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OBJECTIVE

Whether and how dietary protein intake is linked to type 2 diabetes (T2D) remains
unclear. The aim of this study was to investigate the associations of protein intake
with development of T2D and the potential mediating roles of T2D biomarkers.

RESEARCH DESIGN AND METHODS

We included 108,681 postmenopausal women without T2D at baseline from the
Women’s Health Initiative (WHI) (primary cohort) and 34,616 adults without T2D
from the U.K. Biobank (UKB) (replication cohort). Cox proportional hazard models
were used for estimation of protein-T2D associations. Mediation analysis was per-
formed to assess the mediating roles of biomarkers in case-control studies nested
in the WHI.

RESULTS

In the WHI, 15,842 incident T2D cases were identified during a median follow-up
of 15.8 years. Intake of animal protein was associated with increased T2D risk
(hazard ratio in comparing the highest to the lowest quintile 5 1.31 [95% CI
1.24–1.37]) and plant protein with decreased risk (0.82 [0.78–0.86]). Intakes of
red meat, processed meat, poultry, and eggs were associated with increased
T2D risk and whole grains with decreased risk. Findings from the UKB were simi-
lar. These findings were materially attenuated after additional adjustment for
BMI. Substituting 5% energy from plant protein for animal protein was associ-
ated with 21% decreased T2D risk (0.79 [0.74–0.84]), which was mediated by
levels of hs-CRP, interleukin-6, leptin, and SHBG.

CONCLUSIONS

Findings from these two large prospective cohorts support the notion that
substituting plant protein for animal protein may decrease T2D risk mainly by re-
ducing obesity-related inflammation.

Dietary modification or medical nutrition therapy remains the cornerstone in pre-
venting and managing type 2 diabetes (T2D) (1,2). Although much is known about
the effects of fats versus carbohydrates on risk of T2D (3), fewer studies have di-
rectly investigated the role of dietary protein in the development of T2D (4). While
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recent work has shown a positive asso-
ciation between intake of total and ani-
mal proteins with risk of T2D, findings
relating plant protein intake to T2D risk
remain inconsistent (5–8). Moreover,
few prospective studies (9,10) have as-
sessed the relation of protein food sour-
ces intake to T2D risk and the beneficial
associations between substituting differ-
ent protein sources and T2D risk.
Although substituting plant protein

for animal protein was associated with
decreased risk of T2D, none have at-
tempted to evaluate the mediating roles
of known biochemical intermediaries,
limiting our understanding of mechanis-
tic pathways by which dietary proteins
may affect T2D risk. Obesity (11), in-
flammation (12), endothelial dysfunc-
tion (13), sex steroids and sex hormone
binding globulin (SHBG) (14–17), and
telomere attrition (18,19) are well-char-
acterized T2D risk factors or biomarkers,
which are also associated with some
protein sources intake (20–23). There-
fore, these biomarkers may represent
critical mediators for the beneficial as-
sociation between substituting plant
protein for animal protein and T2D risk.
To fill such gaps in the knowledge

base for T2D prevention related to die-
tary modification, we conducted analy-
ses for 1) investigation of the roles of
different animal and plant protein sour-
ces in relation to incident T2D among
participants enrolled in the Women’s
Health Initiative (WHI) and the U.K. Bio-
bank (UKB), 2) evaluation of the benefi-
cial association between substituting
different protein sources with T2D risk
in the WHI and the UKB, and 3) exami-
nation of the extent to which known
T2D-related biomarkers could explain
the association of substituting plant pro-
tein for animal protein in case-control
studies nested in the WHI.

RESEARCH DESIGN AND METHODS

Study Populations
We included the WHI as the primary an-
alytical cohort and the UKB as the repli-
cation cohort. Between 1993 and 1998,
161,808 postmenopausal women aged
50–79 years from 40 clinical centers in
the U.S. were recruited into the WHI
Observational Study (OS) and clinical tri-
als (CT). The study design was previously
described in detail (24). We excluded
participants who were assigned to the

treatment arms in the WHI CT or had
self-reported diabetes at baseline, missing
dietary information, or implausible daily
energy intake (<600 or >5,000 kcal/day)
from a validated food-frequency ques-
tionnaire (FFQ) (25). Finally, a total of
108,681 participants with a median
follow-up duration of 15.8 years until
28 February 2020 were available for
the analysis. In the UKB, we included
34,616 participants free of diabetes at
baseline who then were followed up
for a median of 11.4 years. Details of the
UKB cohort and related methods can be
found in Supplementary Methods.

Measurement of Dietary Protein
Sources
In the WHI, dietary data were collected
for each participant at enrollment with
a validated self-administered FFQ at
baseline (25). Daily nutrient intake was
calculated with use of the University of
Minnesota Nutrient Data System for Re-
search (25). The energy-adjusted corre-
lation coefficients between the FFQ and
food records ranged from 0.2 to 0.7 for
the estimated intakes of 30 nutrients,
with 0.4 for protein (25). Food items in
the FFQ were summarized into 32 food
groups based on the MyPyramid Equiva-
lents Database (MPED) 2.0 (26,27), among
which were the dietary protein sources of
interest. Based on a study in 10 countries
in the European Prospective Investiga-
tion into Cancer and Nutrition (EPIC)
(28), we modified the EPIC protein source
list to include red meat, processed meat,
poultry, high–n-3 seafood, low–n-3 sea-
food, cheese, yogurt, milk, and eggs
as major animal protein sources and le-
gumes, nuts, and whole grains as major
plant protein sources. Specific food items
in each protein source are listed in
Supplementary Table 1.

Ascertainment of Incident T2D Cases
In the WHI, incident T2D cases were
identified during annual follow-up with
self-administered questionnaires. Partici-
pants were asked if “a doctor pre-
scribed pills or insulin shots for diabetes
for the first time” since their last medi-
cal update. Validation studies of self-re-
ported diabetes with use of medical
records and biomarkers indicated high
accuracy and reliability (12,29).

Covariates
Demographic characteristics and lifestyle
factors for each participant collected at
baseline were included in our models as
covariates, including age, race/ethnicity,
smoking status, alcohol intake, total
energy intake, education, family income,
physical activity, region of residence, fam-
ily history of diabetes, use of menopausal
hormone therapy, multivitamin use, and
antihypertension medicine and score of
a modified Alternate Healthy Eating In-
dex (AHEI)-2010 (30) with removal of
red/processed meat, long-chain (n-3)
fats including eicosapentaenoic acid and
docosahexaenoic acid, nuts and legumes,
and whole grains. The AHEI-2010 modi-
fied score ranged from 0 to 70 indicating
a lower- to a higher-quality modified diet.
Detailed descriptions of the validity and
reproducibility of baseline measurements
have previously been published (31). The
proportions of missing data for covariates
were <4%; mean or mode imputation
was used for continuous and categor-
ical covariates, respectively.

