnaire was considered to imply informed consent to par-

JAMA Internal Medicine Published online July 13,2020

Association Between Plant and Animal Protein Intake and Overall and Cause-Specific Mortality

Key Points

Question Does an association exist between dietary protein
choice, particularly from various food sources, and long-term
overall mortality or cause-specific mortality in the US population?

Findings In this cohort of 237 036 men and 179 068 women with
16 years of observation and nearly 78 000 deaths, greater intake
of plant protein was significantly associated with lower overall
mortality and cardiovascular disease mortality independent of
several other risk factors.

Meaning This study provides evidence for public health
recommendations regarding dietary modifications in choice of
protein sources that may promote health and longevity.

ticipate in the study and consistent with the Common Rule
requirements. No one received compensation or was offered
any incentive for participating in the study.

Exposure Assessment

Atbaseline, in addition to completing a questionnaire of demo-
graphic and lifestyle characteristics, participants completed
the National Cancer Institute Diet History Questionnaire (DHQ)
of 124 dietary items.'* The DHQ included 124 food items and
portion sizes, and it was linked with the US Department of
Agriculture 1994-1996 Continuing Survey of Food Intakes by
Individuals food composition nutrient database to provide an
accurate representation relative to the dietary habits and
nutrition of the general US population. Validity and reliability
of the DHQ has been confirmed and reported.'® Total dietary
protein intake included plant protein and animal protein. Pri-
mary dietary sources for plant protein (mean percentages of
total plant protein intake) included bread, cereal, and pasta
(45.8%), nuts (4.5%), beans and legumes (8.0%), and other
plant protein (41.7%). Primary dietary sources of animal pro-
tein (mean percentages of total animal protein intake) were red
meat (eg, fresh and processed red meat) (30.6%), white meat
(eg, poultry, fish, and processed white meat) (31.3%), and other
animal protein (eg, dairy products [31.6%] and eggs [4.0%]).
Dietary intake of protein, fiber, fruits, and vegetables were ad-
justed for total energy intake (per 1000 kcal intake) according
to the nutrient-density approach.

Mortality Assessment

Vital status of participants was ascertained via linkage with the
Social Security Administration Death Master File, and specific
causes of death were identified through linkage with the National
Death Index Plus, updated by the National Center for Health
Statistics (for details, see eAppendix 1in the Supplement).

Statistical Analysis

Applying the nutrient density method to adjust for caloric
intake,'®!” we divided all nutritional variables by a standard-
ized calorie intake (grams per 1000 kcal) in addition to includ-
ing energy as a continuous covariate in the model because it
can be independently associated with mortality.'® Person-
time of observation was calculated for cohort participants from
study entry in 1995 to 1996 until date of death or the end of
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follow-up (December 31, 2011), whichever occurred first. Cox
proportional hazards regression models using person-time
as the underlying time metric were used to estimate hazard
ratios (HRs) and 95% ClIs for the association between plant pro-
tein intake (per 1SD or 10 g/1000 kcal increment) and mortal-
ity risk, including overall and cause-specific mortality. We used
the nutrient-density model (ie, grams of protein per 1000 kcal
dietary intake) and reported risk estimates for men and women
separately. In the models of cause-specific mortality, mortal-
ity from causes other than the cause of interest was censored
at the time of death. To test for proportional hazards, we in-
cluded an interaction of intervals of follow-up time as catego-
ries with plant protein intake in the regression model, and
P values for the significance of the interaction were deter-
mined from likelihood ratio tests. However, we did find sev-
eral quantitative interactions with follow-up time (ie, signifi-
cant risk estimates in the same direction, with only magnitudes
differing by the mortality outcome and protein source), but not
qualitative interactions (ie, risk estimates in opposite direc-
tions). Because interactions were only quantitative in nature,
we report main analyses without stratifying by follow-up time
intervals and separately present models stratified by fol-
low-up time. For each HR from the primary analysis, the ad-
justed absolute risk difference (ARD) was estimated for each
1 SD or 10 g/1000 kcal increment of plant protein intake per
day at the end of the observation follow-up of 16 years. The
corresponding 95% CIs for ARD were calculated based on 100
bootstrap samples. To elucidate residual confounding status,
propensity scores reflecting the association between plant pro-
tein intake and potential confounding covariables were gen-
erated and included in the models.!® To evaluate the possibil-
ity that the inverse mortality associations may be explained
by other confounding factors, we further adjusted for con-
sumption of sugar-sweetened beverages (ie, regular soft drinks
and regular fruit drinks) and total carbohydrates, as well as me-
dian household income (as a census variable in group levels).
To minimize the influence of potential bias from reverse cau-
sality, we also performed sensitivity analyses that excluded the
first 5 years of follow-up.

Sensitivity analyses were also performed stratified by age
atentry (<60, 60 to <65, and >65 years), cigarette-smoking sta-
tus (never, former, or current), diabetes (no or yes), body mass
index (BMI [calculated as weight in kilograms divided by height
in meters squared], <18.5, 18.5 to <25, 25 to <30, 30 to <35, and
>35), alcohol consumption (O to <1, 1 to <3, and >3 drinks per
day), consumption of fruits and vegetables (median split low/
high), supplemental vitamin use (no or yes), self-reported
health status (poor to fair, good, and very good to excellent),
postmenopausal hormone therapy use (for women; no or yes),
and mortality follow-up period (O to <5, 5 to <10, and >10 years).
We used likelihood-ratio tests to evaluate P values for inter-
actions by comparing Cox proportional hazards regression
models with or without the cross-product terms for the pre-
selected factors and dietary plant protein intake (per 1 SD).

