
Dietary protein and changes in markers of cardiometabolic health
across 20 years of follow-up in middle-aged Americans

Adela Hruby1,2 and Paul F Jacques1,2,*
1Nutritional Epidemiology Unit, Jean Mayer USDA Human Nutrition Research Center on Aging at Tufts University,
711Washington Street, 9th Floor, Boston, MA 02111, USA: 2Friedman School of Nutrition Science and Policy, Tufts
University, Boston, MA, USA

Submitted 19 October 2017: Final revision received 8 May 2018: Accepted 20 June 2018: First published online 17 August 2018

Abstract
Objective: Dietary protein plays a role in counteracting age-related muscle loss.
However, limited long-term data exist on protein intake and markers of
cardiometabolic health, which tend to deteriorate with age.
Design: Prospective cohort study. FFQ-derived protein intake (g/d) and cardiome-
tabolic markers were assessed up to five times across 20 years. Markers included
systolic (SBP) and diastolic (DBP) blood pressures, circulating lipids (total, HDL and
LDL cholesterol; TAG), estimated glomerular filtration rate (eGFR), fasting glucose
(FG), weight and waist circumference (WC). Mixed models accounting for repeated
measures were used to estimate adjusted mean annualized changes in outcomes per
quartile category of protein.
Setting: Framingham Heart Study Offspring cohort, USA.
Subjects: Participants (n 3066) with 12 333 unique observations, baseline (mean
(SD)) age= 54·0 (9·7) years, BMI= 27·4 (4·9) kg/m2, 53·5% female.
Results: In fully adjusted models, there were favourable associations (mean (SE)) of
total protein with annualized changes in SBP (lowest v. highest intake: 0·34 (0·06)
v. 0·04 (0·06) mmHg, P trend= 0·001) and eGFR (−1·03 (0·06) v. −0·87 (0·05) ml/
min per 1·73m2, P trend= 0·046), unfavourable associations with changes in FG
(0·013 (0·004) v. 0·028 (0·004) mmol/l, P trend= 0·004) and no associations with
weight, WC, DBP or lipids. Animal protein was favourably associated with SBP
and unfavourably with FG and WC; plant protein was favourably associated with
FG and WC.
Conclusions: The present study provides evidence that protein intake may
influence changes in cardiometabolic health independent of change in weight in
healthy adults and that protein’s role in cardiometabolic health may depend on the
protein source.
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Typically making up 12–19% of energy in the average
American diet(1), protein receives relatively little attention
compared with dietary fats and carbohydrates when it
comes to cardiometabolic health. Evidence from short-
term randomized trials suggests that higher-protein diets
(20–35% of energy) may lower cardiometabolic risk, most
notably via changes in body composition and/or weight –
i.e. contributing to loss of fat mass and/or mitigating loss of
lean body mass(2–4) – with inconsistent effects on other
cardiometabolic risk factors(2,3,5–9).

Many cross-sectional studies have investigated con-
current relationships between reported intake and cardio-
metabolic measures, with favourable associations observed
for body composition(1,10–12), and beneficial or equivocal
results for other cardiometabolic risk factors(1,11–13). In

addition, higher protein intake is thought to be more
beneficial in older individuals, potentially delaying age-
related muscle loss and other cardiometabolic abnormal-
ities(7,14–17). However, there is still conflicting evidence
regarding the longer-term effects of high protein intake
on other cardiometabolic health parameters related to
ageing. Some prospective cohort studies have indicated
that higher habitual protein intake increases risk of cardio-
metabolic end points, such as diabetes and metabolic
syndrome(18–22), and mortality(14,18,19), particularly in the
context of low carbohydrate intake(23,24). Other pro-
spective studies have found beneficial associations
between protein intake and blood pressure(25,26) and risk
of mortality in older adults(14,27). Although these studies
examined protein intake in relation to incident end points,
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few have examined long-term changes in cardiometabolic
risk factors.

To clarify the role of protein intake in modulating car-
diometabolic risk, the present study examined habitual
protein intake in participants of the Framingham Heart
Study Offspring cohort and its relationships with changes
in cardiometabolic risk factors across up to five time points
in 20 years of follow-up. Given existing literature, we
hypothesized that higher protein intake would be inver-
sely associated with changes in anthropometric measures
(weight, waist circumference (WC)) and blood pressure,
and directly associated with a marker of kidney function
(estimated serum creatinine (sCr)-based glomerular
filtration rate (eGFR)), and that we would not observe
consistent relationships with glucose, insulin or circulating
lipids.

Experimental methods

Study participants
The National Heart, Lung, and Blood Institute’s Framing-
ham Heart Study Offspring cohort is a community-based,
longitudinal study of CVD that began in 1971(28). In the
fifth examination cycle (‘baseline’) of the Offspring cohort,
3799 participants underwent a standard medical exam-
ination, consisting of laboratory and anthropometric
assessments, as well as dietary intake assessment. In the
present study, participants were followed from the fifth
exam (1991–1995) through up to the ninth exam (2011–
2014). Individuals were excluded from the present ana-
lysis if they had missing or invalid dietary data (baseline
excluded n 381); were not fasting ≥8 h (baseline excluded
n 30); were missing necessary covariates (baseline
excluded n 14); or had no follow-up data on any exposure
or cardiometabolic marker of interest (n 308). The final
sample size was 3066 participants with baseline data and
at least one exam with follow-up data, although sample
sizes varied slightly by outcome.

The original data collection protocols were approved by
the Institutional Review Board at Boston University Med-
ical Center, and written informed consent was obtained
from all participants. The present study protocol was
reviewed by the Tufts University Health Sciences Institu-
tional Review Board. Data analysis took place January
through September 2017.

Cardiometabolic risk factors
Outcomes included the following cardiometabolic risk fac-
tors measured at each exam: weight, WC, fasting plasma
glucose (FG), systolic (SBP) and diastolic (DBP) blood
pressure, fasting plasma TAG, plasma total cholesterol (TC),
HDL-cholesterol (HDL-C) and calculated LDL-cholesterol
(LDL-C), and eGFR. We included as secondary outcomes
fasting plasma insulin (FI) and homeostatic model

assessment of insulin resistance (HOMA-IR) because insulin
was assessed at two exams only (exams 5 and 7).

Weight (kg) was measured using a standard scale, with
the participant wearing a light gown and no shoes. WC
(cm) was measured at the umbilicus with the participant
standing, at mid-respiration. FG was measured in fresh
specimens with a hexokinase reagent kit (A-Gent glucose
test; Abbot, South Pasadena, CA, USA). At each exam, SBP
and DBP were measured twice by a physician using a
sphygmomanometer and averaged. Plasma TAG, TC and
HDL-C were measured using enzymatic/colorimetric
methods. LDL-C was calculated per the Friedewald equa-
tion modified by Martin et al., to account for varying non-
HDL-C and TAG concentrations as: TC – HDL-C – (TAG/
adjustable factor)(29). sCr (mmol/l) was assayed using the
modified Jaffé colorimetric method (Roche Hitachi 911;
Roche Diagnostics, Indianapolis, IN, USA) and calibrated
as previously described(30). We estimated eGFR using
calibrated sCr(31) in the CKD-EPI Equation for white par-
ticipants(32), calculated as previously described(33). At
exam 5, plasma FI (mU/ml) was measured using the Coat-
A-Count total insulin RIA (Diagnostic Products Corp., Los
Angeles, CA, USA), while at exam 7, FI was measured
using the human-specific insulin RIA (Linco Research Inc.,
St. Charles, MO, USA). HOMA-IR was calculated per the
equation of Matthews et al.(34).

