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Abstract

Background: It was the aim of the present systematic review and meta-analysis to investigate the effects of high protein
(HP) versus normal/low protein (LP/NP) diets on parameters of renal function in subjects without chronic kidney disease.

Methods: Queries of literature were performed using the electronic databases MEDLINE, EMBASE, and the Cochrane Trial
Register until 27th February 2014. Study specific weighted mean differences (MD) were pooled using a random effect model
by the Cochrane software package Review Manager 5.1.

Findings: 30 studies including 2160 subjects met the objectives and were included in the meta-analyses. HP regimens
resulted in a significantly more pronounced increase in glomerular filtration rate [MD: 7.18 ml/min/1.73 m2, 95% CI 4.45 to
9.91, p,0.001], serum urea [MD: 1.75 mmol/l, 95% CI 1.13 to 237, p,0.001], and urinary calcium excretion [MD: 25.43 mg/
24h, 95% CI 13.62 to 37.24, p,0.001] when compared to the respective LP/NP protocol.

Conclusion: HP diets were associated with increased GFR, serum urea, urinary calcium excretion, and serum concentrations
of uric acid. In the light of the high risk of kidney disease among obese, weight reduction programs recommending HP diets
especially from animal sources should be handled with caution.
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Introduction

In face of the worldwide increase in prevalence of obesity, a

large number of dietary measures aiming at weight reduction of

weight management have been described. These diets differ

mainly with respect to macronutrient composition, and among

them, a high protein (HP) regimen has gained interest in recent

years. However, there is inconsistent data regarding the potential

beneficial or detrimental effects of HP diets on parameters of

obesity as well as its associated risks. While HP protocols were

reported to be advantageous when compared to their low/normal

protein counterparts in short-term trials [1], no such benefits on

outcome markers of obesity, cardiovascular disease or glycemic

control could be reported in a recent meta-analysis investigating

long-term interventions [2]. In 2002, the Institute of Medicine

published an acceptable macronutrient distribution range

(AMDR) for protein of 5–35% of daily calories (depending on

age), with a special emphasis that there is insufficient data on the

long-term safety of the upper limit of this range [3]. A major

concern in relation to potential deleterious effects of HP diets is the

increased risk of renal dysfunction [4,5]. High protein intake is

regarded to be a trigger of renal hyperfiltration and may therefore

cause renal damage [6]. In animal and human studies, HP

consumption has been found to accelerate chronic kidney disease

(CKD), raise albuminuria and diuresis, natriuresis, and kaliuresis

[7]. Epidemiological data from the Nurses’ Health study showed

that high intake of non-dairy animal protein may accelerate renal

dysfunction in women with an already established mild renal

insufficiency (glomerular filtration rate (GFR) ,80 ml/min/

1.73 m2), while HP intake was not associated with a decline in

regular renal function in women (initial GFR values . 80 ml/

min/1.73 m2) [8]. In a long-term study in pigs, an HP diets (35%

of total energy consumption, TEC) resulted in enlarged kidneys

accompanied by histological damage as well as renal and

glomerular volumes being 60–70% higher when compared to

control animals (protein intake = 15% of TEC) [9]. Moreover, risk

of kidney stone formation due to high urinary calcium excretion

was increased in healthy subjects following an HP dietary protocol

for 6 weeks [10]. In contrast to these findings, a 2-year trial in non-

diabetic obese individuals reported that an HP diet was not

associated with harmful effects on GFR, urinary albumin

excretion, or fluid and electrolyte balance compared with a NP

diet [11]. However, evidence indicates that obesity itself may

accelerate the progression of CKD, induced by pathophysiological
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mechanism such glomerular hyperfiltration/hypertrophy caused

by the raised metabolic needs of the obese individual [12]. In

addition, due to the National Health and Nutrition Examination

Survey III (NHANES) data, approximately 30% of the US

population feature characteristics of reduced kidney function

(GFR = 60–89 ml/min/1.73 m2) increasing with age . 40 years

[13]. Regarding the increased prevalence of overweight and

obesity in this age group, HP diets might thus not represent a

reasonable tool in weight management programs even for subjects

without an established kidney dysfunction. Therefore, it was the

aim of the present systematic review to examine the effects of HP

versus LP/NP diets on parameters of renal function in adult

subjects. To the best of our knowledge, this is the first meta-

analysis performed to investigate the effects of HP diets on

outcomes of renal function in subjects without CKD (GFR $

60 ml/min/1.73 m2).

