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ABSTRACT

Osteoporosis is a global health issue among the aging population. The effect of the acid or base interventions on bone health remains controversial.
This study performed a systematic review and meta-analysis to investigate effects of acidic diets and alkaline supplements on bone health
simultaneously. We conducted a comprehensive literature search in 5 available databases and 1 registered clinical trial system to identify randomized
controlled trials (RCTs) that assessed effects of the acid-base intervention on bone health. Depending on heterogeneity across studies, the pooled
effects were calculated by fixed-effects or random-effects models. The present study included 13 acidic diet intervention studies and 13 alkaline
supplement studies for final quantitative assessments. The meta-analysis showed that acidic diets significantly increased net acid excretion [NAE;
standardized mean difference (SMD) = 2.99; P = 0.003] and urinary calcium excretion (SMD = 0.47, P < 0.00001) but had no significant effect on
bone turnover markers and bone mineral density (BMD). On the other hand, alkaline supplement intervention significantly reduced NAE (SMD =
−1.29, P < 0.00001), urinary calcium excretion (SMD = −0.44, P = 0.007), bone resorption marker aminoterminal cross-linking telopeptide (NTX;
SMD = −0.29, P = 0.003), and bone formation marker osteocalcin (OC; SMD = −0.23, P = 0.02), but did not affect the other bone turnover markers.
Furthermore, alkaline supplements significantly increased BMD in femoral neck [mean difference (MD) = 1.62, P < 0.00001, I2 = 0%], lumbar spine
(MD = 1.66, P < 0.00001, I2 = 87%), and total hip (MD = 0.98, P = 0.02, I2 = 99%). Subsequently, meta-regression analyses identified 1 study that
substantially contributed to the high heterogeneity of BMD in the latter 2 sites, but sensitivity analysis suggested that this study did not affect
the significant pooled effects. Despite that, the results should be interpreted with caution and need to be further validated by a larger RCT. In
summary, through integrating evidence from RCTs, the present meta-analysis initially suggests that alkaline supplements may be beneficial to
bone metabolism and acidic diets may not be harmful to bone health. This work may be clinically useful for both clinicians and patients with
osteoporosis. Adv Nutr 2021;12:1540–1557.
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Introduction
Osteoporosis is an important health problem for the aging
population (1, 2). With increasing age, the body’s ability to
maintain blood pH declines. The most likely cause of this
situation is that kidney function declines with age, thereby
reducing the kidney’s ability to excrete noncarbonic acid.
In the past, high protein intake was thought to induce
chronic metabolic acidosis, which may lead to hypercal-
cemia and accelerated mineral dissolution, thereby damaging
bone health (3). Acid-producing foods (cereals or animal
proteins) are rich in compounds that contain sulfuric acid,
hydrochloric acid, phosphoric acid, or nitric acid residues.
These compounds could increase the net acid content in the
body and could only be excreted through the urine of the

kidneys (4). Due to the limited acidification ability of the
kidneys, a large amount of nonoxidizable dietary acids need
to be neutralized by blood and extracellular pH buffering
agents, such as the alkali released from the bone matrix.
Therefore, acidic diets may cause the loss of bone matrix
(5). Slight metabolic acidosis can reduce the reabsorption of
calcium by the renal tubules, and also strongly stimulate the
activity of osteoclasts and inhibit the activity of osteoblasts
(6). A 60-d human acidic diet intervention study suggested
that elevated renal net acid excretion (NAE) was associated
with increased serum parathyroid hormone (PTH), bone
resorption, and calcium losses (7).

Accumulating evidence implied that adequate protein
intake may be beneficial to bone health via providing
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substantial amino acids, increasing calcium absorption (8)
and improving circulating insulin-like growth factor I (IGF-
I) (9), which could improve bone metabolism for the elderly.
Moreover, most studies in elderly subjects showed that
relatively high protein intake was associated with a reduction
in bone loss (10) and hip fracture risk (11). However, several
randomized controlled diet studies demonstrated that high-
protein, acid-producing diets have no significant effect on
bone turnover markers and bone mineral density (BMD)
(12, 13).

On the other hand, whether supplementing alkali salts
can promote bone health by reducing renal acid excretion
and bone calcium loss is a clinically meaningful question
but without conclusive evidence. A previous meta-analysis by
Lambert et al. (14) suggested that supplementation with oral
alkaline potassium can reduce renal calcium loss and bone
resorption but has no significant effect on BMD. Darling
et al. (15) conducted a meta-analysis studying the effect of
protein supplementation on bone metabolism, and they did
not find a significant effect of any form of protein on bone
health. In addition, they included studies without a control
group for confounding factors, which may overestimate
or underestimate the effect of the diet intervention on
the outcome indicators. Those confounding factors mainly
include consuming both alkaline and high-salt diets or
diuretics at the same time (16, 17) and exercising and losing
weight (18, 19).

