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ABSTRACT

Background: Studies with methodological advancements are warranted to confirm the relation of red meat consumption to the incidence of type 2
diabetes (T2D).

Objective: We aimed to assess the relationships of intakes of total, processed, and unprocessed red meat to risk of T2D and to estimate the effects of
substituting different protein sources for red meats on T2D risk.

Methods: Our study included 216,695 participants (81% females) from the Nurses’ Health Study (NHS), NHS II, and Health Professionals Follow-up
Study (HPES). Red meat intakes were assessed with semiquantitative food frequency questionnaires (FFQs) every 2 to 4 y since the study baselines. We
used multivariable-adjusted proportional hazards models to estimate the associations between red meats and T2D.

Results: Over 5,483,981 person-years of follow-up, we documented 22,761 T2D cases. Intakes of total, processed, and unprocessed red meat were
positively and approximately linearly associated with higher risks of T2D. Comparing the highest to the lowest quintiles, hazard ratios (HR) were 1.62
(95% confidence interval [CI]: 1.53, 1.71) for total red meat, 1.51 (95% CI: 1.44, 1.58) for processed red meat, and 1.40 (95% CI: 1.33, 1.47) for
unprocessed red meat. The percentage lower risk of T2D associated with substituting 1 serving/d of nuts and legumes for total red meat was 30% (HR =
0.70, 95% CI: 0.66, 0.74), for processed red meat was 41% (HR = 0.59, 95% CI: 0.55, 0.64), and for unprocessed red meat was 29% (HR = 0.71, 95%
CI: 0.67, 0.75); Substituting 1 serving/d of dairy for total, processed, or unprocessed red meat was also associated with significantly lower risk of T2D.
The observed associations became stronger after we calibrated dietary intakes to intakes assessed by weighed diet records.

Conclusions: Our study supports current dietary recommendations for limiting consumption of red meat intake and emphasizes the importance of

different alternative sources of protein for T2D prevention.
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Introduction

Type 2 diabetes (T2D) is a major public health concern globally, and
both the incidence and prevalence are increasing rapidly [1, 2]. In
observational studies, red meat intake has been associated with risk of
type 2 diabetes (T2D) [3, 4], and replacement of red meat with other
protein sources has been associated with lower risk in statistical sub-
stitution analyses [5-9]. However, in short-term randomized controlled
trials (RCTs), definitive effects of red meat intake on biomarkers of

glycemic control or inflammation have not been seen [10, 11]. Chal-
lenges to the quality of observational studies and reinterpretation of
existing evidence have been used to counter recommendations to limit
the consumption of red meat [12, 13]. That long-term RCTs of red meat
intake and incident T2D might never be conducted has been acknowl-
edged, in part due to lack of clinical equipoise and feasibility because
T2D may take decades to develop [9]. Therefore, long-term observa-
tional studies with methodological advancements are warranted to
evaluate the relation of red meat consumption to the incidence of T2D.

Abbreviations: TDDR, 7-d weighed diet record; AHEI, Alternative Healthy Eating Index; FFQ, semiquantitative food frequency questionnaire; HPFS, Health Professionals
Follow-up Study; MLVS, Men's Lifestyle Validation Study; NHS, Nurses' Health Study; NHS II, Nurses' Health Study II; T2D, type 2 diabetes; WLVS, Women's Lifestyle Validation

Study.
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In previous analyses in the Nurses’ Health Study (NHS), Nurses’
Health Study II (NHS II), and Health Professionals Follow-up Study
(HPFS), a strong positive association between red meat, particularly
processed red meat, and incident T2D was observed [4]. In the current
analysis, we aimed to investigate further this association in the same 3
cohorts, with over 9000 additional T2D cases documented with extended
follow-up. This large number of cases and repeated dietary assessments
over 30 y provides a precise estimation of the relationship between red
meat and T2D, the degree of attenuation due to using a single assessment
of diet as in most epidemiologic studies, and the effects of substituting
other protein sources for red meats. This also allows an examination of
latency periods and potential reverse causation. Moreover, with the
availability of 2 large calibration studies [14, 15], we calibrated
self-reported red meat intake with weighed diet records for the first time.
We hypothesized that higher red meat intake is associated with a higher
risk of T2D and that substitution of fish, dairy, nuts and legumes, poultry,
or eggs for red meat is associated with a lower risk of T2D.

Methods

Study population

The present study included participants from 3 prospective cohort
studies: the NHS, NHS II, and HPFS. The NHS recruited 121,700
female registered nurses aged 30 to 55 y in 1976 from 11 US states. The
NHS II was initiated in 1989 and enrolled 116,429 female registered
nurses aged 25 to 42 y from 14 US states. The HPFS is a national study
of 51,529 male veterinarians, dentists, pharmacists, optometrists,
osteopath physicians, and podiatrists aged 40 to 75 y at recruitment in
1986. Participants of the 3 cohorts have been followed biennially
through mailed questionnaires about diseases and health-related topics.
In our analyses, we used the year when the dietary data were first
collected as the baseline of each cohort (1980 for NHS, 1991 for NHS
11, and 1986 for HPFS). Detailed study designs of the NHS, NHS II,
and HPFS were described elsewhere [16, 17]. The study protocols were
approved by the institutional review boards of Brigham and Women’s
Hospital and the Harvard School of Public Health. Participants’ con-
sent was implied by the return of the questionnaires.

We excluded participants who reported a baseline history of dia-
betes, myocardial infarction, angina, stroke, coronary artery bypass
grafting, or cancer. Female participants who had an energy intake of
<500 kcal/d or >3500 kcal/d, male participants who had an energy
intake of <800 kcal/d or >4200 kcal/d, and female or male participants
who had missing age or baseline red meat intake were also excluded.
The final analytical population included 84,315 females from the NHS,
90,217 females from the NHS II, and 42,163 males from the HPFS
(Supplemental Figure 1).