Nested Case-Control Studies Within
the WHI
We completed a series of case-control
studies nested in the WHI to investigate
the associations between biomarkers
and T2D risk (12,13,16,18). Using these
nested case-control studies, we further
examined the potential roles of specific
T2D-related biomarkers that could medi-
ate the protein-T2D associations. Details
of these case-control studies (12,15,18)
and quality control of specific biomarker
measurements (24) have previously been
published. After exclusion of participants
with missing dietary data, 3,464 partici-
pants with five sets of biomarkers were
included in the mediation analysis. These
included 1) biomarkers for inflamma-
tion, including tumor necrosis factor-a
receptor 2 (TNFa-R2), interleukin-6 (IL-6),
and hs-CRP; 2) biomarkers for endothelial
dysfunction (i.e., vascular cell adhesion
molecule 1 [VCAM-1], E-selectin, and sol-
uble intercellular adhesion molecule-1
[SICAM-1]); 3) sex steroids, including es-
tradiol, testosterone, and SHBG; 4) leptin
and soluble leptin receptor; and 5) leu-
kocyte telomere length for aging.

Statistical Analyses
In the WHI, each participant’s follow-up
time was defined as the duration be-
tween entry to the cohort and the date
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of occurrence of T2D or censor (death,
lost to follow-up, or end of follow-up)—
whichever occurred first. Cox proportional
hazards model was used to evaluate
the associations of energy-adjusted dietary
protein and its food sources with risk of in-
cident T2D. Dietary protein sources were
entered into the models as quintiles, with
the lowest quintile serving as the reference
group.

Covariates were adjusted for in multi-
variable models. In model 1, we adjusted
for age, study group indicator (OS, CT),
self-identified race and ethnicity (White,
Black, Hispanic, Asian), region of residence
at baseline (Northeast, South, Midwest,
West), family income (<$20,000, $20,000–
49,999, $50,000–99,999, >$100,000), edu-
cation (<high school, high school, college,
postgraduate), and family history of di-
abetes (yes/no); in model 2, we further
included smoking status (never, past,
current smoker), alcohol intake (continu-
ous), physical activity (continuous), hor-
mone replacement therapy (never, past,
current user), multivitamin use (yes/no),
antihypertensive medication use (never,
previously, currently treated), and total
energy intake (continuous); in model 3
(full model), we additionally adjusted for
modified AHEI-2010 score (continuous)
and intake of other dietary protein
sources; in model 4 (sensitivity model),
we further adjusted for BMI and waist-
to-hip ratio (WHR) given that BMI could
be both a confounder and mediator in
protein-T2D associations. We also in-
cluded restricted cubic spline term for di-
etary protein and food sources with
three knots at 10th, 50th, and 90th centi-
les in model 3 to explore potential non-
linear relations of specific dietary protein
sources to T2D risk. The nonlinearity P
value was estimated with a likelihood ra-
tio test.

We used the leave-one-out model to
evaluate the association between isocalo-
ric substitution of plant protein for animal
protein and T2D risk. We simultaneously
included the percentage of energy from
carbohydrate, fat, and plant protein and
total energy intake with covariates in a
multivariable model. The coefficient of
plant protein from the model can be
interpreted as the estimated effect of
substituting a specific percentage of
energy from plant protein for the same
percentage of energy from animal protein.

In the mediation analysis, we exam-
ined whether the beneficial associations

of substituting plant protein for animal
protein with decreased risk of T2D were
mediated by well-characterized T2D-
related biochemical intermediaries. We
constructed two regression models, a
logistic model, to regress the outcome
(T2D) on the exposure (protein intake)
and the mediator (biomarker), and a
weighted linear model, to regress the
mediator on the exposure, with ad-
justment for potential confounders.
We integrated these two regressions
to obtain the estimates for direct and
indirect effects using the regression-
based approach proposed by Vander-
Weele (24,32,33). The proportion of
mediating effect was estimated on an
odds ratio (OR) scale; 95% CIs were
obtained via bootstrapping. All analyses
were performed with R (version 4.0.3).
Two-sided P values and 95% CIs were
calculated for statistical inference.

RESULTS

Associations of Dietary Protein Food
Sources Intake With Risk of Incident
T2D
In the WHI, among the 108,681 post-
menopausal women, mean age 63 years
at baseline, 15,842 (14.6%) participants
developed T2D during a median follow-
up period of 15.8 years (Table 1). The
postmenopausal women with higher en-
ergy-adjusted intake of total protein
were more likely to be White, educated,
physically active, and have a higher BMI
and income, while they were less likely
to be a smoker or drinker, compared
with those with lower energy-adjusted
intake of total protein (Table 1). In the
fully adjusted model, participants with
higher energy-adjusted intake of animal
protein had increased risk of incident
T2D (adjusted hazard ratio [HR] in com-
paring the highest with the lowest quin-
tile: 1.31 [95% CI 1.24–1.37], P for trend
<0.001). In contrast, participants with
greater intake of energy-adjusted plant
protein had lower risk of incident T2D
(0.82 [0.78–0.86], P for trend <0.001)
(Table 2).

Among the 12 dietary protein sour-
ces, intake of red meat, processed meat,
poultry, eggs, and low–n-3 seafood was
associated with increased T2D risk in the
fully adjusted model. Adjusted HRs of
T2D for participants in the highest (vs.
the lowest) quintile of these protein sour-
ces intake was 1.15 (95% CI 1.09–1.22)

for red meat, 1.14 (1.08–1.20) for
processed meat, 1.09 (1.03–1.15) for
poultry, 1.21 (1.14–1.27) for eggs, and
1.12 (1.06–1.18) for low–n-3 seafood. In
contrast, intake of whole grains and
nuts was inversely associated with T2D
risk, with HRs of 0.84 (0.79–0.88) for
whole grains and 0.90 (0.86–0.95) for
nuts in comparing the two extreme
quintiles. Intakes of high–n-3 seafood,
cheese, milk, yogurt, and legumes had
neutral associations with T2D risk in the
fully adjusted model (Table 2). Results
of additional restricted cubic spline
analyses in the WHI showed nonlinear
relations for intake of plant protein,
processed meat, high–n-3 seafood, and
nuts to T2D risk (all P for overall <0.01
and all P for nonlinearity <0.05) and lin-
ear relations for intake of total protein,
animal protein, red meat, poultry, eggs,
low–n-3 seafood, and whole grains with
T2D risk (all P for overall <0.001 and all
P for nonlinearity >0.05) (Fig. 1).

We further conducted a replication
analysis in the UKB of 14,902 men and
19,714 women followed for a median of
11.4 years, during which 663 incident
T2D cases were identified (Supplementary
Table 3). The positive associations of intake
of total protein, red meat, processed
meat, eggs, and poultry and the inverse
associations of whole grain intake with
risk of incident T2D observed in the WHI
were confirmed in the UKB. However,
the intake of low–n-3 seafood and nuts
had no association with risk of incident
T2D in the UKB (Supplementary Table 4).

Associations Between Substituting
Different Protein Sources and T2D
Risk
In the WHI, substituting 5% energy from
plant protein for 5% of energy from ani-
mal protein was associated with a 21%
reduced risk of T2D (HR 0.79 [95% CI
0.74–0.84]). Specifically for protein sour-
ces, replacing 1 serving/day red meat
(0.87 [0.85–0.90]), processed meat (0.79
[0.75–0.84]), eggs (0.78 [0.75–0.81]), or
poultry (0.87 [0.84–0.91]) with plant pro-
tein sources, particularly whole grains,
was associated with 13–26% decreased
risk of T2D (Table 3).

