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Abstract

Purpose The association between dietary protein intake and type 2 diabetes risk has been inconsistent in the previous epi-
demiological studies. We aimed to quantitatively assess whether dietary total, animal, and plant protein would be associated
with type 2 diabetes risk.

Methods A comprehensive literature review was conducted to identify related articles by searching PubMed, Embase, Web
of Science, and Wiley Online Library through 20th March 2018. Generalized least squares for trend estimation and restricted
cubic spline regression model were applied in the dose-response analysis.

Results Eight publications with ten prospective cohorts of 34,221 type 2 diabetes cases were included. After adjustment
of potential confounders, a 5% of energy increment from dietary total and animal protein intake was related to a 9% (1.04,
1.13; ’=42.0%) and 12% (95% CI 1.08, 1.17; I =14.0%) higher risk of type 2 diabetes respectively. However, for plant
protein, a significant U-shaped curve was observed with the most risk reduction at intake of about 6% of energy intake from
plant protein intake (P,,pjinearity = 0-001). The results were robust in sensitivity analysis and no publication bias was detected.
Conclusions These findings indicate that the consumption of protein particularly animal protein may be associated with an
increased risk of type 2 diabetes.

Keywords Dietary protein intake - Dose-response analysis - Type 2 diabetes - Meta-analysis - Prospective study

Abbreviations Introduction

T2D Type 2 diabetes

RR  Relative risks The prevalence of type 2 diabetes (T2D) is increasing rap-
CIs Confidence intervals idly worldwide. The number of people living with T2D has
BMI Body mass index almost quadrupled from 108 million in 1980 to 422 million

in 2014 [1]. Individuals with diabetes may develop serious
complications including cardiovascular diseases, nerve dam-
age, kidney damage, and eye problems [2]. To determine the
causes of T2D, numerous studies have been conducted to
explore the potential linkages between diet and T2D.
Electronic supplementary material The online version of this Short-term trials have shown that diets high in protein
article (https://doi.org/10.1007/500394-018-1737-7) contains were beneficial for weight loss and glucose homeostasis
supplementary material, which is available to authorized users. R . X
[3-5], which may play an important role in the develop-
B< Yong-Bing Xiang ment of T2D. Therefore, increasing dietary protein intake
ybxiang @shsci.org seems to be a promising strategy for preventing T2D. How-
ever, long-term prospective cohort studies suggested that
animal-sourced foods with high protein, such as red and/
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independently associated with risk of T2D given the evi-
dence that protein theoretically could influence the devel-
opment of T2D through the mechanism of insulin secretion
and resistance [3, 4].

Recently, several prospective studies have focused on the
effect of dietary protein and risk of T2D [10—14]. Nonethe-
less, results were inconsistent and not yet fully elucidated.
To our knowledge, the dose—response associations of total
protein and protein subtypes (animal and plant protein) with
T2D risks have not been systematically synthesized, thus,
we performed a meta-analysis using prospective studies to
quantify the dose—response relationship.

Methods
Search strategy

We conducted and reported the present study according to
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines [15]. Comprehensive litera-
ture search was performed by searching databases of Pub-
Med, Embase, Web of Science, and Wiley Online Library
on 20th March 2018 using the following keywords: (protein
intake or dietary protein or protein consumption) and (dia-
betes or diabetes mellitus) and (cohort studies or follow-
up studies or longitudinal studies or prospective studies or
nested case—control studies or case—cohort studies). Detailed
search terms on each specific database were presented in
online supplementary materials, Table S1. No restrictions
on language or year of publication were applied. Articles
included had to: (1) assess dietary protein as exposure of
interest; (2) report T2D incidence as outcome; (3) use a pro-
spective design in general population and a quality score > 6;
(4) provide estimates of relative risks (RR) or hazard ratios
(HR) and corresponding 95% confidence intervals (CI) or
data necessary to calculate these estimates. We furthermore
manually searched the reference lists of included studies, all
relevant reviews, and meta-analysis to identify additional
articles that might be missed in the primary literature review.
If duplicate publications in the same population were found,
the most recent or the one with most applicable information
was selected.