Methods

Data Sources and Searches
Queries of literature were performed using the electronic

databases MEDLINE (until 27th February 2014), EMBASE (until

27th February 2014), and the Cochrane Trial Register (until 27th

February 2014) with restrictions to randomized controlled trials,

but no restrictions to language and calendar date using the

following search term: ("protein") AND ("renal" OR "kidney" OR

"glomerular filtration" OR "creatinine" OR "urea" OR "albumin" OR

"calcium"). Moreover, the reference lists from retrieved articles

were checked to search for further relevant studies. This systematic

review was planned, conducted, and reported in adherence to

standards of quality for reporting meta-analyses [14]. Literature

search was conducted independently by both authors, with

disagreements resolved by consensus.

Study Selection
Studies were included in the meta-analysis if they met all of the

following criteria: (i) randomized controlled or cross-over design;

(ii) minimum intervention period of 1 week; (iii) comparing a HP

dietary intervention with a NP/LP intervention (using a 5%

difference in total energy intake, as defined previously by Santesso

et al. 2012 [1]) that were designed for weight loss or not; (iv) age:

$ 18 years; (v) sample size: healthy, overweight, obese, type 2

diabetes (T2D); (vi) assessment of the ‘‘outcome of interest’’

markers: GFR, serum creatinine, serum urea, urinary calcium

excretion, urinary albumin excretion, serum uric acid, urinary pH;

(vii) report of post-intervention mean values (if not available,

change from baseline values were used) with standard deviation (or

basic data to calculate these parameters: standard error, 95%

confidence interval, p-values). If data of ongoing studies were

published as updates, results of only the longest duration periods

were included. Studies enrolling subjects with CKD (GFR ,

60 ml/min/1.73 m2), type 1 diabetes, and macroalbuminuria

were excluded. Trials were included if subjects had microalbu-

minuria, since data from the NHANES III indicated that 12% of

the included population suffered from microalbminuria, whereas

only 1.5% had macroalbuminuria [15].

Data Extraction and Quality Assessment
The risk of bias assessment tool by the Cochrane Collaboration

was applied specifying the following bias domains: selection bias

(random sequence generation, allocation concealment), perfor-

mance/detection bias (blinding of participants and personnel/

blinding of outcome assessment), attrition bias (incomplete data

outcome), and reporting bias (selective reporting) [16] (Figure S1).

The following data were extracted from each study: the first

author’s last name, year of publication, study length, gender

distribution and age, BMI, % diabetics, sample size, protein intake

(% of total energy content, TEC or g * kg body weight21 * d21),

protein origin, calcium intake, energy content of HP and NP/LP

diets, outcomes and post mean values or differences in mean of

two time point values with corresponding standard deviation.

Data Synthesis and Analysis
For each outcome measure of interest, a meta-analysis was

performed in order to determine the pooled effect of the

intervention in terms of weighted mean differences (MDs) between

the post-intervention (or change from baseline) values of the HP

and NP/LP groups. Combining both the post-intervention values

and difference in means in one meta-analysis is an accepted

method described by the Cochrane Collaboration [17]. All data

were analyzed using the REVIEW MANAGER software provided

by the Cochrane Collaboration (http://ims.cochrane.org/

revman). The random-effects model was used to estimate MDs

with 95% confidence intervals (CIs). Forest plots were generated to

illustrate the study-specific effect sizes along with a 95% CI.

