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Abstract

Background

Protein intake plays an important role in maintaining the health status of older adults. However, few
epidemiologic studies examined midlife protein intake in relation to healthy aging.

Objectives

The objective of this study was to evaluate the long-term role of dietary protein intake in healthy aging among
female participants in the prospective Nurses’ Health Study (NHS) cohort.

Methods

We included 48,762 NHS participants aged <60 y in 1984. Total protein, animal protein, dairy protein (a subset
of animal protein), and plant protein were derived from validated food frequency questionnaires. Healthy aging
was defined as being free from 11 major chronic diseases, having good mental health, and not having
impairments in either cognitive or physical function, as assessed in the 2014 or 2016 NHS participant
questionnaires. We used multivariate logistic regression adjusted for lifestyle, demographics, and health status to
estimate the odds ratios (ORs) and 95% confidence intervals for protein intake in relation to healthy aging.
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Results

A total of 3721 (7.6%) NHS participants met our healthy aging definition. Protein intake was significantly
associated with higher odds of healthy aging. The ORs (95% confidence intervals) per 3%-energy increment
with healthy aging were 1.05 (1.01, 1.10) for total protein, 1.07 (1.02, 1.11) for animal protein, 1.14 (1.06,
1.23) for dairy protein, and 1.38 (1.24, 1.54) for plant protein. Plant protein was also associated with higher
odds of absence of physical function limitations and good mental status. In substitution analyses, we observed
significant positive associations for the isocaloric replacement of animal or dairy protein, carbohydrate, or fat
with plant protein (ORs for healthy aging: 1.22–1.58 for 3% energy replacement with plant protein).

Conclusions

Dietary protein intake, especially plant protein, in midlife, is associated with higher odds of healthy aging and
with several domains of positive health status in a large cohort of female nurses.
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Introduction

The number of United States adults ≥60 y is expected to nearly double by 2060[1]. However, increased
longevity has not resulted in extended health span because of the occurrence of chronic diseases and
impairments in physical and cognitive function among older adults [2]. Diet is an important modifiable factor of
several chronic diseases [3,4], frailty [5], premature death [6], and successful or healthy aging [7,8], which are
relevant to this vulnerable population.

In particular, protein intake plays an important role in maintaining good health status in older adults, especially
in promoting physical function [9,10]. Data from clinical trials and observational studies suggest that higher
protein intake is associated with decreased rate of muscle loss and improved physical performance in older
adults [11,12]. Dietary protein also helps maintain physical mobility [9,13,14] and is associated with decreased
risk of hip fractures and bone mass density loss [[15], [16], [17]]. Furthermore, dietary protein has been
associated with maintenance of cognitive function [18,19]. However, most of these studies had short follow-up
times, and the associations of specific protein sources (animal or plant) were inconclusive for most outcomes
[9,20,21].

With respect to protein sources, animal protein intake in middle adulthood has been associated with an
increased risk of premature death from chronic diseases driven by cardiovascular disease (CVD) mortality [22].
Plant protein intake in older adulthood was also associated with a lower risk of frailty in a previous study in the
Nurses’ Health Study (NHS) [23]. Furthermore, higher plant protein intake was associated with a better
probability of achieving healthy aging defined by changes in functional impairments, self-reported
health/vitality, mental health, and use of health services in the Seniors-Estudio Sobre Nutrición y Riesgo
Cardiovascular in Spain [24]. Therefore, more detailed studies are needed to assess the role of dietary protein—



and protein sources—in healthy aging, taking into account physical function, cognitive health, and mental status
in conjunction with chronic disease incidence in older adults [25].

The objective of our longitudinal study was to evaluate the association of protein intake in middle-aged female
nurses in the United States with the likelihood of healthy aging, defined as longevity with the absence of major
chronic diseases, good mental health, and no impairment in either cognitive or physical function, using data
from the NHS [25]. We hypothesized that higher intakes of protein intake would be associated with greater odds
of healthy aging.

Methods

Study population

The NHS was established in 1976 with 121,700 registered female nurses aged 30–55 y at enrollment [26].
Follow-up questionnaires were administered at baseline and every 2 y thereafter to collect information on
lifestyle practices and medical history. The follow-up rate of NHS participants was >90% in most cycles.

From the 81,702 participants who returned the 1984 questionnaire, we excluded participants who had a history
of any of the 11 chronic diseases that make up the healthy aging phenotype (see below) at baseline (1984) as
well as participants aged ≥60 y in 1984 (Supplementary Figure 1). We excluded participants if they left >70
food items blank on the baseline food frequency questionnaire (FFQ) and those who reported unusual total
energy intake levels (i.e., daily energy intake <500 or >3500 kcal/d). We also excluded participants without
baseline information on protein intake, participants who did not return the 2016 questionnaire, those who
skipped >5 items on the physical function scale of the Medical Outcomes Study Short-Form Health Survey (SF-
36), and those who skipped any item on the subjective memory or 15-item Geriatric Depression Scale (GDS-15),
leaving a sample of 48,762 NHS participants for the present analysis. The study protocol was approved by the
Institutional Review Boards of Brigham and Women’s Hospital and Tufts University. The return of a completed
questionnaire was considered as informed consent.

Assessment of diet

To collect information about habitual diet, NHS participants responded to an FFQ with 61 items in 1980. The
FFQ was subsequently expanded to 131 items in 1984 and 1986 and every 4 y thereafter to obtain updated
dietary information. Consumption frequency for each food in the FFQ was captured in 9 categories ranging from
“never or less than once per month” to “6 or more times per day.” The intakes of total protein and protein from
animal, dairy, and plant sources were calculated for each participant by multiplying the consumption frequency
of each food item by its protein content and then adding the protein intake across all food items. The intake of
other nutrients was estimated using the same procedure. The nutrient contents of food items were obtained from
the Harvard University Food Composition Database. We expressed the intakes of each protein variable as a
percent of total energy intake by multiplying their respective intake in grams per day by the energy contribution
of each gram of protein (4 kcal/g) and then dividing by total energy intake. The primary animal protein sources
in the 1984 and 1986 FFQs were beef, chicken, milk, fish/seafood, and cheese (Supplementary Figure 2). The



main contributors to dairy protein (a subset of animal protein) were milk, cheese, pizza, yogurt, and ice cream.
The main plant protein sources were bread, vegetables, fruits, pizza, cereal, baked items, mashed potatoes, nuts,
beans, peanut butter, and pasta (Supplementary Figure 2). FFQs have demonstrated good validity and
reproducibility in assessing overall diet and protein intake against 7-d diet records [27,28]. The deattenuated
correlations between protein intake assessed by diet records and FFQs in prior validation studies in the NHS
were 0.53 [27] and 0.64 [28]. For the main analysis, we used the 1984 and 1986 FFQs to ascertain dietary
intake. We calculated intakes of total protein, animal protein, dairy protein, and plant protein by averaging the
self-reported dietary intakes from the 1984 and 1986 FFQs and expressed them as percent of total energy intake.