Exposure and covariates assessment

Dietary intakes were assessed every 2 to 4 y using semiquantitative
food frequency questionnaires (FFQs); the 1980 FFQ used in the NHS
included 61 items; in 1984 and thereafter, this was expanded to
approximately 120 items. On the FFQs, participants were asked to
report their average intake of each food or beverage over the past 12
mo. For each food or beverage, the portion size was specified, and
frequency choices ranged from <1 time/mo to >6 times/d. The
reproducibility and validity of the FFQs used in our study and red
meats assessed by FFQs were reported previously and in Supplemental
Table 1 [18, 19, 25]. Total red meat intake was computed as the sum of
serving intakes of processed and unprocessed red meats. Processed red
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meats included beef or pork hot dogs; bacon; processed meat sand-
wiches; and other processed meats such as sausage. Unprocessed red
meats included lean or extra lean hamburger; regular hamburger; beef,
pork, or lamb as a sandwich or mixed dish; pork as a main dish; and
beef or lamb as a main dish. The composition of other food groups,
such as fish, dairy, nuts and legumes, poultry, and eggs, are described in
Supplemental Table 2. Total energy intake and alcohol intake were
computed based on nutrient contents from the Harvard University Food
Composition Database [20]. The Alternative Health Eating Index
(AHEI-2010), as an assessment of the overall healthfulness of diet, and
glycemic index were also calculated from foods and nutrient intakes
collected with FFQs. For our main analyses, we calculated cumulative
averages of dietary intakes from the baseline FFQ to the start of each 2
or 4-y follow-up interval to reduce random measurement error from
within-person variations of diet and to capture dietary changes over
time. For example, in the NHS, red meat intakes in 1980, 1984, 1986,
and 1990 were averaged to predict risk of diabetes from 1990 to 1994.

Date of birth, race/ethnicity, height, family history of T2D, and
history of hypertension were collected either at baseline or during the
follow-up. Information on body weight, smoking status, physical ac-
tivity, multivitamin use, menopausal status and hormone use (if NHS or
NHS 1II), antihypertensive drug use, and cholesterol-lowering drug use
were updated every 2 to 4 y through questionnaires. Individual-level
and area-level socioeconomic status was characterized by a geo-
coded composite score of participants’ education, income, house
value, and marital status [21].

Diabetes incidence

In all cohorts, incident T2D diagnoses were reported by participants
through biennial questionnaires. A supplementary questionnaire
regarding symptoms, diagnostic tests, and hypoglycemic therapy was
then mailed to the participants who reported this diagnosis. A T2D case
was confirmed if at least one of the following criteria from the
American Diabetes Association was reported on the supplementary
questionnaire: 1) one or more classic symptoms (excessive thirst,
polyuria, weight loss, hunger, pruritus, or coma) plus fasting plasma
glucose concentration >126 mg/dl or random plasma glucose con-
centration >200 mg/dl; 2) at least 2 elevated plasma glucose levels on
different occasions (fasting plasma glucose >140 mg/dl and/or random
plasma glucose >200 mg/dl and/or plasma glucose >200 mg/dl at >2
h on oral glucose tolerance testing) in the absence of symptoms; 3)
treatment with hypoglycemic medication (insulin or oral hypoglycemic
agent). For cases reported before 1998, fasting plasma glucose con-
centration >140 mg/dL was used for diabetes diagnosis, according to
the National Diabetes Data Group [22]. The high validity of the
self-reported T2D confirmed by the supplementary questionnaires was
documented by comparison with medical records [23, 24].

Dietary calibration studies

To correct associations for errors in dietary assessment, we used
dietary intakes assessed by both FFQs and 7-d weighed diet records
(7DDRs) provided by 1207 males and females from the Women'’s
Lifestyle Validation Study (WLVS) and Men’s Lifestyle Validation
Study (MLVS). Participants of WLVS and MLVS were recruited as
subsets of NHS, NHS II, and HPFS participants and members of a
Boston-area health plan [14, 15, 25]. FFQs were administered at the
baseline and end of the 1-y study period. Two 7DDRs, as the reference
assessments that do not rely on memory and, thus, have errors mostly
independent of those associated with the FFQs, were collected
approximately 6 mo apart within the study period.
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Statistical analysis

In our analysis, the end of follow-up was defined as 30 June 2016
for the NHS, 30 June 2017 for the NHS 1II, and 31 January 2016 for the
HPEFS. Person-years of follow-up were calculated from the return of the
baseline questionnaire until the earliest time of T2D diagnosis, death,
loss to follow-up, or the end of follow-up. We used Cox proportional
hazards models to estimate hazard ratios (HRs) and corresponding 95%
confidence intervals (Cls) for the associations of total red meat, pro-
cessed red meat, and unprocessed red meat with the incidence of T2D.
The proportional hazards models were stratified jointly by age in
months and calendar time in 2-y groups and were adjusted for race/
ethnicity, smoking status, alcohol intake, physical activity [metabolic
equivalents (METs)-hours/week], multivitamin use, menopausal status
and hormone use (if in NHS or NHS II), family history of T2D, anti-
hypertensive drug use, cholesterol-lowering drug use, baseline history
of hypertension, dietary glycemic index, poultry, fish, egg, total dairy,
nuts and legumes, fruits, vegetables, whole grain, and refined grain
intakes, and socioeconomic status. We modeled total red meat, pro-
cessed red meat, and unprocessed red meat intakes both categorically
(as quintiles and as 8 even-increment intake categories) and continu-
ously (as a serving/d increment). In the categorical analyses, we
quantified linear trends across categories by modeling the median of
each quintile or category of red meat intake continuously and used the
Wald test to evaluate statistical significance. We examined the possibly
nonlinear relation between red meats and risk of T2D with restricted
cubic splines [26]. Tests for nonlinearity used the likelihood ratio test,
comparing the model with only the linear term to the model with the
linear and the cubic spline terms.

BMI was not adjusted in the primary analysis, considering its po-
tential mediating role in the associations between red meat intakes and
T2D. We estimated the percentage of the association between red meat
intake and risk of diabetes that is statistically accounted for by BMI in a
sensitivity analysis. However, to address potential residual confound-
ing due to BMI, we further adjusted time-varying BMI and baseline
BMI in secondary analyses. We also evaluated the associations be-
tween red meat intakes and T2D risk in subgroups defined by physical
activity levels (< median METs-h/wk vs. >median METs- h/wk), BMI
(<25 kg/mz, 25-30 kg/mz, and >30 kg/mz), hypertension at baseline,
smoking status (never, past, and current), and race/ethnicity defined
based on National Institute of Health-suggested categories (White
adults, Black adults, Hispanic adults, Asian adults, and racial/ethnic
minorities as Black, Hispanic, and Asian adults combined). The in-
teractions between red meats and dichotomously defined stratification
variables (e.g., baseline hypertension, racial/ethnic minorities) were
tested using the Wald test with 1 degree of freedom. For BMI, smoking
status, and race/ethnicity defined as White adults, Black adults, His-
panic adults, and Asian adults, their interactions with red meats were
evaluated by performing likelihood ratio tests comparing models with
and without their product terms with red meats. For a more thorough
control of confounding, we mutually adjusted for processed and un-
processed red meats in a sensitivity analysis.

