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Abstract

This umbrella review aimed at assessing whether a protein intake exceeding the current recommendation for younger (0.8
g/kg body weight [BW]/day) and older (1.0 g/kg BW/day) adults affects bone mineral density and fracture risk. Moreover,
the effect of animal or plant protein was evaluated. A systematic literature search was conducted in PubMed, Embase, and
Cochrane Database of Systematic Reviews for systematic reviews (SRs) with or without meta-analysis of prospective stud-
ies published between 11/2008 and 08/2021. Methodological quality, outcome-specific certainty of evidence, and overall
certainty of evidence of the retrieved SRs were assessed using established tools and predefined criteria. Eleven SRs of ran-
domized controlled trials (RCTs) and/or cohort studies were included. In SRs of cohort studies and RCTs, protein intake/kg
BW/day ranged between 0.21-0.95 g (low intake) and > 1.24 g (high intake), respectively, and between 0.67—1.1 g (control
groups) and 1.01-1.69 g (intervention groups), respectively. The vast majority of outcome-specific certainty of evidence
was rated “low” or “very low.” The overall certainty of evidence for an association (cohort studies) or effect (RCTs) of total,
animal or plant protein intake on each of the investigated outcomes was rated “insufficient,” with the exception of possible
evidence for a reduced hip fracture risk by high vs. low protein intake. Since protein intakes in low/control and high/inter-
vention groups were very heterogeneous and with low certainty of evidence, it remains unclear whether a dose above the
current recommendation or type of protein intake (animal or plant protein) affects bone health overall. However, there is
possible evidence for reduced hip fracture risk with high versus low protein intake.
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Abbreviations RCT Randomized controlled trial
AMSTAR 2 A Measurement Tool to Assess Systematic SR Systematic review
Reviews 2
BMD Bone mineral density
BW Body weight Introduction
En% Energy percentage
MA Meta-analysis An adequate bone strength is important for proper bone

function [1], whereas low bone mineral density (BMD) is
associated with an increased risk of osteoporotic fractures

[2].
>4 Armin Zit:l‘?rma“nh Odeed Protein plays an important role in bone health [3] and
corresponding_author(@dge.de preservation of muscle mass [4]. Bone and muscle are inter-
Extended author information available on the last page of the article connected tissues whose mass and function are integrated
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at the biological as well as mechanical level [3, 5]. Muscle
forces are the most important stimuli for bone mass main-
tenance and accretion [6], whereas mechanical unloading
results in negative nitrogen balance, loss of muscle mass,
and bone catabolism [7].

Mechanistically, dietary proteins provide important com-
ponents for both bone and skeletal muscle mass which act
in different ways: first, they provide amino acids essential
for the synthesis of bone matrix and skeletal muscle pro-
teins. Second, specific amino acids such as branched-chained
amino acids stimulate gene expression of insulin-like growth
factor-1, a hormone that exerts anabolic effects on bone and
muscle [8, 9]. Third, whey peptide has been suggested to
decrease bone and muscle breakdown during aging through
anti-inflammatory pathways [10].

In animal models, both low and high dietary protein
intakes have shown to suppress the acquisition of bone
mass and the increase in bone strength during growth in
comparison to moderate protein intake [11]. In prepubertal
boys, a low vs. higher protein intake also impacts weight-
bearing peak bone mass and strength [12]. In 2017, the
revised reference values for the intake of protein of the
nutrition societies of Germany, Austria, and Switzerland
(D-A-CH) were set for adults < 65 years and adults > 65
years of age at 0.8 and 1.0 g protein/kg body weight [BW]/
day, respectively [13]. A recent review [14] has updated
the knowledge about the effects of dietary protein on the
risk of osteosarcopenia (the joint loss of bone density and
muscle mass). The authors concluded that a protein intake
of 1.2-1.5 g/lkg BW/day may attenuate osteosarcopenia in
older adults (> 65 years of age).

The upcoming evidence-based guideline for protein intake
of the German Nutrition Society (DGE) addresses the key
questions of whether dietary protein intake with regard to
quantitative (higher vs. lower) and qualitative (overall, plant-
based, animal-based) considerations affects the develop-
ment of selected health-related outcomes, among them bone
health, in the general adult population. The aim of the present
umbrella review was whether a protein intake exceeding the
currently recommended protein intake for younger and older
adults exerts beneficial or adverse effects on bone metabolism
markers, total or site-specific bone mineral density (BMD),
and fracture risk. In addition, the effect of the type of protein
(animal or plant protein) was evaluated.

