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ABSTRACT
Background: Greater consumption of red meat has been associated
with a higher risk of type 2 diabetes mellitus (T2DM). A decreased
intake of red meat and simultaneous increased intake of other high-
protein foods may be associated with a lower risk of T2DM. These
analyses of specific food replacements for red meat may provide
more accurate dietary advice.
Objective: We examined the association between a decrease in
intake of red meat accompanied by an increase in other major dietary
protein sources and risk of T2DM.
Methods: We prospectively followed 27,634 males in the Health
Professionals Follow-up Study, 46,023 females in the Nurses’ Health
Study, and 75,196 females in the Nurses’ Health Study II. Diet was
assessed by a validated FFQ and updated every 4 y. Cox proportional
hazards models adjusted for T2DM risk factors were used to model
the food replacements. We calculated HRs and 95% CIs for the
T2DM risk associated with replacements of 1 daily serving of red
meat with another protein source.
Results: During 2,113,245 person-years of follow-up, we identified
8763 incident T2DM cases from 1990 to 2013. In the pooled
analyses, a decrease in total red meat intake during a 4-y period
replaced with another common protein food was associated with a
lower risk of T2DM in the subsequent 4-y period. The HR (95% CI)
per 1 serving/d was 0.82 (0.75, 0.90) for poultry, 0.87 (0.77, 0.98)
for seafood, 0.82 (0.78, 0.86) for low-fat dairy, 0.82 (0.77, 0.86)
for high-fat dairy, 0.90 (0.81, 0.99) for eggs, 0.89 (0.82, 0.98) for
legumes, and 0.83 (0.78, 0.89) for nuts. The associations were present
for both unprocessed and processed red meat, although stronger for
the replacement of processed red meat.
Conclusions: Replacing red meat consumption with other protein
sources was associated with a lower risk of T2DM. Am J Clin
Nutr 2021;113:612–621.
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Introduction
Type 2 diabetes mellitus (T2DM) is an increasing public

health concern, and diet is an important modifiable risk factor
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(1). A review summarizing the evidence from meta-analyses of
randomized, controlled trials found a lower risk of T2DM or
improved glycemic markers among individuals who participate
in diet and lifestyle interventions (2). The studies demonstrated
both short- and long-term effects of diet and lifestyle changes on
the prevention of T2DM.

In prospective cohort studies, high habitual red and processed
meat consumption has been associated with a higher risk of
T2DM even though diet was typically assessed only once (3, 4).
In the 3 US cohorts in the present analysis: the Health
Professionals Follow-up Study (HPFS), Nurses’ Health Study
(NHS), and Nurses’ Health Study II (NHS II), information on
dietary intake has been collected every 4 y during follow-up.
Previously, Pan et al. (5) reported that an increased intake of total,
unprocessed, and processed red meat was associated with a higher
risk of subsequent T2DM in these cohorts. In the USA and in
many other countries, the current dietary guidelines are mostly
food based and recommend reducing or limiting the intake of red
and processed meats (6, 7). In dietary practice, reduced intake
of red meat is often accompanied by increased consumption of
other protein foods, and the choice of replacement foods may vary
between individuals and populations. However, the association
between change in red meat consumption and T2DM depends
on these replacement foods, as these may be neutral, beneficial,
or harmful in relation to the development of T2DM. Pan et al.
(8) previously found that the replacement of red meat with other
protein foods including poultry and fish was associated with a
lower risk of T2DM. In nutritional epidemiology, total energy
intake is often included in the statistical models to control for
confounding (9), and this creates an unspecified substitution with
other energy-providing foods. Substitution models that specify
the replacement food have a more straightforward interpretation
than models including only 1 food item of interest. Poultry and
fish are common alternatives to red meat, but other major dietary
protein sources like dairy products, eggs, legumes, and nuts can
also be used to replace red meat.

The previous work by Pan and colleagues did not take into
account that changes in red meat intake are mostly followed
by changes in intake of other foods. We conducted a follow-
up study to examine whether a decrease in intake of red meat
over a 4-y period and a simultaneous increase in other specified
major dietary protein sources, i.e., replacement of red meat with
alternative protein sources, was associated with the incidence
of T2DM in the subsequent 4-y period. We hypothesized that
replacing red meat with poultry, seafood, dairy products, eggs,
legumes, or nuts is associated with a lower risk of T2DM. As
processed red meat has been more consistently associated with
a lower risk of T2DM than unprocessed red meat (4), we also
examined unprocessed and processed red meat separately.