Protein and other dietary intake
The Harvard semi-quantitative, 126-item FFQ was used to
assess dietary intake at each exam(35). The FFQ included a
list of foods for which participants were asked to report
frequency of consumption of standard serving sizes of
each food item over the previous year. Possible response
frequencies ranged from never/< 1 time per month to ≥6
times daily. Invalid FFQ were defined as those which
estimated daily energy intake as 2510 kJ/d (<600 kcal/d),
or ≥16 736 kJ/d (≥4000 kcal/d) for women or 17 573 kJ/d
(≥4200 kcal/d) for men, or those which had twelve or
more blank items. At each exam, total protein intake was
calculated as the sum of protein intake from contributions
from individual line items. In addition, we separately
summed protein intake from animal or plant sources. The
relative validity of the FFQ for protein intake shows rea-
sonable correlation with estimates from dietary records
and urinary nitrogen(35,36).

Protein intake (g/d) was adjusted for total energy intake
using the residual method(36). We created quartile cate-
gories of the average of the reported intake at the begin-
ning and end of each exam interval (e.g. mean of intake
reported at exams 5 and 6, for change in outcome
between exams 5 and 6). We also used average protein
intake as a continuous measure (increments of 10 g/d). In
secondary analyses, we used estimates expressed as g/kg
body weight (BW) per d, which is the unit used in dietary
recommendations(37). Other dietary factors derived from
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the FFQ included estimated intakes of energy, alcohol,
carbohydrates, fats and other dietary components of the
Dietary Guidelines for Americans 2010 Index (DGAI-2010)
score, which was calculated as previously described(38).

Covariate assessment
Potential confounders of the relationship between protein
intake and the cardiometabolic risk factors, as well as
other risk factors for these conditions, were considered as
covariates, including: age (years); sex (male/female); BMI,
calculated as measured weight (kg) divided by height (m)
squared (kg/m2); regular smoking in the prior year (yes/
no); pharmacological treatment for hypertension, CVD,
dyslipidaemia or diabetes (all yes/no); history of cancer
(yes/no); and physical activity (score based on sum of
moderate and vigorous metabolic equivalent of task
(MET)-h/week). Except for age and sex, the covariate
values at the beginning and end of each interval were
averaged for use in analyses, to account for potential
changes in these risk factors within the interval (e.g. if a
participant reported smoking at exam 5, this was coded as
1, and reported not smoking by exam 6, which was coded
0, the covariate value entered into the model was 0·5).

Statistical approach
Baseline (exam 5) participant characteristics adjusted for
age, sex and energy intake are presented across categories
of average protein intake. Tests for linear trend across
increasing categories of intake were performed by
assigning the median value of intake within each category
and treating these as a continuous variable.

Because we sought to characterize protein’s associa-
tions with average changes across time, we calculated
annualized changes in the outcomes. For example, for FG,
annualized change was calculated as (FG at exam 6 – FG
at exam 5)/[(exam 6 date – exam 5 date)/365·25], and so
on, between each exam interval at which FG was available
for a given participant. Using the averaged protein intake
between intervals as the exposure, we used mixed models
accounting for repeated measures within individuals to
generate least-square adjusted means of changes in the
outcomes. In the mixed model approach, estimates from
all such exam intervals can be thought of as being aver-
aged to produce an overall estimate of the association
between the exposure and the change in the outcome
over time, as the average year-over-year change in the
outcomes across the study period (see online supple-
mentary material, Supplemental Fig. 1). P values for trend
across quartile categories of intake were estimated using
the median value in each quartile category, modelled as a
continuous variable.

For primary outcomes, the initial mixed model used
annualized change in outcome as the dependent variable,
and the protein exposure was the primary independent
variable, adjusted for age, sex, energy intake and the

baseline measure of the outcome (i.e. the value at the
beginning of the exam interval). Model 2 was adjusted as
for model 1, plus smoking status, alcohol intake, phar-
macological treatment for dyslipidaemia, CVD, hyperten-
sion or diabetes, and history of cancer. Model 2 also
included annualized weight change, except for when the
outcome was annualized change in weight. In model 3,
we additionally adjusted for overall dietary quality, as
given by averaged DGAI-2010 score. We adjusted for
DGAI-2010 rather than other dietary factors or macro-
nutrient (i.e. carbohydrate or fat) intake in models because
we wanted to adjust analyses for other aspects of dietary
behaviour and remain agnostic with respect to the effect of
substituting one macronutrient for another. Including
another macronutrient along with energy and protein in a
model can be interpreted as a substitution effect for the
missing macronutrient, something we sought to avoid. In
analyses of animal and plant protein, an additional model
(model 4) included mutual adjustment for plant and ani-
mal protein, respectively. Further adjustment for physical
activity did not alter estimates (not shown). We tested for
effect modification based on a priori hypotheses in the
final model by assessing statistical interactions modelled as
cross-product terms between protein intake as a con-
tinuous variable and age, sex, BMI, eGFR and type 2
diabetes status, and also present results of stratified ana-
lyses using predefined cut-off points of age (<median
v. ≥median age of 58 years), sex (male v. female), BMI
(<25 v. ≥ 25 kg/m2), eGFR (<60 v. ≥60ml/min per
1·73m2) and type 2 diabetes status (yes v. no). Because
assessment of effect modification by stratification was
exploratory, we used a Bonferroni correction to the
nominal α, yielding a corrected α of 0·01 (0·05/5 interac-
tion tests). Because the study was not designed to detect
within-strata estimates, these may be underpowered.

Because insulin was measured using two different
assays at exams 5 and 7 and because mixed models are
inappropriate where only two measures are available, for
the secondary outcomes of FI and HOMA-IR we used
generalized linear models to perform the regression of the
final measure of the outcome (exam 7) v. average protein
intake, adjusted for the baseline measure (exam 5). Mod-
els were otherwise adjusted as for mixed model analyses
described above.

Finally, in secondary analyses, we repeated the primary
analyses above using average protein intake in units of
g/kg BW per d as the exposure.

All analyses were conducted in the statistical software
package SAS version 9.4. Two-tailed statistical significance
was set at the 0·05 level.