Data extraction and quality assessment

Two investigators (L.-G.Z and Q.-L.Z) independently
reviewed the identified publications and evaluated their rel-
evance to the research topic based on the prespecified inclu-
sion criteria. For eligible studies, both of the two authors
carried out the data extraction and quality assessment.
Discrepancies were resolved through consensus of the two
authors. A standard data extraction table was developed to

@ Springer

obtain the following information: first author’s last name,
year of publication, country in which the study was con-
ducted, study name, baseline years, years of follow-up, over-
all number of participants, number of T2D cases, gender, age
range of study population at recruitment, protein assessment
methods, methods of identification of T2D cases, type of
dietary protein, median or mean dietary protein intake in
each category and the RR and 95% CI of T2D incidence
related to those categories of protein intake, and covariates
included in multivariable models. If more than one estimate
was provided, priority was given to the one with the most
adjusted potential confounding factors. One study [16] pro-
vided results with biomarker-calibrated or uncalibrated.
To be consistent with other studies, we chose uncalibrated
HRs in the current analyses. The Newcastle—Ottawa Scale
(NOS) for cohort study based on selection, comparability,
and outcome assessment with a full score of 9-star was used
to assess the study quality [16].

Statistical analyses

To investigate the association between protein intake and
T2D risk, we not only calculated pooled RR for the high-
est versus the lowest categories of protein intake, but also
investigated the dose—response association between protein
intake and T2D risk. We used random-effects models pro-
posed by DerSimonian and Laird [17], which incorporated
both within- and between-study variability to combine the
study-specific risk estimates.

In dose-response analysis, we both estimated the RR and
95% CI for each increment of 5% energy from protein intake
and explored potential nonlinear associations. For each
study, the trend from the correlated log relative risks across
categories of protein intake was calculated using the method
proposed by Greenland et al. [18] and Orsini et al. [19]. The
method requires more than two exposure categories and the
following information for each category should be available:
(1) the number of cases and total number of participants or
person-years, (2) the RR and corresponding 95% CI, and
(3) the mean or median protein consumption. When pro-
tein intake was presented in g/day, we transformed it into
percent of energy using the energy 1 g of protein provides
(4 kcal/g) and the average daily energy intake of the popula-
tion. We assigned the median or mean protein intake of each
category to the corresponding risk estimates of each study.
For nonlinear associations, we used a two-stage, random-
effect dose-response meta-analysis by modeling protein
consumption using restricted cubic splines with three knots
at fixed percentiles (10, 50, and 90%) of the distribution [19,
20]. We first fitted a restricted cubic spline model into each
set of relative risks within the specific study [19, 20] and
then combined the two regression coefficients and the vari-
ance/covariance matrices for each study using multivariate



European Journal of Nutrition (2019) 58:1351-1367

1353

random-effects model [21]. A P value for nonlinearity was
calculated by testing whether the coefficient of the second
spline was equal to zero [22].

Heterogeneity among studies was assessed using the Q
test and /? statistic. A P<0.10 for Q test or an I> > 50% for I>
statistic was used to define heterogeneity [23]. We evaluated
small study bias, such as potential publication bias by visual
inspection of funnel plots and using Egger’s test [24]. In
addition, a sensitivity analysis was conducted by reanalyzing
the pooled estimates after excluding one study at a time to
test the robustness of the result. We also explored whether
the gender, specific adjusted covariates, and FFQ types had
impacts on the main results. All statistical analyses were
conducted using Stata, version 13.0 (Stata Corp, College
Station, TX, United States). Two-sided test with P value of
less than 0.05 was considered to be statistically significant
if not specified.

Results
Literature search

A flowchart (Fig. 1) presents the process of study selection.
Briefly, we identified a total of 368 records in PubMed, 436
in Embase, 269 in Web of Science, and 101 in Wiley Online
Library, among which 389 records were excluded, because
they are duplicates. After a review of title and abstract, we
further removed 745 records because of the violation of
prescribed inclusion criteria. Four articles were identified
through manual search of the reference lists. Among the
remaining 44 articles for full-text review, 36 were excluded
due to the reasons listed in Table S2. Finally, eight articles
with ten studies (one article provided results of three sepa-
rate studies) including 440,418 participants and 34,221 T2D
cases were included in the current meta-analysis.