Methods

Study design and population

This study included 3 prospective cohorts of US females and
males. The HPFS is a cohort of 51,529 male health professionals
from 50 states aged 40–75 y at enrollment in 1986 (10), the NHS
is a cohort of 121,700 female nurses from 11 states aged 30–55 y
at enrollment in 1976 (11), and the NHS II is a cohort of 116,429

younger female nurses from 14 states aged 25–42 y at enrollment
in 1989 (12).

For the present analyses, we used 1986 as baseline for the
HPFS and NHS, and 1991 for the NHS II cohorts, because
this is the period when the dietary questionnaires became
most similar across cohorts and over time. Because the diet
change in one 4-y period was used to assess the risk of T2DM
in the following 4-y period, we excluded participants with a
history of diabetes mellitus (type 1 diabetes mellitus, T2DM,
and gestational diabetes mellitus), cardiovascular disease, or
cancer within that 4-y baseline period (1986–1990 for the HPFS
and NHS, and 1991–1995 for the NHS II). Furthermore, we
excluded participants who reported implausible energy intake
(<500 or >3500 kcal/d for women and <800 or >4200 kcal/d
for men) and those who left >70 items blank on the first 2 FFQs
in 1986 and 1990 for HPFS and NHS, and in 1991 and 1995 for
NHS II. Participants with missing exposure information and those
with missing information on the covariates total energy intake,
alcohol intake, physical activity, BMI, and components of the
healthy eating index (described in detail below) in the first FFQ
were also excluded. Furthermore, females who were or became
pregnant during follow-up were excluded from the analysis for
that 4-y period and from the previous 4-y period for diet change
and the following 4-y period for T2DM follow-up, but afterwards
were reincluded in the analyses.

The study protocol was approved by the Institutional Review
Boards of the Brigham and Women’s Hospital and by the Harvard
T.H. Chan School of Public Health; completion of the self-
administered questionnaire was considered to imply informed
consent.

Dietary assessment

The dietary information was collected by use of a validated,
semiquantitative FFQ at baseline and updated every 4 y. The
reproducibility and validity of the FFQs have been documented
elsewhere (13–17). For the HPFS, the correlation coefficients
between the FFQ and 2 dietary records ranged from 0.48 to 0.74
for the protein food groups of animal origin and 0.30 to 0.45 for
the protein food groups of vegetable origin investigated in the
present study (17). Similar correlation coefficients were observed
in the NHS (14). The participants were asked to report their
average intake of foods in standard portion sizes specific for each
food item in 9 response categories ranging from “never” to “6 or
more times per day.”

The exposure in this study was change in red meat intake and
simultaneous change in another, specified protein source in daily
servings over each 4-y period. We modeled the associations of a
decrease in intake of red meat replaced by an increase in other
major dietary protein sources with subsequent risk of T2DM.
The protein sources were total red meat, including unprocessed
and processed red meat, poultry, seafood, low-fat dairy products,
high-fat dairy products, eggs, legumes, and nuts. Unprocessed
red meat included beef, pork, or lamb as a main dish (e.g., steak
and roast), beef, pork, or lamb as a sandwich or a mixed dish
(e.g., stew, lasagna, and hamburger). Processed red meat included
bacon, hot dogs, sausages, salami, and other processed red meat
items. Poultry included chicken and turkey with and without
skin and chicken and turkey sandwiches. No processed poultry
items were included in the poultry variable. Seafood included
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dark-meat fish (e.g., salmon, mackerel, and swordfish), other
fish (e.g., cod and haddock), canned tuna, and shellfish as a
main dish (including shrimp, lobster, and scallops). No processed
fish items were included in the seafood variable. Low-fat dairy
included low-fat milk (≤2%), flavored and unflavored yogurt,
low-fat cheese, and sherbet. High-fat dairy included whole milk,
cream, sour cream, butter, high-fat cheese, and ice cream. Eggs
included whole eggs, n–3 (ω-3) fortified eggs, egg whites, and
egg beaters. Legumes included peas, beans, lentils, string beans,
and tofu. Nuts included peanuts, peanut butter, walnuts, and
other unspecified nuts. All food groups were categorized as
servings/d. In addition to substitutions of total red meat with other
protein foods, we investigated substitutions of unprocessed and
processed red meat separately.