To assess latency periods and to evaluate potential bias due to
reverse causation, we conducted a latency analysis assuming latency
periods of 0to4y,4t08y,8to 12y, 12to 16y, 16 to 20 y, and 20 to 24
y for the associations between every 1 serving/d increment in red meats
and T2D risks. For example, in the latency analysis assuming a latency
period of 8 to 12 y, red meat intake in 1980 was used to predict risk of
diabetes from 1988 to 1992. As a sensitivity analysis, we examined and
compared the risks of T2D associated with red meats assessed only at
baseline, simply updated over the follow-up, modeled as cumulative
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averages over the follow-up, as cumulative averages excluding the
most recent assessment prior to T2D diagnosis, and as cumulative
averages of the most recent 3 assessments prior to T2D diagnosis. This
also allowed us to evaluate the impact of reverse causation on the as-
sociations of interest.

To estimate the effect of substituting 1 serving/d of other protein
sources for red meats, we included both intakes as continuous variables
in the same multivariable Cox model. The HRs [and 95% confidence
intervals (Cls)] were estimated using the difference in the estimated
coefficients (and their pooled variances) [27, 28].

For the investigation of T2D risks associated with red meat intakes,
we calibrated red meats and other dietary covariates assessed by FFQs
with those assessed by 7DDRs using regression calibration [29].
Regression calibration allows correction for measurement error in di-
etary intakes measured with FFQs by incorporating information from a
validation study where a reference measure, such as 7DDRs, was
collected. Using data from the WLVS and MLVS, we regressed red
meats assessed by 7DDRs on intake assessed by FFQs using a two-part
regression to account for intakes reported as zeros [30]. The first part of
the two-part regression employed logistic regression to handle zero and
nonzero data, whereas the second part used linear regression to model
nonzero intakes. For the dietary covariates, we fitted intakes measured
with 7DDRs and FFQs with linear regressions as the calibration model.
Covariates adjusted in the main analyses were also included in the
calibration models. To preserve model efficiency, dietary covariates
were summarized as modified AHEIs that excluded components rep-
resenting the exposures of interest. For each participant at each dietary
assessment in the main study, the calibrated red meats were calculated
by multiplying the predicted probabilities of having nonzero intakes
from the first part model by the expected values of intakes from the
second part model. We used Cox proportional hazards models to es-
timate the associations between calibrated red meats and T2D. To
integrate uncertainty in the derivation of the calibration equations and
estimation of the exposure-outcome associations, we estimated the
95% Cls through bootstrapping with 100 iterations.

All analyses except the stratification by race/ethnicity were con-
ducted separately in each cohort. An inverse-variance-weighted meta-
analysis was used to combine the results across cohorts [31]. The as-
sociations between red meats and T2D in race/ethnicity subgroups were
estimated from a pooled population of 3 cohorts to preserve statistical
power in subgroups. We performed the data analyses using SAS soft-
ware version 9.4 (SAS Institute, Cary, North Carolina) and R version
4.2.0. Statistical tests were performed as 2-tailed at an a-level of 0.05.

Results

Over 5,483,981 person-years of follow-up, we documented 11,369
T2D cases in the NHS, 7,624 cases in the NHS II, and 3,768 cases in the
HPFS. Atbaseline, the mean (SD) age of the participants was 46.1 (7.2) in
the NHS, 36.1 (4.7) in the NHS 11, and 53.0 (9.5) in the HPFS. In both
females and males, those with higher total red meat intake had higher
BMI and total energy intake, were less physically active, were more likely
to be current smokers, and were less likely to use multivitamins (Table 1).

In the 3 cohorts, separately and combined, and adjusting for
major confounders, intakes of total red meat, processed red meat,
and unprocessed red meat were all associated with a higher risk of
T2D (Table 2). Participants in the highest quintile of total red meat,
compared with those in the lowest quintile, had a 62% higher risk
(HR @5 vs. Q1 =1.62, 95% CI: 1.53, 1.71, P-trend <0.001) of
developing T2D. Comparing the extreme intake quintiles, processed
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TABLE 1
Baseline characteristics of the study populations
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Quintiles of Total Red Meat Intake (servings/d)

NHS (1980, n = 84,315)

NHS 1II (1991, n = 90,217) HPES (1986, n = 42,163)