Included study characteristics
Table 1 shows the characteristics of included studies. Of

the included ten prospective studies, five were conducted
in the United States [14, 25, 26], two in Australia [27, 28],

Records identified through
database searching (n=1174):
PubMed (n=368); Embase (n=436);
Web of Science (n=269); Wiley

Additional records identified through
review articles (n=4)

Online Library ((n=101)

(n=789)

Records screened, after
duplicates removed —>

Records excluded based on title or
abstract (n=745)

Full-text articles excluded (n=36):
» Conference articles updated by
journal articles (n=9);

Full-text articles assessed
for eligibility (n=44)

* Research not related to dietary
protein (n=10);
* Research not related to diabetes

A 4

Articles included in this
meta-analysis (n=8)

(n=6);

* Not prospective cohort design
(n=4);

* Repeated studies from the same
cohort (n=4);

» Data insufficient to calculate risk
estimates (n=2);
* Low study quality score (n=1)

[ Included ] [ Eligibility ] [ Screening ] [Identification]

Fig. 1 Systematic identification of the published literature on dietary protein intake and type 2 diabetes

@ Springer



European Journal of Nutrition (2019) 58:1351-1367

1354

peoj o
-90A[3 pue
‘Xopur o1
-90A[3 ‘asn
uouLIoy
‘sajeqeIp
Jo A10381Y
A[rurey ‘uors
-uo)radAy
‘uondwns
-uod [oyod[e
‘snje)s
Surjows
‘9SBAsSIp Ie[
-NOSBAOIPIED
Jo A103STY
‘ouroout
‘uoneonpa
‘Kroruyle
-ooel
‘Knanoe
eorsAyd  310dar-jes Odd J[qe saIvIS [92]
‘TG 98y pawrguo) urejoxd [elof, PajepIfeA 6L-0S 0 6l¢ce SSTYL [TBABION  8661-€661 IHM pajuy  [ejeJeNull, ¢
JeJ 1810)
pue ‘wnisou
-3ew ‘peoy
OTRA[3
‘ayelur 1oqy
Jo sayejut
K1eyo1p
‘sa19qRIp
Jo K1038TY
A[rurej ‘osn
[oyooe
9STOIOXD
‘Sunjowrs uonepIfea O] 2An
‘oyelur [euonippe urajoxd -enuenb
A319u2 1810} m juerd ‘urey -TwIos sarelS [sz]

‘TAg 98y modarjpg  -oid [pwruy  pajepieA w< 0 8561 60€°LE 8’8 €661 SHM powun  EeRSuos

sadAky  juowssasse

$19 urel0ld  JO SPOYISN (1eak) sased
-pUNOJUOD 10J  JUSWISSISSE ourposeq (uow  saRqeIp 7 (1eak) s1eak sIeok

juounsnlpy QwoonQ Juowssasse ansodxyg je a3y Joy)xog adAyjo-oN ozisioyo)  dn-mofog Jurjeseg J1040D) Anuno)  seoudrdyey Il

sa1oqerp ¢ 2dA) Jo oouaprour yiim axeur urejold AIejoIp Jo SUONBIOOSSE UO SISAJEUBR-BIOW UI PIPNOUT SIIPNIS 1104od 2an0adsoid Jo sonsueoerey) | ajqel

pringer

Qs



1355

European Journal of Nutrition (2019) 58:1351-1367

BIRD
Jstem Kyerrowr
pue ‘TINg pue ‘suors
99JJ00 pue -STupe
B9} ‘syULIp [endsoy
1JOS ‘[0I)SI ‘(s10181321
-0 ‘viNd 3nip) asn
PUB ‘VANIN  uonedipow
‘VAS ‘Toqy ‘s19)s1301
‘Joyoore pue ared AIe
‘Kanoe -puodas urajord
[eorsAyd pue SI19)S1 juerd
‘uoneonpa -3o1ored curajord
‘Sunjows Krewrnad [ewrue
X3S ‘19)Ud0 03 o3eyuI| ‘uroyoid Odd 0V [1€] TR 30
‘ASroun 08y ‘110dor-jog [elop PajepIfeA 0c< (444 106°01 €6T°9¢ 9Cl  6661-C661 -IPWI-DIdH odomyg  UQRIN UeA ¢
soyeIuL JoqY
PUE VAN
‘VdAS ‘oyeiut
A319u9
Te30} ‘uon
-dwnsuod
[0Yoo[e pue
‘TING ‘smels
[esnedouaw
‘poo3 se
Weay
parel-J[os
‘Kanoe
reorsAyd
‘snje)s
Suryows
JUQLIND
‘uoneonpa pauLIjuod
‘9ouapIsal %0L yam 0dd [Le] e
joeary  jodor-jjog urajord [elof, PalEpI[EA 0S—¢Sv 0 ITe 0LE8 9 100T HMSTV elfensny wzeqly ¢
sadAky  juowssasse
SI9 ul01g 3O SPOYIOIN (1e0K) $9SBD
-puUNOJUOd I0J  JUSWSSISSE Jurpaseq (uowr  $3YRQRIP T (1eaK) sreak s1eak
juounsnlpy QwoonQ jJuowssasse ansodxg je a3y Joy)xog adAyjo-oN ozisioyo)  dn-mofog Jurjeseq J1040D Anuno)  seoudrdyey I