We also examined the associations
between replacing red meat, processed
meat, eggs, and poultry with other ani-
mal protein sources and risk of T2D.
Substituting milk, yogurt, or cheese for
red meat, processed meat, eggs, or
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Table 1—Baseline characteristics according to quintiles of daily intake of total dietary protein sources among 108,681
postmenopausal women in the WHI

Total

Quintiles of energy-adjusted total protein

1 2 3 4 5

N 108,681 21,737 21,736 21,736 21,736 21,736

Follow-up duration (person-years) 1,654,022 321,986 328,762 334,337 336,959 331,979

Incident diabetes 15,842 (14.6) 3,039 (14.0) 2,985 (13.7) 3,108 (14.3) 3,193 (14.7) 3,517 (16.2)

Age at baseline (years) 63 ± 7 63 ± 7 63 ± 7 64 ± 7 63 ± 7 63 ± 7

Self-identified ethnicity or race

White 92,209 (84.8) 17,248 (79.3) 18,045 (83.0) 18,605 (85.6) 19,097 (87.9) 19,214 (88.4)
Black 8,018 (7.4) 2,595 (11.9) 1,789 (8.2) 1,442 (6.6) 1,123 (5.2) 1,069 (4.9)
Hispanic 3,768 (3.5) 876 (4.0) 805 (3.7) 720 (3.3) 667 (3.1) 700 (3.2)
Asian 2,818 (2.6) 597 (2.7) 721 (3.3) 591 (2.7) 494 (2.3) 415 (1.9)

Region of residence at baseline

Northeast 25,126 (23.1) 5,212 (24.0) 4,944 (22.7) 4,951 (22.8) 5,196 (23.9) 4,823 (22.2)
South 27,803 (25.6) 6,088 (28.0) 5,700 (26.2) 5,501 (25.3) 5,208 (24.0) 5,306 (24.4)
Midwest 23,823 (21.9) 4,197 (19.3) 4,345 (20.0) 4,647 (21.4) 5,015 (23.1) 5,619 (25.9)
West 31,929 (29.4) 6,240 (28.7) 6,747 (31.0) 6,637 (30.5) 6,317 (29.1) 5,988 (27.5)

Education, n (%)

<High school 4,878 (4.5) 1,343 (6.2) 1,071 (4.9) 954 (4.4) 763 (3.5) 747 (3.4)
High school 28,030 (25.8) 6,212 (28.6) 5,930 (27.3) 5,571 (25.6) 5,401 (24.8) 4,916 (22.6)
College 42,650 (39.2) 8,236 (37.9) 8,479 (39) 8,555 (39.4) 8,751 (40.3) 8,629 (39.7)
Postgraduate 33,123 (30.5) 5,946 (27.4) 6,256 (28.8) 6,656 (30.6) 6,821 (31.4) 7,444 (34.2)

BMI (kg/m2) 27.3 ± 5.7 27.3 ± 5.8 26.8 ± 5.5 27.1 ± 5.5 27.4 ± 5.7 28.1 ± 5.9

Waist circumference (cm) 84.9 ± 13.3 85.1 ± 13.5 83.8 ± 12.9 84.2 ± 12.8 84.9 ± 13.2 86.5 ± 13.7

Recreational physical activity (MET h/week) 13.4 ± 13.9 11.8 ± 13.7 13.0 ± 13.7 13.4 ± 13.7 13.9 ± 14 14.5 ± 14.2

Alcohol intake (g/day) 5.63 ± 11.0 8.3 ± 16.6 5.8 ± 10.2 5.1 ± 8.9 4.7 ± 8.3 4.3 ± 7.9

Smoking status

Never 55,871 (51.4) 10,798 (49.7) 11,311 (52.0) 11,297 (52.0) 11,269 (51.8) 11,196 (51.5)
Past 45,870 (42.2) 9,048 (41.6) 8,982 (41.3) 9,144 (42.1) 9,256 (42.6) 9,440 (43.4)
Current 6,940 (6.4) 1,891 (8.7) 1,443 (6.6) 1,295 (6.0) 1,211 (5.6) 1,100 (5.1)

Income (USD)

<20,000 15,167 (14.0) 3,844 (17.7) 3,289 (15.1) 2,902 (13.4) 2,620 (12.1) 2,512 (11.6)
20,000–49,999 52,139 (48.0) 10,728 (49.4) 10,517 (48.4) 10,434 (48.0) 10,319 (47.5) 10,141 (46.7)
50,000–99,999 30,433 (28.0) 5,406 (24.9) 5,835 (26.8) 6,209 (28.6) 6,435 (29.6) 6,548 (30.1)
>100,000 10,942 (10.1) 1,759 (8.1) 2,095 (9.6) 2,191 (10.1) 2,362 (10.9) 2,535 (11.7)

Family history of diabetes 32,612 (30.0) 6,397 (29.4) 6,334 (29.1) 6,489 (29.9) 6,505 (29.9) 6,887 (31.7)

Hormone replacement therapy

Never 35,252 (32.4) 7,556 (34.8) 7,109 (32.7) 6,827 (31.4) 6,848 (31.5) 6,912 (31.8)
Past 23,027 (21.2) 4,790 (22.0) 4,541 (20.9) 4,651 (21.4) 4,476 (20.6) 4,569 (21.0)
Current 50,402 (46.4) 9,391 (43.2) 10,086 (46.4) 10,258 (47.2) 10,412 (47.9) 10,255 (47.2)

Antihypertension medication

Never treated 75,334 (69.3) 14,877 (68.4) 15,252 (70.2) 15,167 (69.8) 15,131 (69.6) 14,907 (68.6)
Previously treated 8,270 (7.6) 1,779 (8.2) 1,640 (7.5) 1,556 (7.2) 1,537 (7.1) 1,758 (8.1)
Currently treated 25,077 (23.1) 5,081 (23.4) 4,844 (22.3) 5,013 (23.1) 5,068 (23.3) 5,071 (23.3)

Total energy intake (kcal/day) 1,610 ± 619 1,803 ± 706 1,453 ± 562 1,455 ± 542 1,531 ± 538 1,796 ± 626

Total carbohydrate (g/day) 203 ± 78.6 230.7 ± 89.5 188.0 ± 72.0 186.7 ± 70.2 193.5 ± 70 218.6 ± 79.3

Total fat (g/day) 57.5 ± 31.2 69.8 ± 37.6 52.6 ± 27.8 51.2 ± 26.6 52.8 ± 26.7 61.0 ± 31.7

Saturated fat (g/day) 19.3 ± 11.3 23.2 ± 13.7 17.5 ± 10.1 17.1 ± 9.6 17.7 ± 9.7 20.8 ± 11.6

Monounsaturated fat (g/day) 21.8 ± 12.1 26.6 ± 14.5 19.9 ± 10.8 19.4 ± 10.3 19.9 ± 10.5 23.0 ± 12.4

Polyunsaturated fat (g/day) 11.9 ± 6.7 14.9 ± 8.5 11.1 ± 6.0 10.6 ± 5.6 10.8 ± 5.6 12.1 ± 6.2

Total protein (g/day) 67.1 ± 27.8 49.9 ± 8.0 60.8 ± 1.8 66.5 ± 1.6 72.7 ± 2.1 85.7 ± 9.2

Animal protein (g/day) 46.7 ± 22.7 36.0 ± 19.1 35.7 ± 16.8 41.4 ± 16.2 49.7 ± 16.2 70.8 ± 23.7

Continued on p. 1746
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poultry was associated with decreased
risk of T2D. For example, replacing 1
serving/day eggs with 1 serving/day
yogurt (HR 0.82 [95% CI 0.79–0.85]),
milk (0.82 [0.79–0.86]), or cheese (0.83
[0.80–0.86]) was associated with a
17–18% lower risk of T2D. Substituting
high–n-3 seafood for processed meat or
eggs was also associated with decreased
risk of T2D. The HRs of T2D were 0.88
(95% CI 0.81–0.97) for substituting 1
serving/day high–n-3 seafood for proc-
essed meat and 0.87 (0.80–0.94) for
substituting 1 serving/day high–n-3 sea-
food for eggs in the WHI. These findings
were consistent with the results of sub-
stitution analysis in the UKB (Table 3).