Results

There were 12 333 unique observations of 3066 partici-
pants with valid baseline data and at least one follow-up
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exam, for an average of four exams attended with avail-
able data (of a possible five) per participant across up to
20 years of follow-up. Baseline characteristics of the par-
ticipants across quartile categories of interval-averaged
protein intake are presented in Table 1. At baseline, the
mean (SD) age of the population was 54·0 (9·7) years, BMI
was 27·4 (4·9) kg/m2, 53·5% were women, 23·8% were
classified as obese and protein intake was 77·5 (15·8) g/d.
In trends from lowest to highest category of energy-

adjusted protein intake, those in the highest category were
more likely to be female, slightly younger, have higher
average BMI, WC, FG, FI and HOMA-IR, and lower TC,
HDL-C and LDL-C levels (Table 1). They were less likely to
have smoked regularly in the preceding year. With
increasing protein intake, intake of some dietary compo-
nents tended to be higher, including energy and total,
saturated and monounsaturated fat, while intake of other
dietary components tended to be lower, including

Table 1 Adjusted means of baseline (1991–1995) characteristics by averaged protein intake in participants of the Framingham Heart Study
Offspring cohort, USA

Quartile category of average protein intake (g/d)

Q1 Q2 Q3 Q4
Median (g/d) 62·7 73·7 82·4 94·5
n at baseline 940 742 650 734

Mean SE Mean SE Mean SE Mean SE P trend

Clinical characteristics
Age (years) 55·1 0·3 54·4 0·3 54·2 0·4 53·7 0·4 0·005
Sex (% female) 40·0 2·0 55·0 2·0 59·0 2·0 62·0 2·0 <0·001
BMI (kg/m2) 26·7 0·2 27·1 0·2 27·6 0·2 28·2 0·2 <0·001
Weight (kg) 75·6 0·5 76·9 0·5 78·4 0·5 79·9 0·5 <0·001
WC (cm) 91·5 0·4 91·7 0·5 93·0 0·5 94·3 0·5 <0·001
Current smoker (%) 26·0 1·0 17·0 1·0 15·0 1·0 15·0 1·0 <0·001
Physical activity index (MET-h/week) 35·3 0·2 34·6 0·2 34·6 0·2 34·7 0·2 0·07
TC (mmol/l) 5·38 0·03 5·29 0·03 5·30 0·03 5·24 0·04 0·006
HDL-C (mmol/l) 1·32 0·01 1·31 0·01 1·30 0·01 1·27 0·01 0·005
LDL-C (calculated; mmol/l) 3·37 0·03 3·31 0·03 3·33 0·03 3·28 0·03 0·04
TAG (mmol/l) 1·64 0·04 1·63 0·04 1·66 0·05 1·71 0·05 0·28
Treatment for dyslipidaemia (%) 8·0 1·0 6·0 1·0 7·0 1·0 7·0 1·0 0·59
SBP (mmHg) 126·1 0·6 125·1 0·6 125·5 0·6 126·3 0·7 0·73
DBP (mmHg) 74·3 0·3 74·3 0·4 74·8 0·4 75·1 0·4 0·08
Treatment for hypertension (%) 17·0 1·0 17·0 1·0 17·0 1·0 19·0 1·0 0·22
Treatment for CVD (%) 25·0 1·0 24·0 1·0 25·0 2·0 27·0 2·0 0·33
FG (mmol/l) 5·43 0·05 5·49 0·05 5·60 0·05 5·76 0·05 <0·001
FI (mU/ml) 29·8 0·7 29·7 0·7 31·6 0·7 32·2 0·7 0·007
HOMA-IR 7·5 0·3 7·5 0·4 8·4 0·4 8·9 0·4 0·001
eGFR (ml/min per 1·73m2) 89·4 0·6 88·7 0·7 88·9 0·7 89·9 0·7 0·60
Treatment for diabetes (%) 2·0 1·0 2·0 1·0 4·0 1·0 5·0 1·0 <0·001
History of cancer (%) 16·0 1·0 16·0 1·0 18·0 1·0 15·0 1·0 0·81

Dietary characteristics
Energy (kJ/d) 8142 88 7393 88 7410 92 8489 96 0·02
Energy (kcal/d) 1946 21 1767 21 1771 22 2029 23 0·02
DGAI-2010 score 54·7 0·4 60·0 0·4 63·0 0·4 63·3 0·4 <0·001
Carbohydrates (g/d) 253·9 1·4 242·8 1·4 232·8 1·5 219·1 1·5 <0·001
Fibre (g/d) 16·6 0·2 18·2 0·2 18·6 0·2 18·9 0·2 <0·001
Glycaemic index 55·3 0·1 55·2 0·1 54·4 0·1 53·6 0·1 <0·001
Glycaemic load 13939 89 13320 92 12 593 94 11672 98 <0·001
Fat (g/d) 59·8 0·5 63·1 0·5 63·7 0·5 65·0 0·5 <0·001
SFA (g/d) 20·9 0·2 21·8 0·2 22·0 0·2 22·7 0·2 <0·001
PUFA (g/d) 11·9 0·1 12·2 0·1 12·4 0·1 12·1 0·1 0·09
MUFA (g/d) 22·1 0·2 23·5 0·2 23·6 0·2 24·0 0·2 <0·001
Protein (g/d) 60·0 0·3 73·7 0·3 82·5 0·3 97·8 0·3 <0·001
Animal protein (g/d) 37·1 0·3 49·1 0·3 57·8 0·4 74·0 0·4 <0·001
Plant protein (g/d) 22·9 0·2 24·5 0·2 24·7 0·2 23·8 0·2 <0·001
Protein (g/kg BW per d) 0·84 0·01 1·00 0·01 1·10 0·01 1·28 0·01 <0·001
Protein (% of energy) 13·1 0·1 15·9 0·1 18·1 0·1 21·0 0·1 <0·001
Meets protein RDA* (%) 50·0 1·0 81·0 1·0 91·0 1·0 97·0 1·0 <0·001

WC, waist circumference; MET, metabolic equivalent of task; TC, total cholesterol; HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; SBP, systolic blood
pressure; DBP, diastolic blood pressure; FG, fasting plasma glucose; FI, fasting plasma insulin; HOMA-IR, homeostatic model assessment of insulin resistance;
eGFR, estimated glomerular filtration rate; DGAI-2010, Dietary Guidelines for Americans 2010 Index; BW, body weight.
*RDA in the USA(37).
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carbohydrates, fibre and polyunsaturated fat. Protein
intake as a percentage contribution to total energy intake
across exams was relatively stable from exams 5 through
9, at 16·8, 17·1, 17·3, 18·0 and 16·7%, respectively.

Overall, 21·5% of participants at baseline were not
meeting the RDA of 0·8 g protein/kg BW per d (see online
supplementary material, Supplemental Table 1). However,
when examined in BMI categories, only 6·2% of normal
weight (<25 kg/m2) participants, compared with 20·6%
of overweight (25–< 30 kg/m2) and 45·4% of obese
(≥30 kg/m2) participants, were not meeting the RDA for
protein (P< 0·001). Protein intake expressed in g/d or as a
percentage of energy was higher in higher BMI categories,
whereas protein intake expressed in g/kg BW per d was
lower in higher BMI categories. This trend held across
all exams.

Across all participants, annualized mean changes in
outcomes were as expected with ageing and treatment.
Estimates adjusted for age, sex, weight change (except the
outcome of change in weight), alcohol intake, smoking,
treatment for any one of CVD, dyslipidaemia, diabetes or
hypertension, and history of cancer, indicated mean (SE)
annualized declines in DBP (−0·18 (0·03)mmHg), TC
(−0·033 (0·002)mmol/l), LDL-C (−0·039 (0·001)mmol/l),
TAG (−0·021 (0·001)mmol/l) and eGFR (−0·94 (0·03)ml/
min per 1·73m2) and annualized increases in mean weight
(0·08 (0·01) kg), WC (0·52 (0·01) cm), SBP (0·18
(0·03)mmHg), FG (0·020 (0·002)mmol/l) and HDL-C
(0·014 (0·001)mmol/l).