(ponunuoo) | sjqey

pringer

a's



European Journal of Nutrition (2019) 58:1351-1367

1356

A[oreredos
‘uomom
pue uow
J0J poyrodar
1M SINSAY
‘parsnipe
A[remnuu
arom Koy
‘urjord
juerd pue
[ewue 10
eyeur g
UTWE)IA pUe
‘oxejul 18]
‘ayejur wnio
-[ed ‘oyejur
wnisougew
‘uondwns
-U0D 99JJ00
‘oyejur
A319u9
[©301 ‘UoIS
-uo)radAy
‘smyrow
s9joqeIp

Jo K1038TY
Arurey
‘KIIAnoR [
-15Ayd 12103
‘asn [oyodre
‘snjels
Sunjows

‘TN ‘eare
Apmys @3y

SpI0991
[ed1pow
y3noxyp

uonepIfeA
Pim
y10doI-J[o§

urajoxd
juerd
‘urojord
[ewiue
‘urajord Odd
[eiop PajepIeA

SL=S¥

94

I6ll YL9'V9

S

£661-0661

OHd[l

ueder

[o€]
e LuBN ¢

S10
-punojuod Ioy
juowsnipy

JuouwIssasse
uwodn)

sadAy  juowssasse
urlold  JO SPOYIRIN

JUaWISSasse Ohﬂwogxm

(1e0K)
qurpeseq
je a3y

(uow
Jo %) Xog

sased
SI_qeRIp ¢
adKy jo "oN  9zrs 11040)

(189K) s1B9k
dn-mor[oq

sIeak
qurpaseg

11040D

Anuno)

soouRIly I

(ponunuoo) | sjqey

pringer

Qs



1357

European Journal of Nutrition (2019) 58:1351-1367

urajoxd juerd
pue urojoid
[ewITUR WOIJ
POALID
A310U9 Jo
a3ejuoorad
J0j pojsnipe
A[remnuu
‘TINE “Xoput
OTWAA[3
pue ‘1oqy
K1eyorp
‘[019)S9[0YD
K1e391p
‘Vdnd pue
VAN
‘VdAS %)
sueI} Woly
A319u9 Jo
Nergalieh)
-1ad ‘osn
QuowLIoy
resnedousw
-3so0d ‘oyejut
A310u9
8101 ‘A
-o1uy}e/0el
‘Knanoe
eorsAyd
‘oyejur
[oyoore
‘unjowrs
‘s9)oqeIp
Jo A103STY
A[rurey ‘o3

SpI0991
[ed1pow
y3noxyp

uonepIfeA
Pim
y10doI-J[o§

urajoxd
juerd
‘urojord
[ewiue
‘urajord Odd
[eiop PajepIeA

GS-0¢

0

YICL T66°TL

e

SaeIS (1]

7861 SHN payuny - RRNINEN 9

S10
-punojuod Ioy
juowsnipy

JuouwIssasse
uwodn)

sadAy  juowssasse
urlold  JO SPOYIRIN

JUaWISSasse Ohﬂwogxm

(1e0K)
qurpeseq
je a3y

(uow
Jo %) Xog

Sased

SI_qeRIp ¢
adKy jo "oN  9zrs 11040)

