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ABSTRACT
Background: Metabolic acidosis accelerates the progression of chronic kidney disease (CKD) and
increases the mortality rate. Whether oral alkali drug therapy benefits pre-dialysis CKD patients is
controversial. We performed a meta-analysis of the effects of oral alkali drug therapy on major
clinical outcomes in pre-dialysis CKD patients.
Methods: We systematically searched MEDLINE using the Ovid, EMBASE, and Cochrane Library
databases without language restriction. We included all eligible clinical studies that involved pre-
dialysis CKD adults and compared those who received oral alkali drug therapy with controls.
Results: A total of 18 eligible studies, including 14 randomized controlled trials and 4 cohort
studies reported in 19 publications with 3695 participants, were included. Oral alkali drug ther-
apy led to a 55% reduction in renal failure events (relative risk [RR]: 0.45; 95% confidence interval
[CI]: 0.25–0.82), a rate of decline in the estimated glomerular filtration rate (eGFR) of 2.59mL/
min/1.73 m2 per year (95% CI, 0.88–4.31). There was no significant effect on decline in eGFR
events (RR: 0.34; 95% CI: 0.09–1.23), proteinuria (standardized mean difference: �0.32; 95% CI:
�1.08 to 0.43), all-cause mortality events (RR: 0.90; 95% CI: 0.40–2.02) and cardiovascular (CV)
events (RR: 1.03; 95% CI: 0.32–3.37) compared with the control groups.
Conclusion: Based on the available and low-to-moderate certainty evidence, oral alkali drug
therapy might potentially reduce the risk of kidney failure events, but no benefit in reducing all-
cause mortality events, CV events, decline in eGFR and porteninuria.
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Introduction

Metabolic acidosis (MA), a common complication of
chronic kidney disease (CKD) caused by failure to bal-
ance the daily acid load, causes kidney damage, leading
to protein-energy consumption, chronic inflammation,
endocrine disorders, and the aggravation of metabolic
osteopathy [1]. MA is associated with adverse outcomes
in CKD patients, including the progression of CKD, all-
cause mortality, and cardiovascular (CV) events [2,3].

Oral bicarbonate supplementation is commonly used
to correct MA and improve the prognosis of CKD
patients. According to the 2020 KDIGO guidelines for
glomerulonephritis, MA should be treated with supple-
mentation with oral sodium bicarbonate if the serum
bicarbonate level is < 22mmol/L [4]. However, it
remains unclear whether treatment of MA based on
oral alkali supplementation would translate into

improved clinical outcomes, including delaying the pro-
gression of MA and decreasing the risks of all-cause
mortality and CV events. In the UBI study, treatment of
MA with sodium bicarbonate in patients with stage 3–5
CKD was safe and reduced the risks of CKD progression
and all-cause mortality [5]. However, other studies did
not confirm the benefits of alkali supplementation in
terms of delaying CKD progression and improving sur-
vival. Randomized controlled trials (RCTs) showed no
significant effects of oral alkali supplementation on
renal outcomes and mortality [6,7]. In a cohort study of
386 CKD patients, compared with those who did not
receive bicarbonate supplementation, the risk of ische-
mic heart disease was significantly lower in patients
who received bicarbonate supplementation [8]. In a
multi-center RCT, no differences were found in CV
events between the sodium bicarbonate group and the
placebo group [6]. Therefore, the association between
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oral alkali drug supplementation and clinical outcomes
in pre-dialysis CKD patients is unclear.

In this systematic review, we summarized all avail-
able clinical study data to evaluate the benefits of oral
alkali drug therapy regarding kidney outcomes, all-
cause mortality, and CV events in pre-dialysis
CKD patients.