Methods

We conducted an umbrella review (PROSPERO:
CRD42018082395) following the methodology published
by Kroke et al. [15]. All methodological steps were con-
ducted independently by two authors. Any disagreements
were resolved by discussion to achieve consensus.
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Literature search

A systematic literature search was conducted in PubMed,
Embase, and Cochrane Database of Systematic Reviews for
sytematic reviews (SRs) published between 1 November
2008 and 17 August 2021. The date of 1 November 2008
originates from the decision to cover a 10-year period; i.e.,
the initial database search was conducted on 16 November
2018, and the last update was made on 17 August 2021. The
search strategy is presented in Supplementary Material S1.
In addition to the database search, reference lists of included
SRs were screened for further SR of relevance.

Literature selection

Titles and/or abstracts of retrieved studies were screened
according to predefined inclusion and exclusion criteria [15]
to identify potentially eligible SRs. The full texts of these
records were retrieved and assessed for eligibility. It was
tolerated that some of the primary studies were incorporated
more than once in different SRs. An overview of primary
studies included in different SRs is shown in Supplementary
Material S2.

Publications were included if they met the following
criteria: (i) evaluated the association between protein
intake and bone health, (ii) population was the general adult
population including older adults and recreational athletes,
(iii) study design was an SR with or without meta-analysis
(MA) of prospective studies with human study participants,
i.e., randomized controlled trials (RCTs), prospective
cohort studies, case-cohort studies, or nested case-control
studies. SRs also considering case-control studies were only
included if prospective studies were predominant (> 50%
of all studies), (iv) written in English or German, and (v)
published between 11/2008 and 08/2021 [15].

Data extraction

Relevant data from each SR included were extracted into a
standardized table.

Approaches to assess the quality and certainty
of evidence

To reach a conclusion regarding protein intake and bone
health, we proceeded in three steps. First, we assessed the
methodological quality of retrieved SRs. Second, we used
a scoring tool to assess the certainty of evidence of an
association or effect between protein intake and different
bone health-related outcomes such as fracture, BMD,
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and biomarkers of bone metabolism. Third, we rated the
overall certainty of evidence separately for each relevant
exposure—outcome association (e.g., protein intake and
fracture risk) considering all relevant SRs.

Methodological quality of SRs

For quality assessment, a modified version of the AMSTAR 2
(A Measurement Tool to Assess Systematic Reviews 2) tool
[16] was used (Supplementary Material S3). This version of
AMSTAR 2 contains 14 items evaluating the methodological
quality of the SR. SRs were rated on a scale from high quality
to critically low quality according to the existence of criti-
cal and non-critical methodological weaknesses. SRs rated
as “critically low” by AMSTAR 2 were excluded from the
rating of the overall certainty of evidence.

Outcome-specific certainty of evidence of SRs

The outcome-specific certainty of evidence of included
SRs with and without MA was assessed using a modified
version of the NutriGrade scoring tool [17] (Supplementary
Materials S4 and S5), and the modifications are described
in detail in our methodological protocol [16]. NutriGrade
aims to assess the certainty of evidence of an association
or effect between different dietary factors and outcomes,
taking into account nutrition research-specific requirements
not considered by other tools. An important novelty of
NutriGrade was the modified classification for MA of RCTs
and cohort studies compared with the traditional GRADE
(Grading of Recommendations, Assessment, Development,
and Evaluation) approach (initially classifying RCTs with a
high score and cohort studies with a low score) [15]. This
tool utilizes a numerical scoring system and comprises seven
items for SRs with MA of RCTs and eight items for MA of
cohort studies. Based on a scoring system of a maximum
of 10 points, the potential outcome-specific certainty of the
evidence was rated based on four categories ranging from
high (> 8 points) to moderate (6 to < 8§ points) to low (4
to < 6 points) to very low (0 to < 4 points). Risk of bias
contributes 3 points for RCTs and 2 points for cohort studies
to the scale. The NutriGrade scoring tool was modified for
the assessment of SRs without MA; the adaptions have
already been described in detail by Kroke et al. [15]. For SRs
reporting more than one relevant outcome, each outcome
was assessed separately.