(189K) s1B9k
dn-mor[oq

sIeak

Jurjeseq 11040D Anuno)  seoudrdyey Il

(ponunuoo) | sjqey

pringer

a's



European Journal of Nutrition (2019) 58:1351-1367

1358

urajoxd juerd
pue urajoxd
[ewITUe WOoIJ
PIALIOp
A313u3 Jo
a3ejuaorad
Joj pajsnipe
A[renmynuw
‘TINY “Xoput
OTRA[3
pue ‘roqy
K1eya1p
‘[0I21S9[0YD
K1eyorp
‘vdnd pue
‘VAON
‘VdAS 1)
Suer) Wwolj
A310U0 Jo
sadejuoorad
‘asn A1)
-dooenuod
[eIo ‘osn
QuowIoy
resnedousw
-3so0d ‘oyejut
A319U2 1810}

‘KyroTuy)e
-90eI
‘Knanoe
eorsAyd
‘ayejur SpI0991 urojord
[oyoore [ed1pow juerd
‘unjowrs y3noxyp ‘urojord
‘sajoqeIp uonepIfeA [ewiue
Jo K10381Y ym ‘uroyod 044 sajelg
Aqruey 08y 11odar-glog 210  PalepI[EA (47an 04 0 T€0$ 880°C6 81 1661 1T SHN pajun
sadA1  Juowssasse
sIo ul01g 3O SPOYIOI (1e0K) RN
-punoOJuUOd I0j  JUSWSSISSE Jurfeseq (uow  $9)PqEIp 7 (1eak) sreak sTeok
juaunsnipy QwoonQ) JuQuISSasse aInsod Xy je oSy Joy)xog odf1jo-oN ozisioyo)  dn-mofjoq qurfeseq 110Y0)) Anuno)  seouaIdjey (I

(ponunuoo) | sjqey

pringer

Qs



1359

European Journal of Nutrition (2019) 58:1351-1367

urajoxd juerd
pue urojoid
[ewIUe WOoly
POALISp
A310U9 Jo
a3ejuoorad
J10j pojsnipe
A[remnu
‘TING “xoput
OTWAA[3
pue ‘Iaqy
K1eyorp
‘[019)S9[0YD
Kxejarp
‘Vdnd pue
‘VANIN
A NS
sue1) woij
A310U9 JO
sadejuoorad
‘oyejur
A319U2 1810}
‘KyroTuy)e
-l
‘Knanoe
eorsAyd
‘oyejur
[oyooe
‘unjowrs
‘sa19qeIp
Jo A103STY
A[rurey ‘o3

SpI0991
[ed1pow
y3noxyp

uonepIfeA
Pim
y10doI-J[o§

urajoxd
juerd
‘urojord
[ewiue
‘urajord Odd
[eiop PajepIeA

SL=0¥

001

yeee Loy

(44

ity
9861 SddH paaun

S10
-punojuod Ioy
juowsnipy

JuouwIssasse
uwodn)

sadAy  juowssasse
urlold  JO SPOYIRIN

JUaWISSasse Ohﬂwogxm

(1e0K)
qurpeseq
je a3y

(uow
Jo %) Xog

Sased

SI_qeRIp ¢
adKy jo "oN  9zrs 11040)

(189K) s1B9k
dn-mor[oq

sIeak
qurpaseg 11040D) Anuno)  soouAIOy (I

(ponunuoo) | sjqey

pringer

a's



European Journal of Nutrition (2019) 58:1351-1367

1360

paisnfpe
A[remnuw
Arom Ay}
‘urojoxd
juerd pue
[ewIue 104
‘TING pue
‘assaid
poolq
‘9soon[3
ewseld ‘Jej
suen ‘vdnd
‘VANIN
‘VdAS “10qy
‘A310u9
‘Xopur
OTRA[3
Jo ayejul
‘oyejur
[oyooe
‘unjowrs
‘Knanoe
[eorsAyd ‘smy
-B)S o1uIou
-00901908
‘Kyoruyle
Xos ‘98

urajoxd
juerd
pawIyuod ‘urojord
-uerorsAyd Tewrtue
s ‘urajord Od4
y10doI-J[o§ [e0L PpajeplfeA

08-LC

€8¢

676 €T8°1T

LTl

LO0T—0661

SOOIN

BI[RIISNY

[82]
‘Te 30 Sueys L

S10
-punojuod Ioy
juowsnipy

sadAy  juowssasse

ue)Jold  JO SPOUIRN
JUSWISSISSE

QWodINQ JUaWISSasse Ohﬂwogxm

(1e0K)
qurpeseq
je a3y

(uow
Jo %) Xog

Sased

SI_qeRIp ¢
adKy jo "oN  9zrs 11040)