Heterogeneity between trial results was tested with a standard x2

test. The I2 parameter was used to quantify any inconsistency:

I2 = [(Q – d.f.)]/Q6100%, where Q is the x2 statistic and d.f. is its

degrees of freedom. A value for I2 greater than $ 75% was

considered to indicate considerable heterogeneity [18]. Funnel

plots were sketched to indicate potential publication bias (e.g. the

tendency for studies yielding statistically significant results to be

more likely to be submitted and accepted for publication). To

evaluate substantial heterogeneity, several post hoc univariate

random-effects meta-regressions were performed to examine the

association between age, BMI, study length, and % protein intake

as independent variables, and changes in GFR, creatinine, urea,

and pH (were substantial heterogeneity could be detected) as

depending variables, respectively. The p-values for differences in

effects between the covariates were obtained using the metareg

command of Stata 12.0 (Stata-Corp, College Station, TX. USA).

Two sided p-values ,0.05 were considered to be statistically

significant. To determine the presence of publication bias, the

symmetry of the funnel plots in which mean differences were

plotted against their corresponding standard errors were assessed.

Results

Literature Search
A total of 30 trials (32 reports) extracted from 15734 articles met

the inclusion criteria and were analyzed in the systematic review

(References S1). The detailed steps of the meta-analysis article

selection process are given as a flow chart in Figure S2. Although

in accordance with the overall inclusion criteria, one trial was

excluded due to inconsistencies in the mean GFR (#60 ml/min/

1.73 m2 in 45% of the study population), which was considered to

increase the potential for selection bias (Figure S1) [19].

Characteristics of Studies and Participants
All studies included in this systematic review were RCTs with a

duration ranging between 1 week and 24 months, published

between 1993 and 2013, and enrolling a total of 2160 participants.

All studies compared a HP diet to a NP/LP regimen. The mean

age of participants varied between 22.3 and 67 years. Protein

intakes in the HP groups were mostly of animal origin except for

one trial, where wheat gluten protein was used [20]. General study

characteristics are given in Table 1.
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Outcomes
The pooled estimates of effect size for the effects of HP as

compared to NP/LP on outcomes of kidney function are

summarized in Table 2. Changes in serum creatinine (Figure

S3), urinary albumin excretion (Figure S5), uric acid (Figure S4),

and urinary pH (Figure S7) were not significantly different

following HP diets as compared to NP/LP diets and are given

as Supplementary material.

HP diets were associated with a significantly more pronounced

increase in GFR as compared to NP/LP protocols [MD: 7.18 ml/

min/1.73 m2 (95% CI 4.45 to 9.91), p,0.001] (Figure 1). Serum

urea [MD: 1.75 mmol/l (95% CI 1.13 to 2.37), p,0.001]

(Figure 2) and urinary calcium excretion [MD: 25.43 mg/24h

(95% CI 13.62 to 37.24), p,0.001] (Figure S6) were significantly

more increased by HP diets in comparison to the NP/LP settings,

respectively.

Sensitivity Analyses
Including RCTs investigating only subjects without T2D (18

trials) confirmed the results or the primary meta-analysis (Table

S1). Furthermore, with the exception of urinary pH (only 1 trial)

and urinary calcium excretion (5 trials), the main results could be

confirmed when including only obese subjects (20 trials) (Table

S2). Similar observations could be made for long-term trials ($

12 weeks, 17 trials) (Table S3). Sensitivity analysis including only

T2D subjects resulted in similar observations (Table S4). Following

exclusion of the trial by Jenkins et al. [20] (being the only RCT not

using animal protein as a source for supplementations in HP

protocols), HP diets resulted in a significantly more pronounced

increase in uric acid as compared to NP/LP protocols.

Publication Bias
The funnel plots (with respect to effect size changes for markers

of kidney health in response to HP diets, respectively) indicates

little to moderate asymmetry, suggesting that publication bias

cannot be completely excluded as a factor of influence on the

present meta-analysis (Figure S8-S14). It remains possible that

small studies yielding inconclusive data have not been published or

failed to do so.