In sensitivity analysis, additional ad-
justment for BMI and WHR attenuated
associations of intakes of dietary protein
and food sources with T2D risk, leading
most associations toward neutral (model
4 in Table 2 and Supplementary Table
4). Similarly, additional adjustment for
BMI and WHR also materially attenuated
the beneficial associations of substituting
different protein and food sources with
T2D risk (Supplementary Table 5).

Mediating Roles of T2D-Related
Biomarkers in the Associations
Between Substituting Plant Protein
for Animal Protein and T2D Risk
We included 1,445 incident T2D case
and 2,019 control subjects in the
case-control studies nested within
the WHI. Compared with the control
subjects, the T2D case subjects had

higher BMI, waist circumference, HOMA
of insulin resistance, inflammation fac-
tors (hs-CRP, IL-6, and TNFa-R2), endo-
thelial dysfunction markers (E-selectin,
SICAM-1, and VCAM-1), and leptin but
had lower SHBG (Supplementary Tables
6 and 7).

The observed association of substituting
plant protein for animal protein with de-
creased risk of T2D was mainly mediated
by inflammation factors, leptin, endothelial
dysfunction, and SHBG. Specifically, hs-CRP
mediated 77% of the total relation of
substituting 5% energy from plant protein
for 5% energy from animal protein to de-
creased risk of T2D; IL-6 accounted for
47% of the total relation. We also con-
structed an inflammation score by sum-
ming up inflammation markers above the
median value (34). The constructed inflam-
mation score mediated 45% of the total
relation. Leptin, a major hormone secreted
by adipocytes, mediated 66% of the total
relation. SHBG accounted for 46% of the
total relation. E-selectin mediated 30% of
the total relation (Table 4). After additional
adjustment for BMI, almost all mediating
effects due to biomarkers were eliminated
(Supplementary Table 8).

CONCLUSIONS

In two large prospective cohorts of the
WHI and the UKB, we found that intake
of animal protein sources from red meat,
processed meat, poultry, or eggs was di-
rectly associated with increased T2D risk,
while plant protein sources from whole

grains or nuts were associated with de-
creased risk. Substituting plant protein
sources for animal protein sources
showed benefits in reducing T2D risk,
which was mainly mediated by inflamma-
tion, followed by endothelial dysfunction
and SHBG.

An accumulating body of evidence
now indicates that red meat (9,35),
processed meat (9,36), or eggs (10) may
increase T2D risk, whereas whole grains
(37,38) and dairy products (39) may de-
crease risk. In the current study, the in-
verse associations of milk or yogurt
intake with T2D risk in the WHI became
null after adjustment for the other die-
tary protein sources. A previous study in
the WHI reported that a diet high in
low-fat dairy products, but not high-fat
dairy products, was associated with
lower T2D risk in postmenopausal
women, indicating that fat in dairy
products may distort the dairy-T2D rela-
tion (40). Our analysis in the UKB, how-
ever, indicates that milk intake appeared
to be associated with increased T2D risk.
Further work is warranted to clarify these
inconsistent findings, particularly in diverse
populations where different T2D risk
and dietary practices may be associ-
ated with dairy intake.

In both the WHI and the UKB, intake
of poultry was associated with increased
T2D risk, which appeared to be in con-
trast with null findings of a recent meta-
analysis of 28 prospective studies re-
garding poultry and fish intake (41). In
contrast, in the China Kadoorie Biobank

Table 1—Continued

Total

Quintiles of energy-adjusted total protein

1 2 3 4 5

Plant protein (g/day) 20.3 ± 8.7 21.5 ± 9.4 18.8 ± 8.2 19.0 ± 8.0 19.8 ± 8.1 22.3 ± 9.1

Dietary protein sources (g/day)

Red meat 41.1 ± 36.5 31.5 ± 27.8 31.4 ± 26.1 36.1 ± 28.1 43.5 ± 32.9 63.1 ± 51.4
Processed meat 11.2 ± 14.0 10.7 ± 14.3 9.3 ± 12 10.1 ± 12.3 11.3 ± 13.2 14.8 ± 17
Eggs 15.5 ± 18.4 15.9 ± 17.3 13.7 ± 15.3 14.1 ± 15.4 15.2 ± 17.5 18.8 ± 24.3
Poultry 25.6 ± 22.0 16.5 ± 15.9 18 ± 15.7 22.5 ± 16.8 29 ± 19.6 42.1 ± 28.7
High–n-3 seafood 9.4 ± 11.8 5.63 ± 7.35 6.76 ± 7.84 8.46 ± 9.08 10.81 ± 11.34 15.53 ± 17.7
Low–n-3 seafood 7.9 ± 8.8 6.71 ± 7.55 6.56 ± 6.88 7.26 ± 7.14 8.21 ± 8.25 10.99 ± 12.19
Cheese 111.0 ± 104 95.4 ± 91 89.8 ± 83 98.8 ± 85.1 114.4 ± 97.3 155.8 ± 140.7
Milk 235.9 ± 233.9 171.7 ± 161.7 172.9 ± 158.1 205.4 ± 178.8 252.3 ± 214.4 377 ± 339.7
Yogurt 41.0 ± 68.7 27.3 ± 55.4 32.9 ± 59.6 39.2 ± 63.9 44.6 ± 67.5 60.8 ± 87.5
Whole grains 34.4 ± 28.2 33.08 ± 29.9 31.32 ± 26.41 32.72 ± 26.38 35.07 ± 27.08 39.95 ± 30.12
Legumes 20.3 ± 26.4 18.4 ± 25.3 18.4 ± 23.9 19.2 ± 24.4 20.7 ± 26.4 24.7 ± 30.7
Nuts 10.1 ± 16.0 12.2 ± 19.1 9.6 ± 14.9 9.1 ± 14.8 9.2 ± 14.6 10.2 ± 15.9
Modified AHEI-2010 score 35.5 ± 8.0 33.3 ± 8.3 35.8 ± 8 36.3 ± 7.7 36.4 ± 7.7 35.8 ± 7.7

Data for continuous variables are presented as mean ± SD. Data for categorical variables are presented as n (%).
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Table 2—Adjusted HRs with 95% CIs of T2D according to quintiles of daily intake of dietary protein and food sources among
108,681 postmenopausal women in the WHI