(189K) s1B9k
dn-mor[oq

sIeak
qurpaseg

11040D

Anuno)

soouRIly I

(ponunuoo) | sjqey

pringer

Qs



1361

European Journal of Nutrition (2019) 58:1351-1367

jej pojernjesunkjod V.74 ‘1eJ PRIBINESUNOUOW /) J4 VB} PRAIBINIES V7S ‘Xapul ssew Apoq Jiyg ‘erreuuonsanb Kousnbaij-pooy G4 ‘Apnis 1030, Ysy seasi(] J1edy orwoydsy ordony GHIY ‘Apms
110Y0D) 9ANEBIOGR[[0D) AUINOG[IA oY) SO ‘ApmiS 2andadsold paseg-10ud) yifesH d1qnd ueder oy DHJ L ‘ApmS dn-mo[[o] s[euolssajoid YI[edH oY) S/ JH ApmS YI[eaH SOSINN U} SHN ‘UONLINN pue Idue)) ojul
uonesnsoau] aAnodadsorq ueadoing oyl DJJA ‘YIEH S, USWOA\ U0 Apm§ [eurpmiSuo uerensny ay) M STV Hoyod 1a0ue)) pue 191 OWRIA D@ ‘QANRHIU] YI[BIH S USWOA ) JHA ‘KPS YI[eaH S, USWOA YL SHM

urnsur
wnIas
Sunsej pue
‘asoon(3
ewserd
Sunsey
‘TINF ‘sproe
Kyej-suen
pue v4d
VAON
‘VdS pue
‘[0191$9[0YD
‘991J00
‘SN ‘1oqy
Jo sayejul
K1eyotp pue
Xopur oTwad
-K13 ‘oyerur
[oyooe
pueR UnLLIdJ
wnIos
‘Kanoe
TeorsAyd
QWIN-AINSII|
‘uoneonpa
‘Junjows jo
s1eak-yoed
‘sajeqeIp
Jo A103STY
A[rurey ‘uon
-eoIpoul
uorsua)
-1odAy jo
asn ‘Quiodut
‘snje)s el
-Tewr ‘ayejur
AS19U9
Ik uoneu

-Twrex? ‘98y

Ansi3ax

a3reyosip
[endsoy urajoxd
[euonjeu juerd
y3noxyp ‘urojord
uonepIfeA [ewiue
m ‘urajord

PI0931
y10doI-J[o§

[BIOL pooy skep 4

09-¢v

001

[4%% (434

€6l

68611861

dHIX

pueuLf

l6c] T80
uouelIA  §

S10
-punojuod Ioy
juowsnipy

sadAy  juowssasse

ue)Jold  JO SPOUIRN
JUSWISSISSE

QWodINQ JUaWISSasse Ohﬂwogxm

(1e0K)
qurpeseq
je a3y

(uow
Jo %) Xog

Sased

SI_qeRIp ¢
adKy jo "oN  9zrs 11040)

(189K) s1B9k
dn-mor[oq

sIeak
qurpaseg

11040D

Anuno)

soouRIly I

(ponunuoo) | sjqey

pringer

a's



1362

European Journal of Nutrition (2019) 58:1351-1367

two in Europe [13, 29], and one in Japan [30]. Nine studies
analyzed the effect of total protein and eight studies ana-
lyzed the effect of protein subtype (animal protein and plant
protein). Four studies used interview-based food-frequency
questionnaires [25, 26, 28, 31], and one used 4-day food
record [32] and another five used self-administrated food-
frequency questionnaires [14, 27, 30] to obtain information
on the protein intake. T2D case ascertainment was through
self-report in six studies, of which five studies with combina-
tion of registry information and another one with physician-
confirmed diagnoses. All studies controlled age, sex, body
mass index (BMI), physical activity, smoking, and alcohol
use. Furthermore, most studies additionally provided results
that did not adjust BMI. Most studies adjusted energy intake
(n=9) and family history of T2D (n=7). As displayed in
Table S3, all studies included in the current analysis were
of high quality (All quality scores > 6).