Rating the overall certainty of evidence
and deriving conclusions

The overall certainty of evidence was assessed separately for
each relevant exposure-outcome combination according to
the framework outlined in the protocol on methodological

procedure [15] and in Table 1. Briefly, the overall rating
ranges from convincing, probable, possible, to insufficient.
At first, we assessed whether there is at least one SR with
or without MA of prospective studies. If more than one SR
with or without MA was available, all (convincing) or the
majority (probable, possible) of the results must be consist-
ent. Biological plausibility must be given in any case (posi-
tive or inverse association). In the final step, the results of
the AMSTAR 2 and NutriGrade ratings were considered.
Depending on the level of evidence, the SRs must have
achieved a certain rating in both tools. If no SR is identi-
fied or if the majority of SRs reached a very low outcome-
specific certainty of evidence and/or a low methodological
quality, the overall certainty of evidence was considered
insufficient. For this publication, two authors (AZ, HBF)
made suggestions for rating the overall certainty of evidence.
This rating was double-checked by a staff member of the
German Nutrition Society (NK) and thereafter reviewed by
all co-authors. The final ratings of the overall certainty of
evidence were approved by all authors.

Results

In total, 7336 records were initially identified by literature
search. After the removal of duplicates, 6421 records were
screened based on title and abstract. We identified 128
potentially eligible records, and eleven SRs were finally con-
sidered to be eligible with respect to inclusion and exclusion
criteria [18-28]. The literature selection process is outlined
in the flow diagram shown in Fig. 1. A list of the excluded
studies after full-text assessment, including justifications
for exclusion, is provided in Supplementary Material S6.
Two SRs were excluded from the evaluation because of a
“critically low” AMSTAR 2 rating [29, 30]. The reason for
exclusion was that Wallace et al. [29] failed both to con-
duct an adequate risk of bias assessment and to carry out
an adequate investigation of publication bias. Tsagari et al.
[30] failed to (i) use a comprehensive literature search strat-
egy, (ii) report the number of excluded studies including
their rationale, and (iii) provide an adequate risk of bias
assessment.

Characteristics of the included systematic reviews

Table 2 shows the characteristics of the eleven included
SRs. These were published between 11/2009 and 01/2020
and considered in total 61 primary studies. Three
were SRs with MA of RCTs [21, 23, 27], two were SRs
with MA of cohort studies [20, 24], two were SRs of
RCTs without MA [18, 22], and one was an SR of cohort
studies without MA [26]. One SR with MA [28] and one
without MA [25] included both RCTs and cohort studies.
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Table 1 Grading the overall certainty of evidence according to meth-
odological quality, outcome-specific certainty of evidence, biological

plausibility and consistency of results, and definition of the overall

certainty of evidence in a modified form according to the GRADE
approach [1, 2]

Overall
certainty of
evidence

Underlying criteria

Definition/explanation

Convincing

Probable

Possible

Insufficient

e At least one SR with or without MA of prospective studies
available

o If more than one SR with or without MA are available: all
overall results must be consistent'

e In case of a positive or negative association, biological
plausibility is given

e All included SRs with or without MA must reach at least
a “moderate” outcome-specific certainty of evidence?;
in addition all included SRs must reach at least a
methodological quality® of “moderate”

o At least one SR with or without MA of prospective studies
available

o If more than one SR with or without MA are available, the
majority of overall results must be consistent.'

e In case of a positive or negative association, biological
plausibility is given

e The majority* of included SRs with or without MA
must have reached at least a “moderate” certainty of
evidence?; in addition all included SRs must reach at least a
methodological quality® of “moderate”

e At least one SR with or without MA of prospective studies
available

o If more than one SR with or without MA are available, the
majority of overall results must be consistent.'

e In case of a positive or negative association, biological
plausibility is given

e The majority* of included SRs with or without MA must
reach at least a “low” certainty of evidence?; in addition
the majority* of all included SRs must reach at least a
methodological quality? of “moderate”

e No SR is available

OR

e The majority* of included SRs with or without MA reach a
“very low” certainty of evidence?; in addition the majority
of all included SRs reach a methodological quality® of “low”

There is high level of confidence that the true effect lies close to
that of the estimate(s) of the effect

There is moderate confidence in the effect estimate(s):
The true effect is likely to be close to the estimate of the effect,
but there is a possibility that it is substantially different

Confidence in the effect estimate(s) is limited:
The true effect may be substantially different from the estimate
of the effect

There is very little confidence in the effect estimate (s):
The true effect is likely to be substantially different from the
estimate of effect

References: 1Kroke A, Schmidt A, Amini AM et al. (2022) Dietary protein intake and health-related outcomes: a methodological protocol for
the evidence evaluation and the outline of an evidence to decision framework underlying the evidence-based guideline of the German Nutrition
Society. Eur J Nutr 61:2091-2101. https://doi.org/10.1007/s00394-021-02789-5

2Alonso-Coello P, Schiinemann HJ, Moberg J et al. (2016) GRADE Evidence to Decision (EtD) frameworks: a systematic and transparent
approach to making well informed healthcare choices. 1: Introduction. BMJ 353:i2016. https://doi.org/10.1136/bmj.i2016

LConsistent = overall results of the SR have to be consistently either risk reducing or risk elevating or consistently showing no risk association

2Qutcome-specific certainty of evidence refers to the NutriGrade rating

3Methodological quality refers the AMSTAR 2 rating; SRs graded as “critically low” by AMSTAR 2 are not considered.