Materials and methods

Data sources and search strategy

We performed this systematic review according to a
pre-specified protocol [9] registered in the International
Prospective Register of Systematic Reviews
(CRD42018111030), and the reporting was in line with
PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-analyses) guidelines. A comprehen-
sive search was conducted using the following data-
bases: MEDLINE by Ovid (1946 to February 2020),
EMBASE (1966 to February 2020), and Cochrane Central
Register of Controlled Trials (no date restriction), with
relevant keywords and medical subject headings that
included various spellings of ‘CKD’, ‘RCT’, ‘Cohort
Studies’, and ‘Oral Alkali Therapy’ (the terms ‘Sodium
Bicarbonate’, ‘Alkali’, (see item S1). Studies were consid-
ered without any language restriction. To ensure a com-
prehensive literature search, we also screened reference
lists from included articles. The ClinicalTrials.gov web-
site was searched for ongoing but unpublished trials in
this field.

Study selection and outcome estimation

We included data from RCTs and cohort studies in
which oral alkali drug therapy was provided to adults
with pre-dialysis CKD (participants who were pregnant,
had malignancies or acute illnesses, or had a follow-up
time of less than 3months were excluded) and compar-
isons were made with subjects receiving the
usual therapy.

Pre-defined outcomes that contained analyzable
data were extracted as follows. A renal failure event
was defined as a more than 50% decline in estimated
glomerular filtration rate (eGFR) from baseline during
follow-up, doubling of serum creatinine, or progression
to end-stage renal disease (ESRD) [10]. Decline in eGFR
was defined as a decrease of eGFR >3mL/min/1.73 m2

per year [11]. The rate of change in eGFR per year and
changes in urinary protein or urinary albumin during
follow-up, including urinary protein excretion, urinary
albumin excretion, and the urinary albumin/creatinine
ratio, were recorded. Additionally, the incidences of all-

cause mortality events and CV events, defined as a
composite, including fatal or non-fatal myocardial
infarction, fatal or non-fatal stroke, coronary artery
revascularization, CV disease, and CV death,
were recorded.

Data extraction and quality assessment

Two independent reviewers (H.S. and X.S.) extracted
data and assessed their quality according to the pre-
specified protocol. Disagreements were resolved by a
third reviewer (L.W.). Data from all eligible studies were
extracted into a spreadsheet. The data sought included
the characteristics of the studies (study type, random-
ization method, follow-up time, withdrawals/dropouts),
baseline patient characteristics (age, sex, baseline
eGFR), intake of alkali drug supplementation, and out-
come events.

We used the Cochrane Collaboration risk-of-bias tool
[12] to assess all potential sources of bias for the
included RCTs. Trials were assessed as being at low or
high risk of bias or subject to other risks or some con-
cerns, and the overall risk of bias generally corre-
sponded to the worst risk of bias in any of the domains.
However, if a study was judged to be subject to some
concerns about the risk of bias for multiple domains, it
might be judged as being at high risk of bias overall. In
addition, the quality of the RCTs was assessed using the
Jadad scale [13]. We used the Newcastle-Ottawa Scale
(NOS) to assess the quality of cohort studies in terms of
selection of cohorts, comparability of cohorts, and
assessments of outcomes [14].

Data synthesis and statistical analyses

When dichotomous outcome data from individual stud-
ies were analyzed, relative risks (RRs) and their 95%
confidence intervals (CIs) were calculated. If the RR for
an individual study was unavailable in the original art-
icle, the RR and 95% CI were calculated from event
numbers extracted from each study before data pool-
ing. In calculating the RR values, we used the total
number of patients randomized in each group as the
denominator. Continuous outcome data from individual
trials were analyzed using differences in means (MDs)
with 95% CIs to pool eGFR data, whereas the standar-
dized mean differences (SMDs) with 95% CIs were used
to pool proteinuria or albuminuria data. When continu-
ous outcome data were analyzed, the difference in the
mean change between values at baseline and the end
of treatment was used. If data on changes between
baseline and end-of-treatment values were not
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available in the studies, we calculated them using corre-
lations estimated from other included studies that had
a similar follow-up period and reported their results in
considerable detail according to the imputed formula-
tion and its related interpretations in the Cochrane
Handbook [15].