We examined mortality associations of substituting 3% of
energy from plant protein with an equal decrement in animal
protein from various sources, including red meat, white meat,
dairy, and eggs. Plant, animal, and total protein were mod-
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eled as percentages of energy, using energy from the specific
protein divided by total energy intake. The regression coeffi-
cient for plant protein in the model was the log hazard ratio
fora3%incrementin energy from plant protein with an equal
decrement in animal protein while total energy from protein
was held constant. Missing values for any single covariable were
less than 5%; we included a missing value indicator for each
covariable in the models.

All analyses were conducted from October 2018 through
April 2020 using SAS software, version 9.4 (SAS Institute Inc).
All P values are 2-sided at a type I error rate of 0.05. The
Bonferroni correction threshold was used to account for
multiple comparisons and define statistical significance
(.05/18 = .0028 for primary and secondary analyses [9 tests each
for men and for women], and .05/21 = .0024 for the subgroup
interaction tests). Details of covariate adjustment and sensitiv-
ity analyses are described in eAppendix 1in the Supplement.

. |
Results

Participants

After checking dietary questionnaire responses for data qual-
ity, 566 398 participants constituted the baseline cohort. Af-
ter excluding those with proxy questionnaires (n = 15 760), pre-
vious diagnoses of cancer except nonmelanoma skin cancer
(n = 51334), self-reported end-stage kidney disease (n = 997),
or heart disease or stroke (n = 73 549), and those with only a
death record for cancer (n = 4253), extreme daily caloric con-
sumption (n = 4372), or zero years of follow-up (n = 29), the
final analytic cohort included 416 104 individuals comprising
237036 men (57%) and 179 068 women. Their overall me-
dian (SD) ages were 62.2 (5.4) years for men and 62.0 (5.4) years
for women.

Dietary Plant and Animal Protein Intake, Diet,

and Lifestyle Factors

In our study, the median percentage of daily energy intake from
total protein was 15.3%, and the median percentage of daily
dietary protein intake was 40% from plant sources and 60%
from animal protein sources (including 19% from dairy foods).
Table 1 provides cohort baseline characteristics according to
categories (quintiles) of plant protein intake. The median plant
protein intake was 26.9 g/d (14.4 g/1000 kcal per day) for men
and 21.6 g/d (14.9 g/1000 kcal per day) for women. Partici-
pants with higher plant protein intake were more likely to have
diabetes, higher educational level, lower BMI and total en-
ergy intake, and higher fiber, fruit, and vegetable intake; be
more physically active and use vitamin supplements; and be
less likely to be current smokers or report their health as poor
or fair (Table 1). Cohort characteristics by quintiles of animal
protein intake are presented in eAppendix 2 and eTable 1 in
the Supplement.

Dietary Plant Protein Intake and Overall Mortality

During 16 years of follow-up (median, 15.5 years; interquar-
tile range, 15.5-15.8) with 6 009 748 accumulated person-
years, there were 77 614 deaths (18.7%; 49 297 men and 28 317
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Table 2. Risk of Overall and Cause-Specific Mortality Associated With Daily Dietary Plant Protein Intake Among 237 036 Men

Per 1-SD increment

Per 10 g/1000 kcal increment

Cause of death ARD, % (95% CI)? HR (95% CI) P value ARD, % (95% CI)? HR (95% CI) P value
Overall

Age adjusted® -1.2(-1.3to-1.1) 0.86 (0.85t00.87)  <.001 -3.0(-3.2t0-2.8) 0.66 (0.64t00.67) <.001

Multivariable® -0.36 (-0.48 to -0.25) 0.95(0.94t00.97)  <.001¢ -0.95 (-1.3 to -0.68) 0.88 (0.84t00.91) <.001¢
Cancer

Age adjusted® -0.54 (-0.62 to -0.50) 0.85(0.84t00.87)  <.001 -1.3(-1.5t0-1.2) 0.65(0.62t00.68) <.001

Multivariable® -0.073(-0.17 t0 0.0018) 0.98 (0.96 to 1.00) .09 -0.20 (-0.44 to 0.0024) 0.94 (0.88t0 1.01) .09
CVD

Age adjusted® -0.36 (-0.43 to -0.31) 0.88(0.86t00.90)  <.001 -0.90 (-1.1to -0.79) 0.70(0.67 t0 0.74)  <.001

Multivariable® -0.13 (-0.22 to -0.050) 0.95(0.93t00.98)  <.001¢ -0.35(-0.59to -0.14) 0.88(0.81t00.95) <.001¢
Heart disease

Age adjusted® -0.30(-0.36 to -0.25) 0.88(0.87t00.90)  <.001 -0.75 (-0.90 to -0.64) 0.71(0.681t00.75) <.001

Multivariable® -0.087 (-0.17 to -0.0088) 0.97 (0.94 t0 0.99) .02 -0.23 (-0.44 t0 -0.028) 0.91(0.84t00.98) .02
Stroke

Age adjusted® -0.074 (-0.10 to -0.049) 0.86(0.82t00.90)  <.001 -0.18 (-0.24t0 -0.13) 0.66 (0.58t00.75) <.001