Covariates

Study participants provided information about anthropometry,
lifestyle habits, socioeconomic factors, and health status on
biennial questionnaires, including body weight, height, physical
activity, cigarette smoking, history of hypertension and hyperc-
holesterolemia, race, marital status, and family history of T2DM.
Females additionally provided information on menopausal status
and use of postmenopausal hormones. Information on total
energy intake and alcohol consumption was obtained from the
FFQ. The accuracy of self-reported cardiometabolic risk factors
and disease has previously been validated among females in
the NHS (18) and diagnosis of hypertension has been validated
among men in the HPFS (19). To assess overall diet quality, we
calculated a modified diet score based on the 2010 Alternative
Healthy Eating Index (AHEI) (20). The AHEI includes 11 food
groups and nutrients associated with chronic disease risk, like
diabetes and cardiovascular disease. Intake of each food or
nutrient item in the AHEI gives a score between 0 and 10,
and a higher total score has been associated with a lower risk
of chronic disease. We modified the AHEI to exclude alcohol
and foods already included separately in our models (e.g., red
meat) and nutrients constituting a major part of these foods. Our
modified AHEI included intakes of the following food groups
and nutrients (including the criteria for minimum/maximum
scores): vegetables (excluding legumes, 0/≥5 servings/d), fruits
(0/≥4 servings/d), whole grains (women: 0/75 g/d, men:
0/90 g/d), sugar-sweetened beverages (≥1/0 servings/d), trans-
fatty acids (≥4/≤0.5% of energy), PUFAs (≤2/≥10% of energy),
and sodium (highest/lowest decile, mg/d).

Follow-up and case ascertainment

Incident T2DM cases were identified by self-report on the
main questionnaires every 2 y and confirmed by validated
supplementary questionnaires regarding symptoms, diagnostic
tests, and treatment. For all cohorts, a T2DM diagnosis was
confirmed if the participant met ≥1 of the following criteria
according to the National Diabetes Data Group (21): 1) 1
or more of the classic symptoms (excessive thirst, polyuria,
weight loss, or hunger) plus fasting blood glucose concentrations
≥140 mg/dL, random blood glucose concentrations ≥200 mg/dL,
or 2-h blood glucose concentrations ≥200 mg/dL during oral

glucose tolerance testing; 2) elevated blood glucose concentra-
tions ≥2 times on different occasions (fasting blood glucose
≥140 mg/dL, random blood glucose ≥200 mg/dL, and/or blood
glucose concentrations ≥200 mg/dL 2 h or more after oral
blood glucose testing) in the absence of symptoms; or 3)
treatment with hypoglycemic medication (insulin or antidiabetic
medication). In June 1998, the fasting blood glucose threshold
was lowered to 126 mg/dL, according to the American Diabetes
Association (22). The validity of the supplemental questionnaires
for diagnosis of diabetes mellitus has been documented elsewhere
(23, 24): in the initial pilot study among 62 self-reported cases
in the NHS and 59 self-reported cases in the HPFS that were
confirmed by the supplemental questionnaire, 61 (98%) and 57
(97%) cases, respectively, were reconfirmed after review of the
medical records.

We included only incident cases confirmed by the supplemen-
tal questionnaires. In total, 8763 incident cases of T2DM were
identified and validated in the 3 cohorts combined. Deaths were
identified from the National Death Index or reported by next of
kin or the US postal system, combined being 98% complete in
identifying deaths among participants (25).

Statistical methods

We used Cox proportional hazards regression to calculate HRs
and 95% CIs for the association between decreased intake of
red meat and simultaneous increased intake of another specified
protein source in one 4-y period and risk of T2DM in the
following 4-y period. For example, the 1986–1990 dietary change
was used to assess the risk of T2DM in 1990–1994. This means
that we modeled the substitution of red meat with other protein
sources statistically using the naturally occurring dietary changes
among the participants, and the participants were not asked
to perform specific replacements. The protein foods were all
included in the same Cox models as change variables in servings
per day. For each substitution of 1 food item for another, we
exponentiated the difference between the β-coefficients of the
2 foods to estimate the HR, and we used the variances and
covariance of the 2 food items to estimate the 95% CI (26).
The difference in the estimates for the 2 increases in intake
statistically predicts the substitution effects on risk of T2DM.
This substitution is being interpreted as the risk of T2DM
associated with a decreased red meat intake and simultaneous
increased intake of another protein food, e.g., poultry.

Participants could contribute up to five 8-y periods in the HPFS
and NHS (1986–1994, 1990–1998, 1994–2002, 1998–2006, and
2002–2010) and four 8-y periods in the NHS II (1991–1999,
1995–2003, 1999–2007, and 2003–2011). The number of person-
years was calculated for each participant from the date of return
of the 1990 questionnaire for the NHS and HPFS, and the 1995
questionnaire for the NHS II until the date of diagnosis of T2DM,
death, or end of follow-up (31 January, 2011 for the HPFS and
NHS, and 30 June, 2013 for the NHS II), whichever came first.