Quintiles of dietary protein and food sources

P for trend1 2 3 4 5

N 21,737 21,736 21,736 21,736 21,736

Total protein

Daily intake, g/day 49.9 ± 8.0 60.8 ± 1.8 66.5 ± 1.6 72.7 ± 2.1 85.7 ± 9.2
Cases/person-years 3,039/321,986 2,985/328,762 3,108/334,337 3,193/336,959 3,517/331,979
Model 1 Ref 1.01 (0.96–1.06) 1.05 (1.00–1.11) 1.09 (1.04–1.15) 1.25 (1.19–1.31) <0.001
Model 2 Ref 1.05 (0.99–1.10) 1.09 (1.03–1.14) 1.11 (1.06–1.17) 1.21 (1.16–1.28) <0.001
Model 3 Ref 1.06 (1.00–1.11) 1.10 (1.05–1.16) 1.13 (1.07–1.19) 1.24 (1.18–1.30) <0.001
Model 4 Ref 1.06 (1.00–1.12) 1.10 (1.04–1.18) 1.12 (1.04–1.20) 1.21 (1.10–1.33) <0.001

Animal protein

Daily intake, g/day 28.3 ± 8.0 40.0 ± 2.0 46.1 ± 1.7 52.6 ± 2.2 66.6 ± 10.2
Cases/person-years 2,911/329,625 3,017/330,174 3,064/332,403 3,192/334,318 3,658/327,503
Model 1 Ref 1.06 (1.01–1.12) 1.09 (1.03–1.14) 1.14 (1.09–1.20) 1.35 (1.29–1.42) <0.001
Model 2 Ref 1.09 (1.04–1.15) 1.11 (1.06–1.17) 1.16 (1.10–1.22) 1.31 (1.25–1.37) <0.001
Model 3 Ref 1.09 (1.03–1.14) 1.11 (1.05–1.17) 1.15 (1.09–1.21) 1.31 (1.24–1.37) <0.001
Model 4 Ref 1.06 (1.00–1.13) 1.06 (1.00–1.14) 1.08 (1.00–1.17) 1.20 (1.08–1.32) 0.008

Plant protein

Daily intake, g/day 13.5 ± 2.8 17.5 ± 0.7 19.7 ± 0.6 22.3 ± 0.9 28.5 ± 5.0
Cases/person-years 3,628/313,107 3,230/326,656 3,081/332,941 3,021/338,691 2,882/342,627
Model 1 Ref 0.88 (0.84–0.92) 0.84 (0.80–0.88) 0.82 (0.78–0.86) 0.77 (0.73–0.81) <0.001
Model 2 Ref 0.92 (0.87–0.96) 0.87 (0.83–0.91) 0.84 (0.80–0.89) 0.78 (0.75–0.83) <0.001
Model 3 Ref 0.93 (0.88–0.97) 0.89 (0.84–0.93) 0.87 (0.83–0.92) 0.82 (0.78–0.86) <0.001
Model 4 Ref 1.00 (0.95–1.05) 1.00 (0.94–1.05) 1.02 (0.96–1.09) 1.04 (0.96–1.13) 0.34

Red meat

Daily intake, g/day 6.7 ± 3.8 18.6 ± 3.3 31.3 ± 4.3 50.5 ± 7.2 98.5 ± 37.4
Cases/person-years 2,679/331,140 2,997/331,851 3,097/332,529 3,310/331,514 3,759/326,988
Model 1 Ref 1.13 (1.07–1.19) 1.18 (1.12–1.24) 1.27 (1.21–1.34) 1.43 (1.36–1.50) <0.001
Model 2 Ref 1.09 (1.03–1.15) 1.12 (1.06–1.18) 1.17 (1.11–1.24) 1.27 (1.20–1.34) <0.001
Model 3 Ref 1.05 (1.00–1.11) 1.06 (1.01–1.12) 1.10 (1.04–1.16) 1.15 (1.09–1.22) <0.001
Model 4 Ref 1.03 (0.97–1.08) 1.00 (0.94–1.06) 1.00 (0.94–1.06) 0.97 (0.89–1.06) 0.59

Processed meat

Daily intake, g/day 0.5 ± 0.6 3.2 ± 0.9 6.6 ± 1.2 12.7 ± 2.6 33.3 ± 16.9
Cases/person-years 2,687/335,320 2,908/333,408 3,163/335,418 3,434/326,240 3,650/323,637
Model 1 Ref 1.09 (1.03–1.14) 1.17 (1.11–1.23) 1.29 (1.23–1.36) 1.37 (1.30–1.44) <0.001
Model 2 Ref 1.06 (1.00–1.12) 1.11 (1.06–1.17) 1.20 (1.13–1.26) 1.23 (1.16–1.30) <0.001
Model 3 Ref 1.03 (0.97–1.08) 1.06 (1.00–1.12) 1.12 (1.06–1.18) 1.14 (1.08–1.20) <0.001
Model 4 Ref 1.02 (0.97–1.07) 1.01 (0.96–1.07) 1.04 (0.98–1.10) 0.99 (0.92–1.07) 0.60

Poultry

Daily intake, g/day 4.7 ± 2.5 11.7 ± 1.8 19.9 ± 3.4 31.9 ± 5.6 59.9 ± 21.9
Cases/person-years 2,751/322,365 3,110/330,299 3,166/333,001 3,315/337,557 3,500/330,800
Model 1 Ref 1.10 (1.05–1.16) 1.12 (1.06–1.18) 1.16 (1.10–1.22) 1.21 (1.15–1.27) <0.001
Model 2 Ref 1.07 (1.02–1.13) 1.07 (1.02–1.13) 1.10 (1.04–1.16) 1.11 (1.05–1.17) <0.001
Model 3 Ref 1.04 (0.99–1.10) 1.03 (0.98–1.09) 1.06 (1.01–1.12) 1.09 (1.03–1.15) 0.003
Model 4 Ref 1.03 (0.98–1.09) 1.00 (0.95–1.06) 1.01 (0.94–1.07) 0.97 (0.89–1.06) 0.72

Eggs

Daily intake, g/day 1.5 ± 1.1 5.6 ± 1.3 9.8 ± 1.4 17.8 ± 3.5 42.8 ± 24.3
Cases/person-years 2,844/336,357 2,872/336,758 3,146/336,639 3,224/330,310 3,756/313,959
Model 1 Ref 1.00 (0.95–1.06) 1.09 (1.04–1.15) 1.15 (1.09–1.21) 1.38 (1.31–1.45) <0.001
Model 2 Ref 0.99 (0.94–1.04) 1.05 (1.00–1.10) 1.11 (1.05–1.16) 1.27 (1.20–1.34) <0.001
Model 3 Ref 0.97 (0.92–1.02) 1.01 (0.96–1.07) 1.07 (1.01–1.13) 1.21 (1.14–1.27) <0.001
Model 4 Ref 0.94 (0.89–0.99) 0.95 (0.91–1.01) 1.00 (0.94–1.05) 1.03 (0.96–1.11) 0.29