Multivariable® -0.066 (-0.11 to -0.030) 0.88(0.82t00.94)  <.001¢ -0.17 (-0.26 to -0.08) 0.70(0.58t0 0.85)  <.001¢
Respiratory disease

Age adjusted® -0.25(-0.29t0 -0.22) 0.69(0.66t00.72)  <.001 -0.54 (-0.61 to -0.50) 0.36(0.33t00.40) <.001

Multivariable® -0.018 (-0.066 t0 0.027) 0.98 (0.92 to 1.04) 42 -0.049 (-0.17 t0 0.071) 0.93(0.79to 1.10) .42
Infection

Age adjusted® -0.066 (-0.085 to -0.046) 0.85 (0.81 t00.90) <.001 -0.16 (-0.20t0 -0.12) 0.65(0.56t00.74) <.001

Multivariable® -0.0079 (-0.037 t0 0.023) 0.98 (0.91 to 1.06) .65 -0.021(-0.099 t0 0.061) 0.95(0.77t0 1.18) .65
Injury and accident

Age adjusted® -0.052 (-0.077 to -0.030) 0.89(0.84t00.93)  <.001 -0.13(-0.19to -0.079) 0.71(0.62t00.82) <.001

Multivariable® -0.044 (-0.079 to -0.012) 0.90(0.84 t0 0.97) .009 -0.11(-0.19to -0.037) 0.76 (0.61t00.93) .009
Other causes combined

Age adjusted® -0.23 (-0.28 to -0.20) 0.89(0.87t00.91)  <.001 -0.57 (-0.70 to -0.50) 0.72(0.68t00.77) <.001

Multivariable® -0.18 (-0.25t0 -0.13) 0.91(0.88t00.94)  <.001¢ -0.46 (-0.63 to -0.33) 0.78(0.71t00.85) <.001¢

Abbreviations: ARD, absolute risk difference; CVD, cardiovascular disease;
HR, hazard ratio.

2 Calculated as a difference of 1-SD or 10 g/1000 kcal increment per day in plant
protein intake during the follow-up of 16 years. The 95% Cls were estimated
from 100 bootstrap samples.

b For age at entry, total energy intake, and animal protein intake.

© Adjusted for age at entry (continuous), body mass index (<18.5, 18.5 to <25,
25 t0 <30, 30 to <35, and =35), alcohol consumption (none to <1, >1to 3, and
>3 drinks per day), smoking status (never, former with =20 cigarettes per day,
former with >20 cigarettes per day, current with <20 cigarettes per day,
current with >20 cigarettes per day, or missing), physical activity (never/rarely,

1-3 times per month, 1-2 times per week, 3-4 times per week, =5 times/week,
or missing), race or ethnic group (non-Hispanic white, non-Hispanic black, or
other race/ethnicity), educational level (<high school, high school graduate,
post-high school training or some college,=college graduate, or missing),
marital status (yes vs no), diabetes (yes vs no), health status (poor to fair,
good, or very good to excellent, or unknown), vitamin supplement use

(yes vs no), and daily dietary total energy, animal protein, saturated fat,
polyunsaturated fat, monounsaturated fat, trans fat, fiber, vegetables, and
fruits (all continuous). For the end point of cancer mortality, the model was
further adjusted for history of cancer in a first-degree relative (yes vs no).

d Achieved Bonferroni-corrected threshold (.05/18 = .0028).

women). These deaths included 28 099 from cancer (17 816
men and 10 283 women), 22 228 from CVD (14 647 men and
7581 women), of whom 17 901 were from heart disease and 3748
were from stroke; 5606 from respiratory disease (3135 men and
2471 women); 2923 from infectious disease (1796 men and/
1127 women); 2614 from injuries and accidents (1878 men and
736 women); and 16 144 from all other causes combined (10 025
men and 6119 women).

Plant protein intake was significantly inversely associ-
ated with age-adjusted mortality from all causes in both men
(Table 2) and women (Table 3). After multivariable adjust-
ment, inverse associations remained significant for overall mor-
tality in both sexes. In men, the HRs were 0.95 (95% CI, 0.94-
0.97) per1SD and 0.88 (95% CI, 0.84-0.91) per 10 g/1000 kcal
increment, with adjusted ARDs (at 16 years of follow-up) of

jamainternalmedicine.com

-0.36% (95% CI, —0.48% to —0.25%) per 1 SD and -0.95% (95%
CI, -1.3% to -0.68%) per 10 g/1000 kcal increment (P < .001)
(Table 2). Corresponding adjusted HRs in women were 0.95
(95% CI, 0.93-0.96) per 1 SD and 0.86 (95% CI, 0.82-0.90) per
10 g/1000 kcal increment, with adjusted ARDs of —0.33% (95%
CI, -0.48% to -0.21%) per 1 SD and -0.86% (95% CI, -1.3% to
-0.55%) per 10 g/1000 kcal increment (P < .001) (Table 3). The
propensity score-adjusted risk estimates remained essen-
tially unchanged compared with those from the multivariable-
adjusted analyses for both men and women (for overall mor-
tality, propensity score-adjusted HRs were 0.95 [95% CI,
0.94-0.97] per 1 SD for men and 0.92 [95% CI, 0.90-0.93] per
1SD for women; both P < .001). Additional adjustment for con-
sumption of sugar-sweetened beverages and total carbohy-
drates as well as for median household income did not mate-
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Table 3. Risk of Overall and Cause-Specific Mortality Associated With Daily Dietary Plant Protein Intake Among 179 068 Women