Quartile categories of average protein intake
and annualized changes in outcomes
Across quartile categories of increasing average protein
intake expressed in g/d, adjusted for age, sex, energy
intake and the baseline measure of the outcome of interest
(model 1), there were statistically significant associations
with beneficial annualized changes in SBP, DBP, TC and
LDL-C, and deleterious annualized changes in FG
(Table 2). After further adjusting for cardiometabolic risks/
treatments and other dietary characteristics (model 3), only
relationships between protein intake and SBP and FG
remained statistically significant, and changes in eGFR
became statistically significant (mean (SE) annualized
change in the lowest v. highest quartile category of protein
intake, respectively: for SBP, 0·34 (0·06) v. 0·04
(0·06)mmHg, P trend= 0·001; for FG, 0·013 (0·004) v.
0·028 (0·004)mmol/l, P trend= 0·004; and for eGFR, −1·03
(0·06) v. −0·87 (0·05)ml/min/1·73m2, P trend= 0·046).
Protein intake expressed as a continuous linear measure
(i.e. per 10 g/d) was generally consistent with the cate-
gorical approach (Table 2).

Assessment of effect modification (interaction tests) of
total protein by age, BMI, sex, eGFR and type 2 diabetes
status indicated that the only significant interactions were
between protein and diabetes status on the outcomes of

FG and TAG; stratifying by diabetes status suggested
unfavourable changes in FG with higher protein intake
only in those with type 2 diabetes and favourable changes
in TAG in those without type 2 diabetes (see online sup-
plementary material, Supplemental Table 2).

Protein from animal and plant sources had differential
associations with changes in outcomes (Table 3). In
models adjusted for DGAI-2010 score (model 3), protein
from animal sources was unfavourably associated with
changes in FG and WC, and favourably associated with
changes in SBP. However, the association with WC was no
longer significant after adjusting for plant protein. Plant
protein was favourably associated with FG and WC;
however, associations with FG were no longer significant
after adjusting for animal protein. Of note, there was only
a ~ 10 g/d difference between those with high and low
plant protein intake, whereas the distribution of animal
protein intake was much wider, at ~ 30 g/d between
highest and lowest quartiles. Pearson correlations between
animal and vegetable protein ranged from r= − 0·22 to
−0·32, across exams.

In 2422 participants with both exam 5 and 7 measures
of the secondary outcomes of FI and HOMA-IR, there
were no significant associations with total, animal or plant
protein intake in the fully adjusted model (see online
supplementary material, Supplemental Table 3).

Secondary analyses of protein expressed in g/kg
body weight per d and annualized changes
in outcomes
When protein intake was expressed in terms of g/kg BW
per d, there were substantially different results from those
when protein intake was expressed in terms of g/d with
respect to the annualized changes in the outcomes of
interest. In fully adjusted models, protein intake was sta-
tistically significantly associated with beneficial annual
changes in eGFR, FG, HDL-C, TAG, WC and weight, and
deleterious annual changes in TC only (see online sup-
plementary material, Supplemental Table 4). Because
protein intake expressed in g/kg BW per d may be con-
founded by BMI, we stratified this secondary analysis by
BMI category (Supplemental Table 5). Results suggest that
associations were different depending on BMI category for
FG, HDL-C, TC and SBP, and that all BMI categories
benefited from higher protein in terms of changes in WC
and weight.

Discussion

In the present analysis, we observed that higher protein
intake was favourably associated with annualized changes
in SBP and kidney function, as assessed by eGFR, and
unfavourably associated with annualized changes in FG.
Protein from animal sources was unfavourably associated
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with changes in FG and favourably associated with
changes in SBP, while plant protein was favourably
associated with WC.

Two recent meta-analyses(39,40) of protein intake in
observational and/or experimental studies suggest that
higher protein intake, particularly when replacing carbo-
hydrate intake, may favourably if modestly impact blood
pressure and risk of hypertension. A recently published
study of plant and animal protein intake in elderly Dutch
participants observed that those with the highest plant
protein intake had average 5-year declines in mean (95%
CI) SBP (−2·9 (−5·6, −0·2)mmHg) and DBP (−1·7 (−3·2,
−0·2)mmHg), compared with those with the lowest intake,
and no associations were observed for animal protein(25).
In a prior study conducted in earlier exams in a sub-
sample of the Framingham Offspring cohort, total protein
intake derived from 3 d food records (as well as both
animal and plant protein intake) was favourably

associated with SBP and DBP, as well as incident hyper-
tension, across 11 years of follow-up(26).

We observed a strong relationship between total protein
intake and annualized changes in FG, driven by animal
protein intake. This relationship is plausibly supported by
other experimental and observational literature regarding
protein intake and type 2 diabetes risk. For example,
results from the pan-European Diet, Obesity and Genes
(DiOGenes) study of protein intake (and glycaemic index)
on weight maintenance following weight loss indicated
favourable changes in fasting glucose with higher protein
intake over the weight-maintenance period(41). A meta-
analysis of eleven longitudinal cohorts found that total and
animal protein intakes were associated with higher risk of
incident type 2 diabetes, while plant protein intake was
associated with modestly lower risk of diabetes in women
only(21). However, a 2013 meta-analysis(42) and other
evidence from trials of overfeeding(43), restricted(9,44) or

Table 2 Adjusted mean annualized changes in outcomes by averaged protein intake, expressed in units of g/d, in participants of the
Framingham Heart Study Offspring cohort, USA (1991–2004)

Adjusted mean annualized change (SE) per quartile category of
averaged protein intake (g/d)

β (SE) per 10 g/d
averaged protein

intake

Annualized
change in… Model*

64·4 74·6 82·5 93·3
P

continuousMean SE Mean SE Mean SE Mean SE P trend β SE

DBP (mmHg) 1 −0·09 0·04 −0·17 0·03 − 0·22 0·03 −0·24 0·03 0·002 −0·046 0·013 0·0004
2 −0·13 0·04 −0·18 0·03 − 0·19 0·03 −0·20 0·03 0·14 −0·023 0·012 0·06
3 −0·14 0·04 −0·19 0·03 − 0·19 0·03 −0·19 0·03 0·33 −0·018 0·013 0·17

eGFR (ml/min per
1·73m2)

1 −0·94 0·06 −0·99 0·05 − 0·95 0·05 −0·97 0·05 0·91 −0·001 0·021 0·96
2 −1·03 0·06 −0·98 0·05 − 0·91 0·05 −0·88 0·05 0·03 0·050 0·021 0·02
3 −1·02 0·06 −0·98 0·05 − 0·91 0·05 −0·87 0·05 0·046 0·048 0·022 0·03

FG (mmol/l) 1 0·011 0·004 0·013 0·004 0·021 0·004 0·026 0·004 0·002 0·0041 0·0014 0·004
2 0·015 0·004 0·014 0·004 0·023 0·004 0·026 0·004 0·012 0·0031 0·0015 0·04
3 0·013 0·004 0·014 0·004 0·023 0·004 0·028 0·004 0·004 0·0038 0·0016 0·02