High–n-3 seafood

Daily intake, g/day 0.3 ± 0.3 2.6 ± 0.9 6.1 ± 1 11.1 ± 1.8 27.1 ± 15.5
Cases/person-years 3,289/311,838 3,184/321,288 3,093/334,076 3,129/343,799 3,147/343,021
Model 1 Ref 0.98 (0.93–1.03) 0.94 (0.90–0.99) 0.95 (0.90–1.00) 0.98 (0.94–1.04) 0.26
Model 2 Ref 0.99 (0.94–1.04) 0.96 (0.91–1.01) 0.97 (0.92–1.02) 1.01 (0.96–1.06) 0.86
Model 3 Ref 0.99 (0.94–1.04) 0.96 (0.91–1.01) 0.97 (0.92–1.02) 1.01 (0.96–1.07) 0.87
Model 4 Ref 0.99 (0.95–1.04) 0.98 (0.93–1.03) 0.99 (0.93–1.05) 1.02 (0.95–1.11) 0.95

Continued on p. 1748
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(CKD) study of �0.5 million Chinese
adults, published after the aforemen-
tioned meta-analysis, findings showed
no association between poultry intake

and T2D and a positive association be-
tween total fish intake and T2D (35). In
our study, we found that intake of
low–n-3 seafood, but not high–n-3

seafood, was associated with increased
risk of T2D, suggesting that the association
between seafood intake and T2D risk may
be dependent on n-3 content in seafood,

Table 2—Continued

Quintiles of dietary protein and food sources

P for trend1 2 3 4 5

Low–n-3 seafood
Daily intake, g/day 0.8 ± 0.7 3.2 ± 0.7 5.7 ± 0.9 9.4 ± 1.3 20.6 ± 11.8
Cases/person-years 2,807/322,442 3,067/332,773 3,071/335,496 3,300/337,318 3,597/325,993
Model 1 Ref 1.08 (1.03–1.14) 1.07 (1.02–1.13) 1.14 (1.08–1.20) 1.25 (1.19–1.31) <0.001
Model 2 Ref 1.08 (1.02–1.13) 1.05 (1.00–1.10) 1.10 (1.05–1.16) 1.17 (1.11–1.24) <0.001
Model 3 Ref 1.07 (1.01–1.12) 1.03 (0.98–1.08) 1.07 (1.02–1.13) 1.12 (1.06–1.18) <0.001
Model 4 Ref 1.06 (1.01–1.12) 1.01 (0.96–1.06) 1.03 (0.97–1.09) 0.99 (0.93–1.07) 0.75

Cheese

Daily intake, g/day 18 ± 10.7 49.1 ± 8.4 81.9 ± 10.8 131.9 ± 19.4 273.3 ± 117.3
Cases/person-years 2,968/308,884 3,089/328,020 3,115/337,099 3,344/339,742 3,326/340,278
Model 1 Ref 1.04 (0.99–1.10) 1.05 (1.00–1.11) 1.15 (1.09–1.21) 1.14 (1.09–1.20) <0.001
Model 2 Ref 1.02 (0.96–1.07) 1.02 (0.96–1.07) 1.09 (1.03–1.14) 1.04 (0.99–1.11) 0.02
Model 3 Ref 1.00 (0.95–1.06) 1.00 (0.95–1.05) 1.06 (1.00–1.12) 1.02 (0.97–1.09) 0.11
Model 4 Ref 0.99 (0.94–1.04) 0.98 (0.92–1.03) 1.04 (0.98–1.10) 1.00 (0.92–1.10) 0.41

Milk

Daily intake, g/day 35.1 ± 17.8 96.9 ± 18.8 167.2 ± 23.5 276.9 ± 40 603.3 ± 264.2
Cases/person-years 3,179/320,510 3,202/329,166 3,109/333,262 3,211/334,186 3,141/336,897
Model 1 Ref 1.01 (0.96–1.06) 0.99 (0.94–1.04) 1.04 (0.99–1.09) 1.04 (0.98–1.09) 0.09
Model 2 Ref 0.97 (0.92–1.02) 0.93 (0.89–0.98) 0.95 (0.90–1.00) 0.91 (0.86–0.96) 0.002
Model 3 Ref 0.98 (0.93–1.03) 0.96 (0.91–1.01) 0.99 (0.94–1.04) 0.98 (0.93–1.04) 0.78
Model 4 Ref 0.98 (0.93–1.03) 0.96 (0.91–1.02) 0.98 (0.92–1.04) 0.98 (0.90–1.07) 0.51

Yogurt

Daily intake, g/day 0 ± 0 0.4 ± 1.1 12.3 ± 4.7 42.4 ± 16.2 149.8 ± 85.5
Cases/person-years 3,249/314,010 3,248/316,639 3,231/334,222 3,162/341,702 2,952/347,449
Model 1 Ref 0.99 (0.94–1.04) 0.97 (0.92–1.02) 0.95 (0.90–1.00) 0.89 (0.85–0.94) <0.001
Model 2 Ref 1.00 (0.95–1.05) 0.99 (0.94–1.04) 0.97 (0.92–1.01) 0.91 (0.86–0.95) <0.001
Model 3 Ref 1.00 (0.95–1.05) 1.02 (0.97–1.07) 1.00 (0.96–1.06) 0.98 (0.93–1.03) 0.63
Model 4 Ref 0.99 (0.95–1.04) 1.01 (0.96–1.06) 1.00 (0.95–1.05) 0.98 (0.90–1.06) 0.95

Whole grains

Daily intake, g/day 6.3 ± 3.2 17.2 ± 3.1 28.2 ± 3.3 41.9 ± 4.9 78.5 ± 28.2
Cases/person-years 3,372/308,523 3,193/326,973 3,160/334,239 3,139/340,953 2,978/343,334
Model 1 Ref 0.92 (0.88–0.97) 0.92 (0.87–0.96) 0.90 (0.86–0.95) 0.84 (0.80–0.89) <0.001
Model 2 Ref 0.91 (0.86–0.95) 0.90 (0.85–0.94) 0.86 (0.82–0.90) 0.77 (0.73–0.81) <0.001
Model 3 Ref 0.93 (0.88–0.97) 0.93 (0.88–0.97) 0.90 (0.86–0.95) 0.84 (0.79–0.88) <0.001
Model 4 Ref 0.95 (0.90–1.00) 0.96 (0.90–1.01) 0.95 (0.89–1.02) 0.92 (0.83–1.02) 0.17

Legumes

Daily intake, g/day 1.2 ± 1.3 6.3 ± 1.6 12.7 ± 2.1 22.4 ± 3.9 58.9 ± 36.6
Cases/person-years 3,191/319,639 3,158/326,702 3,142/331,320 3,161/338,060 3,190/338,301
Model 1 Ref 0.96 (0.91–1.00) 0.96 (0.92–1.01) 0.96 (0.91–1.01) 0.97 (0.92–1.02) 0.25
Model 2 Ref 0.95 (0.91–1.00) 0.95 (0.91–1.00) 0.94 (0.89–0.99) 0.93 (0.88–0.98) 0.007
Model 3 Ref 0.96 (0.91–1.01) 0.97 (0.92–1.02) 0.96 (0.92–1.01) 0.98 (0.93–1.04) 0.60
Model 4 Ref 0.97 (0.92–1.02) 0.98 (0.93–1.03) 0.96 (0.91–1.02) 0.95 (0.88–1.02) 0.17