“Majority: > 50% of the included SRs

Abbreviations: MA meta-analysis, SR systematic review

A further SR with MA included RCTs, cohort, and cross-
sectional studies [19]. The included SRs investigated the
following outcomes: fractures [19, 20, 24-26, 28], BMD
[18-23, 25, 27, 28], bone mineral content (BMC) [20, 21],
bone metabolism markers [18-20, 22, 23, 26], falls [25],
and bone loss [25, 26]. Nine SRs investigated the effect/

@ Springer

association of total protein intake [19-21, 23-28], six SRs
the effect/association of animal protein intake [18, 19,
24-26, 28], five SRs the effect/association of plant pro-
tein intake [19, 24-26, 28], and one SR the effect of plant
vs. animal protein intake [22]. The intervention period
of included RCTs ranged from 38 days to 3 years and
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Records excluded based on title
and abstract review (n = 6293)

Full-text articles excluded (n = 117):

= Relevant diet-disease relationship not

= Only abstract available (n = 23)

= Critically low AMSTAR 2 rating (n = 2)

Fig. 1 Flow diagram on systematic reviews included

follow-up of included cohort studies from 1 to 32 years.
One SR provided no information on follow-up [24]. One
SR was restricted to peri- or postmenopausal women [22],
whereas the other ten SRs included data of both sexes.
Four SRs focused on older adults [18, 20, 22, 25]. Six SRs
were based on adults over 18 years [19, 21, 23, 24, 27,
28] and one on participants aged 14 years or older [26].
In one SR, health status was not reported [24]. The other
ten SRs were primarily based on a healthy adult popu-
lation [18-23, 25-28], but some included additionally
studies with subjects suffering from sarcopenia, frailty,
overweight, obesity, prehypertension, hypertension,

)
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hyperlipidemia, or metabolic syndrome. One SR included
exclusively RCTs on participants actively losing weight
[21].

Methodological quality

Overall scores of AMSTAR 2 for each included SR are
reported in Table 2. Supplementary Material S7 provides
a more detailed overview showing the assessments of each
individual item. Methodological quality was rated as high
for five SRs [18, 20, 24, 25, 27], moderate for two SRs [26,
28], and low for four SRs [19, 21-23].
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Outcome-specific certainty of the evidence

Overall scores of NutriGrade for each SR are summarized
in Table 2. Briefly, out of the 57 NutriGrade ratings, 28
were very low, 24 were low, and five were moderate.
Supplementary Material S8 provides a more detailed
account showing the assessments of each individual
NutriGrade item.

Range and type of protein intake

In SRs of cohort studies (Table 2), the range of protein
intake was > 1.2 g/kg BW/day (high protein intake) vs.
0.21-0.95 g/kg BW/day (low protein intake) or ranged from
17.4 to 30.8 Energy% (En%) vs. 5.6 to 19.9 En%. There
was a large overlap of total protein intake in SRs, with high
and low intake ranging from > 50.1 g/day vs. < 68.0 g/day,
respectively. Similarly, the intake of animal and plant pro-
tein showed large overlap, ranging from > 20.6 g/day (high
animal protein intake) vs. < 51.0 g/day (low animal protein
intake) and from > 13.3 g/day (high plant protein intake) vs.
< 18.0 g/day (low plant protein intake), respectively.

In SRs of RCTs (Table 2), protein intake ranged from 1.01
to 1.69 g/kg BW/day (intervention groups) vs. 0.67 to 1.1 g/
kg BW/day (control groups) or from 20 to 30 En% vs. 14 to
18 En%. Total protein intake varied largely between single
SRs in intervention groups and control groups (20.4-45.0 g
protein/day vs. 0-2.1 g protein/day, respectively). The range
of animal protein intake was 25 to 30 En% vs. 15 to 18 En%
or ranged from 1.2 g/lkg BW/day vs. 1.1 g/lkg BW/day. In the
SRs, the underlying RCTs provided from 40 mg/day to 45 g/
day animal protein (intervention groups) vs. 0 to 2.1 g/day
(control groups). The range of plant protein was 18 to 40
g/day vs. 0 g/day. One SR with MA [22] compared animal
protein vs. plant protein with supplement doses ranged from
18 to 40 g/day vs. placebo. Although protein intake between
the included SRs varied strongly, even within groups of high
and low intakes (cohort studies) or intervention and control
groups (RCTs), we tried to answer our research question by
comparing high vs. low protein intake and intervention vs.
control groups.