HDL-C (mmol/l) 1 0·015 0·001 0·013 0·001 0·016 0·001 0·014 0·001 0·65 0·0001 0·0004 0·87
2 0·013 0·001 0·013 0·001 0·016 0·001 0·014 0·001 0·34 0·0006 0·0004 0·11
3 0·014 0·001 0·013 0·001 0·015 0·001 0·014 0·001 0·97 0·0002 0·0004 0·51

LDL-C (mmol/l) 1 −0·035 0·003 −0·042 0·003 − 0·046 0·003 −0·048 0·003 0·001 −0·0032 0·0010 0·002
2 −0·037 0·003 −0·040 0·002 − 0·041 0·002 −0·041 0·002 0·28 −0·0009 0·0010 0·37
3 −0·037 0·003 −0·040 0·003 − 0·041 0·002 −0·041 0·002 0·34 −0·0007 0·0010 0·48

SBP (mmHg) 1 0·36 0·06 0·19 0·06 0·14 0·05 0·00 0·05 <0·0001 −0·102 0·021 <0·0001
2 0·32 0·06 0·20 0·06 0·19 0·05 0·05 0·05 0·002 −0·076 0·022 0·001
3 0·34 0·06 0·20 0·06 0·18 0·05 0·04 0·06 0·001 −0·084 0·023 0·0003

TC (mmol/l) 1 −0·024 0·003 −0·036 0·003 − 0·038 0·003 −0·043 0·003 <0·001 −0·0046 0·0012 0·0001
2 −0·031 0·003 −0·035 0·003 − 0·032 0·003 −0·033 0·003 0·75 −0·0001 0·0011 0·95
3 −0·031 0·003 −0·034 0·003 − 0·032 0·003 −0·033 0·003 0·78 0·0001 0·0012 0·97

TAG (mmol/l) 1 −0·017 0·003 −0·023 0·002 − 0·022 0·002 −0·023 0·002 0·12 −0·0017 0·0009 0·049
2 −0·016 0·003 −0·023 0·002 − 0·021 0·002 −0·024 0·002 0·07 −0·0019 0·0009 0·03
3 −0·018 0·003 −0·024 0·002 − 0·021 0·002 −0·023 0·002 0·42 −0·0011 0·0009 0·23

WC (cm) 1 0·51 0·03 0·55 0·03 0·53 0·02 0·51 0·02 0·91 −0·004 0·010 0·70
2 0·52 0·02 0·53 0·02 0·53 0·01 0·52 0·01 0·77 −0·002 0·006 0·77
3 0·50 0·02 0·53 0·02 0·53 0·01 0·53 0·01 0·41 0·005 0·006 0·42

Weight (kg) 1 0·05 0·02 0·09 0·02 0·06 0·02 0·09 0·02 0·30 0·003 0·009 0·69
2 0·05 0·02 0·09 0·02 0·07 0·02 0·10 0·02 0·14 0·007 0·009 0·41
3 0·05 0·03 0·09 0·02 0·07 0·02 0·10 0·02 0·25 0·004 0·009 0·63

DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; FG, fasting plasma glucose; HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; SBP,
systolic blood pressure; TC, total cholesterol; WC, waist circumference.
*Model 1 was adjusted for age, sex, energy intake and the baseline measure of the outcome (i.e. the value at the beginning of the exam interval). Model 2 was
adjusted as for model 1, plus smoking status, alcohol intake, pharmacological treatment for dyslipidaemia, CVD, hypertension or diabetes, and history of cancer.
Model 2 also included change in weight, except for when the outcome was change in weight. In model 3, we additionally adjusted for the Dietary Guidelines for
Americans 2010 Index score.
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Table 3 Adjusted mean annualized changes in outcomes by averaged animal and plant protein intake, expressed in units of g/d, in
participants of the Framingham Heart Study Offspring cohort, USA (1991–2004)

Animal protein

Adjusted mean annualized change (SE) per quartile category of
averaged intake (g/d) β (SE) per 10 g/d

Annualized change in… Model*

39·9 50·0 58·0 69·6
P

continuousMean SE Mean SE Mean SE Mean SE P trend β SE

DBP (mmHg) 1 − 0·121 0·036 −0·186 0·034 − 0·173 0·033 −0·259 0·033 0·01 − 0·0454 0·0125 <0·001
2 − 0·147 0·034 −0·187 0·032 − 0·162 0·031 −0·211 0·031 0·24 − 0·0266 0·0119 0·03
3 − 0·152 0·034 −0·190 0·032 − 0·157 0·031 −0·205 0·031 0·37 − 0·0242 0·0120 0·04
4 − 0·170 0·036 −0·195 0·032 − 0·154 0·031 −0·193 0·032 0·81 − 0·0180 0·0131 0·17

eGFR (ml/min per
1·73m2)

1 − 0·955 0·060 −0·989 0·053 − 0·894 0·051 −1·020 0·053 0·56 0·0098 0·0207 0·64
2 − 1·012 0·058 −0·977 0·052 − 0·876 0·050 −0·933 0·052 0·22 0·0478 0·0203 0·02
3 − 1·009 0·058 −0·970 0·052 − 0·880 0·050 −0·928 0·052 0·23 0·0469 0·0203 0·02
4 − 1·003 0·061 −0·968 0·052 − 0·881 0·050 −0·932 0·053 0·32 0·0478 0·0219 0·03

FG (mmol/l) 1 0·009 0·004 0·013 0·004 0·022 0·004 0·028 0·004 <0·001 0·0055 0·0014 <0·001
2 0·012 0·004 0·014 0·004 0·024 0·004 0·027 0·004 0·001 0·0042 0·0014 0·003
3 0·011 0·004 0·015 0·004 0·025 0·004 0·028 0·004 0·001 0·0044 0·0014 0·002
4 0·012 0·004 0·015 0·004 0·025 0·004 0·027 0·004 0·004 0·0037 0·0016 0·02

HDL-C (mmol/l) 1 0·014 0·001 0·016 0·001 0·014 0·001 0·013 0·001 0·27 − 0·0003 0·0003 0·34
2 0·013 0·001 0·015 0·001 0·014 0·001 0·014 0·001 0·89 0·0000 0·0003 0·92
3 0·014 0·001 0·015 0·001 0·014 0·001 0·013 0·001 0·52 − 0·0001 0·0003 0·74
4 0·013 0·001 0·015 0·001 0·014 0·001 0·014 0·001 0·75 0·0003 0·0004 0·46

LDL-C (mmol/l) 1 − 0·038 0·003 −0·040 0·003 − 0·048 0·003 −0·046 0·003 0·01 − 0·0024 0·0010 0·02
2 − 0·038 0·003 −0·038 0·002 − 0·044 0·002 −0·039 0·002 0·48 − 0·0004 0·0009 0·66
3 − 0·039 0·003 −0·037 0·002 − 0·044 0·002 −0·039 0·002 0·57 − 0·0002 0·0009 0·79
4 − 0·037 0·003 −0·037 0·003 − 0·045 0·002 −0·040 0·002 0·31 − 0·0007 0·0010 0·46