Nuts

Daily intake, g/day 0 ± 0 1.7 ± 0.5 4.3 ± 0.8 9.9 ± 3.1 34.5 ± 21.6
Cases/person-years 3,315/317,036 3,099/328,827 3,266/336,047 3,097/337,094 3,065/335,019
Model 1 Ref 0.91 (0.87–0.96) 0.95 (0.90–1.00) 0.90 (0.86–0.95) 0.90 (0.85–0.94) <0.001
Model 2 Ref 0.91 (0.86–0.95) 0.93 (0.89–0.98) 0.88 (0.83–0.92) 0.85 (0.81–0.90) <0.001
Model 3 Ref 0.91 (0.87–0.95) 0.94 (0.89–0.98) 0.89 (0.85–0.94) 0.90 (0.86–0.95) <0.001
Model 4 Ref 0.92 (0.87–0.96) 0.95 (0.90–1.00) 0.91 (0.86–0.96) 0.90 (0.83–0.97) 0.002

Data for daily intakes of protein and food sources are shown as mean ± SD. Model 1: adjustment for age, study group indicator, self-identified
race/ethnicity, region of residence at baseline, family income, education, and family history of diabetes. Model 2: model 1 adjustments plus
smoking status, alcohol intake, physical activity, hormone replacement therapy, multivitamin use, antihypertensive medication use, and total
energy intake. Model 3 (full model): model 2 adjustments plus modified AHEI-2010 score and intake of other dietary protein sources. Model 4
(sensitivity model): model 3 adjustments plus BMI and WHR. Ref, reference.
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which may explain the discrepancy in re-
ported associations with fish intake.
Additionally, our substitution analysis

confirmed the reduction of T2D risk asso-
ciated with replacing animal protein sour-
ces, such as red meat, processed meat,
poultry, or eggs, with plant protein sour-
ces, milk, yogurt, cheese, or high–n-3 sea-
food. These findings are consistent with
the previous studies showing beneficial

associations of protein sources substitu-
tion with T2D risk, although which fo-
cused mainly on the replacement of red
meat with other foods (42–44). Our find-
ings are also consistent with previous re-
search showing that adherence to a
plant-based dietary pattern may lower
T2D risk (45) and cardiovascular disease
(46) and support the 2021 dietary guide-
lines for improving cardiovascular health

from the American Heart Association
(47). These observed protein-T2D associ-
ations were materially attenuated if we
additionally adjusted for BMI and WHR.
Dietary data collected with an FFQ re-
flect one’s long-term nutritional status. In
our study, dietary intake and BMI were
assessed at baseline simultaneously. The
possibilities of BMI being a cause and ef-
fect of the measured dietary intake exist.

Figure 1—Associations of dietary protein and food sources with risk of incident T2D among 108,681 postmenopausal women in the WHI. Cox pro-
portional hazards models were used for analysis, including restricted cubic spline term for each protein source, with adjustment for age, study
group indicator, self-identified race/ethnicity, region of residence, family income, education, family history of diabetes, smoking status, alcohol in-
take, physical activity, hormone replacement therapy, multivitamin use, antihypertensive medication use, total energy intake, modified AHEI-2010
score, and intake of other dietary protein sources. d, day; serving/d, servings per day.
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Therefore, BMI could be both a con-
founder and mediator in the protein-T2D
relation; hence, the additional adjustment
for BMI and WHR that attenuated the
protein-T2D association.

The mechanisms underlying the ob-
served beneficial association between
substituting plant protein sources for
animal protein sources and T2D risk re-
main to be determined. Previous studies
have implicated red meat intake in

accumulation of abdominal fat (48,49)
and higher serum ferritin, amino acids,
and lipid metabolites (42). In mediation
analysis, we examined well-characterized
T2D-related biomarkers, including inflam-
mation factors, endothelial dysfunction,
sex steroids and SHBG, leptin and its sol-
uble receptor, and cellular aging (24). Our
isocaloric substitution analysis indicated
T2D risk reduction to be associated with
replacing 5% energy from animal protein

with plant protein, which was mediated
mainly by inflammation factors, followed
by leptin, endothelial dysfunction bio-
markers, and SHBG. Recent advances in
gut microbiota also support the mediating
role of inflammation in the dietary pro-
tein–T2D association. Dietary factors can
modulate the gut microbial composition
and then alter intestinal permeability, lead-
ing to lipopolysaccharides leakage and in-
flammatory activation through toll-like
receptors (50). In addition, intake of red
meat, which is particularly high in L-carni-
tine, was associated with elevated lev-
els of inflammatory trimethylamine N-
oxide, which may increase risk of cardi-
ometabolic diseases (51).

The mediating effects of these bio-
markers were decreased after additional
adjustment for BMI in the mediation
analyses. This is consistent with other
reports indicating the mediating and
confounding roles of BMI in the rela-
tions of inflammation and leptin to met-
abolic diseases (52,53). At a population
level, BMI is a reliable measure that
captures the biological actions of adi-
pose tissues, including inflammatory
processes and leptin’s action. Therefore,
it is no surprise that the proportion me-
diated by inflammation and leptin di-
minished with additional adjustment for
BMI in our study.

The current study has several strengths,
including analysis of a large prospective
national cohort of multiethnic postmeno-
pausal women with long-term follow-up,
with replication in a large independent co-
hort of men and women; a comprehen-
sive investigation of 12 major sources of
dietary protein, with possible substitution
combinations—which is beneficial for iden-
tifying optimal T2D dietary intervention
strategies; and nested case-control studies
in the WHI allowing for the comprehensive
examination of the potential mechanistic
mediators that may explain the specific
protein-T2D relations observed. Our find-
ings revealed novel mechanisms underly-
ing the beneficial association between
substituting plant protein sources for ani-
mal protein sources and decreased risk of
T2D, which is helpful for the development
of a mechanism-based dietary intervention
strategy for the prevention and manage-
ment of T2D.

Nevertheless, there are limitations that
should be considered in interpreting our
findings. First, self-reported dietary data
are prone to measurement error (both

Table 3—Associations of substitution of different protein and food sources with
risk of incident T2D in the WHI and the UKB

Substituted protein
Equivalent amount of
substituted protein WHI UKB

5% of energy from animal protein Plant protein 0.79 (0.74–0.84) NA

1 serving/day red meat Whole grains 0.87 (0.85–0.90) 0.80 (0.71–0.89)

Nuts 0.92 (0.90–0.94) 0.81 (0.71–0.91)
Legumes 0.95 (0.91–0.99) 0.91 (0.75–1.10)
Yogurt 0.92 (0.89–0.94) 0.80 (0.71–0.90)
Milk 0.92 (0.90–0.95) 0.97 (0.83–1.15)
Cheese 0.92 (0.90–0.95) 0.78 (0.65–0.92)
High–n-3 seafood 0.97 (0.90–1.04) 0.82 (0.66–1.02)
Low–n-3 seafood 1.15 (1.06–1.25) 0.82 (0.68–0.98)

1 serving/day processed meat Whole grains 0.79 (0.75–0.84) 0.70 (0.59–0.83)

Nuts 0.84 (0.79–0.89) 0.71 (0.59–0.85)
Legumes 0.86 (0.81–0.92) 0.80 (0.62–1.02)
Yogurt 0.83 (0.79–0.88) 0.70 (0.59–0.84)
Milk 0.84 (0.79–0.89) 0.86 (0.70–1.06)
Cheese 0.84 (0.80–0.89) 0.68 (0.55–0.85)
High–n-3 seafood 0.88 (0.81–0.97) 0.72 (0.56–0.93)
Low–n-3 seafood 1.05 (0.95–1.16) 0.72 (0.57–0.91)