Highest versus lowest category

Figure S1 shows the relative risks of T2D related to protein
intake by comparing participants in the highest category
with those in the lowest category. Total protein and ani-
mal protein but not plant protein were significantly asso-
ciated with higher T2D risk no matter whether BMI was
adjusted (Figure S1). Apart from plant protein when BMI
was not adjusted, no significant between-study heterogeneity
was found for other exposures. We did not find evidence of
publication bias in above associations (Fig. S3). In sensitiv-
ity analysis, the results were similar to the overall estimate
when we excluded one study at a time (Fig. S5).

Dose-response meta-analysis

All included studies provided sufficient information for
dose-response analyses. In models that adjusted for BMI,
total protein and animal protein consumption showed a
significantly positive association, while plant protein pre-
sented a borderline inverse correlation with T2D incidence
in a linear fashion (Fig. 2a). For a 5% of energy increment
from protein, the relative risk of T2D was 1.09 (95% CI
1.04, 1.13) for total protein, 1.12 (95% CI 1.08, 1.17) for
animal protein, and 0.86 (95% CI 0.75, 1.00) for plant pro-
tein. Variances in heterogeneity between studies were 42.0%
(P=0.078), 14.0% (P=0.317), and 34.2% (P =0.144) for
total, animal, and plant protein accordingly. No evidence of
publication bias was detected (Fig. S2). Sensitivity analysis
with one study at a time was excluded which showed that
the pooled relative risks were not materially influenced by
a single study (Fig. S4). When we excluded Tinker’s study
which failed to adjust energy intake, the results remain stable
and robust (Pooled RR ., 5¢ of Enerey from protein = 1-07, 95% CI
1.02, 1.12; ?=29.8%, P=0.180). When we restricted our
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analysis in studies with use of semi-FFQ, the results did not
change materially. The sex-specific results were also consist-
ent with our main analysis. To determine whether animal or
plant protein per se can exert its effect on T2DM, we ana-
lyzed studies with models in which animal or plant protein
was mutually adjusted. However, the results seem to be in
consistence with main analyses. These sensitivity results are
provided in Table S4.

By combining studies that provided results before adjust-
ment for BMI (seven studies for total protein; six studies for
animal protein and plant protein), an increased intake of 5%
of energy was related to a 36% (95% CI 1.23, 1.52) higher
risk of T2D for total protein and a 32% (95% CI 1.27, 1.36)
higher risk for animal protein (Fig. 2b).

In models failed to adjust BMI, we observed statistically
significant nonlinear associations of T2D risk with total and
animal protein intake (Fig. 3b, d). However, these nonlinear
relationships became insignificant when adjusted for BMI
(Fig. 3a, c). In addition, we observed a significant nonlinear
association of T2D risk with plant protein intake in both
models with BMI adjusted and BMI not adjusted (Fig. 3e, f).
With the increase of dietary plant protein intake, a U-shaped
relationship was observed for risk of T2D with the maxi-
mum reduction occurred at about 6% of energy from plant
protein intake. However, with further increase in consump-
tion, the relative risk tended to be closer to the null.

Discussion

To our knowledge, the present study is the first time to
quantitatively assess the T2D risks related to total protein
and protein type from prospective studies. In models that
adjusted for BMI, we found that a 5% of energy increase in
consumption of total and animal protein was related to a 9
and 12% higher risk of T2D, respectively. For plant protein,
we observed a statistically significant nonlinear associa-
tion with the largest risk reduction at intake of about 6%
of energy from plant protein. These associations attenuated
but remained statistically significant compared to the results
without BMI adjusted.

Results from the current study were in agreement with the
previous studies on T2D risk related to diets high in protein.
A meta-analysis showed each 100 g unprocessed red meat
per day and each 50 g processed red meat per day increase
were associated with 19% (95% CI 1.04, 1.37) and 51% (95%
CI 1.25, 1.83) higher risk of T2D, respectively [6]. Summary
results including six eligible observational studies on nuts
and T2D suggested that nuts were inversely associated with
T2D (RR 0.87; 95%CI 0.81, 0.94) [8]. In addition, another
meta-analysis on dietary patterns found that the Mediterra-
nean diet characterized by high plant-based food was associ-
ated with 23% (95% CI 0.66, 0.89) lower risk of developing
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Fig.3 Dose-response analysis of the association between dietary protein intake and incident type 2 diabetes with (a, ¢, e) or without adjusted for
body mass index (b, d, f). Total protein (a, b); animal protein (¢, d); plant protein (e, f)

T2D by comparing the upper and the lowest available centile
[33]. For western diet high in animal food, the relative risk
was 1.41 (95% CI 1.32-1.52) for people in the highest cat-
egory compared with the lowest category [34]. Although we
cannot rule out the possibility that these observed associa-
tions were related to other components in foods, our results
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indicated these relationships were attributed at least partly
if not all to the protein consumption.