Ql Q3 Q5 Ql Q3 Q5 Ql Q3 Q5

n 16,621 16,473 17,120 17,778 18,187 18,418 8,530 8,103 8,598
Age (y) 47.4 (7.2) 457 (7.2) 45.7 (7.1) 36.2 (4.7) 36.1 (4.7) 35.9 (4.6) 54.3 (9.6) 52.9 (9.6) 522(9.2)
Total Calories (kcal/d) 1202 (397) 1521 (388) 2032 (474) 1504 (492) 1736 (472) 2206 (525) 1684 (543) 1902 (520) 2497 (609)
Total Red Meat (servings/d) 0.46 (0.18)  1.27(0.11)  2.62(0.71) 0.21 (0.14) 0.82(0.08) 1.95(0.54) 0.24(0.15) 1.01 (0.12)  2.42 (0.76)
Processed Red Meat (servings /d) 0.11 (0.09)  0.31(0.23) 0.75(0.56) 0.04 (0.06) 0.19 (0.12)  0.50 (0.40)  0.05(0.07)  0.30 (0.21)  0.85 (0.63)
Unprocessed Red Meat (servings /d) ~ 0.35 (0.15)  0.95(0.25) 1.87 (0.67) 0.17 (0.12)  0.63 (0.13) 1.45(0.51) 0.18 (0.13) 0.71(0.22)  1.57 (0.63)
Poultry (servings /d) 0.46 (0.44) 0.42(0.35) 0.42(0.41) 0.68 (0.55) 0.68 (0.42)  0.69 (0.45) 0.64 (0.54) 0.55(0.42) 0.54 (0.42)
Fish (servings /d) 022 (0.27) 0.16 (0.18)  0.14 (0.16) 0.25(0.29)  0.23 (0.20) 0.22 (0.21)  0.44 (0.39) 031 (0.27)  0.27 (0.25)
Egg (servings /d) 0.37(0.38)  0.41(0.37) 0.50 (0.44) 0.13(0.19) 0.17(0.18)  0.25(0.25) 0.20(0.34)  0.31 (0.35)  0.52 (0.55)
Total dairy (servings /d) 1.84 (1.37) 1.84(1.29) 1.87(1.33) 2.13(1.45) 2.27(1.44) 245(1.52) 1.70(1.38) 1.91(1.37) 2.26 (1.60)
Nuts and legumes (servings /d) 0.46 (0.60)  0.45 (0.46) 0.51 (0.49) 0.37(0.40) 0.34(0.29) 0.41(0.33) 0.62(0.69) 0.57 (0.55) 0.70 (0.62)
Fruits (servings /d) 1.65(1.43) 1.40(1.17) 1.39(1.18) 1.37(1.13) 1.16 (0.90) 1.14(0.89) 2.03 (1.66) 1.46(1.17) 1.37(1.12)
Vegetables (servings /d) 1.80 (1.28) 1.77(1.07) 193 (1.17) 2.72(1.86) 2.49(1.49) 2.70(1.53) 4.26(2.49) 3.94(2.11) 4.25(2.13)
BMI (kg/m?) 239 4.1) 24.2 (4.3) 24.6 (4.7) 23.5(4.5) 245 (5.1) 25.6 (6.0) 24.8 (3.0) 255 3.1 26.0 (3.4)
Physical Activity (METs-hour/week)  13.9 (22.6) 11.6(18.3) 103 (15.8) 27.9(34.9) 193 (24.6) 17.1(22.9) 26.6(30.0) 19.6(22.9) 17.6 (22.3)
Alcohol (g/d) 6.0 (10.0) 6.6 (10.7) 6.7 (11.3) 3.1(5.7) 3.1(5.9) 3.1(64) 8.6 (12.7) 11.3(14.8) 13.8(17.9)
Race

White adults 92 (15375) 94 (15542) 94 (15983) 91 (16254) 95(17057) 91 (17020) 89 (7568) 90 (7348) 93 (7943)

Black adults 2 (291) 1 (150) 1(239) 2 (306) 1 (216) 2 (286) 1 (106) 1(59) 1.(77)

Hispanic adults 1(172) 1(122) 1 (167) 2 (387) 1 (271) 2 (291) 0 (41) 1 (45) 0@31)

Asian adults 1 (106) 1 (96) 1(149) 2 (289) 1(192) 2 (279) 2 (164) 2 (132) 1(117)
Current smoking (cigs/d)

1-14 8 (1312) 8 (1297) 8 (1354) 5 (864) 6 (1059) 5 (1001) 2 (156) 3 (209) 3 (284)

15-24 11 (1772) 12 (1957) 14 (2319) 3 (550) 5(897) 6 (1192) 1(127) 4 (284) 4 (371)

>24 7 (1110) 8 (1395) 10 (1721) 1 (203) 2 (348) 3 (591) 1 (96) 2 (185) 5 (450)
Family history of type 2 diabetes 18 (3032) 18 (2991) 19 (3328) 39 (6898) 41 (7516) 44 (8139) 23 (1972) 23 (1830) 23 (2006)
History of hypertension 16 (2667) 15 (2416) 15 (2615) 5(935) 6 (1080) 7 (1352) 19 (1649) 19 (1547) 19 (1670)
Multivitamin use 38 (6328) 34 (5534) 32 (5545) 49 (8709) 43 (7784) 41 (7498) 49 (4166) 40 (3279) 37 (3141)
Postmenopausal hormone use 9 (1476) 8 (1275) 8 (1321) 3 (450) 2 (452) 3 (487) / / /

Abbreviations: MET, metabolic equivalent; NHS, Nurses’ Health Study; NHS II, Nurses’ Health Study II; HPFS, Health Professionals Follow-up Study
For continuous variables, the values are mean (SD); for categorical variables, the values are in % (n). One serving of unprocessed red meat equals 85 g of pork,
beef, or lamb; one serving of processed red meat equals 28 g of bacon or 45 g of hot dog, sausage, salami, bologna, or other processed red meats.

red meat intake was associated with a 51% higher risk of developing
T2D (HR @5 vs. @1 =1.51, 95% CI: 1.44, 1.58, P-trend <0.001) of
developing T2D and unprocessed red meat was associated with a
40% higher risk (HR qs vs. @1 =1.40, 95% CI: 1.33, 1.47, P-trend
<0.001). In continuous analysis, every 1 serving/d increment in total
red meat was associated with a 1.28 times higher hazard of T2D
(95% CI: 1.24, 1.31). Moreover, every 1 serving/d increment of
processed red meat was associated with 1.46 times higher hazard of
T2D (95% CI: 1.40, 1.53), and that increment of unprocessed red
meat was associated with 1.24 times higher hazard of T2D (95% CI:
1.20, 1.29) (Table 2). We also observed approximately linear in-
creases in T2D risks across the red meat intake categories (P-trend
<0.001). When compared with people who consumed <0.20 serv-
ings of total red meat per day, risk of T2D increased from 1.18 (95%
CI: 1.07, 1.31) times among those in 0.20 to 0.40 servings/d cate-
gory to 1.97 (95% CI: 1.79, 2.17) times among those in >1.40
servings/d category. A similar increase in T2D risks was also
observed across intake categories of processed red meat and un-
processed red meat (Figure 1, Supplemental Table 3). The test of a
possible nonlinear relation between red meats and risk of T2D
suggested that the dose-response relation could also be nonlinear but
still with a monotonical increase in risk (Supplemental Figure 2).
These associations were substantially attenuated after further
adjusting for time-varying BMI, a potential mediator. The estimated
percentage higher risk of T2D reduced to 12% for every 1 serving/