Assessment of healthy aging

Healthy aging was defined as a composite end point: being free from 11 major chronic diseases, having no
impairment in memory or physical function, and being in good mental health, as defined previously for the NHS
participants [29]. All remaining participants were considered to be usual agers, which included those who did
not meet our healthy aging definition and those who died before 2016 (Supplementary Figure 1). The
assessment of healthy aging was conducted based on 4 domains listed below.

Assessment of chronic diseases.

We determined the clinical diagnoses of 11 major chronic diseases from the biennial follow-up questionnaires,
which were subsequently confirmed by a review of medical records or pathology reports, telephone interviews,
and supplementary questionnaires. These conditions were selected because they are primary causes of mortality
in the United States or are considered to be highly debilitating [30]. Previous studies have reported high validity
of self-reported health information in the NHS [31,32]. The list of 11 chronic diseases included cancer (except
for nonmelanoma skin cancer), type 2 diabetes, myocardial infarction, coronary artery bypass graft surgery or
percutaneous transluminal coronary angioplasty, congestive heart failure, stroke, kidney failure, chronic
obstructive pulmonary disease, Parkinson disease, multiple sclerosis, and amyotrophic lateral sclerosis from the
biennial follow-up questionnaires. Participants who did not report a history of any of these 11 diseases by the
end of follow-up (2016) were considered to be free from chronic diseases.

Subjective memory.

Subjective memory was assessed on the basis of 7 questions included in the 2014 follow-up questionnaire
regarding self-reported memory complaints about the change in ability to remember things and trouble in
remembering recent events, short lists, 1 s to the next, spoken instructions, following conversations or plot, and
finding the way on familiar streets [29,33,34]. No impairment in memory was defined as having 1 memory
complaint at most.

Physical function.



Physical function was assessed on the basis of 10 questions from the Medical Outcomes Study SF-36, which is a
36-item questionnaire that evaluates physical function and mental health which was administered in 2016 [35].
The absence of impairment in physical function was defined as having no limitations in moderate activities (e.g.,
walking a few blocks and bathing) and no more than moderate limitations in vigorous activities (e.g., running,
lifting heavy objects, and strenuous sports).

Assessment of mental health status.

Study participants’ mental health status was assessed in 2016 by using the 15-item GDS-15, in which lower
scores indicate better mental health [36]. Good mental health status was defined as a GDS-15 score of ≤1,
which corresponds to the median value in this cohort.

Assessment of covariates

We obtained information from the biennial follow-up questionnaires about participants’ education level, marital
status, body height and weight, lifestyle practices, such as physical activity and cigarette smoking, medication
use, including use of aspirin and postmenopausal hormones, and health status including history of hypertension
and hypercholesterolemia. Race was self-reported in the biennial questionnaires (White, Black, American Indian,
Asian, or other) and was categorized as White or Other. We quantified dietary quality using the 2010 Alternative
Healthy Eating Index (AHEI) score, which is based on foods and nutrients predictive of chronic disease risk [37].
The AHEI consists of 10 dietary components, which are scored based on adherence to optimal intake from 0
(poorest adherence) to 10 (best adherence) [37].

Statistical analysis

We used the averaged protein intakes derived from the 1984 and 1986 FFQs for the primary analysis. We
modeled each dietary protein variable continuously, expressed as a percentage of total energy, and also
categorized in dietary quintiles based on the present data distributions. We did not observe evidence of
nonlinearity in the associations between each protein exposure and odds of healthy aging evaluated by fitting
cubic splines to the logistic regression models (Supplementary Figure 3) [38]. We used multivariable-adjusted
logistic regression analysis to calculate the odds ratios (ORs) and 95% confidence intervals (CIs) for the
association of each dietary protein exposure with the odds of healthy aging as well as with the odds of each of
the 4 individual domains: absence of the 11 chronic diseases examined, no memory complaints, no physical
function limitations, and good mental health status. In our basic model, we adjusted for the age of the
participants in 1984. In multivariable-adjusted models, we further adjusted for race, education, marital status,
postmenopausal hormone use, smoking status, alcohol intake, physical activity, baseline history of hypertension
or hypercholesterolemia, aspirin, and multivitamin use, sugar-sweetened beverage (SSB) intake, and total
energy intake. We also adjusted for BMI (in kg/m2) in a separate model. These are potential confounding
variables with known associations with healthy aging. In our final regression models, we further adjusted the
associations of animal intake for plant protein intake and the associations of plant protein intake for animal
protein. We adjusted the associations for dairy protein for intakes of nondairy animal protein and plant protein.
For the tests of trend, we assigned median values of each quintile and modeled this variable in the logistic



regressions. We used a missing indicator for missing categorical covariate data. No values were missing for
continuous covariates.

We performed analyses to estimate the effect of substituting 3% of energy from each dietary protein variable for
the equivalent energy contribution from total carbohydrates, refined carbohydrates, carbohydrates from whole
grains, total fat, SFA, MUFA, and PUFA using multivariate logistic models. For each comparison, we
simultaneously included each protein variable and the corresponding replacement macronutrient, both modeled
continuously in a multivariate logistic model. The ORs and 95% CIs for the isocaloric substitution association
were derived from the difference between the regression coefficients for each variable [39]. To assess the
substitution associations for total, whole grain, or refined-grain carbohydrates, we used the same list of
covariates listed in multivariate model 2 except for SSB intake. We used the same multivariate logistic model to
assess the substitution associations for the fat variables. In these models, we simultaneously included SFA, PUFA,
MUFA, and trans fatty acids variables.