Age and calendar time were included as the underlying
timescale. We furthermore controlled for total energy, both as
initial intake (quintiles) at the beginning of each 4-y diet change
period and simultaneous change in intake (quintiles) during
that period. In an additional model, we controlled for marital
status (with spouse, yes or no), race (white, African American,
Asian/other, missing), family history of diabetes (yes, no),
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history of hypertension (yes, no), history of hypercholesterolemia
(yes, no), BMI (<20.0, 20.0 to <23.0, 23.0 to <25.0, 25.0
to <30.0, ≥30.0 kg/m2) at the beginning of each 4-y diet
change period, alcohol intake, both as initial intake (0, 0.1–4.9,
5–14.9, 15–29.9, ≥30 g/d) and as simultaneous change in intake
(quintiles), modified AHEI (initial and change, both quintiles),
smoking status change (never to never, current to past, past
to current, never to current, past to past, current to current,
missing), physical activity (metabolic equivalents initially and
change, both quintiles) and for females, initial menopausal
status and use of postmenopausal hormones (premenopausal,
postmenopausal + never hormone use, postmenopausal + past
hormone use, postmenopausal + current hormone use, missing).
In a third model, we additionally controlled for initial intake
of red meat and the other protein foods at the beginning of
each 4-y diet change period (servings/d). In a fourth model, we
additionally controlled for simultaneous weight change (kg), a
potential mediator of T2DM.

To minimize missing values during follow-up, we carried
forward the last value for continuous variables and for a few
categorical covariates, we created missing indicators as stated
above. For the protein exposure variables, we carried missing
values forward only 1 cycle and excluded participants from the
analyses in the particular period they had a second exposure
variable missing. Change in the exposure food groups was
truncated at the 0.5th and 99.5th percentiles to minimize the
influence of outliers.

We pooled the period-specific results and calculated a
combined estimate within each cohort. Q-statistics was used to
assess heterogeneity. Because no significant heterogeneity was
found, we used an inverse variance-weighted fixed effect meta-
analysis to combine the results across the 3 cohorts.

To investigate potential effect modification, stratified analyses
were performed based on initial values at the beginning of each
4-y diet change period for the following variables: total red
meat intake (< or ≥median intake), BMI (<25, 25 to <30,
≥30 kg/m2), smoking (never, past, current), alcohol intake (0,
0.1–29.9, ≥30 g/d), and age (< or ≥65 y). These characteristics
were chosen based on their association with insulin resistance,
because individuals with underlying insulin resistance may re-
spond differently to diet (27–29). Potential surveillance bias was
investigated in a sensitivity analysis by using only symptomatic
T2DM cases in our main models. The assumption of proportional
hazards was found to be appropriate when testing interaction
terms between age and each exposure of interest.

All analyses were performed in SAS version 9.3 (SAS
Institute), at a 2-tailed α of 0.05, and the figures were created
in Stata Statistical Software release 16 (StataCorp LCC).

Results
After exclusions, 27,634 participants (2053 incident T2DM

cases) in the HPFS, 46,023 participants (4102 incident T2DM
cases) in the NHS, and 75,196 participants (2608 incident T2DM
cases) in the NHS II were included with a total of 2,113,245
person-years of follow-up (Supplemental Figure 1).

Table 1 presents the distribution of characteristics according
to change in total red meat intake in 1986–1990 for HPFS and
NHS, and 1991–1995 for NHS II. The average age of males in the

HPFS was 53 y in 1986, females in the NHS was 52 y in 1986, and
females in the NHS II was 40 y in 1991. Compared to participants
with a relatively stable intake of red meat, participants who
decreased or increased their intake had a higher initial intake
of red meat. Also, initial BMI was higher among participants
with the largest change (both decrease and increase) in red meat
consumption, but in general, BMI was fairly similar across the
groups. In addition, participants who had the greatest change
(both decrease and increase) in red meat intake were more likely
to be smokers and had a lower diet quality score. Those who
increased red meat intake had more weight gain, lower reduction
in alcohol intake, increased total energy intake, and decreased diet
quality score.