SBP (mmHg) 1 0·305 0·060 0·191 0·057 0·174 0·055 −0·014 0·054 <0·001 − 0·0900 0·0208 <0·001
2 0·286 0·060 0·211 0·057 0·214 0·055 0·047 0·054 0·003 − 0·0722 0·0209 0·001
3 0·293 0·060 0·204 0·057 0·209 0·055 0·047 0·055 0·003 − 0·0732 0·0212 0·001
4 0·312 0·063 0·208 0·057 0·205 0·055 0·035 0·056 0·002 − 0·0855 0·0230 <0·001

TC (mmol/l) 1 − 0·028 0·003 −0·031 0·003 − 0·041 0·003 −0·041 0·003 0·001 − 0·0036 0·0012 0·003
2 − 0·032 0·003 −0·029 0·003 − 0·038 0·003 −0·032 0·003 0·70 − 0·0001 0·0011 0·96
3 − 0·032 0·003 −0·029 0·003 − 0·038 0·003 −0·031 0·003 0·75 0·0001 0·0011 0·95
4 − 0·032 0·003 −0·029 0·003 − 0·038 0·003 −0·031 0·003 0·72 0·0000 0·0012 0·97

TAG (mmol/l) 1 − 0·019 0·003 −0·025 0·002 − 0·021 0·002 −0·021 0·002 0·75 − 0·0006 0·0009 0·47
2 − 0·018 0·003 −0·025 0·002 − 0·021 0·002 −0·021 0·002 0·65 − 0·0009 0·0009 0·26
3 − 0·019 0·003 −0·025 0·002 − 0·020 0·002 −0·021 0·002 0·99 − 0·0006 0·0009 0·50
4 − 0·018 0·003 −0·025 0·002 − 0·020 0·002 −0·022 0·002 0·65 − 0·0012 0·0009 0·22

WC (cm) 1 0·482 0·027 0·521 0·026 0·538 0·025 0·550 0·024 0·06 0·0216 0·0094 0·02
2 0·490 0·016 0·536 0·016 0·528 0·015 0·541 0·014 0·04 0·0109 0·0055 0·048
3 0·481 0·016 0·538 0·016 0·531 0·015 0·548 0·014 0·01 0·0144 0·0056 0·01
4 0·504 0·017 0·544 0·016 0·528 0·015 0·535 0·015 0·34 0·0042 0·0061 0·49

Weight (kg) 1 0·061 0·024 0·068 0·023 0·083 0·022 0·086 0·022 0·39 0·0122 0·0084 0·15
2 0·060 0·024 0·070 0·023 0·085 0·022 0·092 0·022 0·28 0·0141 0·0085 0·10
3 0·060 0·024 0·068 0·023 0·087 0·022 0·092 0·022 0·29 0·0144 0·0086 0·09
4 0·079 0·025 0·072 0·023 0·083 0·022 0·078 0·023 0·95 0·0058 0·0094 0·54

Plant protein

Adjusted mean annualized change (SE) per quartile category of
averaged intake (g/d) β (SE) per 10 g/d

19·1 22·7 25·3 29·6
P

continuousAnnualized change in… Model* Mean SE Mean SE Mean SE Mean SE P trend β SE

DBP (mmHg) 1 − 0·230 0·036 −0·114 0·034 − 0·192 0·033 −0·216 0·032 0·69 0·0105 0·0311 0·74
2 − 0·228 0·034 −0·117 0·032 − 0·180 0·032 −0·189 0·031 0·84 0·0350 0·0298 0·24
3 − 0·250 0·037 −0·121 0·033 − 0·169 0·032 −0·173 0·032 0·37 0·0619 0·0326 0·06
4 − 0·233 0·038 −0·115 0·033 − 0·171 0·032 −0·189 0·033 0·83 0·0429 0·0354 0·23

eGFR (ml/min per
1·73m2)

1 − 0·863 0·059 −0·973 0·054 − 0·976 0·052 −1·030 0·052 0·04 − 0·0646 0·0510 0·20
2 − 0·894 0·058 −0·956 0·052 − 0·945 0·051 −0·981 0·051 0·30 − 0·0130 0·0503 0·80
3 − 0·861 0·061 −0·941 0·052 − 0·960 0·051 −0·999 0·053 0·11 − 0·0421 0·0539 0·43
4 − 0·889 0·062 −0·952 0·053 − 0·958 0·051 −0·975 0·054 0·38 0·0064 0·0583 0·91

FG (mmol/l) 1 0·024 0·004 0·024 0·004 0·017 0·004 0·011 0·003 0·01 − 0·0094 0·0034 0·01
2 0·025 0·004 0·024 0·004 0·019 0·004 0·012 0·004 0·01 − 0·0083 0·0035 0·02
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unrestricted(3,45) diets with varying levels of dietary protein
show few, if any, changes in glycaemic or insulin para-
meters, and any changes may depend more on the mod-
ification of other macronutrient intake rather than protein
specifically.

We observed a modest beneficial association between
protein intake and changes in eGFR. Although the
importance of limiting protein intake in the context of
chronic kidney disease (CKD) is well established, existing
evidence on the relationship between protein intake and
kidney function in generally healthy people is equivo-
cal(46) but possibly beneficial(47). Recent reviews con-
cluded that there was no evidence to support the idea that
daily protein intake up to 1·6 g/kg BW (still within the 10–
35% of energy range recommended) in individuals with-
out CKD is detrimental to health(48,49). Trials of high pro-
tein intake in individuals without CKD have shown that it

increases eGFR and other markers of renal function(46),
although it should be noted that protein intake in trials
(often >20% of energy) typically exceeds habitual con-
sumption levels (e.g. 12–19% of energy). A recent sec-
ondary analysis of the OmniHeart trial in otherwise
healthy individuals with prehypertension or stage 1
hypertension indicated that high protein intake in the
context of a healthy diet for 6 weeks increased (cystatin
C-based) eGFR(50), alongside decreasing SBP, LDL-C,
HDL-C and TAG(51). However, longer-term studies do not
generate as clear cut a picture with respect to protein
intake and eGFR or CKD risk. In a prospective study of
Dutch adults followed up over 15 years, neither total
protein intake nor any protein food source was associated
with changes in (cystatin C-based) eGFR(47). However, in
those with mildly impaired eGFR, higher intakes of milk,
milk products and low-fat dairy were associated with less

Table 3 Continued

Plant protein

Adjusted mean annualized change (SE) per quartile category of
averaged intake (g/d) β (SE) per 10 g/d

19·1 22·7 25·3 29·6
P

continuousAnnualized change in… Model* Mean SE Mean SE Mean SE Mean SE P trend β SE

3 0·026 0·004 0·025 0·004 0·019 0·004 0·012 0·004 0·01 − 0·0086 0·0039 0·03
4 0·023 0·005 0·024 0·004 0·019 0·004 0·014 0·004 0·12 − 0·0047 0·0042 0·26