Fracture risk

All SRs regarding fracture risk were exclusively based on
data from observational studies. Four SRs with MA [19, 20,
24, 28] and two SRs without MA [25, 26] reported data on
protein intake and total fracture risk. The vast majority of
SRs did not observe an association of high protein intake
vs. low protein intake on total fracture risk, neither for total
protein intake (three out of four SRs) nor for plant protein
intake (three out of three SRs) [19, 24, 26]. Two SRs [19,
24] observed no association between high vs. low animal

protein intake on total fracture risk, whereas two SRs [25,
26] observed a positive association. The two SRs without
MA that reported an association between total fracture risk
and higher animal protein intake were of high [25] and
moderate [26] methodological quality; however, both of
them included a single cohort study.

Whereas the methodological quality of the majority
of SRs reached at least a “moderate” rating, the majority
of SRs reached only a “very low” outcome-specific
certainty of evidence. Therefore, the overall certainty of
evidence for an association of higher total or plant protein
intake on total fracture risk was rated “insufficient.” For
the association between animal protein intake and total
fracture risk, the overall certainty of evidence was also
rated “insufficient” due to inconsistent risk associations.

With respect to hip fracture risk, three SRs with
MA were available [20, 24, 28]. Two of them observed
an inverse association between higher protein intake
and hip fracture risk [20, 24]. Both SRs were of high
methodological quality and were based on a higher number
of individual studies than the SR by Darling et al. [28] that
did not observe an association. Groenendijk et al. [20]
reported a significant mean risk reduction of 11% for a
total protein intake above 0.93 g/kg BW/day compared
to a lower intake in adults aged 65 and older. The SR by
Wau et al. [24] included six cohort studies with 270,011
participants (aged 18 to 89 years) and also reported a
risk reduction of 11% by high vs. low protein intake. In
addition, Wu et al. explored a possible dose-response
relationship between the amount of daily protein intake
within a daily range of 45 to 105 g protein and hip fracture
risk, using data of three sub-studies which met dose-
response meta-analysis criteria. Although statistically
non-significant, results were generally consistent with
their data on low vs. high protein intake. Neither higher
intakes of plant nor of animal protein were associated with
hip fracture risk in two SRs [24, 28]. Altogether, two out
of three SRs reported consistently an inverse association
between total protein intake and the risk of hip fractures.
The majority of SRs reached a high methodological
quality, but were only rated “low” by NutriGrade. Thus,
there is possible evidence for a decrease in hip fracture risk
for higher vs. lower total protein intake. None of the SRs
observed an association between animal or plant protein
intake and hip fracture risk. The methodological quality
of all SRs reached at least “moderate,” but the outcome-
specific certainty of evidence was rated as very low for
each SR. Consequently, the overall certainty of evidence
was rated “insufficient” for a significant association of
higher animal or plant protein intake on hip fracture risk.

One SR with MA reported data on protein intake and
limb fracture risk in two cohort studies [24]. Wu et al.
[24] did not observe a statistically significant association
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between total and plant protein intake and limb fracture
risk, but there was a strong heterogeneity, and the
outcome-specific certainties of the evidence were rated
“very low.” Due to the “very low” NutriGrade-rating, the
overall certainty of evidence for an absent association
between total and plant intake and limb fracture risk was
judged to be insufficient.

Bone mineral density

Five SRs with MA [19, 21, 23, 27, 28] and four SRs without
MA [18, 20, 22, 25] reported data on BMD at different
skeletal sites (Table 2). None of the SRs that examined
the relations between total protein intake and total body
BMD [20, 21, 25, 27] or total hip BMD [20, 21, 23, 27],
respectively, found an association (cohort studies) [20] or
effect (intervention studies) [21, 25, 27]. The methodological
quality of included SRs was only “moderate,” and the
majority of included SRs reached a “low” outcome-specific
certainty of evidence. Therefore, the overall certainty of
evidence that higher total protein intake does not affect total
body/hip BMD was rated as “possible.” For the relationship
between total protein intake and total hip BMD, the
majority of included SRs reached at least a “low” outcome-
specific certainty of evidence, but half of them were of low
methodological quality. Accordingly, the overall certainty of
evidence was judged as “insufficient” for an absence of an
association (cohort studies) or effect (intervention studies)
between total protein intake and total body/hip BMD.