Heterogeneity
Considerable heterogeneity was found with respect to serum

urea (I2 = 88%), urinary pH (I2 = 95%), and urinary calcium

excretion (I2 = 90%) (Table 2). It was assumed that high

heterogeneity might be explained by non-uniform study charac-

teristics in the high protein groups such as variations in age, BMI,

study length, and protein intake. To gain insight into these

potential correlations, a random-effects meta-regression was

performed to examine the associations between HP and NP/LP

group parameters and changes in GFR, serum creatinine, serum

urea, uric acid, urinary albumin, and urinary pH, respectively. A

statistically significant dose-response relationship could be detected

between protein intake and increases in serum urea (p = 0.023) No

such correlations could be detected between the other study

characteristics and parameters mentioned.

Discussion

It was the aim of the present meta-analysis to investigate the

impact of HP vs. LP/NP diets on parameters of kidney function in

subjects without an established CKD. The main findings suggest

that subjects following an HP diet presented themselves with

increased GFR, serum urea, and urinary calcium excretion,

respectively. Further increases in serum concentrations of uric acid
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could be observed in those individuals following an HP regimen,

when the trial by Jenkins et al. [20] was excluded from the analysis

due to the fact, that it was the only study using vegetable protein

exclusively as a supplement.

The choice of diet as a tool in weight management often

includes variations in macronutrient composition differing from

the regular recommendations of national as well as international

authorities. Due to their proposed effects on thermogenesis and

satiety, HP diets have gained increasing interest in recent years.

The potential detrimental effects of HP diets on kidney function

are still discussed controversially. In a long-term study in rats,

feeding an HP diet (35% of TEC) resulted in a significant

reduction in body weight, however this was accompanied by 17%

higher kidney weights, a 3-fold raise in proteinuria, larger

glomeruli, and a 27% increase in creatinine clearance as

compared to the NP (15% of TEC) feed rats, respectively [21].

Other detrimental effects of HP diets on kidney function include

higher organ weight, and histologically detectable tissue damage

[9]. Despite the limited transferability of results gained in animal

experiments, pathophysiological side-effects of HP diets could

appear in humans as well. At least in patients with established

CKD, reducing protein intake decreases the occurrence of renal

death by 32% when compared to higher/unrestricted protein

intake [22]. Data of a meta-analysis investigating 17 cohort studies

Table 2. Pooled estimates of effect size (95% confidence intervals) expressed as weighted mean difference for the effects of HP vs.
NP/LP diets on outcomes of renal function.

Outcomes
No. of
Studies Sample size MD 95% CI p-values Inconsistency I2

GFR (ml/min/1.73 m2) 21 1599 7.18 [4.45, 9.91] ,0.001 52%

Creatinine (mmol/l) 22 1764 21.42 [23.50, 0.65] 0.18 57%

Urea (mmol/l) 13 910 1.75 [1.13, 2.37] ,0.001 88%

Uric acid (mmol/l) 8 295 0.18 [20.08, 0.44] 0.17 3%

Urinary pH 7 210 20.39 [20.82, 0.03] 0.07 95%

Urinary Albumin/Protein
(mg/24h)

11 783 0.50 [22.83, 3.82] 0.77 63%

Urinary calcium excretion
(mg/24h)

10 708 25.43 [13.62, 37.24] ,0.001 90%

doi:10.1371/journal.pone.0097656.t002

Figure 1. Forest plot showing pooled MD with 95% CI for glomerular filtration rate (ml/min/1.73 m2) of 21 randomized controlled
HP diet trails. For each high protein study, the shaded square represents the point estimate of the intervention effect. The horizontal line joins the
lower and upper limits of the 95% CI of these effects. The area of the shaded square reflects the relative weight of the study in the respective meta-
analysis. The diamond at the bottom of the graph represents the pooled MD with the 95% CI. HP, high protein; NP/LP, normal protein/low protein.
doi:10.1371/journal.pone.0097656.g001
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suggest that HP/lower carbohydrate intakes were associated with

increased all-cause mortality [23].