Per 1SD Per 10 g/1000 kcal increment

Cause of death ARD, % (95% CI)? HR (95% CI) P value ARD, % (95% CI)? HR (95% CI) P value
Overall

Age adjusted® -1.0 (-1.1t0 -0.95) 0.85(0.83t00.86)  <.001 -2.5(-2.8t0-2.4) 0.63 (0.61 to 0.66) <.001

Multivariable® -0.33(-0.48t0-0.21) 0.95 (0.93 to 0.96) <.001¢ -0.86 (-1.3 to -0.55) 0.86 (0.82 t0 0.90) <.001¢
Cancer

Age adjusted® -0.38 (-0.46 to -0.33) 0.87 (0.85 to 0.89) <.001 -0.96 (-1.1to0 -0.84) 0.68 (0.65t0 0.73) <.001

Multivariable® -0.092 (-0.19to -0.012) 0.97 (0.94 to 1.00) .04 -0.24 (-0.49 to -0.035) 0.91 (0.84 t0 0.99) .04
CVD

Age adjusted® -0.32 (-0.38t0 -0.27) 0.85(0.83 t0 0.87) <.001 -0.78 (-0.93 to -0.68) 0.65 (0.60 to 0.69) <.001

Multivariable® -0.13(-0.22 to -0.053) 0.93 (0.90 t0 0.97) <.001¢ -0.35(-0.57 to -0.15) 0.83(0.75 t0 0.92) <.001
Heart disease

Age adjusted® -0.24 (-0.29t0 -0.19) 0.86 (0.83t0 0.88) <.001 -0.59(-0.72 to -0.49) 0.66 (0.61t00.71) <.001

Multivariable® -0.070(-0.14 to 0.0028) 0.96 (0.92 to 1.00) .04 -0.18 (-0.37 to 0.0032) 0.89 (0.79t0 0.99) .04
Stroke

Age adjusted® -0.079 (-0.11 to -0.049) 0.85(0.80 to 0.89) <.001 -0.19 (-0.26 to -0.13) 0.64 (0.55t0 0.74) <.001

Multivariable® -0.060 (-0.10 to -0.019) 0.88 (0.81 to 0.96) .003¢ -0.15(-0.25 to -0.052) 0.71(0.57 t0 0.89) .003¢
Respiratory disease

Age adjusted® -0.28(-0.32 t0 -0.24) 0.68 (0.65 t0 0.71) <.001 -0.60 (-0.69 to -0.55) 0.35(0.31 t0 0.39) <.001

Multivariable® -0.037 (-0.097 t0 0.017) 0.95(0.89t0 1.01) 12 -0.097 (-0.25 t0 0.043) 0.87 (0.73 to 1.04) 12
Infection

Age adjusted® -0.072 (-0.098 to -0.049) 0.81(0.76 t0 0.86) <.001 -0.17(-0.23t0-0.12) 0.56 (0.47 t0 0.67) <.001

Multivariable® -0.042 (-0.081 to -0.0035)  0.89 (0.81 to 0.98) .02 -0.10(-0.20 to -0.013) 0.73 (0.56 to 0.94) .02
Injury and accident

Age adjusted® -0.016 (-0.036 to 0.0051) 0.93 (0.86 to 1.00) .06 -0.042 (-0.090t0 0.012)  0.82 (0.66 to 1.01) .06

Multivariable® -0.013 (-0.042 t0 0.018) 0.94 (0.84 to 1.06) .32 -0.035 (-0.11 to 0.045) 0.85(0.62t01.17) .32
Other causes

Age adjusted® -0.22 (-0.28 t0 -0.18) 0.87 (0.85 t0 0.90) <.001 -0.55 (-0.69 to -0.45) 0.69 (0.64 t0 0.74) <.001

Multivariable® -0.11(-0.21 to -0.039) 0.93 (0.90 t0 0.97) <.001¢ -0.29 (-0.53 to -0.11) 0.83(0.74 t0 0.93) <.001¢

Abbreviations: ARD, absolute risk difference; CVD, cardiovascular disease;
HR, hazard ratio.
2 Calculated as a difference of 1-SD or 10 g/1000 kcal increment per day in plant

protein intake during the follow-up of 16 years. The 95% Cls were estimated
from 100 bootstrap samples.

®For age at entry, total energy intake, and animal protein intake.

¢ Adjusted as indicated in note c of Table 2, and further adjusted for hormone
replacement therapy (yes vs no).

d Achieved Bonferroni-corrected threshold (.05/18 = .0028).

rially change our association estimates (eTable 2 and eTable 3
in the Supplement).

By contrast, animal protein intake was not associated with
multivariable-adjusted mortality in men (HR, 0.99; 95% CI,
0.98-1.00; P = .18) or women (HR, 0.98; 95% CI, 0.97-1.00;
P =.02) (eTable 4 in the Supplement).