Although several relevant review articles have been
published, these studies (1, 6, 14) only conducted narrative
reviews or investigated the effect of acidic diets or alkaline
supplements alone on bone health. Moreover, they may in-
clude low-quality studies, which refer to articles that contain
some confounding factors (such as studying obese patients
and restricting calorie intake) that may exert an adverse
effect on the pooled effects. The present study performed a
comprehensive literature search to select those high-quality
randomized controlled trials (RCTs) only for meta-analysis.
Meanwhile, this study also excluded those reports involving
supplements in combination with other forms of diet or
drugs, as well as those studies with changes in nutrients
that affect bone metabolism and those studies on specific
protein types. These 2 strategies could substantially avoid
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the adverse effect from confounding factors. In addition,
the current study carried out meta-analyses of the effect
of acidic diets and alkaline supplements on bone health
simultaneously. With regard to outcome indicators, this study
not only explored the effect on bone metabolism markers but
also on BMD at 2 available body sites.

Methods
Search strategy
As of May 2020, we systematically searched through
5 mainstream databases: PubMed, Embase, Web of Science,
Scopus, and Cochrane Library. To avoid missing any other
relevant studies, we also searched other sources (Figure 1),
including conference proceedings, reference lists of relevant
reviews, and 1 clinical trial registration system (http://
www.ClinicalTrials.gov). The literature search was limited to
English-language articles. We searched for the effect of the
acid-base intervention on bone metabolism in 2 parts. The
electronic search strategy for acidic diets on bone health was
“acid” or “protein” and “diet” and “bone” or “osteoporosis”
or “bone mineral density” or “bone turnover marker” or
“fracture.” For the other part, the search strategy for the effect
of alkali salts supplements on bone health was “alkali” or
“potassium citrate” or “potassium bicarbonate” and “bone” or
“osteoporosis” or “bone mineral density” or “bone turnover
marker” or “fracture.” All of the studies were limited
through “randomized clinical trials” and “human.” Two
authors independently screened whether the articles met
the inclusion criteria. The screening was done by reviewing
the titles and abstracts of the included articles (Figure 1).
After that, the full texts were assessed for inclusion as the
final eligible articles. The authors discussed and resolved
inconsistencies to reach consensus, and finally identified
potentially included articles.

Eligibility criteria
Inclusion criteria.
The inclusion criteria were as follows:

1) RCTs (including parallel or crossover design).
2) Only adult studies were included.
3) The intervention was an acidic diet or high-protein diet or

alkaline supplement. For the intervention of high-protein
diets, when the protein intake exceeds the current RDA
at 0.8 g protein / kg of body weight, it was considered as
a study of acid intervention. (1). The wide definition of
acidic diets allows different types of food to be studied in
the included articles. For example, some studies defined
high-protein diet as acidic diet, while other studies did
not emphasize protein intake volume but defined acidic
or nonacidic diets by comparing the NAE between the
intervention group and control group.

4) Outcome indicators were urinary calcium excretion,
NAE, bone resorption and formation markers, bone
mineral density, fractures.
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FIGURE 1 The PRISMA flow diagram for selection procedures of studies. PRISMA, Preferred Reporting Items for Systematic Reviews and
Meta-Analyses.

5) The included subjects had no previous history of bone
disease, kidney disease, and other medical illnesses, and
did not used drugs for osteoporosis.

Exclusion criteria.
The exclusion criteria were as follows:

1) Nonoriginal article (narrative reviews, editorials).
2) Nonhuman research.
3) Cell research.
4) Research without control groups.
5) Subjects in a state that may alter the effect of exposure on

outcomes (e.g., pregnancy, breastfeeding women, weight
loss, bed rest).

6) Supplements are used in combination with other forms
of diet or drugs (such as high salt intake or diuretic
administration, taking birth control pills).

7) The experimental and control groups in the study also
included changes in nutrients (such as calcium, sodium,
potassium, magnesium, and/or phosphate) that would
affect bone metabolism.

8) Research on specific protein types (such as isoflavones
in soy protein, which have estrogen effects) that have
potential to affect bone metabolism.

9) Raw data cannot be obtained.

Data extraction
One researcher extracted data from all studies and another
researcher reviewed and confirmed the data. Information

extracted from eligible studies included the following: first
author, year of publication, study design (parallel and
crossover experiments), age range of participants, interven-
tions, exposure assessment, and outcome indicators. For
studies using different doses of supplements, the results
of the highest dose were extracted; for studies measuring
results at multiple time points, data from the final time point
were used. If studies had ≥1 common intervention groups,
we only selected 2 groups that met the inclusion criteria
for analysis. Primary outcome indicators were reported as
measured values after intervention or differences in changes
from baseline (also called a change score). Both the final value
and the change score were included in the analysis. For those
data displayed in the article as a figure, we used professional
software to obtain an estimate of the original data (GetData
Graph Digitizer version 2.26; http://getdata-graph-digitizer.
com/index.php). The outcome indicators included the mean,
SD, and number of participants for the 2 compared groups.