Some 30 years ago, Brenner et al. [24] expressed the hypothesis

that an increase in GFR and glomerular pressure might cause

renal dysfunction and raise the risk for renal injury. Although this

hypothesis could neither be validated nor refuted to date, one

might argue that long-term HP intakes exert harmful effects on

kidney function by causing renal hyperfiltration. Concerning the

mechanism mediating the increased GFR, Frank et al. [25]

hypothesized that protein load induces a vasodilatatory response

leading to hyperemia. In a meta-analysis of 14 observational

studies enrolling 105.872 participants, a GFR . 105 ml/min/

1.73 m2 was associated with an increased risk of all-cause

mortality [26]. However, the authors of this study stated that

their findings should be interpreted conservatively. Instead of

being a pathophysiological reaction, HP-induced changes in

kidney function such as the increase in GFR might as well

represent a physiological adaptation process [27,28]. The capacity

of the kidney to increase functional level with protein intake

suggest a renal function reserve [29].

The raise in serum uric acid concentrations observed in the

present meta-analysis in individuals following an HP diet was most

likely probably caused by the higher intake of animal source foods

rich in purines. Epidemiological data suggest that protein per se

does not raise serum uric acid [30]. Among others, the Health

Professionals Follow-up Study observed a 41% increase in the risk

of first attack of gout when comparing the highest vs. lowest meat

consumption quintile [31]. In addition to gout disorders, serum

uric acid has been described as a modifiable risk factor for CVD

and all-cause mortality in men and women [32,33]. From these

data, one may conclude that the source of protein is of higher

importance than its absolute amount. A 26-year follow up of the

Nurses’ Health Study (NHS) revealed that protein sources such as

red meat and high-fat dairy products were significantly associated

with an elevated risk of CHD, while higher intakes of poultry, fish,

and nuts (although rich in protein as well) were correlated with a

lower risk of CHD [34]. In contrast to these findings, Bernstein et

al. [35] concluded that long-term consumption of high-protein

diets may cause renal injury and accelerate the onset of CKD in

persons with normal renal function independent of the fact,

whether the protein food source is either predominantly animal or

vegetable protein.

Reductions in urinary pH (p = 0.07) as observed in this meta-

analysis for HP diets are regarded as an independent risk factor for

nephrolithiasis [7]. In addition, HP intake raised urinary calcium

excretion which is a common characteristic in patients with

calcareous stones [36,37]. Impairment of calcium homeostasis

might lead to a decrease in bone mineral density. However,

clinical and epidemiological data do not support the concept that

HP diets exert harmful effects on bone health.[1,38] Moreover,

the differences observed in the present meta-analysis do not seem

to be clinically relevant.

Two meta-analyses including observational studies showed that

overweight, obesity and the metabolic syndrome increase the risk

of kidney disease by 40 to 83% [39,40]. Considering that some two

thirds the trials included in the present meta-analysis were

enrolling obese subjects, it could be speculated that a high protein

intake will add another detrimental factor to the increased risk of

kidney dysfunction already established for this population.

According to the recommendations of the American Diabetes

Association, patients with T2D should not refer to HP diets as a

means for weight loss due to the unknown long-term effects of

protein intakes . 20% of TEC [41].

Limitations
Regarding the validity of the main outcome parameter GFR,

the creatinine-based estimating equations used in the trials

included in this systematic review are known to have some

limitations with respect to precision as well as being affected by

variations in protein intake, which might be further aggravated by

the fact that the study population did not suffer from manifested

chronic kidney disease. Thus, the GFR effects observed in the

present meta-analysis have to be interpreted in a conservative

manner, since increased creatinine values would translate into a

Figure 2. Forest plot showing pooled MD with 95% CI for serum urea (mmol/l) of 13 randomized controlled HP diet trails. For each
high protein study, the shaded square represents the point estimate of the intervention effect. The horizontal line joins the lower and upper limits of
the 95% CI of these effects. The area of the shaded square reflects the relative weight of the study in the respective meta-analysis. The diamond at the
bottom of the graph represents the pooled MD with the 95% CI. HP, high protein; NP/LP, normal protein/low protein.
doi:10.1371/journal.pone.0097656.g002
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lower estimated GFR [42]. A cross-sectional study by Inker et al.

has shown that cystatin C might represent a more useful marker

for estimating GFR especially when combined with creatinine

[43]. Moreover, a post hoc analysis of the ‘‘Modification of Diet

and Renal Disease’’ study (the origin of eGFR based on serum

creatinine) has shown that dietary protein reduced the change in

creatinine, but did not significantly affect cystatin C changes [44].