Dietary Plant Protein Intake and Cause-Specific Mortality

Plant protein intake was inversely associated with mortality
from all CVD, stroke, and “other causes combined,” represent-
ingrisk reductions of 5% to 12% per 1-SD intake increment and
12% to 30% per 10 g/1000 kcal intake increment in men, and
7%1t012% per 1SD and 17% to 29% per 10 g/1000 kcal in women
(all P < .003). The adjusted ARDs at 16 years of follow-up for
CVD mortality were —0.13% (95% CI, -0.22% to —-0.05%) per
1-SD intake increment and -0.35% per (95% CI, -0.59% to
-0.14%) per 10 g/1000 kcal increment in men, and -0.13% (95%
CL, -0.22% to -0.053%) per 1 SD and -0.35% (95% CI, -0.57%
to -0.15%) per 10 g/1000 kcal in women. The corresponding
adjusted ARDs for stroke mortality were —-0.07% (95% CI,

JAMA Internal Medicine Published online July 13,2020

-0.11% to -0.03%) per 1-SD intake increment and -0.17%
(95% CI, -0.26% to —0.08%) per 10 g/1000 kcal increment in
men, and -0.06% (95% CI, —0.1% to —0.019%) per 1-SD intake
increment and -0.15% (95% CI, -0.25% to —-0.052%) per
10 g/1000 kcal increment in women (Table 2 and Table 3). By
contrast, plant protein intake was not significantly associ-
ated with mortality from cancer, heart disease, respiratory dis-
ease, infections or injuries/accidents in either men or women
(all P > .003) (Table 2 and Table 3).

Dietary Plant Protein Intake and Overall Mortality

in Cohort Subgroups

The Figure provides key findings from stratified multivari-
able adjusted analyses of cohort subgroups. Asillustrated there,
HRs of overall mortality are for 1-SD increment of plant pro-
tein intake. Multivariable analyses were adjusted for age at en-
try (continuous), BMI, alcohol consumption, smoking status
(never, former with <20 cigarettes a day, former with >20 ciga-
rettes a day, current with <20 cigarettes a day, current with
>20 cigarettes a day, or missing), physical activity (never or
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rarely, 1-3 times per month, 1-2 times per week, 3-4 times per
week, >5 times per week, or missing), race or ethnic group (non-
Hispanic white, non-Hispanic black, other race/ethnicity), edu-
cational level (<high school, high school graduate, post-high
school training or some college, college graduate or higher, or
missing), marital status (yes vs no), diabetes, health status, vi-
tamin supplement use, and daily dietary total energy, animal
protein, saturated fat, polyunsaturated fat, monounsatu-
rated fat, trans fat, fiber, vegetables, and fruits (all continu-
ous). For women, risk estimates were additionally adjusted for
postmenopausal hormone replacement therapy. For the end
point of cancer mortality, the model was further adjusted for
history of cancer in a first-degree relative (yes vs no). The value
of P for interaction was assessed by the likelihood ratio test,
entering the cross-product term of plant protein (continuous
variable) and the stratification variables (ordinal variable) into
the Cox proportional hazards regression model.

The overall mortality association with a 1-SD increment of
plant protein intake was largely similar across population sub-
sets based on smoking status, diabetes, fruit consumption, vi-
tamin supplement use, and self-reported health status in both
men and women, and on use of postmenopausal hormone
therapy for women. By contrast, significant differences were
observed in subgroups of BMI and years of follow-up (in both
sexes), alcohol consumption (men), and age and vegetable con-
sumption (women) (Figure). We observed stronger inverse as-
sociations for those with BMI 0of 18.5 to 25 (men: HR, 0.94; 95%
CI, 0.91-0.96; women: HR, 0.92; 95% CI, 0.89-0.95), fol-
low-up time of less than 5 years (men: HR, 0.92; 95% CI, 0.90-
0.95; women: HR, 0.90; 95% CI, 0.87-0.93), consumption of
3 drinks or more daily (HR, 0.89; 95% CI, 0.85-0.93) for men,
and for women who were younger than 60 years of age
(HR, 0.90; 95% CI, 0.87-0.94) or who reported lower dietary
vegetable consumption (HR, 0.90; 95% CI, 0.88-0.93). Al-
though we observed a stronger inverse plant protein intake-
mortality association during the first 5 years of cohort follow-
up, our primary findings were not materially altered by
excluding the first 5 years of observation, with overall HRs
among men of 0.95 (95% CI, 0.94-0.97) per 1-SD intake incre-
mentand 0.88 (95% CI, 0.84-0.95) per 10 g/1000 kcal and cor-
responding HRs of 0.96 (95% CI, 0.94-0.98) per 1 SD and 0.88
(95% CI, 0.84-0.93) per 10 g/1000 kcal for women (all P < .001).

Substitution of 3% Energy From Plant Protein

for Specific Animal Protein Sources

Table 4 presents mortality data for substitution of 3% energy
from plant protein for the equivalent amount of animal pro-
tein of various sources and shows a significant association with
lower overall mortality (men: HR, 0.90; 95% CI, 0.88-0.93;
women: HR, 0.90; 95% CI, 0.87-0.93; all P < .001), and CVD
mortality (men: HR, 0.89; 95% CI, 0.85-0.94; women: HR, 0.88;
95% CI, 0.82-0.94; P < .001), including in men mortality from
heart disease (HR, 0.91; 95% CI, 0.86-0.96; P < .001) and stroke
(HR, 0.78; 95% CI, 0.68-0.90; P < .001).