Quality analysis
The quality of the included articles was evaluated by
2 independent authors based on Cochrane Collaboration
standards. Disagreements were resolved through discussion
or consultation with a third author. The standards contain
6 aspects: random-sequence generation, allocation conceal-
ment, blind evaluation of results, incomplete results data,
selective reports, and other sources of bias.

1542 Han et al.

http://getdata-graph-digitizer.com/index.php


Meta-analysis
Review Manager (version 5; Cochrane Collaboration) was
used for all statistical analyses, and P values <0.05 were
considered to be statistically significant. This study followed
the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (20). Results were
pooled using the inverse variance method. If the mea-
surement unit of each study is different across studies,
results were displayed as standardized mean difference
(SMD). Alternatively, results were showed as mean difference
(MD). All reported CIs of MD and SMD were 95% limits.
Higgins et al. (21) suggested that I2 values of 25%, 50%,
and 75% stand for low, moderate, and high thresholds of
heterogeneity, respectively. As reported, a meta-analysis with
little heterogeneity indicated little variability between studies
that cannot be explained by chance. Moreover, a meta-
analysis with a low heterogeneity (25% ≤ I2 < 50%) implied
that the variability had only a small effect. Therefore, the
meta-analysis was initially performed within a fixed-effects
framework for those studies without heterogeneity or with
a low heterogeneity, while a random-effects framework was
instead used in case of a moderate or high heterogeneity.

Publication bias and heterogeneity analysis
Sensitivity analysis was performed via omitting 1 study each
time from the overall analysis using the “meta” package
in R programming language (R Foundation for Statistical
Computing) (22). Funnel plots were generated to assess
whether there was any potential publication bias. Moreover,
Egger’s test was applied to determine the extent of publication
bias (23). P values >0.1 indicated no publication bias.

According to the recommendations of the Cochrane
System Intervention Review Manual, a subgroup analysis of
outcome indicators could be performed to find heteroge-
neous sources if the overall analysis included >8 studies.
Meta-regression analysis was used to investigate potential
sources of heterogeneity if moderate or high heterogeneity
was present in meta-analysis. In the analysis, we also used
the method by Hartung and Knapp to adjust test statistics
and CIs (24). Moreover, a Baujat plot was plotted to estimate
each study’s contribution to the overall heterogeneity across
studies.

Results
Summary of included studies
The PRISMA flowchart shows the main research process for
selecting eligible studies for meta-analysis (Figure 1). Finally,
a total of 26 studies were screened out for final quantitative
synthesis from the initially retrieved 2159 articles. Among
those, 13 acidic diet interventions were included (Table 1),
of which 5 used a parallel design (7, 12, 13, 25, 26)
and 8 used a crossover design (4, 27–33). Two of the 13
studies enrolled postmenopausal female subjects (Table 1);
some of the subjects in 1 study were postmenopausal
subjects. Additionally, the intervention duration in 3 studies
was ≥6 mo. The alkali-salt supplements intervention also

included 13 studies (Table 2), of which 10 followed a parallel
design (34–43) and 3 followed a crossover design (44–
46). In addition, 6 studies enrolled postmenopausal female
subjects (Table 2) and 7 studies had an intervention duration
>6 mo.

As shown in Table 1, 11 of the 13 acidic diet intervention
studies explored urinary calcium outcomes, 5 studies for
NAE outcomes, 8 studies for PTH, 6 studies for aminoter-
minal cross-linking telopeptide (NTX), 4 studies for IGF-
I, and 3 studies for osteocalcin (OC), bone-specific alkaline
phosphatase (BAP), and tartrate-resistant acid phosphatase
(TRAP), respectively. There were 2 studies reporting BMD
in the hip and femoral neck. With regard to studies on
alkaline supplement (Table 2), there were 8 studies with
urinary calcium outcome indicators; 6 studies with PTH;
and 5 studies with IGF-I, carboxyterminal cross-linking
telopeptide (CTX), BAP, and NTX; 4 studies with OC and
NAE; and 3 studies with an outcome of BMD in the lumbar
spine and hip, 2 studies involving BMD in the femoral neck.

Quality evaluation
According to the Cochrane systematic review manual, we
performed quality assessment for all of the included studies.
For the acidic diet interventions, 4 articles used blinding
strategies and the rest of the studies did not use blinding
methods (Table 1). However, whether the blinding method
was adapted or not has little effect on the pooled results.
Additionally, 11 studies described the method of random-
sequence generation, whereas 2 of them only mentioned
random grouping (Table 1). There were 2 studies that
carefully described the random-sequence assignment by
third parties in the assignment concealment (26, 32), but the
remaining studies did not have relevant descriptions. There
were differences in the number of losses to follow-up between
the 2 articles (26, 32) in the experimental group and the
control group, and the reasons for the losses to follow-up
were uneven, which may lead to the possibility of selective
reporting of the collected data. We did not find sources of
bias in the other studies.