HDL-C (mmol/l) 1 0·014 0·001 0·013 0·001 0·013 0·001 0·017 0·001 0·06 0·0023 0·0009 0·01
2 0·013 0·001 0·013 0·001 0·013 0·001 0·017 0·001 0·004 0·0031 0·0008 <0·001
3 0·014 0·001 0·013 0·001 0·013 0·001 0·016 0·001 0·10 0·0024 0·0009 0·01
4 0·014 0·001 0·013 0·001 0·013 0·001 0·016 0·001 0·10 0·0027 0·0010 0·01

LDL-C (mmol/l) 1 − 0·043 0·003 −0·041 0·003 − 0·043 0·003 −0·045 0·002 0·62 − 0·0041 0·0024 0·09
2 − 0·041 0·003 −0·039 0·003 − 0·039 0·002 −0·040 0·002 0·89 − 0·0025 0·0023 0·28
3 − 0·042 0·003 −0·039 0·003 − 0·039 0·003 −0·040 0·002 0·78 − 0·0026 0·0025 0·30
4 − 0·042 0·003 −0·039 0·003 − 0·039 0·003 −0·040 0·003 0·84 − 0·0034 0·0027 0·21

SBP (mmHg) 1 0·158 0·060 0·236 0·058 0·131 0·057 0·109 0·053 0·30 − 0·0439 0·0517 0·40
2 0·147 0·060 0·249 0·057 0·171 0·056 0·171 0·054 0·94 0·0140 0·0522 0·79
3 0·158 0·064 0·250 0·058 0·166 0·057 0·162 0·056 0·76 0·0046 0·0574 0·94
4 0·221 0·066 0·272 0·058 0·160 0·057 0·102 0·058 0·11 − 0·0854 0·0622 0·17

TC (mmol/l) 1 − 0·034 0·003 −0·037 0·003 − 0·037 0·003 −0·037 0·003 0·61 − 0·0050 0·0029 0·09
2 − 0·035 0·003 −0·034 0·003 − 0·033 0·003 −0·030 0·003 0·25 − 0·0001 0·0027 0·96
3 − 0·035 0·003 −0·034 0·003 − 0·033 0·003 −0·030 0·003 0·21 − 0·0002 0·0030 0·95
4 − 0·036 0·004 −0·034 0·003 − 0·033 0·003 −0·029 0·003 0·18 − 0·0001 0·0032 0·97

TAG (mmol/l) 1 − 0·020 0·003 −0·020 0·003 − 0·019 0·002 −0·027 0·002 0·02 − 0·0060 0·0021 0·004
2 − 0·020 0·003 −0·020 0·002 − 0·019 0·002 −0·026 0·002 0·04 − 0·0049 0·0021 0·02
3 − 0·023 0·003 −0·021 0·002 − 0·018 0·002 −0·024 0·002 0·52 − 0·0025 0·0023 0·26
4 − 0·022 0·003 −0·021 0·003 − 0·018 0·002 −0·025 0·002 0·34 − 0·0037 0·0025 0·13

WC (cm) 1 0·591 0·027 0·608 0·026 0·499 0·026 0·426 0·023 <0·001 − 0·1510 0·0229 <0·001
2 0·577 0·016 0·549 0·016 0·516 0·016 0·472 0·014 <0·001 − 0·0748 0·0134 <0·001
3 0·575 0·018 0·551 0·016 0·518 0·016 0·474 0·015 <0·001 − 0·0723 0·0149 <0·001
4 0·570 0·018 0·549 0·016 0·518 0·016 0·479 0·015 <0·001 − 0·0679 0·0162 <0·001

Weight (kg) 1 0·084 0·024 0·103 0·023 0·066 0·023 0·050 0·021 0·16 − 0·0553 0·0207 0·01
2 0·076 0·024 0·103 0·023 0·071 0·023 0·060 0·022 0·41 − 0·0464 0·0213 0·03
3 0·090 0·026 0·108 0·023 0·063 0·023 0·051 0·023 0·15 − 0·0662 0·0234 0·005
4 0·082 0·027 0·105 0·023 0·064 0·023 0·059 0·024 0·36 − 0·0600 0·0254 0·02

DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; FG, fasting plasma glucose; HDL-C, HDL-cholesterol; LDL-C, LDL-cholesterol; SBP,
systolic blood pressure; TC, total cholesterol; WC, waist circumference.
*Model 1 was adjusted for age, sex, energy intake and the baseline measure of the outcome (i.e. the value at the beginning of the exam interval). Model 2 was
adjusted as for model 1, plus smoking status, alcohol intake, pharmacological treatment for dyslipidaemia, CVD, hypertension or diabetes, and history of cancer.
Model 2 also included change in weight, except for when the outcome was change in weight. Model 3 was additionally adjusted for the Dietary Guidelines for
Americans 2010 Index score. Model 4 further adjusted for plant or animal protein in the animal and plant protein models, respectively.
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decline in eGFR over time. In a very recent paper from the
Atherosclerosis Risk in Communities investigators, neither
total nor animal protein intake was associated with risk of
incident CKD among initially healthy participants, whereas
plant protein intake was associated with 24% lower risk of
incident CKD(52). In an older study using data from two
nested case–control studies of postmenopausal women
within the Women’s Health Initiative Observational Study,
biomarker-calibrated protein intake was not associated
with odds of impaired renal function(53). In addition, in 6·4
years of follow-up in the Cardiovascular Health Study of
older adults, total, animal or plant protein intake was not
associated with eGFR(54). Many of these studies used
cystatin-C-based estimates of eGFR, whereas we used an
sCr-based equation given available data. Our use of the
sCr-based measure, although taken fasting, may reflect a
more acute response to protein intake (e.g. dinner the
night prior to blood draw) and prevalent muscle mass, as
compared with a cystatin-C-based measure, which may
more effectively estimate risk associated with reduced
kidney function than a creatinine-based measure(55).

In the present study, we did not observe a relationship
between protein intake and annualized changes in weight
or WC, although protein from plant sources was favour-
ably associated with changes in WC, even after controlling
for weight change and protein from animal sources. Our
results on total protein intake contrast with experimental
evidence, such as that of the DiOGenes study and other
randomized trials. A meta-analysis of short-term rando-
mized trials (mean duration 12 weeks) suggests that
higher-protein diets (20–35% of energy) in an energy-
restricted context have beneficial effects on weight loss
and body composition, notably in the preservation of fat-
free mass during weight loss(2). This finding on protein’s
role in maintaining lean mass was supported by another
meta-analysis focusing on twenty-four trials conducted
specifically in older adults (>50 years)(7). In DiOGenes, at
both the 6- and 12-month maintenance follow-ups, weight
regain was lower in the high-protein (25% of energy) than
in the low-protein (13% of energy) groups, and high-
protein groups were more likely to achieve additional
weight loss in the follow-up period(56,57). In a recent re-
analysis of DiOGenes investigating plant and animal pro-
tein sources, while substituting overall plant for animal
protein was not associated with effects on body weight,
higher plant protein specifically in the form of non-cereal
sources v. cereal-based sources was favourably associated
with body weight changes(41).