d increment in total red meat (HR per serving/da = 1.12, 95% CI: 1.09,
1.15), 21% for processed red meat (HR per servingid = 1.21, 95% CI:
1.15, 1.28), and 10% for unprocessed red meat (HR per serving/d = 1.10,
95% CI: 1.06, 1.14) after adjusting for time-varying BMI (Table 2). We
also observed attenuation in the associations between red meats and
T2D after further adjusting baseline BMI based on the primary model
(Supplemental Table 4). Our results showed that, on average, over 50%
of the associations between red meat intake and risk of diabetes were
statistically accounted for by time-varying BMI (Supplemental
Table 5). In the analysis that mutually adjusted for processed and un-
processed red meats, the associations with T2D attenuated but
remained strong and statistically significant (Supplemental Table 6).
The positive associations between all types of red meat and T2D were
consistent across subgroups defined by BMI and baseline hypertension
(Supplemental Table 7). However, we observed a higher risk of T2D
associated with red meat among people with higher physical activity
levels (P-interaction <0.001 for total red meat and processed red meat,
P-interaction =0.002 for unprocessed red meat). The associations with
T2D risks were stronger among past smokers (P-interaction <0.001 for
total red meat, processed red meat, and unprocessed red meat). The
associations between red meat consumption and risk of T2D among
Black participants (514 cases) were similar to those among White
participants (20,546 cases); associations were weaker among Asian
(330 cases) and Hispanic (362 cases) participants, but the CIs were
wide (Supplemental Table 7).

1156



X Gu et al.

TABLE 2

Associations between red meat intake and risk of diabetes in the NHS (n = 84,315), NHS II (n = 90,217), and HPFS (n = 42,163)

The American Journal of Clinical Nutrition 118 (2023) 1153-1163

1

Quintiles of red meat intakes P-trend HR per serving/d (95% CI)
Ql Q2 Q3 Q4 Q5

Total red meat

Intake (servings/d) > 0.45/0.26/0.27 0.75/0.56/0.61 1.01/0.79/0.93 1.31/1.06/1.30 1.86/1.56/1.97

Calibrated intake 0.65/0.49/0.76 0.85/0.70/1.11 1.00/0.84/1.37 1.18/1.00/1.66 1.50/1.28/2.16

(servings/day)

Cases/Person-years 3187/1091541 4015/1093825 4676/1096145 5168/1098679 5715/1103791

Model 1 ° Ref. 1.29 (1.23, 1.35) 1.55 (1.48, 1.63) 1.82(1.74,1.91)  2.37(2.26, 2.49) <0.001 1.56 (1.52, 1.59)

Model 2 * Ref. 1.06 (1.01, 1.11) 1.13 (1.08, 1.18) 1.16 (1.10, 1.22) 1.23 (1.16, 1.30) <0.001 1.12 (1.09, 1.15)

Model 3 ° Ref. 1.18 (1.12, 1.23) 1.32 (1.26, 1.38) 1.42 (1.35, 1.50) 1.62 (1.53, 1.71) <0.001 1.28 (1.24, 1.31)
Processed red meat

Intake (servings/ day)  0.05/0.01/0.02 0.14/0.08/0.12 0.22/0.15/0.21 0.35/0.25/0.37 0.61/0.45/0.71

Calibrated intake 0.13/0.12/0.12 0.20/0.18/0.25 0.26/0.23/0.36 0.33/0.29/0.50 0.48/0.41/0.76

(servings/day)

Cases/Person-years 3228/1119091 4064/1069318 4480/1066850 5074/1125734 5915/1102989

Model 1 Ref. 1.32 (1.26, 1.38) 1.49 (1.42, 1.56) 1.68 (1.61, 1.76)  2.13 (2.03, 2.22) <0.001 1.93 (1.87, 2.00)

Model 2 Ref. 1.06 (1.01, 1.11) 1.07 (1.02, 1.12) 1.11 (1.06, 1.16) 1.16 (1.10, 1.22) <0.001 1.21 (1.15, 1.28)

Model 3 Ref. 1.20 (1.14, 1.26) 1.27 (1.21, 1.33) 1.36 (1.30, 1.43) 1.51 (1.44, 1.58) <0.001 1.46 (1.40, 1.53)
Unprocessed red meat

Intake (servings/day) 0.33/0.19/0.19 0.53/0.43/0.43 0.74/0.60/0.64 0.97/0.80/0.92 1.37/1.20/1.39

Calibrated intake 0.49/0.38/0.57 0.62/0.51/0.81 0.72/0.60/0.97 0.84/0.71/1.16 1.04/0.90/1.46

(servings/day)

Cases/Person-years 3331/1101890 4148/1084907 4718/1094944 5232/1098858 5332/1103382

Model 1 Ref. 1.25(1.19, 1.31) 1.41 (1.35, 1.47) 1.66 (1.59, 1.74) 1.96 (1.87, 2.06) <0.001 1.58 (1.53, 1.62)

Model 2 Ref. 1.06 (1.01, 1.11) 1.08 (1.03, 1.13) 1.13 (1.08, 1.19) 1.14 (1.09, 1.21) <0.001 1.10 (1.06, 1.14)

Model 3 Ref. 1.15 (1.09, 1.20) 1.21 (1.16, 1.27) 1.33 (1.27, 1.39) 1.40 (1.33, 1.47) <0.001 1.24 (1.20, 1.29)

Abbreviations: NHS, Nurses’ Health Study; NHS II, Nurses’ Health Study II; HPFS, Health Professionals Follow-up Study
! Dietary intake was cumulative average from the baseline FFQ to the start of each 4-y follow-up interval. One serving of unprocessed red meat equals 85 g of
pork, beef, or lamb; one serving of processed red meat equals 28 g of bacon or 45 g of hot dog, sausage, salami, bologna, or other processed red meats.