1 serving/day eggs Whole grains 0.78 (0.75–0.81) 0.84 (0.73–0.96)

Nuts 0.82 (0.79–0.86) 0.85 (0.73–0.99)
Legumes 0.85 (0.81–0.89) 0.96 (0.77–1.19)
Yogurt 0.82 (0.79–0.85) 0.84 (0.73–0.97)
Milk 0.82 (0.79–0.86) 1.03 (0.86–1.23)
Cheese 0.83 (0.80–0.86) 0.82 (0.67–1.00)
High–n-3 seafood 0.87 (0.80–0.94) 0.86 (0.67–1.10)
Low–n-3 seafood 1.03 (0.94–1.13) 0.86 (0.70–1.07)

1 serving/day poultry Whole grains 0.87 (0.84–0.91) 0.84 (0.75–0.93)

Nuts 0.92 (0.89–0.96) 0.84 (0.75–0.96)
Legumes 0.95 (0.91–1.00) 0.95 (0.78–1.16)
Yogurt 0.92 (0.88–0.96) 0.84 (0.74–0.94)
Milk 0.93 (0.89–0.96) 1.02 (0.87–1.20)
Cheese 0.93 (0.89–0.96) 0.81 (0.69–0.96)
High–n-3 seafood 0.97 (0.89–1.06) 0.86 (0.69–1.07)
Low–n-3 seafood 1.16 (1.05–1.27) 0.86 (0.71–1.04)

Data are HR (95% CI). One serving size was defined as 50 g/day for red meat, processed meat,
eggs, high–n-3 seafood, low–n-3 seafood, and legumes; 30 g/day for cheese and whole grains;
200 g/day for milk; 70 g/day for yogurt; and 10 g/day for nuts. In the WHI, the substitution
analysis models included adjustment for age, study group indicator, self-identified race/ethnicity,
region of residence, family income, education, and family history of diabetes, smoking status,
alcohol intake, physical activity, hormone replacement therapy, multivitamin use, antihyperten-
sive medication use, total energy intake, modified AHEI-2010 score, and intake of other protein
sources. In the UKB, the substitution analyses included adjustment for age, sex, residence area,
Townsend deprivation index at recruitment, smoking status, drinking status, physical activity,
family history of diabetes, multivitamin use, antihypertensive medication treatment, total en-
ergy intake, and other protein sources. NA: In the UKB, only total protein was calculated and
released. The variables of animal protein and plant protein intake were not available in the
UKB database; therefore, the according substitution analysis cannot be conducted.
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random and systematic) (54), even with
extensive validation effort of FFQ with use
of biomarkers in WHI and multiple records
used in the UKB to reduce errors. One has
to assume that participants’ dietary habits
did not change materially during the fol-
low-up; otherwise, the occurrence of such
changes could introduce bias. Second, the
observed beneficial associations of food
substitution with T2D were simulated
based on statistical modeling, which may
be different from interventions with real
foods in an experimental setting. Third, al-
though our analyses included adjustment
for known confounding factors, some re-
sidual confounding could still exist. For ex-
ample, WHI dietary data were collected in
the 1990s, while UKB’s were from the
2010s, which may lead to higher exposure
to ultraprocessed foods (UPFs) in the
more recent UKB as sales of UPFs have
been increasing globally (55–57). Given
lack of adjustment for UPFs in our analy-
ses, there may have been differences in
the estimated associations between the
WHI and the UKB. Finally, the majority of
both the WHI and UKB participants were
White, which may limit the generalizability

of our findings to other populations, al-
though a relatively homogenous popula-
tion does enhance the internal validity of
the relations observed.

In conclusion, in these two large pro-
spective cohort studies, intake of animal
protein sources, such as red meat, proc-
essed meat, poultry, and eggs, was associ-
ated with increased T2D risk, whereas
intake of plant protein sources, especially
whole grains and nuts, was associated with
decreased risk. Substituting the unfavorable
animal protein sources as determined in
this study with plant protein sources, milk,
yogurt, cheese, or high–n-3 seafood was as-
sociated with lower risk of T2D. The benefi-
cial association of isocaloric substitution of
plant protein for animal protein was mech-
anistically mediated mainly by obesity-re-
lated inflammation. These findings support
the recommendation that dietary protein
sources should be given attention for the
prevention of T2D.
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Table 4—Mediating effects of biomarkers on the association of isocaloric substitution of plant protein for animal protein
with risk of T2D among postmenopausal women enrolled in nested case-control studies in the WHI

Mediators

Substituting 5% energy from plant protein for 5% energy from animal protein ! T2D

N Total effect Indirect effect Direct effect Proportion mediated

BMI 3,151 0.78 (0.55–1.07) 0.73 (0.65–0.81) 1.06 (0.74–1.52) NA

WHR 3,175 0.80 (0.57–1.14) 0.83 (0.72–0.95) 0.97 (0.69–1.39) 65

Inflammation factors

TNFa-R2 2,771 0.82 (0.59–1.15) 0.97 (0.90–1.02) 0.85 (0.61–1.21) 10
IL-6 2,780 0.81 (0.57–1.15) 0.87 (0.79–0.95) 0.93 (0.65–1.34) 47
hs-CRP 2,786 0.77 (0.52–1.09) 0.80 (0.72–0.89) 0.97 (0.66–1.35) 77
Inflammation score 2,769 0.79 (0.56–1.12) 0.88 (0.79–0.97) 0.91 (0.64–1.27) 45

Endothelial dysfunction

VCAM-1 2,778 0.84 (0.60–1.19) 1.01 (0.98–1.05) 0.82 (0.59–1.17) NA
E-selectin 2,772 0.88 (0.62–1.26) 0.92 (0.83–1.02) 0.95 (0.68–1.37) 30
SICAM-1 2,752 0.89 (0.65–1.24) 1.04 (0.95–1.14) 0.85 (0.61–1.22) NA

Sex steroids and SHBG

Estradiol 1,402 0.81 (0.52–1.22) 0.99 (0.96–1.01) 0.82 (0.53–1.23) 2
Testosterone 1,402 0.80 (0.51–1.22) 0.98 (0.93–1.03) 0.81 (0.52–1.24) 4
SHBG 1,402 0.81 (0.50–1.23) 0.85 (0.74–0.98) 0.94 (0.59–1.46) 46

Leptin and leptin receptor

Leptin 1,403 0.78 (0.51–1.20) 0.80 (0.70–0.89) 0.98 (0.65–1.48) 66
Soluble leptin receptor 1,403 0.81 (0.54–1.23) 0.97 (0.92–1.01) 0.84 (0.55–1.27) 7

Cellular aging: leukocyte telomere length 3,101 0.80 (0.58–1.09) 1.00 (0.98–1.01) 0.80 (0.58–1.10) 1

Data are OR (95% CI) or % unless otherwise indicated. NA: proportion mediated was not calculated when the point estimate of the direct effect
was in a direction oppositive to that of the indirect effect. The covariates adjusted for in the mediation analyses included age, ethnicity, educa-
tion, smoking, drinking, and physical activity. We calculated inflammation score by summing up inflammation markers above the median value.
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