Examination of substitution of 3% energy from plant
protein for specific sources of animal protein revealed that the
mortality reduction appeared strongest with substitution
for egg protein, with 15% to 39% lower risk in men and 17% to
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34% lower risk in women for overall (24% lower risk in men
and 21% lower risk in women), cancer, CVD, heart disease, and
respiratory disease mortality (Table 4). Substitution of 3%
energy from plant protein for red meat protein intake showed
stronger mortality reductions of 11% to 21% in men and 11% to
25% in women for overall (13% lower risk in men and 15% lower
riskin women), CVD, heart disease, and stroke mortality in both
sexes, and cancer and respiratory disease mortality in women.
A similar change from dairy protein to plant protein was as-
sociated with lower overall and CVD mortality in men and
women, and heart disease and stroke mortality in men, with
overall mortality HRs of 0.92 in both men and women
(P < .001). However, substituting of 3% energy from plant pro-
tein for white meat protein was not associated with risk of
mortality (Table 4).

Substitution of 3% Energy From Specific Dietary

Plant Protein Sources for Egg Protein

and Red Meat Protein Intake

In this sensitivity analysis of specific plant protein sources sub-
stituting 3% energy for egg protein and red meat protein, we
observed lower overall and cause-specific mortality (with the
exception of deaths from infection, injuries, and accidents)
when exchanging bread, cereal, and pasta plant protein for egg
protein, with risk reductions of 18% to 45% in men and 20%
to 39% in women (eTable 5 in the Supplement). Similarly, we
found 12% to 30% lower mortality in men, and 13% to 28%
lower mortality in women, when substituting for red meat pro-
tein (again, except for deaths from infection in men and
women, and from injuries and accidents in women) (eTable 6
in the Supplement).

|
Discussion

In this analysis of a large prospective cohort of men and women
in the US with 16 years of observation, we found higher plant
protein intake was associated with reduced risk of overall mor-
tality, with men and women experiencing (respectively) 12%
and 14% lower mortality per 10 g/1000 kcal intake increment
(5% lower mortality per 1-SD increment). The inverse associa-
tion was apparent for CVD and stroke mortality in both sexes,
was independent of several risk factors, and was evident in
most other cohort subgroups. Replacement of 3% energy from
various animal protein sources with plant protein was asso-
ciated with 10% decreased overall mortality in both sexes. Of
note, substitution analyses suggested that replacement of egg
protein and red meat protein with plant protein resulted in the
most prominent protective associations for overall mortality,
representing 24% and 21% lower risk for men and women, re-
spectively, for egg protein replacement, and 13% and 15% lower
risk for men and women for red meat protein replacement. The
effect sizes of these risk estimates were small.

Relatively few prospective studies have examined the as-
sociation between dietary protein sources and overall mortal-
ity. Concordant with the present findings, the NHS and HPFS
cohorts found an inverse association for higher plant protein
intake and overall and CVD mortality, and reduced overall
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Table 4. Risk of Overall and Cause-Specific Mortality Associated With Substitution of 3% Dietary Energy Intake
From Plant Protein for Various Animal Protein Sources Among 237 036 Men and 179 068 Women?