2 Medians in the NHS/NHS II/HPFS.

3 Model 1 was stratified jointly by age in months and calendar time in 2-y groups and adjusted for total energy intake.

4 Model 2 was additionally adjusted for race/ethnicity (white adults, non-white adults), smoking status (never, past, current: 1-14 cigs/d, current: >15-24 cigs/d,
current: >24 cigs/d), alcohol intake (non-alcohol drinker, 0-4.9 grams/d, 5-9.9 grams/d, 10-14.9 grams/d, 15-29.9 grams/d, >30 g/d), physical activity (<3, 3-9, 9-
18, 18-27, > 27 METs-h/week), multivitamin use, menopausal status and hormone use (if NHS or NHS II), family history of type 2 diabetes, antihypertensive
drug use, cholesterol-lowering drug use, history of hypertension, glycemic index, poultry, fish, egg, total dairy, nuts and legumes, fruits, vegetables, whole grain,
and refined grain intakes, socioeconomic status, and BMI (<21, 21-23, 23-25, 25-27, 27-30, 30-33, 33-35, 35-40, >40 kg/mz).

> Model 3 was adjusted for the covariates in Model 2 except for BMI.

The associations between red meats and T2D tended to be stronger
with a latency of fewer than 12 y, but the positive associations remained
statistically significant even when assessing T2D incidence 20 to 24 y
after the red meat assessment (Supplemental Table 8). In another
analysis, the increased risk of T2D was also mainly associated with red
meat intake assessed within 12 y of diagnosis rather than intakes
assessed at baseline. Total red meat assessed in the 2 recent follow-up
cycles was associated with 1.45 times risk of T2D (HR s vs. @1 = 1.45,
95% CI: 1.29, 1.63) comparing the extreme quintiles, after additionally
controlling for intakes assessed at baseline (Supplemental Table 9).

In an analysis comparing different approaches to quantify red meat
intakes, the strongest associations with T2D were with cumulative
average intake over the follow-up period whereas the weakest associ-
ations with T2D were with simple updates and baseline only (Figure 2);
for one serving/d of total red meat, the HR was 1.28 (95% CI: 1.24,
1.31) for cumulative average, 1.24 (95% CI: 1.21, 1.27) for the 3 most
proximal assessments, 1.23 (95% CI: 1.19, 1.26) after removing the
most proximal assessments to minimize reverse causation, 1.20 (95%
CI: 1.18, 1.23) for simple updates, and 1.13 (95% CI: 1.11, 1.16) for
baseline only (Supplemental Table 10).

In substitution analyses using 1 serving/d of nuts and legumes as the
replacement, replacing 1 serving/d of total red meat was associated
with a 30% (HR = 0.70, 95% CI: 0.66, 0.74) lower risk of T2D. Similar
associations with comparable magnitude were observed when
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analyzing nuts and legumes separately as replacements for red meats.
The percentage lower risk of T2D associated with substituting 1
serving/d of total dairy for total red meat was 22% (HR = 0.78, 95%
CI: 0.75, 0.80) (Figure 3, Supplemental Table 11 and 12).

Stronger associations between red meat intakes and T2D risk were
observed after calibrating dietary exposures. Before the calibration, a 1-
serving intake increment in total red meat was associated with a 28%
higher risk of T2D (HR = 1.28, CI: 1.24, 1.31); after the calibration,
this was 47% (HR =1.47, CI: 1.37, 1.58). Before the calibration, a 1-
serving intake increment in processed red meat was associated with a
50% higher risk of T2D (HR = 1.50, CI: 1.43, 1.56); after the cali-
bration, this was 101% (HR = 2.01, CI: 1.65, 2.45). Before the cali-
bration, a 1-serving intake increment in unprocessed red meat was
associated with a 24% higher risk of T2D (HR =1.24, CI: 1.20, 1.28);
after the calibration, this was 51% (HR=1.51, CI: 1.36, 1.68) (Figure 4,
Supplemental Table 13). Cohort-specific results were presented in
Supplemental Tables 14-18.

Discussion

In this study of 216,695 United States females and males, intakes of
red meat, including both processed and unprocessed red meats, were
strongly associated with higher risks of T2D with an approximately
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FIGURE 1. Associations between red meat intakes and risk of diabetes in the NHS, NHS II, and HPFS by categories.

A, Hazard ratios of T2D comparing intakes of total red meat to the lowest intake category. B, Hazard ratios of T2D comparing intakes of processed red meat to
the lowest intake category. C, Hazard ratios of T2D comparing intakes of unprocessed red meat to the lowest intake category.

One serving of unprocessed red meat equals 85 g of pork, beef, or lamb; one serving of processed red meat equals 28 g of bacon or 45 g of hot dog, sausage,
salami, bologna, or other processed red meats. The hazard ratios and 95% confidence intervals of T2D comparing each intake category with the reference
category of <0.20 servings/d were estimated with Cox proportional hazards models stratified jointly by age in months and calendar time in 2-y groups and
adjusted for race/ethnicity, smoking status, alcohol intake, physical activity (METs-hours/week), multivitamin use, menopausal status and hormone use (if in
NHS or NHS 1I), family history of T2D, antihypertensive drug use, cholesterol-lowering drug use, baseline history of hypertension, glycemic index, poultry, fish,
eggs, total dairy, nuts and legumes, fruits, vegetables, whole grain, and refined grain intakes, and socioeconomic status. Dietary intakes were cumulative av-

erages from the baseline FFQ to the start of each 4-y follow-up interval.

Abbreviations: NHS, Nurses’ Health Study; NHS II, Nurses” Health Study II; HPFS, Health Professionals Follow-up Study

linear dose-response relationship. These associations remained robust
after statistically accounting for BMI, which may be a mediating factor.
Replacing total red meat with nuts and legumes, and dairy foods was
each associated with a lower risk of T2D. Red meats intake was most
strongly associated with risk of T2D when being calculated as the
cumulative average of all questionnaire assessments over the 30-y
follow-up period. After calibrating dietary assessments, the associa-
tions of interest became stronger. Our results confirm previous findings
on the relationship between red meat consumption and T2D with
additional quantification and information on temporal relationships [4].