Table 2 presents the HR (95% CI) of T2DM per 1 daily serving
decrease in intake of red meat and concomitant increase in
poultry, seafood, low-fat dairy products, high-fat dairy products,
eggs, legumes, or nuts. For all 3 cohorts, adjustment for known
risk factors for T2DM attenuated the results slightly (model 2).
Further adjustment for initial intake of the investigated protein
groups strengthened the results (model 3). Overall, we observed
that replacement of red meat with other protein foods was
associated with a lower risk of T2DM, although not all risk
estimates were statistically significant. In the pooled analyses, all
replacements of red meat with other protein foods showed inverse
associations with T2DM. Thus, reducing the intake of red meat
by 1 daily serving and replacing it with poultry was associated
with an 18% lower risk of T2DM (HR: 0.82; 95% CI: 0.75, 0.90)
(model 3). Replacing red meat with seafood was associated with
a 13% lower risk of T2DM (HR 0.87, 95% CI: 0.77, 0.98), and
replacing red meat with either low-fat dairy or high-fat dairy
products was associated with an 18% lower risk of T2DM (HR:
0.82; 95% CI: 0.78, 0.86 for low-fat dairy and HR: 0.82; 95%
CI: 0.77, 0.86 for high-fat dairy products). Replacement with
eggs was associated with a 10% lower risk (HR: 0.90; 95% CI:
0.81, 0.99), and replacement with legumes was associated with
an 11% lower risk (HR: 0.89; 95% CI: 0.82, 0.98). Replacement
with nuts was associated with a 17% lower risk of T2DM (HR:
0.83; 95% CI: 0.78, 0.89). Adjustment for the potential mediator
concomitant weight change attenuated the associations slightly,
but most remained statistically significant (model 4).

Figure 1 presents the pooled HR (95% CI) of T2DM for
replacements of either unprocessed or processed red meat with
a specified protein food. Overall, the findings for these subtypes
of total red meat were similar to the findings for total red meat,
but replacement of processed red meat with other protein foods
was more consistently associated with a lower risk of T2DM
than replacement of unprocessed red meat. Similar to the findings
for total red meat, adjustment for weight change attenuated the
findings slightly (Supplemental Table 1).

Stratifying the analyses by initial total red meat intake at each
4-y period showed stronger associations among participants with
a total red meat intake at or above the median compared to intakes
below the median (Supplemental Figure 2). Stratifying by age,
BMI, alcohol intake, and smoking status in the beginning of each
4-y period showed no effect modification, although there was
a tendency of weaker associations with higher BMI, which is
associated with a higher baseline risk of T2DM. Furthermore,
the associations were weak and unstable among current smokers
(Supplemental Figures 3–6). Overall, findings were slightly
stronger in sensitivity analyses using only symptomatic T2DM
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TABLE 2 HR (95% CI) for type 2 diabetes mellitus associated with 1 daily serving decreased intake of red meat and concomitant increased intake of
another major dietary protein source in the individual cohorts HPFS, NHS, and NHS II and pooled findings1

Substituted protein
(1 serving/d) Model 12 Model 23 Model 34 Model 45

HPFS (n = 27,634)
Poultry 0.89 (0.76, 1.05) 0.89 (0.76, 1.04) 0.82 (0.68, 0.99) 0.84 (0.69, 1.02)
Seafood 0.94 (0.77, 1.15) 0.94 (0.77, 1.14) 0.87 (0.69, 1.08) 0.89 (0.71, 1.11)
Low-fat dairy 0.99 (0.90, 1.10) 1.00 (0.91, 1.10) 0.89 (0.80, 0.98) 0.91 (0.82, 1.00)
High-fat dairy 0.89 (0.81, 0.99) 0.91 (0.82, 1.00) 0.80 (0.72, 0.89) 0.81 (0.73, 0.90)
Eggs 1.03 (0.87, 1.23) 0.99 (0.84, 1.16) 0.88 (0.74, 1.04) 0.90 (0.76, 1.07)
Legumes 1.07 (0.92, 1.25) 1.07 (0.92, 1.26) 1.02 (0.86, 1.21) 1.05 (0.88, 1.25)
Nuts 0.98 (0.88, 1.10) 0.99 (0.89, 1.11) 0.90 (0.80, 1.02) 0.92 (0.81, 1.03)

NHS (n = 46,023)
Poultry 0.88 (0.78, 1.00) 0.90 (0.80, 1.02) 0.83 (0.72, 0.97) 0.87 (0.75, 1.01)
Seafood 0.80 (0.69, 0.93) 0.83 (0.71, 0.96) 0.81 (0.68, 0.97) 0.85 (0.71, 1.02)
Low-fat dairy 0.88 (0.82, 0.95) 0.89 (0.83, 0.96) 0.77 (0.71, 0.83) 0.79 (0.73, 0.86)
High-fat dairy 0.94 (0.87, 1.02) 0.94 (0.87, 1.01) 0.82 (0.75, 0.90) 0.84 (0.77, 0.91)
Eggs 0.95 (0.82, 1.11) 0.95 (0.82, 1.10) 0.91 (0.77, 1.08) 0.94 (0.79, 1.11)
Legumes 0.92 (0.81, 1.05) 0.93 (0.83, 1.06) 0.86 (0.74, 0.99) 0.89 (0.77, 1.04)
Nuts 0.88 (0.80, 0.96) 0.91 (0.83, 1.00) 0.81 (0.73, 0.90) 0.84 (0.75, 0.93)