Because of the poor stability of the Der Simonian-
Laird procedure for small numbers of studies, we used
the empirical Bayes procedure to estimate all outcomes
[16,17]. We also used the Der Simonian-Laird random
effects model and restricted maximum likelihood
approach to assess summary effects as part of sensitiv-
ity analyses [18,19]. Considering the inevitable hetero-
geneity among studies, subgroup and sensitivity
analyses were performed. Subgroup analyses were per-
formed based on a pre-specified protocol according to
the study type, baseline serum bicarbonate, baseline
eGFR, mean age, follow-up time, and sample size. In
addition, we performed sensitivity analyses using differ-
ent random-effects estimation methods, excluding
studies with a sample size <50, those with a follow-up
of < 12months, and studies of low quality (Jadad score
<3, NOS score <5$). Heterogeneity among studies
was evaluated using the I2 or s2 statistic. Stata version
15.0 (StataCorp LP, College Station, TX) was used for
statistical analysis, and a two-sided p-value < 0.05 was
considered indicative of significance.

Results

Overview of included trials

The literature search yielded 9284 potentially relevant
records, of which the full texts of 185 publications were
reviewed (Figure 1). After screening and eligibility
assessment, 14 RCTs [5–7,20–32] and 4 cohort studies
[8,29,33,34] reported in 19 publications with 3695 indi-
viduals were included in this systematic review and
meta-analysis. Baseline and key characteristics of the
enrolled studies are presented in Supplementary Table
S1 and Table S2. The median follow-up time was
19.5months. Individuals were enrolled at an average
age of 55.78 years, and male participants accounted for
59.55% of the total. The average eGFR of participants
was 31.51mL/min/1.73 m2. A total of 2 oral alkali drug
therapies were studied, including those featuring
sodium bicarbonate in 17 studies, veverimer in 1 study,.

The Jadad score for each included RCT is presented in
Supplementary Table S1. Eleven trials had a Jadad score
of 3–5, and the others scored less than 3. Of all RCTs,
78.57% were associated with a low risk of bias arising
from the randomization process, and all studies had a low
risk of bias due to deviations from intended interventions,
due to missing outcome data, associated with measure-
ments of outcomes, and associated with selection of the
reported results. In terms of overall bias, 78.57% of the

Figure 1. PRISMA flow chart for the included studies.
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research trials were assessed as at low risk, and 21.43% as
subject to some concerns (Supplementary Table S3).

As shown in Supplementary Tables S1 and S4, all
included cohort studies were considered of high quality
(with scores of 7$–8$) according to the NOS checklist.

Effects of oral alkali drug therapy on
renal outcomes

Nine RCTs with 1833 participants reported 250 renal fail-
ure events. Compared with the control group, oral alkali
drug therapy was associated with a 55% reduction in the
risk of renal failure events (RR: 0.45; 95% CI: 0.25–0.82),
with significant heterogeneity across studies (I2 ¼ 67.8%,
p¼ 0.005; Figure 2). No significant heterogeneity was
observed in any subgroup analysis (Table 1).

Data regarding the effects of oral alkali drug therapy
on decline in eGFR events were available from three
RCTs that included 404 individuals and 123 events.
Overall, there was no significant effect of oral alkali
drug therapy on decline in eGFR events (RR: 0.34; 95%
CI: 0.09–1.23) compared with the control group.
Moderate heterogeneity across these trials (I2 ¼54.1%,
p¼ 0.113; Figure 2) was found.

Thirtine RCTs and three cohort studies with 2746
participants provided data on differences in the rate of
change in eGFR. Compared with the control group, oral
alkali drug therapy slowed the rate of eGFR decline by

2.59mL/min/1.73 m2 per year (95% CI: 0.88–4.31), with
significant heterogeneity observed (I2¼ 97.6%,
p< 0.001; Figure 3). Subgroup analyses showed that
effect sizes were greater in studies that enrolled
patients baseline serum bicarbonate < 20.95mmol/L,
baseline eGFR 30-59mL/min/1.73 m2, age < 55 years
(p< 0.001; Supplementary Table S5).