Positive associations between red meats and T2D have been
observed in other prospective studies [4,32-34]. Similar to our find-
ings, processed meat intake was more strongly associated with a higher
risk of T2D than total red meat intake [32-34]. In the EPIC-InterAct
study, which is the next largest diabetes cohort with 12,403 incident
cases accumulated by 2007, investigators observed an 18% and 20%
higher risk of T2D associated with every 50 grams increase in un-
processed red meat and processed red meat intake, respectively [35].
However, the magnitude of the associations we observed was stronger
than those from previous studies [4, 33, 34]. Possible explanations for
the difference are that in most studies, diet was assessed only at
baseline, which would not capture dietary change and cumulative ef-
fects of red meats on T2D development. Our latency analysis supported
the hypothesis that red meat’s association with diabetes risk is strongest
within 10 to 15 y before T2D diagnosis. Therefore, diabetes risk more
than this time after dietary assessment, such as the baseline in most
prospective cohorts with long follow-up, will likely be less strongly
associated with intake of red meat. Moreover, our findings show that
the average of repeated red meat assessments, which accounts for cu-
mulative exposure and reduces the effect of measurement error, has a
much stronger association with T2D incidence than a single assessment
of diet at baseline. The UK Biobank Study, which also attempted to
assess usual meat consumption through measurement error correction,
found a slightly weaker association (HR=1.30, CI: 1.20, 1.42) between
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every 70 grams/d (equivalent to about 1 serving/d) total red meat intake
and risk of T2D (9,571 cases) among males and females compared with
our calibrated associations [34].

Recent studies of metabolomics signatures of red meat and their
associations with T2D further added biological plausibility to the
findings from observational studies [36, 37]. In the EPIC-Norfolk study
with comprehensive metabolomics profiling, 139 metabolites consist-
ing of lipids, amino acids, xenobiotics, and other unknown metabolites
were identified to be associated with red meat consumption. A
metabolite score for red meat consumption was then derived and
validated in both the observational EPIC-Norfolk study and a ran-
domized controlled crossover trial conducted in France. Every standard
deviation increase in this red meat metabolite score was found to be
associated with a 17% higher risk of T2D [36]. Metabolite scores for
total meat, red meat, and processed red meat were also derived in the
PREDIMED study based on 72, 69, and 74 serum metabolites,
respectively. The percentage increase in T2D risk associated with every
standard deviation higher baseline metabolite score was 25% for total
meat, 27% for red meat, and 27% for processed red meat [37].

Multiple biological mechanisms may contribute to the higher risk of
T2D among consumers of red meat. Saturated fat, which is high in red
meat, can reduce beta cell function and insulin sensitivity [38, 39]. The
relatively low content of polyunsaturated fat in red meat could result in
an increased risk of T2D since linoleic acid is an agonist of selective
peroxisome proliferator-activated receptor (PPAR) y [39, 40]. In a
meta-analysis of 30 RCTs with short durations, substituting 5% energy
from polyunsaturated fat, primarily linoleic acid, for saturated fat
reduced insulin resistance (HOMA-IR) by 4.1% [41]. Heme iron, as a
strong prooxidant, increases oxidative stress and insulin resistance and
impairs beta cell function through its by-product of nitroso compounds
[42, 43]. Plasma ferritin level, as an indicator of iron intake and storage,
is also associated with total red meat consumption and increased dia-
betes risk independently [44, 45]. Processed red meats often have a
high content of nitrates and their byproducts, which promote
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FIGURE 2. Associations between total red meat (A) and unprocessed red meat (B) and risk of diabetes in the NHS, NHS II, and HPFS by categories of intake
using different types of dietary assessments.

One serving of unprocessed red meat equals 85 g of pork, beef, or lamb; one serving of processed red meat equals 28 g of bacon or 45 g of hot dog, sausage,
salami, bologna, or other processed red meats. The hazard ratios and 95% confidence intervals of T2D comparing each intake category with the reference
category of <0.20 servings/d were estimated with Cox proportional hazards models stratified jointly by age in months and calendar time in 2-y groups and
adjusted for race/ethnicity, smoking status, alcohol intake, physical activity (METs-hours/week), multivitamin use, menopausal status and hormone use (if in
NHS or NHS 1I), family history of T2D, antihypertensive drug use, cholesterol-lowering drug use, baseline history of hypertension, glycemic index, poultry, fish,
eggs, total dairy, nuts and legumes, fruits, vegetables, whole grain, and refined grain intakes, and socioeconomic status. Red meat intakes were calculated as 1)
intakes assessed only at baseline (Baseline); 2) cumulative averages of intakes assessed over the follow-up (Cumulative average); 3) cumulative averages of
intakes assessed over the follow-up but excluding the most recent 3 assessments prior to T2D diagnosis (Cumulative no recent); 4) cumulative averages of the
most recent 3 assessments prior to T2D diagnosis (Recent 3); and 5) simply updated intakes over the follow-up (Simple updated).

Abbreviations: NHS, Nurses’ Health Study; NHS II, Nurses’ Health Study II; HPFS, Health Professionals Follow-up Study
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FIGURE 3. Associations between substituting one serving of other protein sources for red meat intake and risk of T2D in the NHS, NHS II, and HPFS

One serving of unprocessed red meat equals 85 g of pork, beef, or lamb; one serving of processed red meat equals 28 g of bacon or 45 g of hot dog, sausage,
salami, bologna, or other processed red meats. The effect of substituting 1 serving/d of other protein sources for red meats was estimated by including both
intakes as continuous variables in the same multivariable Cox model. The model was stratified jointly by age in months and calendar time in 2-y groups and
adjusted for race/ethnicity, smoking status, alcohol intake, physical activity (METs-hours/week), multivitamin use, menopausal status and hormone use (if in
NHS or NHS 1I), family history of T2D, antihypertensive drug use, cholesterol-lowering drug use, baseline history of hypertension, glycemic index, socio-
economic status, and dietary covariates intakes (including poultry, fish, eggs, total dairy, nuts and legumes, fruits, vegetables, whole grain, and refined grain)
excluding the foods subject for substitutions. The HRs (and 95% confidence intervals [(Cls)]) were estimated using the difference in the estimated coefficients

(and their pooled variances).

Abbreviations: NHS, Nurses’ Health Study; NHS II, Nurses’ Health Study II; HPFS, Health Professionals Follow-up Study

endothelial dysfunction and insulin resistance [46]. Elevated glycine
utilization, which is related to heme biosynthesis, was observed after
red meat intake and was associated with higher diabetes risk [47].
Dietary tryptophan, which is mainly from animal protein sources such
as red meats and dairy, and its metabolites were also shown to be
associated with increased diabetes risk [48].