Men Women
Animal protein source HR (95% CI)® P value HR (95% CI)® P value
Total animal protein
Overall 0.90 (0.88-0.93) <.001¢ 0.90 (0.87-0.93) <.001¢
Cancer 0.97 (0.92-1.02) 19 0.93 (0.88-0.99) .02
CVD 0.89 (0.85-0.94) <.001¢ 0.88 (0.82-0.94) <.001¢
Heart disease 0.91 (0.86-0.96) <.001¢ 0.90 (0.84-0.98) .01
Stroke 0.78 (0.68-0.90) <.001°¢ 0.81(0.70-0.94) .007
Respiratory disease 0.92 (0.82-1.03) .14 0.92 (0.82-1.04) .18
Infection 0.99 (0.85-1.14) .86 0.81(0.68-0.97) .02
Injury and accident 0.82 (0.71-0.95) .008 0.89(0.72-1.11) .30
Other causes combined 0.83 (0.78-0.88) <.001¢ 0.90 (0.83-0.97) .005
Red meat protein
Overall 0.87 (0.85-0.90) <.001°¢ 0.85(0.81-0.88) <.001°¢
Cancer 0.93 (0.88-0.98) .004 0.89 (0.83-0.95) <.001¢
CvD 0.88(0.83-0.93) <.001¢ 0.82 (0.76-0.89) <.001¢
Heart disease 0.89 (0.84-0.94) <.001¢ 0.84 (0.77-0.92) <.001¢
Stroke 0.79 (0.68-0.91) .001¢ 0.75 (0.63-0.89) <.001°¢
Respiratory disease 0.83 (0.74-0.94) .003 0.80(0.70-0.91) .001¢
Infection 0.94 (0.81-1.10) 47 0.75(0.62-0.92) .006
Injury and accident 0.80 (0.69-0.94) .005 0.90(0.71-1.16) 42
Other causes combined 0.80 (0.75-0.86) <.001¢ 0.85 (0.78-0.92) <.001¢
White meat protein
Overall 0.98 (0.94-1.01) 11 0.95 (0.91-0.98) .005
Cancer 1.02 (0.97-1.08) .40 0.93 (0.87-0.99) .02
CVD 0.95 (0.90-1.01) .07 0.94 (0.87-1.02) 12
Heart disease 0.97 (0.91-1.03) .27 0.97 (0.89-1.05) 41
Stroke 0.83(0.71-0.96) .01 0.90 (0.76-1.06) .20
Respiratory disease 1.17 (1.03-1.33) .02 1.06 (0.93-1.21) .40
Infection 1.06 (0.90-1.25) 52 0.88 (0.72-1.07) 20 Abbreviations: CVD, cardiovascular
Injury and accident 0.91(0.77-1.07) 23 0.99 (0.78-1.26) .96 disease; HR, hazard ratio.
Other causes combined 0.90 (0.84-0.97) .004 0.90 (0.84-0.97) .004 ? Plant, animal and total protein were
vttt
Overall 0.92 (0.89-0.95) <.001¢ 0.92 (0.89-0.95) <.001¢ protiin di\fzed by tota|2nergy
Cancer 1.01 (0.96-1.06) 73 0.97 (0.91-1.03) 31 intake, and the leave-1-out model
D 0.89 (0.84-0.94) <.001° 0.88 (0.82-0.95) <.001° :’:;;;iif;gj;ﬂg::ﬁﬁgon
Heart disease 0.91 (0.86-0.97) .003¢ 0.92 (0.84-0.99) .03 substitution of 3% energy from
Stroke 0.77 (0.66-0.89) <.001¢ 0.80 (0.69-0.94) .006 plant protein for an individual
Respiratory disease 0.94 (0.83-1.06) 31 0.97 (0.85-1.10) 60 f:;:fg:;’::f;:]'I't’;arlnzraotts:';t(::
Infection 0.98 (0.84-1.15) .79 0.80 (0.67-0.97) .02 dairy protein and egg protein),
Injury and accident 0.83 (0.71-0.98) .02 0.88 (0.70-1.10) 25 energy from plant protein, total
Other causes combined 0.83 (0.78-0.89) <.001¢ 0.90 (0.83-0.97) .008 E;?::;gii(:r\;gi Emﬁgir:j:;
Egg protein included in the model. The HRs
Overall 0.76 (0.72-0.80) <.001° 0.79 (0.73-0.85) <.001¢ represent the relative risk of overall
Cancer 0.85(0.78-0.93) <.001¢ 0.83(0.73-0.93) .002¢ lrarlc;;tea;:t:/uvglsttfiltiz/;g?sfg;:xr;Ecllaer:jt
CvD 0.74 (0.67-0.82) <.001°¢ 0.72 (0.63-0.83) <.001°¢ animal protein energy.
Heart disease 0.76 (0.69-0.85) <.001¢ 0.72 (0.62-0.85) <.001¢ b Adjusted as indicated in note c of
Stroke 0.67 (0.52-0.88) .003 0.75 (0.55-1.03) .08 Zzg';;t :s”v‘\jlef?g a""d"dr:‘tz‘n;ﬁ‘; risk
Respiratory disease 0.61 (0.50-0.74) <.001¢ 0.66 (0.53-0.83) <.001¢ adjusted for postmenopausal
Infection 0.94 (0.71-1.25) .66 0.80(0.55-1.17) .25 hormone replacement therapy
Injury andlaccident 0.71(0.53-0.94) 02 0.67 (0.43-1.05) 08 (yesvsno).
Other causes combined 0.71 (0.63-0.80) <.001° 0.92 (0.78-1.08) 28 “Achieved Bonferroni-corrected

threshold (.05/18 = .0028).
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mortality for greater substitution of plant protein for animal
protein.'? Increased plant protein intake was also associated
with lower risk of total and CVD mortality in a cohort in Japan,'
whereas a study of postmenopausal women in the US showed
that replacement of animal protein with plant protein led to
decreased coronary heart disease mortality.! Collectively, the
present and previous studies indicate the importance and
diverse effects of primary dietary protein sources, including
beneficial associations for higher plant protein intake in long-
term health outcomes.