We conducted multiple sensitivity analyses to evaluate the robustness of our observed associations. In 1 analysis,
we examined long-term protein intake with healthy aging by using the cumulatively averaged protein intakes
derived from the FFQs from 1984 to either 2002 (12–14 y lag) to 2006 (8–10 y lag). In these models, we
stopped updating dietary intakes after diagnosing any 1 of the 11 chronic diseases that are part of our healthy
aging definition. We modeled protein intake in increments of 10 g of calorie-adjusted protein per day and
expressed in (g/kg) of body weight per day. We evaluated the associations of each protein variable with odds of
healthy aging, including adjustment for fruit and vegetable intake, which contribute to plant protein intake. We
conducted an analysis excluding participants who died before the healthy aging assessment and performed a
separate analysis including the participants who did not respond to the 2016 questionnaire. We used the
responses for the domains of healthy aging assessed in 2012 to evaluate the consistency of our results. We
conducted a sensitivity analysis evaluating cognitive function using the Telephone Interview for Cognitive Status
(TICS) [33]. We also measured physical function using the FRAIL scale, which consists of 5 components: Fatigue,
Resistance, Ambulation, Illness, and Loss of Weight. The FRAIL scale has been operationalized in the NHS cohort
by using the first 3 criteria from the SF-36, the report of ≥5 chronic diseases [23,40], and ≥5% decrease in body
weight reported in a 2 y period. Frailty was defined as having ≥3 criteria in the FRAIL scale [23,40]. Lastly, we
repeated our analyses after including participants who scored ≤5 points on the GDS-15 scale, and in a separate
sensitivity analysis, we excluded participants who skipped ≥4 items on the GDS-15 scale and repeated the
analyses.

We conducted subset analyses by fitting logistic models stratified by the median values of participant age in 1984
(≤49 y and >49 y), BMI averaged in 1984 and 1986 (≤25, >25), baseline physical activity [≤5.5 metabolic
equivalent (MET)-h/wk, >5.5 MET-h/wk) and averaged 1984 and 1986 AHEI (≤44.3, 44.3). We tested for
effect modification by including a cross-product term between these variables and the protein intake variables,
modeled continuously.

All statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC). Results were considered
to be statistically significant when P value was <0.05 (2-tailed).



Results

The present analysis included 48,762 participants, of whom 3721 (7.6%) achieved healthy aging. 15,131
(31.0%) participants remained free from diagnoses of any of the 11 chronic diseases examined, 23,215 (47.6%)
did not report memory complaints, 7303 (15.0%) did not develop any physical function limitations, and 18,211
(37.3%) maintained good mental health status.

Baseline characteristics

The mean (SD) age of participants at baseline was 48.6 (6.3) y, 38.6% of participants had BMI levels >25.0,
22.9% were current smokers, and 88.2% were married. Mean total protein consumption as percent energy (SD)
was 18.3% (3.0%); this included 13.3% (3.1%) animal protein, 3.6% (1.7%) dairy protein, and 4.9% (1.0%)
plant protein. The mean intakes were relatively consistent for each variable across the follow-up cycles with
examples for the intakes derived from the 1984, 1994, and 2006 FFQs presented in Supplementary Table 1.
Table 1 presents age-standardized summary statistics by quintiles of baseline protein intake expressed in percent
of total energy intake. Total protein consumption was positively associated with intakes of animal protein, dairy
protein, chicken, fish, legumes, eggs, dairy products, fruits and vegetables, and the AHEI (Table 1). Total protein
intake was also positively associated with higher education levels, being physically active, higher BMI, and a
higher proportion of baseline history of hypertension and hypercholesterolemia (Table 1). Conversely, total
protein intake was inversely associated with intakes of total carbohydrates, nuts, alcohol, and SSBs.



TABLE 1.

Baseline age-adjusted characteristics of participants in the Nurses’ Health Study according to quintiles
of total protein intake (percent of total energy)

Quintiles of total protein intake

Q1 (n =
9752)

Q2 (n =
9753)

Q3 (n =
9752)

Q4 (n =
9753)

Q5 (n =
9752)

Age (y)1 48.3 ± 6.4 48.3 ± 6.2 48.5 ± 6.2 48.8 ± 6.2 49.2 ± 6.1

Total protein intake (% of total
energy)2

14.2 ± 1.3 16.5 ± 0.4 18.0 ± 0.4 19.5 ± 0.5 22.5 ± 1.9

Total protein intake (g/d)2 57.7 ± 5.7 66.9 ± 2.9 72.3 ± 2.8 78.1 ± 3.2 89.2 ± 7.7

Animal protein intake (% of total
energy)2

9.5 ± 1.5 11.6 ± 1.0 13.1 ± 1.0 14.6 ± 1.0 17.7 ± 2.3

Animal protein intake (g/d)2 38.6 ± 6.5 47.2 ± 4.6 52.7 ± 4.5 58.5 ± 4.8 70.0 ± 8.9

Dairy protein intake (% of total
energy)2

2.8 ± 1.2 3.3 ± 1.4 3.6 ± 1.5 4.0 ± 1.7 4.4 ± 2.1

Dairy protein intake (g/d)2 10.9 ± 4.8 13.1 ± 5.3 14.4 ± 6.0 15.8 ± 6.8 17.8 ± 8.3

Plant protein intake (% of total
energy)2

4.7 ± 1.1 4.9 ± 0.9 4.9 ± 0.9 4.9 ± 0.9 4.8 ± 1.0

Plant protein intake (g/d)2 19.1 ± 4.2 19.6 ± 3.6 19.6 ± 3.5 19.6 ± 3.6 19.1 ± 4.0

Race, White (%) 94.9 95.1 95.8 95.0 94.9

Married (%) 87.4 90.1 90.6 90.1 89.1

Education

 Registered nurse (%) 76.0 72.7 70.6 68.8 67.8

 Bachelors (%) 16.6 18.5 19.6 20.5 19.8

 Master’s or higher (%) 7.4 8.8 9.8 10.7 12.4

Physical activity (MET-h/wk)2 10.6 ± 22.0 12.3 ± 19.5 12.1 ± 17.7 12.8 ± 17.5 14.1 ± 21.3

BMI (kg/m2)

 BMI <25 (%) 68.7 65.9 62.0 58.8 51.9

 BMI 25 to <30 (%) 21.5 23.3 25.2 27 29.9

 BMI ≥30 (%) 9.8 10.8 12.8 14.2 18.2

Alcohol intake (g/d)2 9.6 ± 15.0 7.8 ± 11.2 6.5 ± 9.4 5.6 ± 8.1 4.1 ± 6.4

Smoking status



Quintiles of total protein intake

Q1 (n =
9752)

Q2 (n =
9753)

Q3 (n =
9752)

Q4 (n =
9753)

Q5 (n =
9752)

 Never smoker (%) 41.8 43.2 45.1 42.8 41.2

 Past smoker (%) 29.3 33.6 33.5 36.0 39.0

 Current smoker (%) 28.9 23.2 21.4 21.2 19.8

Postmenopausal hormone use

 Premenopausal 49.3 49.5 49.2 49.4 47.7

 Never used (%) 30.3 29.8 29.7 28.7 29.4

 Former user (%) 11.5 11.8 12.3 12.7 12.7

 Current user (%) 8.9 8.9 8.8 9.2 10.2

Current aspirin use (%) 70.2 73.0 71.8 71.4 70.4

Multivitamin use (%) 32.7 34.6 36.3 38.3 39.2

Hypertension (%) 15.8 15.1 16.8 17.8 20.5

High cholesterol (%) 4.9 5.4 5.1 6.0 7.3

Total energy (kcal/d)2 1902 ± 531 1837 ± 491 1769 ± 469 1705 ± 451 1568 ± 434

Total fat intake (% of total energy)2 33.0 ± 5.5 34.2 ± 4.9 34.3 ± 4.9 34.4 ± 5.0 34.2 ± 5.6