Thirteen studies were included in the intervention study
of alkali salts supplements (Table 2). Random-sequence
generation, selective reports, and other sources of bias did
not report bias. The allocation concealment was described
in 3 studies, and the remaining studies were unclear. Twelve
articles were blinded, and only 1 article did not describe that
strategy. In 1 article, the number of subjects who were lost to
follow-up was uneven between the 2 groups, but the reasons
for the losses to follow-up were similar. Due to the small
number of the included studies, the information of quality
evaluation was used to guide interpretation of the results
rather than to exclude the study itself.

Risk of publication bias
We assessed potential publication bias for the meta-analyses
of effect of acidic diet and alkaline supplement on urinary
calcium excretion as the 2 analyses included the largest
number of studies in the 2 interventions, respectively [11

Meta-analysis of acid-base diets on bone health 1543
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studies for acidic diet (Table 3); 8 studies for alkaline
supplement (Table 4)]. The funnel chart was basically
symmetrical (Supplemental Figure 1). Egger’s test was also
used to detect the publication bias. Both the P values for
acidic diet (P = 0.278) and alkali salt supplementation
(P = 0.413) were >0.1, suggesting that there was no
publication bias. Since there was a small number of included
studies for the other meta-analyses, it was not suitable to
conduct publication bias analysis. Alternatively, we per-
formed sensitivity analyses and meta-regression analyses
to justify the stability of pooled effects for those meta-
analyses with a moderate or high heterogeneity, as stated
below.

Main results of meta-analysis
Acidic dietary intervention.
In the meta-analysis, we observed that acidic diet could
significantly increase urinary NAE (SMD = 2.99; 95% CI:
1.01, 4.96; P = 0.003) (Figure 2A, Table 3) and calcium
excretion (SMD = 0.47; 95% CI: 0.30, 0.64; P < 0.00001)
(Figure 2B, Table 3). However, we did not find any significant
difference for bone metabolism hormones, which include
IGF-I and PTH, between the intervention group and the
control group (P > 0.21; Figure 2C, D; Table 3), indicating
that bone metabolism–related hormones did not significantly
differ between the 2 groups.

Bone formation markers of BAP and OC were included
in the study for meta-analysis. Compared with the control
group, acidic dietary intervention did not significantly
change the 2 markers (P > 0.31; Figure 3C, D; Table 3).
In addition, the acidic diet also did not significantly affect
2 kinds of bone resorption markers including NTX and
TRAP (P > 0.30; Figure 3A, B; Table 3), suggesting that
the acidic diet would not cause significant changes in
bone resorption markers. In addition, the meta-analyses
also explored the effects of acidic diet on BMD but
did not find any significant decrease in BMD in the
total hip and femoral neck (P > 0.18; Figure 4A, B;
Table 3).

Alkaline supplement intervention.
As shown in Table 4, supplementing with alkali salts could
significantly reduce the urinary NAE (SMD = −1.29;
95% CI: −1.52, −1.07; P < 0.00001) (Figure 5A) and
calcium excretion (SMD = −0.44; 95% CI: −0.76, −0.12;
P = 0.007) (Figure 5B). However, we did not observe
any significant change in 2 types of hormone-regulating
bone metabolism markers (i.e., PTH and IGF-I; P > 0.13;
Figure 5C, D).

With regard to BMD, this meta-analysis investigated if
alkali salt supplementation had a substantial impact on it,
and found that supplementation could significantly increase
BMD in the lumbar spine (MD = 1.66; 95% CI: 1.33,
1.99; P < 0.00001) (Figure 4E), total hip (MD = 0.98;
95% CI: 0.13, 1.83; P = 0.02) (Figure 4C), and femoral
neck (MD = 1.62; 95% CI: 1.50, 1.74; P < 0.00001)
(Figure 4D) from baseline values (Table 4). In addition, we
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TABLE 3 Meta-analysis of effects of acidic diet on bone metabolism markers and BMD1

Outcome type and indicators Studies, n P SMD (95% CI) I2, %

Markers of mineral metabolism
NAE 5 0.003 2.99 (1.01, 4.96) 94
Calcium excretion 11 <0.00001 0.47 (0.30, 0.64) 47

Hormone-regulating mineral
metabolism
IGF-I 4 0.21 0.14 (−0.08, 0.35) 0
PTH 8 0.35 − 0.26 (−0.81, 0.29) 85

Bone resorption marker
NTX 6 0.30 0.15 (−0.13, 0.43) 27
TRAP 3 0.95 − 0.01 (−0.34, 0.32)2 0

Bone formation marker
BAP 3 0.38 0.13 (−0.16, 0.42) 35
OC 3 0.31 − 0.15 (−0.44, 0.14) 0

BMD
Total hip BMD 2 0.95 0.01 (−0.21, 0.22) 0
Femoral neck BMD 2 0.18 − 0.14 (−0.36, 0.07) 0