Considerable evidence has accumulated supporting a
beneficial role for plant-based diets in the prevention of car-
diovascular disease. Dietary plant protein has been associ-
ated with reduced CVD risk factors, including lower systolic
and diastolic blood pressure, improved lipid and lipoprotein
profiles, and decreased circulating concentrations of insulin-
like growth factor-1.2°-22 Consistent with our findings, a
recent meta-analysis of randomized clinical trials has shown
that substitution of red meat with protein from high-quality
plant sources, including legumes, soy, nuts, and other foods,
was associated with benefits on lipid profiles, including
favorable reductions in blood total cholesterol and low-
density lipoprotein cholesterol.?*> Replacement of 1 standard
serving of red meat with nuts and seeds daily reduced coro-
nary heart disease risk by 30% in the NHS,?* and greater ani-
mal protein intake was associated with 25% higher risk of
ischemic heart disease among healthy men in the HPFS.?*
In addition, lower risks of coronary heart disease and stroke
were associated with substituting other protein sources (ie,
fish and poultry) for red meat in the analysis of the NHS and
HPFS.24:2¢ Underlying mechanisms for the CVD mortality
associations remain unclear, although different amino acid
constituents, protein source-related endogenous responses,
and coexisting bioactive nutrients in the plant food matrix
have been suggested as contributory. For example, plant-
based proteins contain higher concentrations of nonessen-
tial amino acids (eg, arginine and glycine) and fewer essen-
tial amino acids (eg, methionine, lysine, and tryptophan),
which could potentially influence cardiovascular health
through lower arterial stiffness or decreased systemic and
vascular generation of reactive oxygen species.!%:27-2° In
addition, increased concentrations in circulation of the gut
microbiome-generated metabolite trimethylamine N-oxide,
which results from higher intake of L-carnitine and choline
from animal-based diets,!° has been proposed to mediate
the effect of protein sources on cardiovascular health associ-
ated with increased risk of major adverse cardiac events.3%-3!
Beyond such potential direct effects of protein per se, other
bioactive nutrients in foods may influence health, including
heme iron, nitrates and nitrites, and sodium in red and pro-
cessed meat®?3* and unsaturated fatty acids, antioxidants,
vitamins, and trace minerals in plant-based foods.>*-3> Our
findings of more pronounced inverse plant protein associa-
tions in women who were younger than 60 years, and in
both men and women with a favorable BMI, suggest that
those health effects can be overshadowed by, for example,
metabolic impairment-associated oxidative stress and sys-
temic chronic inflammation.
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Our observation of stronger inverse mortality associations
for plant protein from bread, cereal, and pasta substitution of
red meat protein and egg protein do not stand alone in the lit-
erature. Higher red and processed meat consumption have been
consistently associated with increased premature death, pos-
sibly owing to systemic oxidative stress, inflammation, heme
iron, and endogenous formation of N-nitroso compounds.3236-38
Grains and cereal foods have high contents of bioactive
substances, including phenolic compounds, antioxidants,
vitamins, minerals, and phytoestrogens,® and increased
whole grain consumption has been favorably associated with
reduced cardiovascular disease risk factors, including hyper-
tension, total cholesterol and low-density lipoprotein
cholesterol.*°-42 Moreover, a meta-analysis of 17 prospective
cohorts that included 150 328 deaths found greater consump-
tion of total red meat and processed meat was associated with
excess risk of overall, CVD, and cancer mortality,>® and lower
total mortality risk and cause-specific mortality risk in per-
sons having greater consumption of plant protein-rich whole
grains and cereal fiber.**-%* Consistent with our findings, it
has been shown that replacement of 3% energy from egg
protein with plant protein was associated with decreased risk
of overall mortality, with mortality risk reductions 0f 19% and
18% in US cohorts'® and a Japanese cohort,' respectively.
In addition, an analysis of 6 prospective US cohorts, showed
that higher egg consumption was associated with increased
risk of incident CVD and all-cause mortality in a dose-
response manner.**

Strengths and Limitations

There are several strengths of our study. The large cohort
sample size and number of events as well as long-term fol-
low-up afforded substantial power to detect moderate asso-
ciations between substitution of plant protein for animal
protein and mortality risk and to assess effect modification
by other risk factors. The large number of deaths permitted a
robust examination of cause-specific mortality. Of note, ap-
proximately 40% of daily dietary protein was from plant
sources and 60% was animal protein (including 19% dairy
protein), which are similar to the plant and animal protein
intakes of the US population.*® In addition, 15.3% of total calo-
ries (median) from protein consumption in our study is very
similar to that in the general US population (15%-16%),%”*8 sup-
porting the representativeness of our population. Study limi-
tations include our use of a food frequency questionnaire to
assess intake of plant protein and animal protein, with inher-
ent measurement error (eg, underreporting of dietary intakes*°)
that would underestimate associations as a result of nondif-
ferential misclassification and bias risk estimates toward the
null. Although 24-hour dietary recalls are reasonable valida-
tion instruments but not criterion standards (eg, duplicate plate
measurements), and they entail substantial measurement er-
ror, a previous validation study of the NIH-AARP DHQ and 24-
hour dietary recalls reported correlations for total protein in-
take of 0.43 in men and 0.50 in women, reflecting moderate
validity and reliability.’® Our analysis was based on a single di-
etary assessment at baseline, with possible unknown dietary
changes during the follow-up period. Although the quantita-
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tive plant protein substitution interaction with follow-up time
results were significant, the mortality risk estimates for the pe-
riods of O to fewer than 5 years, 5 to fewer than 10 years, and
10 or more years were essentially similar, suggesting consis-
tency of the associations over time. The vast majority of our
study participants were non-Hispanic white, which reduces the
generalizability of the findings to other racial/ethnic popula-
tions. The latest linkage of the AARP-NIH cohort to the Na-
tional Death Index contained cause-specific mortality through
December 31, 2011, with the current analysis being based on
237036 men, 179 068 women, and 77 614 deaths during 16
years of follow-up. The next linkage has been delayed logisti-
cally by the coronavirus disease 2019 pandemic, with no pre-
cise estimate of when we might have access to those data. In
addition, because our findings are unlikely to be materially al-
tered by the additional events, the present analysis was con-
ducted with the currently available follow-up. Finally, we can-
not preclude the possibility of residual confounding, including

Original Investigation Research

from unmeasured factors, which may have biased the ob-
served associations. We did, however, control for a wide range
of known potential confounding factors and used a propen-
sity score to adjust for variation between comparison groups,
and our main findings remained essentially unchanged.

|
Conclusions

In conclusion, this large cohort investigation showed small
but significant associations between higher intake of plant pro-
tein and lower overall and CVD mortality, with prominent in-
verse associations observed for replacement of egg protein and
red meat protein with plant protein, particularly for plant
protein derived from bread, cereal, and pasta. Findings from
this and previous studies provide evidence that dietary modi-
fications in choice of protein sources may promote health
and longevity.
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