Body adiposity, characterized by BMI, has also been proposed as
another mediator for the association between red meat and T2D. In US
females and males, processed red meat and unprocessed red meat
consumption were among the dietary factors having the largest positive
associations with weight gain in a 4-y period [49]. An 8-wk random-
ized trial showed that people consuming plant-based alternative meat,
which is soy or pea protein-based, had significantly lower body weight
(1 kg) than those consuming animal-based meat [50]. Also, excess
adiposity is known to increase T2D risks through the development of
insulin resistance, dyslipidemia, and inflammation [51], and weight
gain from early to middle adulthood is strongly associated with
elevated risk of T2D [52]. Body adiposity could also be a confounder if
health awareness leads to both lower red meat consumption and better
weight control. Because of the likelihood that weight gain mediates at
least part of the association between red meat intake and risk of T2D,
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we did not adjust for adiposity in the primary analysis; with adjustment
for BMI, the positive association was partially attenuated but still
highly significant.

A recent meta-analysis concluded that the dose-response relation
between unprocessed red meat and T2D is completely uncertain [53].
However, the method was seriously flawed because it was meant to
predict a single new study rather than summarize available evidence
[54]. Also, this analysis assumed that between-study heterogeneity
simply reflects the uncertainty in the true relationship rather than the
differences in the designs and qualities of studies, leading to a drastic
inflation of the uncertainty interval. Our analysis strongly responds to
the authors’ call for rigorous and well-powered research that helps
understand and quantify the relationship between red meat consump-
tion and T2D [53].

Because a person’s long-term energy intake is regulated within nar-
row limits without changes in weight or physical activity [55], reductions
in red meat, which is high in fat and protein, will be largely compensated
by other sources of energy. Our substitution analyses suggest that among
the 5 protein sources we investigated as alternatives, nuts and legumes
were associated with the most substantial risk reductions. This finding is
consistent with evidence that sources of unsaturated fatty acids and
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FIGURE 4. Associations between every | serving/d increase in uncalibrated and calibrated red meat intakes and risk of diabetes in the NHS, NHS II, and HPFS
One serving of unprocessed red meat equals 85 g pork, beef, or lamb; one serving of processed red meat equals 28 g bacon or 45 g hot dog, sausage, salami,
bologna, or other processed red meats. We regressed red meats assessed by 7DDRs on intake assessed by FFQs using a two-part regression to account for intakes
reported as zeros. The first part of the two-part regression employed logistic regression to handle zero and nonzero data, while the second part utilized linear
regression to model nonzero intakes. For the dietary covariates, we fitted intakes measured with 7DDRs and FFQs with linear regressions. We calculated the
cumulative averaged calibrated intakes and used Cox proportional hazards models to estimate their associations with T2D. The model was stratified jointly by
age in months and calendar time in 2-y groups and adjusted for total energy intake, race/ethnicity (white adults, non-white adults), smoking status (never, past,
current: 1-14 cigs/d, current: >15-24 cigs/d, current: >24 cigs/d), physical activity (<3, 3-9, 9-18, 18-27, > 27 METs-h/week), multivitamin use, menopausal
status and hormone use (if NHS or NHS II), family history of type 2 diabetes, antihypertensive drug use, cholesterol-lowering drug use, history of hypertension,
AHEI-2010 excluding meat component, and socioeconomic status.

Abbreviations: NHS, Nurses’ Health Study; NHS II, Nurses’ Health Study II; HPFS, Health Professionals Follow-up Study

antioxidants have beneficial effects on glycemic control, insulin products and fatty acid isomers could be produced when deep frying or

response, and inflammation [56-58]. Other evidence suggesting neutral grilling fish and poultry and, therefore, diminish their health benefits

or beneficial effects of dairy foods on risks of T2D are consistent with our when substituting red meats in diet [61]. Finally, we cannot exclude the

findings on alternatives to red meats [59, 60]. possibility of residual confounding due to the observational nature of
The current study has multiple strengths. With the availability of our study.

repeated dietary assessments in our cohorts over 3 decades, we were In conclusion, we found that a higher intake of total red meat,

not only able to assess the cumulative intake of red meat but also to processed red meat, and unprocessed red meat was strongly associated

compare the impacts of different approaches for describing dietary with a higher risk of T2D. Replacing 1 serving of total dairy and nuts
exposure, including using only the baseline diet. The large number of and legumes for all types of red meat was associated with lower risks of

incident cases of T2D provided high statistical precision, and the T2D. Associations were strongest using the repeated assessment of diet
availability of calibration data allowed adjustment for measurement over the follow-up period and were further strengthened with calibra-
error. Our investigation of the latency period would not be possible in tion to account for measurement error. Our study supports current di-
randomized trials that typically have very short follow-up. The re- etary recommendations for limiting the consumption of red meat and
sponses of markers reflecting beta cell function or glycemic control emphasizes the importance of different alternative sources of protein
following interventions with a diet high in red meat may not be for T2D prevention.

observable when they are assessed only postprandially or within up to
16 wk of trial follow-up [10, 38].

Our study was also subject to limitations. Our findings may have
limited generalizability because all participants were health pro-
fessionals. However, it is reasonable to extrapolate our conclusions to
the general population as people with different occupations are bio-
logically similar. Conducting analysis in health professionals also re-
duces potential confounding by socioeconomic status. The almost
unchanged effect estimates in our sensitivity analysis adjusting socio-
economic status showed that residual confounding due to socioeco-
nomic status is likely to be limited. Our study population consists of
more than 90% Caucasians. After pooling data from all 3 cohorts, we
had sufficient numbers of cases to evaluate associations, at least among
Black participants, and found associations similar to those among Funding
White cohort members. Somewhat weaker associations were seen The Nurses’ Health Study (NHS), NHS 11, and Health Professionals
among Asian and Hispanic participants, which may be due to insuffi- Follow-up Study are supported by the National Institute of Health
cient power or different ways of consuming red meat. Our analyses did (grants UM1 CA186107, U01 CA176726, and UO1 CA167552). The
not account for food preparation methods as that was not assessed with content is solely the responsibility of the authors and does not neces-
the FFQs. Hazardous chemicals such as advanced glycation end sarily represent the official views of the National Institutes of Health.
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