NHS II (n = 75,196)
Poultry 0.74 (0.65, 0.85) 0.85 (0.75, 0.97) 0.80 (0.69, 0.94) 0.84 (0.72, 0.98)
Seafood 0.81 (0.66, 1.00) 0.94 (0.77, 1.14) 0.97 (0.78, 1.22) 1.03 (0.83, 1.29)
Low-fat dairy 0.83 (0.76, 0.91) 0.90 (0.83, 0.98) 0.83 (0.76, 0.91) 0.86 (0.79, 0.94)
High-fat dairy 0.85 (0.77, 0.93) 0.91 (0.83, 0.99) 0.83 (0.75, 0.91) 0.85 (0.77, 0.93)
Eggs 0.87 (0.74, 1.03) 0.92 (0.79, 1.08) 0.90 (0.76, 1.06) 0.93 (0.79, 1.10)
Legumes 0.79 (0.69, 0.91) 0.87 (0.75, 0.99) 0.84 (0.72, 0.98) 0.88 (0.75, 1.02)
Nuts 0.70 (0.62, 0.79) 0.82 (0.73, 0.93) 0.78 (0.69, 0.89) 0.82 (0.72, 0.93)

Pooled (n = 148,853)6

Poultry 0.83 (0.77, 0.90) 0.88 (0.81, 0.95) 0.82 (0.75, 0.90) 0.85 (0.77, 0.93)
Seafood 0.84 (0.76, 0.93) 0.88 (0.80, 0.98) 0.87 (0.77, 0.98) 0.91 (0.81, 1.03)
Low-fat dairy 0.89 (0.85, 0.94) 0.92 (0.88, 0.97) 0.82 (0.78, 0.86) 0.84 (0.80, 0.89)
High-fat dairy 0.90 (0.85, 0.95) 0.92 (0.88, 0.97) 0.82 (0.77, 0.86) 0.83 (0.79, 0.88)
Eggs 0.95 (0.86, 1.04) 0.95 (0.87, 1.04) 0.90 (0.81, 0.99) 0.92 (0.84, 1.02)
Legumes 0.92 (0.84, 0.99) 0.94 (0.87, 1.02) 0.89 (0.82, 0.98) 0.93 (0.85, 1.02)
Nuts 0.86 (0.81, 0.91) 0.91 (0.86, 0.97) 0.83 (0.78, 0.89) 0.85 (0.80, 0.91)

1AHEI, Alternative Healthy Eating Index; HPFS, Health Professionals Follow-up Study; NHS, Nurses’ Health Study; NHS II, Nurses’ Health Study II.
2Model 1: Cox proportional hazards models including all protein foods simultaneously, adjusted for age, calendar time, and calories (initial and change,

both quintiles). For each substitution of 1 food item for another, we exponentiated the difference between the β-coefficients of the 2 foods to estimate the HR,
and we used the variances and covariance of the 2 food items to estimate the 95% CI.

3Model 2: model 1 + marital status (with spouse, yes or no), race (white, African American, Asian/other), family history of diabetes (yes, no), history of
hypertension (yes, no), history of hypercholesterolemia (yes, no), BMI (<20.0, 20.0 to <23.0, 23.0 to <25.0, 25.0 to <30.0, ≥30.0 kg/m2) alcohol intake,
both as initial intake (0, 0.1–4.9, 5–14.9, 15–29.9, ≥30 g/d) and change (quintiles), modified AHEI (initial and change, both quintiles), smoking status change
(never to never, current to past, past to current, never to current, past to past, current to current), physical activity (metabolic equivalents initially and change,
both quintiles) and for women initial menopausal status and use of postmenopausal hormones (premenopausal, postmenopausal + never hormone use,
postmenopausal + past hormone use, postmenopausal + current hormone use).

4Model 3: model 2 + initial intake of red meat, poultry, seafood, low-fat dairy, high-fat dairy, eggs, legumes, and nuts (servings/d).
5Model 4: model 3 + simultaneous weight change (kg).
6The results across the 3 cohorts were pooled using an inverse variance weighted, fixed-effect meta-analysis.

cases. The biggest difference was observed for seafood: pooled
HR for substitution of seafood for total red meat was 0.87 (95%
CI: 0.77, 0.98) in the main analysis (Table 2) and 0.75 (95%
CI: 0.63, 0.89) when only studying symptomatic T2DM cases
(results not shown).