Data on the effects of oral alkali drug therapy on
proteinuria or albuminuria were available in only five
studies (four RCTs and one cohort study) with 591 par-
ticipants, and no significant effect was found (SMD:
�0.32; 95% CI: �1.08 to 0.43). I2 statistics (88.2%,
p< 0.001; Figure 4) indicated significant heterogeneity
across studies. Subgroup analyses did not reveal het-
erogeneity regarding pre-specified characteristics
(Supplementary Table S5).

Effects of oral alkali drug therapy on all-cause
mortality and CV events

Seven RCTs involving 1709 individuals reported 127 all-
cause mortality events. There was no significant effect of
oral alkali drug therapy on the risk of all-cause mortality
compared with the control groups (RR: 0.90; 95% CI:
0.40–2.02). Significant heterogeneity was noted across
the included trials (I2 ¼ 54.7%, p¼ 0.05; Figure 5). No sig-
nificant heterogeneity was found for all-cause mortality
in the subgroup analyses (Supplementary Table S5).

Figure 2. Forest plot for renal failure events and decline in eGFR events. Renal failure was defined as a more than 50% decline
in eGFR from baseline during follow-up, doubling of serum creatinine or ESRD. CI: confidence interval; RR: relative risk.
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Data for CV events were available from three RCTs
and one cohort studie that included 1098 participants
and 160 events. There was no significant difference in
the risk of CV events between treatment and control
groups (RR: 1.03; 95% CI: 0.32–3.37), with significant
heterogeneity observed among trials (I2 ¼ 65.1%,
p¼ 0.057; Figure 5). Subgroup analyses revealed

no heterogeneity for CV events (Supplementary
Table S5).

Sensitivity analysis

The results did not change after the exclusion of studies
with a follow-up duration of < 12months, with a sam-
ple size < 50, or assessed as low quality, or when

Table 1. Subgroup analysis of renal failure events.
Subgroup No. of trials n RR (95% CI) p for RR I2 p for heterogeneity test a

Study type
RCT – – – – – –
Cohort study – – – – –

Baseline serum bicarbonate
< 20.58 6 1010 0.45 (0.24, 0.86) 0.016 73.9% 0.07
� 20.58 3 823 0.39 (0.25, 0.60) <0.001 0.0%

Baseline eGFR (mL/min/1.73 m2)
30–59 3 970 0.39 (0.25, 0.61) <0.001 – 0.08
15–29 6 863 0.45 (0.24, 0.83) 0.01 67.8%

Mean age (years)
<55 4 493 0.30 (0.11, 0.86) 0.02 76.9% 0.34
�55 5 1340 0.57 (0.30, 1.09) 0.09 66.9%

Follow-up time (months)
< 24 5 566 0.60 (0.38, 0.94) 0.02 0% 0.55
� 24 4 1267 0.38 (0.17, 0.83) 0.01 83.2%

Sample size
< 127 4 270 0.38 (0.13, 1.10) 0.08 56.0% 0.52
� 127 5 1563 0.46 (0.23, 0.93) 0.03 79.0%

Note. a p value calculated by v2 statistics was shown. CI: confidence interval; n: number of patients; RCT: randomized parallel-group con-
trolled trial; RR: relative risk.

Figure 3. Forest plot for rate of change in estimated glomerular filtration rate (eGFR). CI: confidence interval; MD: mean differ-
ence; SD: standard deviation.
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different random-effects estimination methods were
used (Supplementary Table S6).

Discussion

MA, a common complication of CKD, is associated with
CKD progression and higher mortality. The benefits of

oral alkali drug supplementation for renal outcome
events, all-cause mortality, and CV events in pre-dialysis
CKD patients are controversial. This meta-analysis of 18
studies including 3695 participants suggests that oral
alkali drug therapy produces a 55% reduction in renal
failure events. No significant effects were observed for

Figure 4. Forest plot for the change in proteinuria or albuminuria. CI: confidence interval; SD: standard deviation; SMD: standard
mean difference.