Regarding lumbar spine BMD, three out of six SRs
including in total seven RCTs reported null effects of
higher protein intake [19, 27, 28]. One SR of cohorts did
not show any consistent results [20], and the other two SRs
reported a statistically significant higher lumbar spine BMD
by a higher protein intake [21, 23]. Wright et al. included
four RCTs with a total of 322 participants comparing high
protein diet (> 1 g/kg BW/day) vs. normal protein diet
[21]. Lumbar spine BMD was statistically significant and
consistently, yet modest, increased by high protein diet. The
SR by Shams-White et al. summarized the effect of high vs.
low protein intake (> 90 g/day vs. < 80 g/day or 25 to 30
En% vs. 15 to 18 En%) in five RCTs with 989 participants
(aged > 18 years) [23]. Higher protein intake statistically
significantly increased lumbar spine BMD without evidence
for heterogeneity. For both SRs, methodological quality
was assessed “low,” and the outcome-specific certainties of
evidence were rated as “low.”

Due to the lack of consistent results, the overall certainty
of evidence for a relationship between the amount of protein
intake and lumbar spine BMD was judged as “insufficient.”

With respect to femoral neck BMD, the vast major-
ity of SRs (three out of four) reported null effects of high
vs. low total protein intake with “low” or “very low”

@ Springer

outcome-specific certainties of evidence [19, 21, 23]. One
SR of six cohort studies did not observe consistent results
[20].

Whereas the majority of included SRs reached at least a
“low” outcome-specific certainty of evidence, the majority
of SRs failed to reach at least a methodological quality of
“moderate.” Therefore, the overall certainty of evidence
was judged as “insufficient” that higher total protein intake
affects femoral neck BMD.

Regarding specific protein sources, Blair et al. [18]
investigated the effect of whey protein on BMD in two RCTs
with 148 healthy participants (mean age: 50-70.5 years).
Both RCTs reported unchanged BMD for supplement doses
of 40 mg/day to 40 g/day with an outcome-specific certainty
of evidence rated as “low.” Another SR that examined
specific protein types found no statistically significant
effects of milk or soy protein on lumbar spine BMD or of
soy protein on femoral neck BMD [19].

The SR by Shams-White et al. [22] compared the effect
of soy vs. animal protein (supplement dose: 18—40 g/day) on
BMD at different skeletal sites in peri- or postmenopausal
women. None of the included RCTs found statistically
significant differences between both protein sources in the
net changes in lumbar spine, femoral neck, or total body
BMD. The outcome-specific certainties of evidence were
“moderate.”

Bone mineral content

There was one SR with MA of RCTs [21] and one SR
without MA of cohort studies [20] on protein intake and
total body BMC. Groenendijk et al. [20] included two cohort
studies with 1406 participants. One cohort study observed
no association of high vs. low total protein intake with
total body BMC, whereas the other cohort study observed
a positive association. The SR by Wright et al. [21] of
seven RCTs with 408 participants did not find a statistically
significant effect of high protein diet (> 1 g/kg BW/day) on
total body BMC, or on femoral neck or lumbar spine BMC,
the latter two results were based on two RCTs.

The majority of included SRs reached neither a moderate
methodological quality nor a low certainty of evidence.
Consequently, the overall certainty of evidence was rated
“insufficient” that a high total protein intake affects total
body BMC. Due to the low methodological quality, the
overall certainty of evidence that the amount of protein
intake does influence femoral neck and lumbar spine BMC
was considered to be insufficient.

Biomarkers of bone metabolism

Markers of bone formation, such as serum osteocalcin
and bone-specific alkaline phosphatase (BAP), as well as
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markers of bone resorption, such as N-terminal telopeptide
(NTX) and C-terminal telopeptide (CTX), were investigated
in five SRs of RCTs, two of them with MA [19, 23] and three
without MA [18, 20, 22].

The SR by Shams-White et al. did not demonstrate
a statistically significant effect of total protein
supplementation on serum osteocalcin [23]. Furthermore,
both cohort studies included in the SR by Groenendijk
et al. showed no association between total protein intake
and osteocalcin [20]. Blair et al. [18] investigated the
effect of whey protein supplementation on osteocalcin, but
in two RCTs included, osteocalcin remained unchanged
with an outcome-specific certainty of evidence rating as
“low.”

Changes in BAP were investigated in two SRs [19,
22]. Darling et al. did not detect a statistically significant
effect of soy protein on BAP (mean difference: — 1.75;
95% CI: — 10.50, 7.01) by consideration of six RCTs with
in total 128 participants [19]. The SR by Shams-White
et al. compared the effect of soy vs. animal protein on
BAP in peri- and postmenopausal women, but did not find
statistically significant treatment effects [22].