1BAP, bone-specific alkaline phosphatase; BMD, bone mineral density; IGF-I, insulin-like growth factor I; NAE, renal net acid excretion;
NTX, aminoterminal cross-linking telopeptide of bone collagen; OC, osteocalcin; PTH, parathyroid hormone; SMD, standardized mean
difference; TRAP, tartrate-resistant acid phosphatase.
2Values are mean differences.

also found that supplementation could significantly reduce
the concentration of the bone formation marker OC (SMD
= −0.23; 95% CI: −0.42, −0.03; P = 0.02; Figure 6E), but
it did not have an obvious effect on the other 2 formation
markers, BAP and serum amino-terminal propeptide of
type I procollagen (P1NP) (P > 0.13; Figure 6C, D).
Moreover, the supplementation could significantly reduce
the bone resorption marker NTX (SMD = −0.29; 95%
CI: −0.48, −0.10; P = 0.003) (Figure 6A), but it did not
have a substantial effect on another resorption marker, CTX
(P = 0.17; Figure 6B).

Sensitivity and meta-regression analyses
For those meta-analyses with a moderate or high level of
heterogeneity (I2 > 50%), we further performed subgroup
analyses to find the potential source of heterogeneity based
on intervention duration (< or ≥6 mo), study design
(Parallel or Crossover), and characteristics of participants
(enrolled postmenopausal women or not). Moreover, both
sensitivity analysis and meta-regression analysis were also
carried out to find the potential source of heterogeneity and
identify those studies having a substantial contribution to
overall heterogeneity.

TABLE 4 Meta-analysis of effects of alkaline supplements on bone metabolism markers and BMD1

Outcome type and indicators Studies, n P SMD (95% CI) I2, %

Markers of mineral metabolism
NAE 4 <0.00001 − 1.29 (−1.52, −1.07) 37
Calcium excretion 8 0.007 − 0.44 (−0.76, −0.12) 63

Hormone-regulating mineral
metabolism
IGF-I 5 0.13 − 0.15 (−0.34, 0.04) 0
PTH 6 0.25 − 2.292 (−6.22, 1.65) 57

Bone resorption marker
NTX 5 0.003 − 0.29 (−0.48, −0.10) 0
CTX 5 0.17 − 0.13 (−0.33, 0.06) 0

Bone formation marker
BAP 5 0.76 − 0.03 (−0.24, 0.18) 0
PINP 5 0.13 − 0.15 (−0.34, 0.04) 0
OC 4 0.02 − 0.23 (−0.42, −0.03) 0

BMD
Total hip BMD 3 0.02 0.982 (0.13,1.83) 99
Femoral neck BMD 2 <0.00001 1.622 (1.50,1.74) 0
Lumbar spine BMD 3 <0.00001 1.662 (1.33,1.99) 87

1BAP, bone-specific alkaline phosphatase; BMD, bone mineral density; CTX, carboxyterminal cross-linking telopeptide; IGF-I,
insulin-like growth factor I; NAE, renal net acid excretion; NTX, aminoterminal cross-linking telopeptide of bone collagen; OC,
osteocalcin; PINP, serum aminoterminal propeptide of type I procollagen; PTH, parathyroid hormone; SMD, standardized mean
difference.
2Values are mean differences.
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FIGURE 2 Meta-analysis of effect of acidic diet on mineral metabolism markers. (A) renal net acid excretion; (B) urinary calcium excretion;
(C) insulin-like growth factor I; (D) parathyroid hormone. IV, inverse variance; Std., standardized.

Acidic diet intervention.
Among the outcome indicators of acidic diet intervention,
both meta-analyses for NAE (I2 = 94%) and PTH (I2 = 85%)
showed high heterogeneity (Table 3). We divided the

included studies into subgroups in terms of intervention
duration, participants, and research design and explored the
potential sources of heterogeneity. The subgroup analyses
suggested that heterogeneity in meta-analysis for PTH
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FIGURE 3 Meta-analysis of effect of acidic diet on bone resorption and formation markers. (A) aminoterminal cross-linking telopeptide of
bone collagen; (B) tartrate-resistant acid phosphatase; (C) bone-specific alkaline phosphatase; (D) osteocalcin. IV, inverse variance; Std.,
standardized.

was not induced by any of the 3 factors (Supplemental
Figure 2A–C; P > 0.17 for subgroup difference tests). In
contrast, meta-regression analysis implied that the study
performed by Kerstetter et al. (33) contributed much to
the overall heterogeneity (Supplemental Figure 6B), which
was reduced to a lower level (26%) if we excluded this
study. However, the pooled results did not become significant
when the study was omitted (SMD: 0.07; 95% CI: −0.18,

0.32) (Supplemental Figure 6A). With regard to the meta-
analysis for NAE, the subgroup analysis implied that research
design (RCT or RCO) and characteristics of studied subjects
(enrolled postmenopausal women or not) would cause a high
heterogeneity (both P values are 0.02 for subgroup difference
tests; Supplemental Figure 3A, B). Furthermore, meta-
regression analysis suggested that Kerstetter et al’s study (32)
contributed the largest proportion to the high heterogeneity
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FIGURE 4 Meta-analysis of effect of acidic diet and alkaline supplementation on bone mineral density at 2 different body sites. (A) acidic
diet—total hip; (B) acidic diet—femoral neck; (C) alkaline supplementation—total hip; (D) alkaline supplementation—femoral neck; (E)
alkaline supplementation—lumbar spine. IV, inverse variance; Std., standardized.