Total carbohydrate intake (% of
total energy)2

50.9 ± 7.5 48.1 ± 6.4 46.9 ± 6.1 45.6 ± 6.2 43.1 ± 6.8

AHEI2 40.8 ± 9.2 42.9 ± 8.9 44.5 ± 8.9 46.3 ± 9.0 49.8 ± 9.4

Carbohydrates from whole grains
(% of total energy)2

2.9 ± 2.9 3.3 ± 2.7 3.5 ± 2.8 3.7 ± 2.9 3.7 ± 3.0

Red and processed red meat intake
(servings/wk)2

7.3 ± 4.1 8.0 ± 4.2 8.2 ± 4.2 8.1 ± 4.4 7.6 ± 4.8

Chicken intake (servings/wk)2 2.4 ± 1.6 3.1 ± 1.8 3.5 ± 2.0 4.1 ± 2.2 5.3 ± 3.5

Fish intake (servings/wk)2 1.2 ± 0.8 1.6 ± 1.0 1.8 ± 1.2 2.2 ± 1.4 3.1 ± 2.1

Legume intake (servings/wk)2 2.5 ± 1.7 2.7 ± 1.6 2.8 ± 1.7 2.8 ± 1.8 2.9 ± 2.0

Nut intake (servings/wk)2 1.7 ± 2.3 1.7 ± 2.2 1.6 ± 2.0 1.5 ± 2.0 1.3 ± 1.8

Egg intake (servings/wk)2 2.1 ± 1.7 2.3 ± 1.8 2.3 ± 1.9 2.4 ± 2.0 2.5 ± 2.2

Dairy intake (servings/wk)2 13.0 ± 8.9 14.2 ± 8.4 14.6 ± 8.5 14.9 ± 8.4 14.8 ± 8.7

SSB intake (servings/wk)2 4.5 ± 6.1 2.2 ± 3.1 1.5 ± 2.4 1.0 ± 1.8 0.6 ± 1.2

Fruit intake (servings/wk) 9.6 ± 7.5 10.2 ± 7.2 10.4 ± 6.7 10.6 ± 6.9 10.7 ± 6.8

Vegetable intake (servings/wk)2 17.5 ± 8.3 19.4 ± 8.6 20.1 ± 8.9 21.2 ± 9.2 22.4 ± 10.0



Open in a new tab

AHEI, alternative healthy eating index; BMI, body mass index; MET, metabolic equivalent; Q, quintile;
SD, standard deviation; SSB, sugar-sweetened beverage.
1Summary statistics include age-standardized means and SDs for continuous covariates (except for
age) and proportions for categorical variables by quintiles of protein intake expressed in percent of
total energy intake.
2Mean, SD (all such values)

Protein intake and healthy aging

In our multivariable-adjusted regression model 1, we did not observe statistically significant associations of total
protein or dairy protein intakes with the odds of healthy aging (Table 2). However, consumption of animal
protein was associated with 6% (95% CI: 2%, 9%) lower odds of healthy aging, and plant protein was
significantly associated with 46% (30%, 65%) higher odds of healthy aging for every 3%-energy increment
(Table 2). After further adjustment for BMI (multivariate model 2), consumption of total and plant protein was
associated with 5% (1%, 10%) and 31% (16%, 48%) higher odds of healthy aging for every 3%-energy
increment, whereas animal and dairy protein intakes were not significantly associated with healthy aging,
respectively (Table 2). After mutual adjustment for plant and animal protein sources (multivariate model 3), the
associations were strengthened. Each 3%-energy increment of animal or dairy protein intake was associated with
7% (2%, 11%) and 14% (6%, 23%) higher odds of healthy aging, whereas the association for each 3%-energy
increment of plant protein associated with 38% (24%, 54%) higher odds of healthy aging, respectively
(Table 2). The associations of the cumulatively averaged intakes of total, animal, or dairy protein through either
2002 or 2006 with the odds of healthy aging were similar to the associations observed using the baseline protein
variables, whereas the associations for plant protein were stronger across all statistical models (Supplementary
Table 2).

https://pmc.ncbi.nlm.nih.gov/articles/PMC10884611/table/tbl1/


TABLE 2.

Odds ratios (ORs) (95% confidence intervals) of healthy aging (n = 3721) assessed in 2014/2016
according to intake of protein in 1984/1986 among 48,762 participants in the Nurses’ Health Study
(ORs >1 denote greater odds of healthy aging)

Quintile of protein intake P-trend5 ORs (95%
CI) for 3%-

energy
increment

1 2 3 4 5

Total protein

 Healthy
ager/participants
(n)

723/9752 781/9753 796/9752 748/9753 673/9752

 Median intake
(IQR) % energy

14.6
(13.6,
15.2)

16.5
(16.2,
16.9)

17.3
(17.6,
18.3)

19.4
(19.0,
19.9)

21.9
(21.1,
23.3)

 Age-adjusted
model1

1.00 1.12
(1.00,
1.25)

1.18
(1.06,
1.31)

1.16
(1.03,
1.29)

1.11
(0.99,
1.25)

0.06 1.05 (1.01,
1.09)

 Multivariate
model 12

1.00 0.96
(0.85,
1.08)

0.99
(0.88,
1.11)

0.95
(0.84,
1.07)

0.89
(0.78,
1.01)

0.07 0.97 (0.93,
1.01)

 Multivariate
model 23

1.00 0.99
(0.88,
1.11)

1.06
(0.94,
1.20)

1.08
(0.95,
1.21)

1.08
(0.95,
1.23)

0.11 1.05 (1.01,
1.10)

Animal protein

 Healthy
ager/participants
(n)

775/9752 758/9753 783/9752 754/9753 651/9752

 Median intake
(IQR) % energy

9.6 (8.6,
10.2)

11.6
(11.2,
12.0)

13.1
(12.7,
13.4)

14.6
(14.2,
15.1)

17.3
(16.3,
18.7)

 Age-adjusted
model1

1.00 0.99
(0.89,
1.10)

1.03
(0.92,
1.14)

1.01
(0.91,
1.13)

0.94
(0.84,
1.05)