Furthermore, Shams-White et al. examined the effect
of soy vs. animal protein on NTX (two RCTs with 91
participants) [22]. There was no statistically significant
treatment effect on NTX, and the certainty of evidence
was rated “low.” The bone resorption marker CTX
was investigated in a single SR [23], which did not
find a statistically significant effect of total protein
supplementation on CTX. The NutriGrade-rating was
“low” [23].

Due to the low methodological quality of the SR by
Shams-White et al. [23], the overall certainty of evidence
that total protein supplementation does not affect serum
osteocalcin or CTX was rated “insufficient.”

With “possible” overall certainty of evidence, there
is no association between total protein intake and NTX.
The reason for this rating was the high methodological
quality of the SR by Groenendijk et al. [20] and the “low”
outcome-specific evidence.

Other outcome parameters

Single SRs without MA reported data on bone loss [25, 26]
or falls [25]. None of the two SRs found consistent results
on the relationship between protein intake and bone loss,
either for total [25, 26], animal [25], or plant protein [25].
Pedersen et al. included a single cohort study of 807 older
adults to examine the association between protein intake
and risk of falls [25]. This cohort study did not report
any statistically significant associations between total,
animal, or plant protein and the risk of falls. The overall

certainty of evidence that there is no relationship between
total protein intake and bone loss was judged as “possible”
as both SRs included reached at least a methodological
quality of “moderate” and the outcome-specific certainty
of evidence was “low” for both associations. With regard
to animal and plant protein, overall certainty of evidence
was rated as possible that their amount does not affect
bone loss, because both outcome-specific certainties of
evidence were rated as “low” and the methodological
quality of the SR by Pedersen et al. [25] was assessed
“high.”

Discussion

This umbrella review summarizes the results of several
SRs on various parameters of bone health such as
biomarkers of bone metabolism, total and site-specific
BMD, and fracture risk. The vast majority of outcome-
specific certainty of evidence was rated “low” or even
“very low.” For most outcome markers, the overall specific
certainty of evidence was rated “insufficient,” with the
exceptions of “possible” for a reduced hip fracture risk by
high versus low protein intake and for no effect of higher
protein intake on total BMD (Supplementary Material
S9). To the best of our knowledge, this umbrella review
is the first to provide a summary evidence assessment of
previous SRs.

Osteoporotic fractures are the most important
outcomes of impaired bone metabolism. Our results
indicate that a beneficial effect of a protein intake above
the recommendation (1.0 g/kg BW/day) in adults > 65
years of age on bone health, specifically hip fracture risk,
cannot be excluded. The SRs on hip fracture risk included
a substantial percentage of elderly people, an age group
that is known for an exponential increase in the risk of
fractures [31], particularly in nursing home residents [32].
As a higher protein intake may have beneficial effects on
skeletal muscle [14], we cannot exclude the possibility
that the beneficial effect of a higher protein intake on hip
fracture risk reduction supported by three SRs with MA
identified here may be explained by beneficial effects
on skeletal muscle [33]. The results on hip fracture risk
obtained from SRs of observational studies are in line with
the results of a secondary prevention trial in older patients
with recent osteoporotic hip fracture [34]. This study could
demonstrate that a daily protein supplementation of 20 g
vs. an isoenergetic placebo attenuates proximal femur bone
loss and reduces in-hospital stay in rehabilitation care
facilities. At baseline, the protein-supplemented group of
that RCT had a daily protein intake of 45 g on average,
corresponding to 0.74 g/kg BW/day, which increased by
supplementation on average to 1.06 g/kg BW/day. In this
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context, it is notable that in community-dwelling older
adults, the prevalence of a protein intake below 0.8 g/kg
BW/day is substantial (14-30%) and increases to 65-76%
if a cut-off value of 1.2 g/kg BW/day is considered [35,
36]. The situation seems to be even worse in nursing home
residents, where a mean daily protein intake of only 0.7
g/kg BW has been reported [37]. Thus, the high risk of
hip fractures in older adults, and particularly in nursing
home residents, may, at least in part, be increased by a
protein intake below the current recommendation. Since
guidelines from expert consensus groups, such as the
European Society on Parenteral and Enteral Nutrition
(ESPEN), already advocate a higher intake of protein than
currently recommended (1.0-1.5 g/kg/day) to retard age-
related muscle loss [38], it is possible that the fracture risk
in older adults may additionally be attenuated by protein
intake > 1.0 g /kg BW/day.