Discussion
In this study of 3 large US cohorts with repeated assessments of

diet and lifestyle factors, we found that decreasing and replacing
the intake of red meat with poultry, seafood, low-fat dairy, high-
fat dairy, eggs, legumes, or nuts over a 4-y period was associated

with a lower risk of T2DM in the following 4-y period. For
subtypes of red meat, inverse associations were found for both
unprocessed and processed red meat, although slightly stronger
for processed red meat. Our findings were consistent across all
3 study populations of younger and middle-aged females and
middle-aged males.

We took advantage of unique, repeated dietary measures to
compare participants according to dietary changes over time. In
statistical models controlling for total energy intake (initial and
change), we compared participants who increased their intake
of red meat to participants who increased their intake of other
protein foods to predict substitution effects on risk of T2DM. Our
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FIGURE 1 HR (95% CI) for type 2 diabetes mellitus associated with
1 daily serving decreased intake of unprocessed or processed red meat and
concomitant increased intake of another major dietary protein source in
pooled analyses of all 3 cohorts (n = 148,853). Note: the Cox proportional
hazards models included all protein foods simultaneously and were adjusted
for age, calendar time, and calories (initial and change, both quintiles),
marital status (with spouse, yes or no), race (white, African American,
Asian/other), family history of diabetes (yes, no), history of hypertension
(yes, no), history of hypercholesterolemia (yes, no), BMI (<20.0, 20.0
to <23.0, 23.0 to <25.0, 25.0 to <30.0, ≥30.0 kg/m2) alcohol intake,
both as initial intake (0, 0.1–4.9, 5–14.9, 15–29.9, ≥30 g/d) and change
(quintiles), modified AHEI (initial and change, both quintiles), smoking
status change (never to never, current to past, past to current, never
to current, past to past, current to current), physical activity (metabolic
equivalents initially and change, both quintiles) and for women initial
menopausal status and use of postmenopausal hormones (premenopausal,
postmenopausal + never hormone use, postmenopausal + past hormone use,
postmenopausal + current hormone use), initial intake of red meat, poultry,
seafood, low-fat dairy, high-fat dairy, eggs, legumes, and nuts (servings/d).
For each substitution of 1 food item for another, we exponentiated the
difference between the β-coefficients of the 2 foods to estimate the HR,
and we used the variances and covariance of the 2 food items to estimate
the 95% CI. The results across the 3 cohorts were pooled using an inverse
variance weighted, fixed-effect meta-analysis. AHEI, Alternative Healthy
Eating Index.

approach reflects a real-world setting, where individuals make a
behavioral change best suited to their lifestyle. However, from our
FFQs we were not able to ascertain why the participants changed
their diet or at what point in time within each 4-y period. We used
entirely observational data, and thus causality cannot be directly
inferred.

The study population primarily consisted of health pro-
fessionals with Caucasian ancestry and therefore the study
findings may not be generalizable to other populations. However,
substantial variations in intake of the investigated protein foods
were observed, which improves generalizability. Female study
participants were aged 25–55 y at inclusion, and male participants
were aged 40–75 y, with ≤25 y of follow-up. Our findings,
therefore, are mainly generalizable to middle-aged and elderly
populations. The relative homogeneity of socioeconomic status
may reduce confounding, and a high follow-up rate (>90%) for
all 3 cohorts reduces the concern for selection bias.

The dietary information was collected via self-administered
FFQs, hence, measurement error is inevitable. However, this
error is likely to be random and would therefore tend to
underestimate the investigated associations. The results could
also be underestimated as a consequence of reverse causality
if individuals who experienced health conditions associated

with a high risk of T2DM or cardiovascular disease, e.g.,
overweight or hypertension, consequently decreased their intake
of red meat and increased their intake of other potentially
healthier foods like seafood, vegetables, and nuts. The self-
reported information on diagnosis of T2DM was confirmed
using validated supplemental questionnaires, but nondifferential
misclassification of the outcome cannot be entirely excluded.
Since any misclassification of T2DM is unrelated to potential
dietary measurement errors, true associations are most likely
attenuated towards the null. Concerning potential surveillance
bias, we also ran the models using only symptomatic diabetes
cases. The results were similar to, although slightly stronger than,
those including all T2DM cases.

We were able to control for several potential confounders,
both initial values of the covariates at the beginning of each 4-y
period and changes during the 4-y diet change period. However,
we cannot exclude the possibility of residual and unmeasured
confounding. Adjustment for risk factors of T2DM weakened the
associations modestly, but the pattern of associations between
minimally adjusted and further adjusted models was similar.
Intake of red meat and the other investigated protein sources
might be associated with different dietary patterns and lifestyles
(30, 31). Therefore, changes in red meat or other protein foods
may be a marker of an overall lifestyle change. We adjusted for
initial as well as simultaneous changes in dietary and behavioral
factors but may not have captured all of these changes. In a
third model, we further adjusted for the initial intake of the
investigated protein foods in each 4-y diet change period, because
this could a priori be a confounder. The baseline intake of the
protein foods could also be effect modifiers, but our findings
did not indicate this (Supplemental Figure 2). Adjustment for
simultaneous weight change in the 4-y diet change periods
attenuated our findings slightly, indicating that body weight
change is an important potential mediator. This is consistent with
body weight gain being an established and important risk factor
for T2DM (32).