As noted above, the dietary source of protein may play
a role in cardiometabolic health, and we observed differ-
ential results based on the source of protein, be it animal
or plant. Prior prospective observational literature impli-
cates animal protein, notably red meat, but not poultry or
fish, with higher risk of CHD(58) and total mortality(59). A
recent 11-year follow-up study in Australian adults showed
higher risk of metabolic syndrome with higher total and

animal protein, including red meat and poultry, and lower
risk with higher plant protein, notably from grains,
legumes and nuts(22). Plant, but not animal protein, was
associated with favourable changes in blood pressure in a
5-year follow-up in elderly men(25), while in a prior Fra-
mingham Offspring study, both animal and plant protein
were associated with lower risk of high blood pressure(26).
Animal protein was also associated with increases in WC,
SBP and body weight across 11 years, while plant protein
was associated with decreases in WC and weight(22).
Similarly, animal protein, but not plant protein, was asso-
ciated with higher risk of type 2 diabetes in a meta-analysis
of eleven prospective cohort studies(21) and other pro-
spective literature(20). In the DiOGenes trial follow-up,
meat protein intake substituted for non-meat animal pro-
tein was favourably associated with FI and insulin resis-
tance(41). In another recent systematic review of studies
comparing plant with animal protein intake in relation to
metabolic syndrome-related conditions, the authors con-
cluded that soya protein (with isoflavones), but not soya
protein alone or other plant proteins, led to greater
decreases in TC and LDL-C compared with animal-sourced
protein intake(60). Future research should investigate the
long-term effects on changes in cardiometabolic health of
specific food sources of protein, other components (e.g.
food matrices) of plant v. animal protein sources and/or
differences in diet quality between those consuming more
protein from plants or animals, and vice versa. For
example, one question might be whether low-saturated-fat
or high-fibre protein food sources have a different rela-
tionship with cardiometabolic health than high-saturated-
fat or low-fibre protein sources.

Turning to a methodological point, we noted con-
siderable differences in secondary analyses when protein
was expressed in g/kg BW per d, a unit of intake which
ties protein to body weight and is the measure used in the
Dietary Reference Intakes (e.g. RDA of 0·80 g/kg BW per d
for most adults)(37). Average intakes reported in the pre-
sent study are in line with those of the representative US
population. In a study using data from the National Health
and Nutrition Examination Study (2001–2010), intake was
reported in deciles ranging from a median of 0·69 in the
lowest to 1·51 g/kg BW per d in the highest decile(1). While
we analysed intake in the present study in quartile cate-
gories of protein, if we were to express it in deciles,
median values would be 0·64 in the lowest and 1·56 g/kg
BW per d in the highest decile. We observed significant
and favourable associations for changes in eGFR, FG,
HDL-C, TC, TAG, WC and weight when protein was
expressed in g/kg BW per d. However, it is important to
recognize the degree to which excess body weight may be
confounding these results. In the present sample, it is clear
that while ‘absolute’ intake (expressed in g/d) was higher
with higher BMI, as would be expected, there was an
opposite trend when expressed in g/kg BW per d, which
suggests several important implications; one of which is
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that it may be unlikely for heavier individuals to eat
enough protein to meet their theoretical requirements
when such requirements are based on their actual body
weight, rather than on lean or fat-free mass, or ideal body
weight. This phenomenon has been observed in other
studies, such as those based on national surveillance
data(1). It is unclear how or if the protein requirements
should change for overweight/obese individuals, an issue
that becomes more critical when those who fall into a
normal BMI range represent merely a third of the popu-
lation, be it the present sample or the US population more
broadly(61). Over 45% of obese participants in the present
study were not meeting the RDA expressed in terms of
actual body weight, compared with only 6 and 21% of
normal and overweight participants, respectively. This
discrepancy was not due to obese participants reporting
less absolute intake or as a percentage of energy, but
rather because the RDA is expressed in terms of body
weight. Discrepancies between studies about the health
effects of protein intake, be they observational or experi-
mental, may be due to the differential expression of units
of intake, as well as the weight status of the study popu-
lation. It should be noted that our findings could be
complicated by the fact that the FFQ was designed pri-
marily to rank individuals and approximate rather than
perfectly measure absolute intake(36), and further that
obese individuals may under-report their intake(62). Future
research, including any re-evaluation of dietary require-
ments for protein, should be more specific regarding
intake levels for the overweight and obese, or should
examine requirements for lean body mass rather than total
body mass, especially given the prevalence of overweight/
obesity in the USA and globally.

It is also important to note that many observational
studies use theoretical substitution approaches, in which
protein intake is expressed as a percentage of total energy
intake, which require markedly different interpretations of
protein’s effects. That is, the coefficients for protein intake
as a percentage of total energy must be interpreted as if
protein is being substituted for either fat or carbohydrate
intake. We sought an agnostic approach in this regard and
adjusted for overall dietary quality instead.

Strengths and limitations
We benefited from a large cohort followed for up to 20
years with repeated measures of exposures and outcomes
from which annualized changes in parameters could be
derived. Although FFQ are widely used in epidemiological
studies, they are not without their limitations, most notably
with respect to recall and self-report biases. As mentioned,
although FFQ provide good estimates of relative intake,
giving us the ability to distinguish between high and low
consumers of a given nutrient, they only approximate
absolute intake. That said, levels of intake reported by the
present study participants were consistent with those from

US surveillance data(1). We elected to include individuals
with cardiometabolic risk values that exceed cut-off points
for disease definitions for several reasons: we were inter-
ested in examining changes across the typical life course,
which more than often than not includes onset of treat-
ment for cardiometabolic conditions. If we were to limit
analyses to only healthy individuals, we would be exam-
ining only profoundly healthy survivors and likely drawing
conclusions not applicable to the majority of individuals.
Instead of excluding participants, we adjusted for treat-
ment for hypertension, dyslipidaemia, CVD, and diabetes,
as well history of cancer. We did not adjust our nominal α
level of significance for the number of primary outcomes
(ten) because a Bonferroni correction would likely be too
strict. Were a correction or multiple testing implemented, a
more conservative conclusion would result; namely, that
our primary findings were statistically significant for SBP
and FG, but not eGFR. A limitation to grouping broadly by
protein source food (i.e. animal or plant) is that it does not
distinguish based on other food components, such as
saturated fat and fibre; however, we adjusted for overall
diet quality in these analyses which should account for
many of these dietary differences. In addition, residual
confounding by other lifestyle factors may be influencing
our results, for example, in those who rely mainly on plant
protein sources. Finally, the Framingham Offspring cohort
is a relatively homogeneous cohort of Caucasian Amer-
icans, which may limit the generalizability of our findings
to similar populations.

Conclusion

In conclusion, in this population-based long-term pro-
spective cohort study in middle-aged Americans, we
observed that protein intake was associated with year-
over-year changes in SBP, kidney function (as sCr-based
eGFR) and FG. Our findings are supported by existing
literature regarding protein and incident disease in initi-
ally healthy people. Methodologically, our paper raises
several important points that merit further investigation,
notably that results of analyses using protein expressed
in g/kg BW per d were quite different from those
expressed in g/d, indicating the need for greater analy-
tical consistency across studies and a better under-
standing of the degree to which body mass and mass
quality affect results, if these are to be used in making
recommendations regarding intake, especially in popu-
lations in which a majority of individuals are overweight
or obese.
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