0.38 0.99 (0.94,
1.05)

 Multivariate
model 12

1.00 0.91
(0.81,

0.92
(0.82,

0.90
(0.80,

0.81
(0.72,

0.001 0.94 (0.91,
0.98)



Quintile of protein intake P-trend5 ORs (95%
CI) for 3%-

energy
increment

1 2 3 4 5

1.01) 1.03) 1.00) 0.91)

 Multivariate
model 23

1.00 0.93
(0.83,
1.04)

0.99
(0.89,
1.11)

1.02
(0.91,
1.15)

0.99
(0.88,
1.12)

0.64 1.01 (0.98,
1.05)

 Multivariate
model 34

1.00 0.98
(0.87,
1.10)

1.07
(0.95,
1.20)

1.12
(0.995,
1.27)

1.13
(0.99,
1.29)

0.01 1.07 (1.02,
1.11)

Dairy protein

 Healthy
ager/participants
(n)

693/9752 729/9753 799/9752 750/9753 750/9752

 Median intake
(IQR) % energy

1.7 (1.4,
2.0)

2.6 (2.4,
2.8)

3.4 (3.2,
3.6)

4.3 (4.0,
4.6)

5.9 (5.4,
6.8)

 Age-adjusted
model1

1.00 0.97
(0.87,
1.09)

1.11
(0.99,
1.24)

1.05
(0.94,
1.17)

1.17
(1.05,
1.31)

0.002 1.12 (1.06,
1.20)

 Multivariate
model 12

1.00 0.93
(0.83,
1.04)

0.99
(0.89,
1.11)

0.93
(0.83,
1.04)

1.04
(0.92,
1.17)

0.42 1.05 (0.98,
1.12)

 Multivariate
model 23

1.00 0.95
(0.85,
1.07)

1.03
(0.91,
1.15)

0.97
(0.86,
1.09)

1.06
(0.94,
1.20)

0.26 1.06 (0.99,
1.13)

 Multivariate
model 34

1.00 0.97
(0.87,
1.09)

1.06
(0.95,
1.20)

1.02
(0.91,
1.15)

1.17
(1.03,
1.33)

0.009 1.14 (1.06,
1.23)

Plant protein

 Healthy
ager/participants
(n)

611/9752 750/9753 726/9752 796/9753 838/9752

 Median intake
(IQR) % energy

3.7 (3.4,
4.0)

4.4 (4.2,
4.5)

4.8 (4.7,
4.9)

5.2 (5.1,
5.4)

6.0 (5.7,
6.4)

 Age-adjusted
model1

1.00 1.26
(1.13,
1.42)

1.26
(1.12,
1.41)

1.47
(1.31,
1.65)

1.77
(1.58,
1.99)

<0.0001 1.82 (1.64,
2.03)



Quintile of protein intake P-trend5 ORs (95%
CI) for 3%-

energy
increment

1 2 3 4 5

 Multivariate
model 12

1.00 1.12
(0.996,
1.26)

1.10
(0.98,
1.24)

1.22
(1.08,
1.37)

1.42
(1.26,
1.60)

<0.0001 1.46 (1.30,
1.65)

 Multivariate
model 23

1.00 1.12
(0.99,
1.26)

1.08
(0.96,
1.22)

1.17
(1.03,
1.32)

1.32
(1.16,
1.49)

<0.0001 1.31 (1.16,
1.48)

 Multivariate
model 34

1.00 1.15
(1.02,
1.29)

1.12
(0.99,
1.27)

1.23
(1.08,
1.40)

1.41
(1.24,
1.62)

<0.0001 1.38 (1.24,
1.54)

Open in a new tab

BMI, body mass index; CI, confidence interval; IQR, interquartile range; MET, metabolic equivalent;
OR, odds ratio; SSB, sugar-sweetened beverage.
1Logistic model adjusted for baseline age.
2Multivariate logistic model 1 was adjusted for baseline age (continuous), race (White, other),
education (registered nurse, bachelor, or graduate), marital status (married, other), postmenopausal
hormone use (premenopausal; never, past user, current user), smoking status (never smoked; former
smoker, 0.1–14.9, 15.0–29.9, >30 pack-y), alcohol intake (0, 0.1–4.9, 5.0–14.9, >15.0 g/d), physical
activity (<3, 3–8.9, 9–17.9, 18–26.9, >27 MET/wk), baseline history of hypertension or
hypercholesterolemia (yes, no), aspirin use (never, past, current), multivitamin use (yes, no), SSB
intake, and total energy intake (kcal/d, quintiles).
3Multivariate model 2 included the covariates in multivariate model 1 and was additionally adjusted
for BMI (averaged 1984 and 1986; <22.5, 22.5–24.9, 25.0–27.5, 27.5–30.0, 30.0–34.9, >35.0).
4Multivariate model 3 included covariates in multivariate model 2 with additional mutual adjustment
of animal and plant protein. The models for dairy protein were adjusted for plant protein and other
animal protein (nondairy protein).
5P-trend was calculated by assigning median values to each quintile and was treated as a continuous
variable.

Table 3 presents the associations of dietary protein intake modeled continuously per 3%-energy increment with
each domain of healthy aging. Total and animal protein intake were significantly associated with higher chronic
disease risk in all models. However, dairy protein and plant protein intake were associated with higher odds of
absence of chronic diseases. None of the protein intake exposures were associated with the absence of memory
complaints after mutual adjustment for plant and animal protein. Animal protein and plant protein were
associated with 5% (95% CI: 2%, 9%) and 41% (27%, 57%) higher odds of being free of physical limitations in

https://pmc.ncbi.nlm.nih.gov/articles/PMC10884611/table/tbl2/


fully adjusted models, respectively (Table 3). However, only plant protein was significantly associated with
higher odds of having good mental status. The results for the cumulatively averaged intakes of each dietary
protein variable through either 2002 or 2006 with each domain of aging were stronger (Supplementary
Table 3).



TABLE 3.