Other limitations of the present review include the limited

number of studies and the heterogeneity of the study designs.

Thus, this meta-analysis does not consider unpublished data.

Examination of funnel plots showed little to moderate asymmetry

suggesting that publication bias cannot be completely excluded as

a confounder of the present meta-analysis (e.g. lack of published

studies with inconclusive results) which may have had at least a

moderate impact on the effect size estimates. A major limitation of

nutritional intervention trials is the heterogeneity of various

aspects and characteristics of the study protocols. Therefore, it is

not surprising that the RCTs and crossover studies included in the

present analyses varied regarding type(s) of diets used (energy

restriction, isocaloric), definitions of HP and NP/LP diets, study

population (i.e. age, sex, healthy, overweight, obese, type 2

diabetics), intervention time (1–108 weeks), as well as nutritional

assessment. Following sensitivity analyses excluding only trials

enrolling patients with T2D, the effect of HP diets on GFR

remained the same as those observed in the conclusive analyses.

With respect to other potential modulating variables, sensitivity

analyses and meta-regressions failed to show any correlations

between the findings of the meta-analyses and age, gender, BMI,

and study duration and % protein intakes (data not shown). Only

few studies provided information on the quality of their respective

setup (e.g. method of randomization, follow-up protocol with

reasons for withdrawal, see Figure S1 for Risk of bias assessment

according to the Cochrane Collaboration) demanding a conser-

vative interpretation of results. To estimate GFR heterogeneous

equation were used (see Table 2). Moreover, the included trials

varied with respect to dietary assessment methods to validate

adherence of participants. In an HP dietary intervention study by

Friedman et al. [11], significant increases in serum creatinine

clearance were found after 3 and 12 months, but were not

detectable anymore following a 24 month interval, indicating that

adherence to the HP diet was not present at the end of the trial. In

addition, Krebs et al. [45] could not measure significant

differences in renal function at any time-point (6, 12, and 24

months) when comparing an HP with a LP regimen. Assessment of

protein intakes revealed that the difference between the two

groups did not exceed more than 2% of TEC suggesting a very

low adherence to the dietary interventions. Therefore, adherence

of individuals assigned to a HP diet might change over time.

Although adherence is usually good in the short term, the long-

term effects of HP vs. LP/NP diets are of higher interest.

Augmentations of urinary calcium excretions found in the present

meta-analysis in individuals following an HP diet might be

interpreted as an adherence marker of HP diets. Some of the

present meta-analyses were done using both post-intervention

values and changes in mean difference, however, this was

considered to be an acceptable procedure as described by the

Cochrane Collaboration [17]. On the other hand, this meta-

analysis has several strengths as well. All analyses were conducted

following a stringent protocol, e.g. participants were randomly

assigned to the intervention groups in all trials. Randomized

controlled trials are considered to be the gold standard for

evaluating the effects of an intervention and are subject to fewer

biases as compared to observational studies. With a sample size of

2160 volunteers, the present meta-analysis provides the power to

detect statistically significant mean differences as well as to assess

publication bias.

In conclusion, HP diets were associated with increased GFR,

serum urea, urinary calcium excretion, and serum concentrations

of uric acid. Most of these changes could be interpreted as

physiological adaptive mechanism induced by HP diet without any

clinical relevance. However, considering of the fact that subclinical

CKD is highly prevalent, and that obesity is associated with kidney

disease, weight reduction programs recommending HP diets

especially from animal sources should be handled with caution.
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