(Supplemental Figure 7B). However, this study could not
change the significant pooled results, although the pooled
effect size was reduced to a lower level (SMD = 1.44;
Supplemental Figure 7A) compared with the original one

(SMD = 2.99). The overall heterogeneity for the other
outcome indicators is small (urinary calcium excretion, BAP,
and NTX; Table 3) or as low as zero (IGF-I, OC, TRAP, BMD
in total hip and femoral neck; Table 3).
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FIGURE 5 Meta-analysis of effect of alkaline supplementation on mineral metabolism markers. (A) renal net acid excretion; (B) urinary
calcium excretion; (C) insulin-like growth factor I; (D) parathyroid hormone. IV, inverse variance; Std., standardized.

Alkaline supplement intervention.
With regard to alkaline supplementation, heterogeneities for
meta-analyses of BMD in the total hip and lumbar spine were
at a high level (I2 = 99% and 87%, respectively; Table 4).
The very small number of included studies (3 articles for
both) is not suitable to perform subgroup analysis, but the

small number may partially explain the high heterogeneity.
Alternatively, meta-regression analysis for the pooled results
of BMD in the total hip implied that the included 3 studies
would be divided into 2 clusters (upper right corner and
lower left corner in Supplemental Figure 8B), indicating
that the study by Macdonald et al. (34) may induce the high

1552 Han et al.



FIGURE 6 Meta-analysis of effect of alkaline supplementation on bone resorption and formation markers. (A) aminoterminal
cross-linking telopeptide of bone collagen; (B) carboxyterminal cross-linking telopeptide; (C) bone-specific alkaline phosphatase; (D)
serum aminoterminal propeptide of type I procollagen; (E) osteocalcin. IV, inverse variance; Std., standardized.
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level of heterogeneity. However, omitting this study from the
meta-analysis did not change the significance and direction
of effect (MD = 1.50; 95% CI: 0.52, 2.48) (Supplemental
Figure 8A). Sensitivity and meta-regression analysis for
pooled results of BMD in the lumbar spine generated a
similar outcome—that is, the Macdonald et al. study induced
the high heterogeneity but did not change the significant
pooled effect (Supplemental Figure 9A, B).

There was a medium level of heterogeneity in the meta-
analyses of urinary calcium excretion and PTH (I2 = 63%
and 57%, respectively; Table 4). Subgroup analysis suggested
that the intervention duration may be the potential source
of heterogeneity for the meta-analysis of urinary calcium
excretion (P = 0.03; Supplemental Figure 4C). Meta-
regression analysis implied that the studies by Jehle et al.
(35) and Dawson-Hughes et al. (37) contributed much to
the overall heterogeneity (Supplemental Figure 10B), but
each of the 2 studies did not change the significance of the
pooled effect, respectively (Supplemental Figure 10A). With
regard to the meta-analysis of PTH, subgroup analysis did
not identify any affecting factor (Supplemental Figure 5A–C).
Meta-regression analysis found a substantial role of the study
by Moseley et al. (39) in inducing the overall heterogeneity
(Supplemental Figure 11B). However, this study did not
affect the nonsignificant pooled effect (Supplemental Figure
11A). The overall heterogeneity for most of the other
outcome indicators is as low as zero (IGF-I, CTX, OC, BAP,
NTX, PINP, and BMD in femoral neck; Table 4).

Discussion
Our meta-analysis showed that an acidic diet intervention
increased NAE and urinary calcium excretion but had no
significant effect on bone metabolism markers and BMD.
On the other hand, an alkaline supplement intervention was
found to significantly decrease NAE and urinary calcium
excretion. Moreover, the alkaline supplement intervention
could reduce the bone resorption marker NTX and the bone
formation marker OC but had no obvious effect on the
other bone turnover markers. Notably, the present meta-
analysis showed that the supplementation of alkaline salt
could significantly increase BMD in the femoral neck, lumbar
spine, and total hip. Changes in these indicators suggested
that an acid-base intervention have a beneficial effect on bone
metabolism.