Figure 5. Forest plot for all-cause mortality and cardiovascular events. Cardiovascular events were defined as a composite, includ-
ing fatal or non-fatal myocardial infarction, fatal or non-fatal stroke, coronary artery revascularization, cardiovascular disease and
cardiovascular death. CI: confidence interval; N: number of trials; RR: relative risk.
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decline in eGFR, proteinuria, the risk of all-cause mortal-
ity events and CV events. The results were broadly con-
sistent across major subgroups, as demonstrated by the
sensitivity analyses. Of note, the existence of significant
heterogeneity may limit the interpretation and clinical
application of these results. Heterogeneity in the study
included different CKD stages of patients, different
baseline serum bicarbonate levels across studies, con-
siderable variation in follow-up time, and different strat-
egies to correct MA. Although we preformed subgroup
analyses, which remains a concern for meaningful inter-
pretation of the results.

MA is associated with the progression of CKD
[35,36]. However, there are sparse data on the effects of
oral alkali drug supplementation on renal function in
CKD patients, with inconsistent effects reported to date.
In accordance with our study, a 2012 systematic review
suggested that oral alkali therapy could slow the
decline of the eGFR in patients with MA [37]. A 2019
systematic review indicated that oral alkali supplemen-
tation was associated with an improvement in eGFR
and a reduction in the risk of progression to ESRD [38].
However, only two studies evaluated the effect of oral
alkali therapy on the incidence of ESRD. Compared with
previous meta-analyses [37,38], our study included
many new studies on the effects of oral alkali therapy
on changes in eGFR and ESRD events. Our summary
data showed smaller reduction in kidney function
decline, although with significant heterogeneity
between the included studies. These data should be
interpreted with caution. . . Additional well- designed
trials are needed to explore the effect of treatment of
MA on the risk of kidney disease progression with these
different types of interventions. In the Chronic Renal
Insufficiency Cohort study [2], the role of serum bicar-
bonate level as a risk factor for renal outcomes (ESRD
or 50% reduction in eGFR) was evaluated in 3939 indi-
viduals with stage 2–4 CKD. After adjusting for covari-
ates, the risk of developing a renal endpoint was 3%
lower per 1mmol/L increase in serum bicarbonate level
[2]. A retrospective study from the National Health and
Nutrition Examination Survey III involving 1486 CKD
patients with a median 14.2 years of follow-up demon-
strated that a higher dietary acid load was independ-
ently associated with an increased risk of ESRD, and this
association was more pronounced in individuals with
advanced CKD than in those with mild or moderate
CKD [39]. Several studies included in this meta-analysis
reported that oral alkali supplementation can delay the
progression of CKD in patients with MA
[28,29,32,35,37]. However, Mahajan [21] found that oral
alkali supplementation delayed the progression of CKD

in stage 2 CKD patients without MA. Wesson and
Simoni [40] demonstrated that oral alkali dietary sup-
plementation prevented eGFR decline in the two-thirds
nephrectomy rat model (a model of early-stage CKD
that does not include MA) compared with control rats
over a 24-week period. This implies that mechanisms
other than the correction of MA are involved in the
renoprotective effect of oral alkali supplementation and
raises important questions regarding the potential use
of oral alkali supplementation in other conditions.
Several potential mechanisms may be involved, includ-
ing decreasing interstitial ammonium levels and reduc-
ing complement activation; the correction of interstitial
acidosis and decreasing the local production of endo-
thelin-1 and angiotensin II; decreasing tubular Hþ secre-
tion, which can limit tubular cast formation; activation
of the cholinergic anti-inflammatory pathway and
decreasing renal inflammation; or the correction of MA
leading to enhanced blood glucose control [41]. The
mechanisms underlying the renoprotective effect of
oral alkali therapy need to be further explored. No
high-quality study has assessed the effects of oral alkali
therapy on CKD progression in patients with and with-
out MA. Therefore, well-designed studies are needed.
Both the BiCARB Study Group [7] and Raphael KL [28]
studies failed to find a benefit of oral alkali therapy in
terms of preventing an eGFR decline in CKD. In both
studies, the mean age of participants was around
72.5 years, which may explain why some patients were
not responsive to oral alkali therapy. The eGFR typically
declines with age. It is possible that sodium bicarbonate
is less effective in older patients with CKD compared to
younger patients [7,28], which was consistent with the
results of subgroup analyses. Further well-designed
studies are needed to explore this.