The biological mechanism of dietary protein impact on
T2D risk was largely unknown. There are several potential
explanations for the observed associations of total protein
and protein sources with T2D development. Studies sug-
gested that dietary protein may increase glucagon, which is
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a contributor to high blood glucose level [35]. In addition,
dietary proteins are also known to promote the secretion of
insulin, while hyperinsulinemia is a risk factor for insulin
resistance [4, 36]. The discrepancy in effect between animal
protein and plant protein may be determined by the differ-
ence of amino acid composition. In metabolomics studies,
branched-chain and aromatic amino acids, such as leucine,
tyrosine, and phenylalanine, were found to be positively
related to incident T2D [37, 38]. Although these amino acids
exist in all high-protein contents food, they mainly present
in animal food like meat and dairy [39]. All the above-men-
tioned biological effect might explain the positive associa-
tion of total and animal protein with T2D risk as well as the
different impact between animal protein and plant protein.
Recommendations of dietary intake of protein for diabet-
ics should not exceed 20% of energy intake in U.S. [40], but
the true relationship between protein consumption and T2D
remains unknown. The current study improved the evidence
that total and animal protein should be considered for T2D
prevention in general population and provided the ideal daily
intake amount of plant protein for T2D prevention according
to its dose—response association with T2D risk. In addition,
studies have previously suggested that high intake of total
and animal protein was positively related to mortality risk,
while plant protein inversely was associated with risk of
deaths, which was also partly supported our findings [41,
42]. As all except one studies included in the present meta-
analysis were conducted in countries with a Westernized
lifestyle and food source and consumption level of pro-
tein varied among people in different places, future stud-
ies should explore the relationship between dietary protein
intake and health outcomes in other geographical locations.
Furthermore, studies investigating its associations with
other diseases such as cardiovascular diseases and cancer
are needed to assess the effect of protein comprehensively.
Strengths of the meta-analysis included the prospective
cohort design of original studies, which greatly reduced
the possibility of recall bias. A large number of cases and
participants provided sufficient statistical power to figure
out the association between dietary protein and incident
T2D. Though two studies have summarized the associa-
tions between dietary proteins and T2D, they just provided
results from comparisons of high- and low-protein con-
sumers [28, 43]. In the current analysis, we provided a
comprehensive and quantitative analysis and broadened
the evidence on this topic. Finally, studies included in
this meta-analysis adjusted most of the known potential
confounding factors to rule out substantial amount of con-
founding bias. For total protein intake, all included studies
except for Tinker’s [26] adjusted energy and fat intake in
the multivariable model, which means that the impact of
dietary protein can be interpreted as the effects of substi-
tuting dietary protein for dietary carbohydrate. When we

only included studies using substitution models, results did
not change materially compared with our main analysis.

Some limitations also should be considered. First, residual
confounding still might exist though most confounders were
taken into consideration in original studies. For example, the
observed association between protein and T2D risk might be
caused by other factors related to protein intake such as iron
and nitrates in protein-rich food. Second, the potential role
of obesity as a potential mediator or confounding factor is
unclear, so we presented the associations adjusting with and
without adjustment for BMI in the current analysis to elucidate
the possible difference. However, unfavorable effects of total
and animal protein independent of obesity may exist as the
direction and significance of the association unchanged with
adjustment for BMI. Third, some degree of heterogeneity was
detected. Differences in study locations, sex, various sources
and types of protein, cohort size, and follow-up time could
lead to the heterogeneity. We provided sex-specific results
with no significant differences observed. When excluded
Tinker’s study [16], we observed the I? changed from 42.0 to
29.8%. Another limitation is the underlying publication bias.
Although, in the primary analysis, we did not detect publica-
tion bias using a statistical method, since test power for publi-
cation bias was limited, especially when the number of studies
was not many.

In conclusion, we found total protein was associated with a
higher risk of T2D and this association was largely due to the
protein of animal origin. Plant protein has a modest nonlinear
dose-response association with T2D risk. Therefore, public
health recommendations should consider the protein sources
for T2D prevention.
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