Urinary calcium excretion related to the acid-base
balance
Acidic intervention increases the excretion of urinary cal-
cium and NAE, while alkaline supplementation can reduce
urinary calcium and NAE, indicating that the acid-base
balance is related to calcium excretion. Food consumption
causes an increase in net acid load, which would cause a
low-grade acidosis. To prevent the unstoppable accumulation
of acid in the body and gradually increase the degree of
metabolic acidosis, the body will mobilize the bone system
that contains a large amount of calcium and alkaline salts
to buffer (47). Cellular studies have shown that a substantial

increase in systemic acid concentrations would first activate
osteoclasts, and then increase bone calcium flux and promote
bone dissolution (48). The adverse effect could be rescued
by administration of bicarbonate ions (48). However, it is
worth noting that urinary calcium loss does not necessarily
mean calcium imbalance or bone loss. One previous study
showed that high protein intake would increase intestinal
calcium absorption (49), and this increase might offset the
urinary calcium excretion that is caused by the protein-load
acid. Thus, the increased urinary calcium excretion may be
related to the increase in intestinal calcium absorption, not
necessarily due to the increased bone calcium loss that is
caused by the increase in bone resorption. However, other
studies did not report a significant increase in calcium
absorption (12, 25, 28, 32, 40, 42, 46), and more evidence
is therefore needed to support whether urinary calcium
excretion is related to the decrease in bone density that is
caused by acidic diets.

Effect of acidic and alkaline interventions on bone
metabolism markers
Several previous studies performed meta-analyses to inves-
tigate the effect of acidic diet or alkaline salt supplements
on bone health. Fenton et al. (50) conducted a systematic
review and meta-analysis on the effects of dietary acids
on bone health with the application of Hill’s causality
criteria. They reviewed 238 studies and included 55 studies,
among which 22 were randomized intervention trials. In
the end, they concluded that the existing evidence does
not support the causal relation between dietary acid load
and osteoporosis, and that there is not enough evidence to
support a beneficial effect of alkaline supplements on bone
health. However, that study did not conduct any further
statistical analysis but only applied the Hill standard review
to retrospectively describe the relation between acid load
and bone metabolism. Moreover, the selected 13 randomized
controlled studies not only included the measurement of
bone turnover markers but also the measurement of BMD
(12, 25, 26, 32). Unlike the study by Fenton et al., the
present study performed meta-analysis and meta-regression
analysis and found that acidic diets were not harmful to bone
health, but alkaline supplementation had a beneficial effect
on various bone metabolism markers and BMD. This result
may be related to the fact that protein supplements in food
offset the adverse effects of the acid load. Cao et al.’s (6) latest
review of the impact of changes in renal acid load on bone
health suggests that proteins can not only provide amino
acid precursors for the synthesis and maintenance of the
bone structure but also increase IGF-I secretion to stimulate
bone formation. Therefore, it can partially or completely
compensate for the negative effect of increased acid load on
the musculoskeletal system.

Groenendijk et al. (1) conducted a meta-analysis on the
effects of high protein supplementation on bone health. They
found that protein intake exceeding the current RDA may
reduce the risk of hip fracture, but their research mainly
included cohort studies and lacked support from randomized
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intervention studies. Moreover, Darling et al. (15) reviewed
and meta-analyzed the evidence released over the past 40 y
to assess the association between dietary protein and bone
health throughout the life course. They did not find a
significant effect of any form of protein on bone health.

There is still no strong evidence on whether protein
can offset the adverse effects of acid on bones. Due to
limitations of experimental designs and ethical issues, it
is not possible to assess the effect of excessive acid load
on human bone health. Lambert et al. (14) conducted a
meta-analysis of 14 intervention studies on the effects of
alkaline potassium supplementation on calcium metabolism
and bone health. They found that supplementation with
potassium alkali could significantly reduce the excretion
of the bone resorption marker NTX and urinary calcium
and acids but did not affect the concentrations of bone
formation markers. What differs from their results is that
we found that supplementation with alkali salts not only
reduced the bone resorption marker NTX but also reduced
the bone formation marker OC. The inclusion criteria in
our study are similar to those of Lambert et al.’s study. The
main difference is that Lambert et al.’s study also included
supplementations that were combined with other forms of
dietary or pharmaceutical manipulation, such as a high-
protein or -salt intake or diuretic administration, while we
did not include those studies in order to avoid the potential
interaction effect between 2 simultaneous interventions.

Beneficial effect of alkaline supplements on BMD
In terms of BMD, we added several newly published reports
to the meta-analysis and discovered the potential beneficial
effect of alkali salt supplementation on BMD. Sromicki
et al. (5) conducted a prospective study of 183 patients,
and the results showed that 23% of patients with osteope-
nia/osteoporosis had abnormal renal tubular acidification.
According to the conventional treatment of osteoporosis,
long-term alkaline treatment could improve the bone density
of the lumbar spine and other bone parts (5). Although we
did not observe a decrease in BMD in human acidic diet
intervention studies, animal experiments have confirmed
that a more acidic environment may decouple the bone-
remodeling process. Stimulation of osteoblasts by a low
HCO3 environment can enhance the autocrine signaling
of prostaglandin E2 and the function of E2 (7, 12, 13),
which leads to the activation of osteoclasts by increasing the
secretion of the receptor activator of the nuclear factor-B
ligand. It has been observed in rat osteoblast cultures that,
without any detectable reduction in collagen synthesis, the
induction of a physiological degree of metabolic acidosis
leads to a significant reduction in matrix mineralization
(42). And exogenous potassium citrate supplementation
can improve bone mineralization within a period of time
after alkalization (8, 48). Our results show that both bone
resorption markers and bone turnover markers are reduced,
and there seems to be no significant beneficial changes in
bone turnover markers. Moreover, the intervention with an
alkaline supplement seems to cause a decreasing process