In our study, there was no compelling evidence that
oral alkali drug therapy was associated with a lower
incidence of all-cause mortality events and CV events.
The scarcity of data on all-cause mortality events (seven
studies with 127 events) and CV events (four studies
with 160 events) available for the meta-analysis might
have introduced a risk of false-negative results because
of low statistical power. Among 740 individuals with
3 years of follow-up enrolled in the UBI study, the cor-
rection of MA reduced the risk of all-cause mortality in
stage 3–5 CKD (fully adjusted hazard ratio: 0.36; 95% CI:
0.18–0.74) [5]. The Large Chronic Renal Insufficiency
Cohort study showed that maintenance of a serum
bicarbonate level >26mmol/L was associated with
increased risks of congestive heart failure events and
mortality [42]. Numerous trials showed a U-shaped rela-
tionship between serum bicarbonate and mortality in

112 H. SHI ET AL.



patients with CKD [43,44]. The overall effects of alkali
supplementation on all-cause mortality and CV events
are uncertain. Chronic alkaline therapy for renoprotec-
tion may impact vascular calcification. In animal studies,
alkali supplementation worsened arterial calcification
[45,46]. Mixing sodium bicarbonate and calcium results
in an insoluble precipitate, calcium carbonate (CaCO3).
Supplementation with sodium bicarbonate increased
the levels of serum phosphorous and FGF-23, risk fac-
tors for CV events and mortality [47,48] . In addition, a
high sodium retention level is a cause for concern.
There are 0.0123mmol of sodium in every 1mg of
sodium bicarbonate, and high sodium can cause hyper-
tension, a fluid overload, and an increased risk of heart
failure in CKD patients [2]. Therefore, salt restrictions
should be stricter in patients taking oral sodium bicar-
bonate. The optimal dosage of supplementary oral
alkali drugs that provides renal and cardiovascular pro-
tection and minimizes side effects is uncertain. It is
important to determine the optimal serum bicarbonate
level and safe dose of oral alkali drugs according to
CKD stage as well as monitor the serum bicarbonate
level when an oral alkali supplement is given to pre-dia-
lysis CKD patients.

This study has several potential limitations. First, as a
result of different abilities to regulate the acid-base bal-
ance according to CKD stage, different baseline serum
bicarbonate levels across studies, the inclusion of some
patients without MA at baseline, and different target
serum bicarbonate levels across studies, the data do
not provide insight into the safe and upper dosage lim-
its of oral alkali supplementation or the optimal serum
bicarbonate level for patients with CKD. Second, find-
ings related to proteinuria, decline in eGFR, and all-
cause mortality and CV events were based on limited
studies, restricting the reliability of the results related to
these outcomes. Third, the small sample size in some
studies, as well as the existence of statistical heterogen-
eity and clinical heterogeneity, limited the reliability of
our conclusions. Fourth, veverimer, a novel drug cor-
recting MA, corrected MA by selectively binding and
removing hydrochloric acid from the gastrointestinal
tract, resulting in increased serum bicarbonate concen-
trations. However, there is only one RCT currently com-
paring veverimer and placebo. Futher studies including
comparison between veverimer and sodium bicarbon-
ate supplementation would be helpful to determine if
there are any significant differences between the two
strategies. Finally, none of the studies included patients
with uncontrolled hypertension or obvious chronic
heart failure. Whether oral alkali drug therapy is safe in

these patients is unclear and needs to be fur-
ther explored.

In summary, based on the available and low-to-mod-
erate certainty evidence, oral alkali drug therapy might
potentially reduce the risk of kidney failure events, but
no benefits in reducing all-cause mortality events, CV
events, decline in eGFR and porteninuria. Notably, due
to significant heterogeneity among studies the findings
are not the final word. Further studies are needed to
confirm these results for patients with CKD.
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