Odds ratios (ORs) (95% confidence intervals) of individual domains of healthy aging assessed in
2014/2016 according to intake of protein in 1984/1986 among 48,762 participants in the Nurses’
Health Study (ORs >1 denote greater odds of healthy aging)

ORs (95% CI) for 3%-energy increment

Absence of chronic
diseases (n =

15,131)5

No impairment in
memory (n =

23,215)6

No physical function
limitations (n =

7303)7

Good mental
status (n =
18,211)8

Total protein

 Age-adjusted
model1

0.97 (0.95, 0.99) 1.02 (1.00, 1.04) 1.04 (1.01, 1.07) 1.03 (1.01, 1.05)

 Multivariate
model 12

0.91 (0.89, 0.93) 0.97 (0.95, 0.99) 0.95 (0.92, 0.98) 0.97 (0.95,
0.996)

 Multivariate
model 23

0.95 (0.93, 0.97) 0.99 (0.96, 1.01) 1.03 (0.999, 1.07) 1.01 (0.98, 1.03)

Animal protein

 Age-adjusted
model1

0.94 (0.92, 0.96) 0.99 (0.97, 1.01) 0.98 (0.95, 1.01) 0.99 (0.97, 1.01)

 Multivariate
model 12

0.91 (0.89, 0.93) 0.97 (0.94, 0.99) 0.93 (0.90, 0.95) 0.96 (0.94, 0.98)

 Multivariate
model 23

0.95 (0.93, 0.97) 0.98 (0.96, 1.00) 1.00 (0.97, 1.03) 0.99 (0.97, 1.02)

 Multivariate
model 34

0.95 (0.93, 0.98) 0.99 (0.97, 1.01) 1.05 (1.02, 1.09) 1.01 (0.99, 1.04)

Dairy protein

 Age-adjusted
model1

1.11 (1.07, 1.15) 1.06 (1.02, 1.09) 1.09 (1.04, 1.14) 1.08 (1.04, 1.12)

 Multivariate
model 12

1.03 (0.99, 1.07) 0.97 (0.93, 1.00) 1.00 (0.95, 1.06) 0.98 (0.94, 1.02)

 Multivariate
model 23

1.04 (1.00, 1.08) 0.97 (0.93, 1.01) 1.02 (0.96, 1.07) 0.98 (0.95, 1.03)

 Multivariate
model 34

1.02 (0.98, 1.06) 0.97 (0.94, 1.02) 1.08 (1.02, 1.15) 1.01 (0.97, 1.06)

Plant protein



ORs (95% CI) for 3%-energy increment

Absence of chronic
diseases (n =

15,131)5

No impairment in
memory (n =

23,215)6

No physical function
limitations (n =

7303)7

Good mental
status (n =
18,211)8

 Age-adjusted
model1

1.46 (1.37, 1.56) 1.42 (1.34, 1.51) 1.85 (1.70, 2.01) 1.54 (1.44, 1.64)

 Multivariate
model 12

1.17 (1.09, 1.26) 1.12 (1.05, 1.20) 1.47 (1.37, 1.61) 1.20 (1.11, 1.28)

 Multivariate
model 23

1.09 (1.01, 1.17) 1.09 (1.02, 1.17) 1.32 (1.20, 1.45) 1.14 (1.06, 1.22)

 Multivariate
model 34

1.02 (0.94, 1.10) 1.08 (0.998, 1.16) 1.41 (1.27, 1.57) 1.16 (1.07, 1.26)

Open in a new tab

BMI, body mass index; CI, confidence interval; MET, metabolic equivalent; OR, odds ratio; SSB, sugar-
sweetened beverage.
1Logistic model adjusted for baseline age.
2Multivariate logistic model 1 was adjusted for baseline age (continuous), race (White, other),
education (registered nurse, bachelor, or graduate), marital status (married, other), postmenopausal
hormone use (premenopausal; never, past user, current user), smoking status (never smoked; former
smoker, 0.1–14.9, 15.0–29.9, >30 pack-y), alcohol intake (0, 0.1–4.9, 5.0–14.9, >15.0 g/d), physical
activity (<3, 3–8.9, 9–17.9, 18–26.9, >27 MET/wk), baseline history of hypertension or
hypercholesterolemia (yes, no), aspirin use (never, past, current), multivitamin use (yes, no), SSB
intake, and total energy intake (kcal/d, quintiles).
3Multivariate model 2 included the covariates in multivariate model 1 and was additionally adjusted
for BMI (averaged 1984 and 1986; <22.5, 22.5–24.9, 25.0–27.5, 27.5–30.0, 30.0–34.9, >35.0).
4Multivariate model 3 included covariates in multivariate model 2 with additional mutual adjustment
of animal and plant protein. The models for dairy protein were adjusted for plant protein and other
animal protein (nondairy protein).
5Absence of chronic disease was defined as not being diagnosed with a history of 11 chronic diseases
(cancer, type-2 diabetes, myocardial infarction, coronary artery bypass graft surgery or percutaneous
transluminal coronary angioplasty, congestive heart failure, stroke, kidney failure, chronic obstructive
pulmonary disease, Parkinson disease, multiple sclerosis, and amyotrophic lateral sclerosis) by the end
of follow-up (2016).
6No impairment in memory was defined as having 1 memory complaint at most on the basis of 7
regarding self-reported memory complaints about the change in the ability to remember things and
trouble in remembering recent events, short lists, 1 s to the next, spoken instructions, following
conversations or plot, and finding the way on familiar streets.
7No physical function limitations were defined as having no limitations in moderate activities (e.g.,
walking a few blocks, bathing) and no more than moderate limitations on vigorous activities (e.g.,

https://pmc.ncbi.nlm.nih.gov/articles/PMC10884611/table/tbl3/


running, lifting heavy objects, strenuous sports from the Medical Outcomes Study Short-Form Health
Survey.
8Good mental status was defined as a Geriatric Depression Scale-15 score ≤1.

Substitution analyses

In isocaloric substitution analyses, substituting each dietary protein variable for total fat, total carbohydrates, or
refined carbohydrate were largely associated with better odds of achieving healthy aging: the ORs (95% CIs) for
every 3%-energy increment ranged from 1.03 (0.99, 1.07) for the replacement of refined carbohydrate with
dairy protein to 1.08 (1.00, 1.15) for the replacement with plant protein (Figure 1 and Supplementary
Table 4). Substituting the intakes of total, animal, and dairy protein variables for other macronutrients, such as
carbohydrates from whole grains, PUFA, or SFA, was not significantly associated with the odds of healthy aging.
In contrast, substituting 3% of plant protein energy was significantly associated with 22%–58% higher odds of
healthy aging when replacing the equivalent calories from SFA, PUFA, MUFA, or animal or dairy protein
(Figure 1 and Supplementary Table 4). Furthermore, isocaloric substitutions of plant protein for total
carbohydrate, total fat, animal, or dairy protein were associated with higher odds of being free of chronic
diseases. Replacing calories from total fat and total or total carbohydrate with dairy protein was associated with
higher odds of being free from the 11 chronic diseases examined (Supplementary Table 4). Lastly, isocaloric
substitutions of total and animal protein most macronutrients were associated with 3–14% lower (less favorable)
odds of being free of chronic diseases (Supplementary Table 4). Replacing calories from total carbohydrates or
fat for the equivalent calories from protein was associated with higher odds of being free of physical function
limitations. Furthermore, replacing calories from all macronutrient variables with the equivalent calories from
plant protein was associated with 20%–60% higher odds of having no physical function limitations
(Supplementary Table 4).