In our pooled analysis, substitutions of red meat with any
other protein food showed inverse associations. The benefits
of these substitutions are likely due to multiple simultaneous
changes in nutrient intakes, e.g., fatty acids, proteins, heme
iron, sodium, dietary fiber, minerals, phytochemicals, and other
bioactive components. Potential mechanisms include red meat
as a main source of heme-iron, a strong pro-oxidant resulting
in an increased level of oxidative stress that can cause tissue
damage, in particular to pancreatic β-cells. Excess body iron
can cause iron deposition in pancreatic β-cells, thereby also
impairing insulin secretion (33). Red meat products are often
high in fat and in particular saturated fat in contrast to poultry
and seafood. Saturated fat has been linked to insulin resistance
via intracellular lipid storage, and the overall high energy
content may promote weight gain (34). The largest difference
between unprocessed and processed red meat is the content
of sodium, nitrates, and nitrites, all used in preservation, and
might explain why processed red meat is more harmful to
cardiometabolic health than unprocessed red meat (35). High
dietary sodium intake increases blood pressure, a risk factor
for cardiovascular disease (35, 36). Nitrates and nitrites can be
converted into nitrosamines that are toxic to pancreatic β-cells
and may cause metabolic disturbances (34, 37). As an alternative
to red meat, some types of seafood may be favorable due to their
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content of n–3 PUFAs with their presumed beneficial effects on
cardiometabolic health, although the role of fish intake and n–3
PUFAs in T2DM is still debated (38, 39). The limited evidence
on dairy products and T2DM suggests neutral or beneficial
effects on plasma lipids, blood pressure, glucose response, insulin
sensitivity, inflammatory profile, and gut microbiota, likely due
to differences in content of calcium, amino acids, probiotics,
and the fatty acid composition (40–42). Whether low-fat or
high-fat dairy products are more beneficial is unclear (40), and
we therefore split into 2 groups according to fat content. The
limited evidence on eggs suggests it is a healthy alternative
to more harmful foods like processed meats when consumed
in moderation (43). Legume intake has a favorable impact
on blood cholesterol concentrations and has been associated
with low glycemic and insulin responses, presumably due to
the composition of carbohydrates and contents of fiber, folate,
and phytochemicals (44–46). Finally, nuts may be a good
alternative to red meat as their content of unsaturated fatty acids,
folate, minerals, antioxidants, and especially phytochemicals
have favorable effects on blood cholesterol, triglycerides, blood
pressure, inflammation, and insulin response (43, 44, 47).

In a meta-analysis of cohort studies not investigating dietary
changes or specifying a substitution, higher red meat intake was
associated with a higher risk of T2DM, and the association
was particularly strong for processed red meat (3). Within the
HPFS, NHS, and NHS II cohorts, Pan et al. (5) previously found
that compared with a fairly stable intake, increasing red meat
intake over a 4-y period was associated with a higher risk of
T2DM in the following 4-y period. In contrast to the meta-
analysis and the change study by Pan et al., a few studies have
specified the foods that may replace red meat. The following
3 studies examined substitutions of habitual dietary intake, i.e.,
comparison of different baseline dietary intakes among study
participants. Within the HPFS, NHS, and NHS II cohorts, Pan
et al. (8) found that substitution of 1 daily serving of total,
unprocessed, or processed red meat with poultry, fish, low-fat
dairy, or nuts was associated with a 10–32% lower risk of T2DM.
Likewise, a Danish cohort study found substitution of 1 weekly
serving of red meat, especially processed red meat, with poultry
or seafood to be associated with a lower risk of T2DM (48).
Similarly, a Spanish cohort study found that replacing 1 daily
serving of unprocessed or processed red meat with poultry, fish,
eggs, or legumes was associated with a lower risk of metabolic
syndrome (49).

In conclusion, our findings support the benefits of decreasing
red meat intake and concomitantly increasing intake of poultry,
seafood, low-fat dairy products, high-fat dairy products, eggs,
legumes, or nuts for the prevention of T2DM. Furthermore, these
results of specific food substitutions provide evidence for food-
based dietary guidelines for optimal health.
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