Generally, the evaluation of the effect of protein intake
on the risk of fractures is challenging for several reasons:
First, it may take years or even decades until a nutrition-
related fracture occurs, but it is nearly impossible to
perform long-term RCTs regarding the effect of different
intakes of a macronutrient like protein on bone health. This
explains why only data of observational studies are available
regarding protein intake and fracture risk, where under- and
overreporting of specific foods has to be considered as this
may affect dose-response analysis on protein intake and
fracture risk. Second, there may be interactions between
protein intake, calcium intake, and physical activity [3,
39, 40], and protein-rich foods, such as meat, milk, or soy,
contain many other nutrients, which makes it difficult to
separate a potential protein-related effect from the effect
of other nutrients. Third, even multivariable-adjusted
prospective cohort studies may be biased by unexplained
confounding factors not related to nutrition. Finally,
low-trauma fractures, which are typical in osteoporotic
individuals, are rarely seen in young and middle-aged adults,
who were important target populations of this umbrella
review.

SRs on BMD are at the interface between studies on
fracture as outcome and studies on bone turnover markers,
since BMD is linked to bone strength [1] and thus to
fracture risk [41]. Studies on BMD have the advantage
that substantial effects can be demonstrated already after
several months or 1 or 2 years, making even RCTs possible.
Nevertheless, evidence from available SRs for an effect of
the amount of protein intake on BMD remains insufficient.

Results on biochemical parameters of bone formation
and resorption reflect short- to mid-term bone health.
Theoretically, dietary protein may have anabolic effects
on skeletal muscle or bone protein synthesis, but it may
also adversely increase bone resorption by its calciuretic

@ Springer

effect [42, 43], particularly if animal protein with its rela-
tively high content of sulfur-containing amino acids is
ingested. With respect to the type of protein intake, a
large prospective study in 1035 elderly women showed
that a higher intake of animal vs. plant protein was asso-
ciated with a more rapid femoral neck bone loss and a
higher risk of hip fracture [44]. According to the acid-
base hypothesis, skeletal salts are mobilized from bone
to balance acids endogenously generated from sulfur-
containing, acid-forming amino acid, which are more
prevalent in animal than in plant protein [45]. However,
this hypothesis was challenged by the results of a recently
published RCT, demonstrating an increased bone turnover
among healthy adults by partial replacement of animal
by plant protein [46]. Our umbrella review does neither
reveal beneficial nor adverse effects on bone turnover
markers by protein supplementation. In this regard, soy
and animal protein did not differ substantially. In line
with these findings, some have argued that the calciuretic
effect of protein may be compensated by increased intes-
tinal calcium absorption rather than bone loss [42, 43].
Nevertheless, the results of our umbrella review should
be regarded as preliminary, since in the overall certainty
of evidence was rated “insufficient.”

We need to point out that the quality of SRs available
to date has been limited, especially at the RCT level.
Particularly, the quality of the SRs with MA on protein
intake and BMD was only low to very low [22, 28],
with the exception of the SR with MA on high protein
weight loss diets [21], which was of moderate quality.
A further major limitation is that most SRs with MA
were not restricted to specific risk groups, such as older
adults whose risk of fracture and of inadequate energy
and protein intake is high, and whose requirement on
daily protein intake is probably higher than currently
assumed. Therefore, it is important to mention that one
of the most recent SR with MA [20] showed that in
adults aged > 65, dietary protein intake above 0.93 g/
kg BW/day was inversely associated hip fracture risk.
In addition, there was a wide and overlapping range of
protein intake between groups with low and high pro-
tein intakes in different SRs and its underlying cohorts
or RCTs, thus hampering the detection of clear dose-
response relationships. Finally, it may be not clear why
a classical GRADE assessment (instead of NutriGrade)
was not performed. We are aware that in the meantime,
the GRADE approach was amended in a way that cohort
studies can now also be assigned an initially high score,
when risk of bias tools such as ROBINS-I are used [47].
However, the adjustments were not published until 2019,
whereas the guideline methodology for our umbrella
review was established in 2017.
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Conclusion

Overall, available data regarding the impact of protein
intake on bone health from SRs are insufficient to draw
reliable conclusions for the general adult population. How-
ever, there is “possible” evidence for a reduced hip fracture
risk by high versus low protein intake. Since osteoporotic
fractures increase exponentially with higher age [31], and
guidelines from expert consensus groups, such as the Euro-
pean Society on Parenteral and Enteral Nutrition (ESPEN),
already advocate a higher intake of protein than currently
recommended (1.0-1.5 g/kg/day) to retard age-related mus-
cle loss [38], future research and analyses should focus on
the effect of higher protein intake on bone health in adults
aged 65 or older. In addition, more high-quality research
regarding the effect of dose and type of protein on bone
health in the entire adult population is needed.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00198-023-06709-7.
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