FIGURE 1.

Open in a new tab

Odds ratios (ORs) (95% confidence intervals) of healthy aging (n = 3721) associated with isocaloric
substitution of protein (total, animal, dairy, and plant) for dietary carbohydrate (total, refined, and
from whole grains) and dietary fatty acids (total, saturated, polyunsaturated, and trans) modeled in
3%-energy increments in 48,762 participants in the Nurses’ Health Study.1,2 BMI, body mass index; CI,
confidence interval; MET, metabolic equivalent; MUFA, monounsaturated fatty acid; OR, odds ratio;
PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid; TFA, trans fatty acid.

1The isocaloric substitutions can be interpreted as the effect of substituting 3% of calories contributed
by a given dietary protein variable for the corresponding calories contributed by either dietary
carbohydrate or dietary fat variables on the odds of healthy aging. For each comparison, we
simultaneously included each protein variable and the corresponding replacement macronutrient in a
multivariate logistic, both modeled continuously. The ORs and 95% CIs for the isocaloric substitution
association were derived from the difference between the regression coefficients for each variable.

🔍
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2To assess the substitution associations for total, whole grain, or refined-grain carbohydrates, we used
multivariate logistic models adjusted for baseline age (continuous), race (White, other), education
(registered nurse, bachelor, or graduate), marital status (married, other), postmenopausal hormone
use (premenopausal; never, past user, the current user), smoking status (never smoked; former
smoker, 0.1–14.9, 15.0–29.9, >30 pack-y), alcohol intake (0, 0.1–4.9, 5.0–14.9, >15.0 g/d), physical
activity (<3, 3–8.9, 9–17.9, 18–26.9, >27 MET/wk); BMI (averaged 1984 and 1986; <22.5, 22.5–
24.9, 25.0–27.5, 27.5–30.0, 30.0–34.9, >35.0), baseline history of hypertension or
hypercholesterolemia (yes, no); aspirin use (never, past, current); multivitamin use (yes, no), and total
energy intake (kcal/d, continuous) We used the same multivariate logistic model to assess the
substitution associations for the fat variables. Of note, we simultaneously included SFA, PUFA, MUFA,
and TFA variables in the same model.

3Refined carbohydrate was defined as the sum of carbohydrates from refined grains, potatoes, and
added sugar

In our stratified analyses, we did not observe statistically significant heterogeneity by age in 1984 (≤49 y and
>49 y), baseline BMI (≤25 and >25), physical activity (≤5.3 MET-h/wk and >5.3 MET-h/wk) or AHEI (≤44.3
and >44.3) on the associations of each protein intake with odds of healthy aging (P-interaction > 0.05)
(Supplementary Table 5).

Sensitivity analyses

In our sensitivity analyses, we observed similar associations in the analysis that modeled protein intake in
increments of 10 g of calorie-adjusted protein per day (Supplementary Table 6) or in grams per kilogram of
body weight per day (Supplementary Table 7). Our observed associations were attenuated after adjustment by
intakes of fruits and vegetables, but the associations for plant protein remained statistically significant
(Supplementary Table 8). Additionally, we observed similar associations in the analysis that excluded
participants who died before assessing healthy aging (Supplementary Table 9) and those with missing 2016
questionnaire responses (data not shown). Of note, the baseline protein intake and other baseline characteristics
were similar for the participants in the entire study sample (n = 48,762) or those with missing 2016
questionnaire responses (n = 17,716) (Supplementary Table 10). Additionally, we observed similar associations
in the analysis that used the healthy aging domains assessed in 2012 (data not shown). Lastly, the pattern of
associations remained virtually unchanged in our analysis evaluating cognitive function using TICS
(Supplementary Table 11) or by expanding the inclusion of participants using the GDS-15 scale to those who
skipped ≥4 items (Supplementary Table 12). We observed similar associations for plant protein but attenuated
associations for total, dairy, and animal protein for those who scored ≤5 points on the GDS_15 scale (data not
shown). The associations of healthy aging using the FRAIL scale were attenuated for total protein but otherwise
were consistent for animal, dairy, and plant protein with those in our main analyses (Supplementary Table 13).

Discussion



Our prospective cohort study assessed the role of protein intake in a population of middle-aged female nurses in
the development of healthy aging at ages 70–93 y. In general, we observed positive (favorable) associations
between dietary protein intake and the odds of healthy aging in later life. However, we observed heterogeneous
associations for individual domains of healthy aging by various sources of dietary proteins. Consumption of total
and animal protein was inversely (unfavorably) associated with the development of several chronic diseases,
whereas the consumption of dairy and plant protein was favorably associated with this domain. Furthermore, we
observed a modest favorable association between animal protein intake with the absence of physical function
limitations, whereas the respective associations for plant protein were stronger and consistent across all
statistical models. Additionally, plant protein intake was favorably associated with mental health status later in
life. In our substitution analyses, we observed that animal protein intake was unfavorably associated with the
incidence of chronic diseases when compared with calories primarily from carbohydrates (total, refined, or
whole grain) or from total fat, SFA, MUFA, or PUFA. In contrast, isocaloric substitution of plant protein for
animal or dairy protein, total or refined carbohydrate, total fat, or SFA were favorably associated with the odds
of healthy aging, absence of chronic disease, good physical function, and good mental status. Lastly, the results
of our sensitivity analyses were similar to our main results, which supported the robustness of our findings.

Comparison with other studies

Our results are consistent with a study of older adults in the Seniors-Estudio Sobre Nutrición y Riesgo
Cardiovascular study in Spain, which found that higher plant protein consumption was associated with higher
odds of healthy aging [24]. Additionally, replacing animal protein, total carbohydrates, or total fat with plant
protein was significantly associated with higher odds of healthy aging in that population, which is in line with
our findings [24]. One key difference was that our study evaluated these associations for protein intake during
midlife; however, the associations were consistent with those observed for intakes in older adulthood. The
unfavorable association of animal protein intake with chronic disease risk observed in our study is consistent
with observational studies linking animal protein intake with increased risk of death from various chronic
diseases, particularly from CVD [22]. Moreover, replacing animal protein with plant protein has been associated
with a reduced risk of all-cause mortality [22,41] and CVD-related mortality [41]. Furthermore, plant protein
intake has been associated with a reduced risk of several chronic diseases, including coronary artery disease
[42,43], type-2 diabetes [44,45], and stroke [46].