of bone resorption and bone formation at the same time.
Whether the increase in bone density is due to a weaker
bone resorption activity is still unknown. It is even possible
that changes in bone density do not depend on changes in
the above-mentioned biomarkers. Previous studies of bis-
phosphonates suggested that, regardless of the cell-mediated
changes in bone markers, the increase in mineralization of
bone matrix caused by alkali would continue to increase
BMD (6, 9). The beneficial effect, however, should be treated
with caution as there is a high level of heterogeneity in
meta-analyses of BMD in the total hip and lumbar spine.
The very small number of studies included in the 2 meta-
analyses may partially explain the high heterogeneity. In
addition, the meta-regression analysis implied that the study
by Macdonald et al. (34) may cause the high heterogeneity,
although omitting that study did not affect the significance
and direction of effect. This study did not emphasize vitamin
D and calcium supplementation, but the other 2 studies had
adequate supplementation of vitamin D and calcium (35,
42). This large difference may contribute much to the high
heterogeneity. Among the outcome indexes of acidic diet
intervention, the heterogeneity for meta-analyses of NAE and
PTH was also high. It is suspected that the heterogeneity
mainly comes from the different acid diet composition and
the level of intake.

The main limitation of this study is that most studies use
changes in urinary calcium excretion and bone metabolism
markers as evidence of bone health effects, while there is
a lack of studies with fracture risk as the main endpoint
to directly illustrate the long-term effect of the acid-base
intervention on bone health. However, although osteoporosis
is the leading cause of fracture risk, there are many other
possible fracture risk factors such as vision problems,
dementia, and increased risk for falls. These risk factors
prevent scientists from drawing a conclusion as to whether
there is a direct effect of acid-base intervention on fracture
risk. It is therefore not surprising that the included RCTs
did not assess the effect of acid-base intervention on fracture
risk. Second, the heterogeneities for several meta-analyses
were at a high level, which may weaken the reliability of
the pooled effects. However, the small number of included
studies may partially explain the high heterogeneity and the
meta-regression analysis further ensures the stability of the
results. In fact, we used 2 vital strategies to guarantee the
homogeneity of these meta-analyses. The first is that all
of the included studies are high-quality RCTs. In addition,
we applied strict inclusion and exclusion criteria to exclude
studies on the use of supplements in combination with other
forms of diet or drugs, as well as studies with changes in
nutrients that affect bone metabolism and those studies on
specific protein types.

Another limitation of this study is that the pooled effects
did not consider the age-related decline in kidney function,
which was reported to have a substantial effect on renal NAE
that contributed the largest amount to the elimination of
noncarbonic acid. Theoretically, a sensitivity analysis should
be conducted to investigate the age-related decline in renal
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function on the pooled effects. Unfortunately, most of the
included articles did not provide an accurate value of the
estimated glomerular filtration rate (eGFR) or the creatinine
clearance rate (3, 7, 13, 25–28, 30, 35, 36, 38–41, 43–45).
Thus, it is difficult to conduct a stratified verification analysis
to verify the potential role of the age-related renal function
on the pooled effects, which should be interpreted with
caution. In addition, the acid ash hypothesis proposes that
diets with a high phosphate content are acidic and phosphate
supplementation involves different levels of calcium and
phosphorus interventions, so this study also did not include
phosphate research due to the possible complication caused
by the calcium supplementation.

The acid ash hypothesis produced the concept that
excessive acid in the diet may cause several diseases in
modern society and the “alkaline diet” could prevent and
cure these diseases. This study showed that it is not necessary
to emphasize the adverse effect of acidic diets on bone health.
Future research should focus more on whether urinary
calcium excretion is related to bone calcium loss that is
caused by an acidic diet and whether protein can offset the
adverse effects of acid on bones. More research is also needed
to further verify whether alkaline supplementation combined
with sufficient vitamin D and calcium is beneficial to bone
health.

In conclusion, the present meta-analysis of the latest
randomized intervention studies demonstrated that acid
intervention may not be harmful to bone health. On the other
side, alkaline supplementation could significantly reduce the
excretion of urinary calcium and renal NAE, indicating
a potential benefit to BMD, which was further validated
by meta-analyses of BMD at 2 available body sites. It is
initially suggested that supplementation with alkali salts may
be beneficial to bone health. However, the finding should
be interpreted with caution and needs support from more
clinical evidence.
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