With respect to physical function, our results are consistent with 2 observational studies that reported favorable
associations of protein intake from midlife to older adulthood with physical function in older age [10,13].
Moreover, higher protein intake in older adulthood was associated with reduced risk of frailty [14] or slower
progression from healthy physical function to frailty [47]. Our findings are also in agreement with previous
observational evidence [20,21,23] supporting a role for plant protein in the maintenance of muscle mass,
improved physical function, and reduced risk of frailty in older adults.

Our largely null results for the associations of protein intake with the absence of memory complaints are
consistent with prospective studies of cognitive function in older adults, which have observed null associations
for total protein intake and heterogeneous associations for animal and plant protein sources [19]. Of note, we
observed favorable associations for replacing dietary carbohydrates with plant protein in the memory domain,



which is consistent with recent findings from a study in the Health Professionals Follow-up Study and the NHS
[18]. Furthermore, plant protein was previously associated with maintenance of mental scores in older adults
[48,49]. Lastly, the role of protein intake in mental health has not been explored among older adult populations
and has been inconclusive in other studies [50].

Potential mechanisms

The mechanisms explaining the associations between protein intake and healthy aging are complex and not fully
understood. Regarding physical function, some lines of evidence suggest that the activation of the mammalian
target of the rapamycin complex 1 signaling pathway decreases with age [11]. Dietary protein and exercise
activate the mammalian target of rapamycin complex 1 signaling, thereby stimulating muscle protein synthesis,
which is associated with improved physical function in older adults [11,51]. There are several potential
mechanisms that may explain the differential associations between plant and animal protein intake on the
chronic disease domain of the healthy aging phenotype. Plant protein has been associated with favorable levels
of important risk factors of cardiometabolic diseases, such as reduced LDL cholesterol, lower blood pressure, and
insulin sensitivity [[52], [53], [54], [55], [56], [57]], and decreased levels of proinflammatory markers [58,59].
Conversely, total and animal protein intakes were positively associated with concentrations of insulin-like growth
factor 1, which has been implicated in the growth of malignant cells in breast and prostate tissue [[60], [61],
[62]]. In our study, dietary protein was favorably associated with physical function in older age, and this
relationship was stronger for plant protein. Studies of older adult populations have found that protein intake has
been associated with decreased lean mass loss in older age [9,63]. Animal protein supplementation studies in
older adults have been implicated in lean mass gains [64], which were potentially related to its amino acid
composition. However, lean mass gains related to short-term supplementation [9] have been inconsistent with
long-term prospective studies, which have observed favorable associations between plant protein intake and
frailty risk but no significant associations for animal protein intake [23,65].

One potential explanation is that plant protein is associated with a reduced risk of chronic diseases over a long
follow-up period; in turn, chronic diseases are associated with reduced physical function and frailty in older
adults [66,67]. Furthermore, these studies have included the incidence of chronic diseases in their definition of
frailty, which highlights the role of plant protein, given its beneficial associations with the risk of chronic
conditions [23]. A second explanation is that short-term studies in older adult populations may observe a
stronger role of dietary protein, which is largely comprised of animal protein, as it may mitigate the loss of
muscle mass in older adults [9]. We also note that although all protein sources were associated with better odds
of healthy aging, dietary components related to plant protein sources, including dietary fiber, micronutrients,
and polyphenols, may have contributed to the stronger associations observed for plant protein. Our observed
associations were attenuated when adjusted for intakes of fruits and vegetables; thus, we cannot discount the
contributions of other components of those foods that contributed to plant protein intake. Lastly, the associations
we observed for substituting refined carbohydrates for dietary protein are also likely because of the potential
adverse effects of refined carbohydrate intake on cardiometabolic health [68].

Strengths and limitations



Our study has several strengths. To our knowledge, this is the first study that evaluated the role of protein intake
in midlife in relation to healthy aging in later life. Dietary risk factors assessed in midlife likely represent the
relevant etiologic development window for most chronic conditions as they tend to develop over many years.
The substantial lag between the assessment of diet and the evaluation of the domains of healthy aging
minimized the likelihood of reverse causation, biasing our results. Furthermore, the sensitivity analysis of diets
followed up through 2002 or 2006 demonstrated that there is a low likelihood of misclassification of dietary
exposures over the follow-up period.

However, our study may be subject to several limitations as well. Our study population included mostly White
females, which limits the generalizability of our findings to other populations. Although we excluded
participants with several chronic diseases at baseline to minimize reverse causation, we were unable to exclude
those with physical function limitations or impairments in mental status or memory function at baseline because
those data were unavailable for the baseline period. We also acknowledge the possibility that participants with
impairments in physical or cognitive function may be less likely to return the biennial questionnaires. However,
the baseline diet was similar between participants who returned the questionnaires for physical and cognitive
functions and those who did not, suggesting that the loss to follow-up was probably nondifferential in terms of
exposure assessments. In addition, the long lag time between dietary assessments and memory loss assessments
may bias the associations toward the null when the more recent diet is more relevant to cognitive function
decline at older ages [69]. Because of the observational nature of our study, we cannot exclude the possibility of
residual or unmeasured confounding, particularly from the food sources of each protein variable, particularly
those from plant sources. Our self-reported assessment of physical function using SF-36 may add imprecision to
the assessment of that domain. However, SF-36 measurements have been validated for use in populations of
older adults [70,71]. Similarly, assessing subjective memory complaints using a self-reported questionnaire may
introduce misclassification of the outcome. Of note, subjective memory complaints have been associated with
performance on objective cognitive tests in the NHS [33,34]. Moreover, our observed associations were
consistent in sensitivity analyses using the FRAIL scale to measure physical function and TICS as an objective
method to evaluate memory complaints. In addition, we conducted multiple substitution analyses
simultaneously and did not adjust for multiple comparisons, which may lead to the possibility of false positive
findings. Lastly, there is a possibility of measurement error in assessing dietary exposures; however, the FFQ has
been previously validated against dietary records. Using averaged measurements across FFQ cycles helped
decrease the likelihood of random measurement error.

In conclusion, the findings from this large prospective study suggest that dietary protein intake, and especially
the consumption of plant protein, in middle-aged female nurses, may be related to higher odds of healthy aging.
Plant protein intake was favorably associated with several domains of health status of older adults, including
good physical function and good mental health status. Our study contributes evidence to the role of protein in
the etiology of healthy aging and adds specific insights to the importance of protein sources and relevant
etiologic windows in midlife, which may contribute to providing recommendations regarding the amount of
protein intake to promote healthy aging. Future research is warranted to verify these findings in other
populations and to elucidate the mechanisms underlying the associations between protein intake and healthy
aging.
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