
CLINICAL RESEARCH
Corre

Montg

sebas

Recei

Decem

Kidney
A Systematic Review and Meta-Analysis

on Effects of Bicarbonate Therapy on Kidney

Outcomes
Sebastian Hultin1,2,3, Chris Hood1,4, Katrina L. Campbell1,5, Nigel D. Toussaint1,6,

David W. Johnson1,7,8 and Sunil V. Badve1,3,9

1Australasian Kidney Trials Network, The University of Queensland, Brisbane, Australia; 2University of Sydney, Sydney,

Australia; 3Department of Nephrology, St George Hospital, Sydney, Australia; 4Department of Nephrology, Middlemore

Hospital, Auckland, New Zealand; 5Healthcare Excellence and Innovation, Metro North Hospital and Health Service, Brisbane,

Australia; 6Department of Nephrology, The Royal Melbourne Hospital, Parkville, Australia; 7Department of Nephrology, Prin-

cess Alexandra Hospital, Brisbane, Australia; 8Translational Research Institute, Brisbane, Australia; and 9The George Institute

for Global Health, University of New South Wales Medicine, Sydney, Australia
Aim: Preclinical studies suggest treatment of metabolic acidosis may slow chronic kidney disease (CKD)

progression. This systematic review aimed to summarize evidence from randomized controlled trials

(RCTs) concerning the benefits and risks of bicarbonate therapy on kidney outcomes.

Methods: Medline, EMBASE, and Cochrane databases were searched for RCTs with $3 months’ follow-up

in patients with CKD (estimated glomerular filtration rate [eGFR] #60 ml/min per 1.73 m2 and/or pro-

teinuria) comparing the effects of sodium bicarbonate with placebo/no study medication on kidney out-

comes. The primary outcome was change from baseline to last measurement in kidney function measured

as either eGFR or creatinine clearance. Treatment effects were summarized using random-effects meta-

analysis.

Results: Fifteen trials (2445 participants, median follow-up 12 months) were eligible for inclusion.

Compared with placebo or no study medication, sodium bicarbonate retarded the decline in kidney

function (standardized mean difference [SMD]: 0.26; 95% confidence interval [CI]: 0.13–0.40; I2 ¼ 50%, low

certainty evidence), and reduced the risk of end-stage kidney failure (risk ratio [RR]: 0.53; 95% CI 0.32–0.89;

I2 ¼ 69%, low certainty evidence). The effect of sodium bicarbonate on proteinuria (SMD: �0.09; 95%

CI �0.27 to 0.09; I2 ¼ 28%, very low certainty evidence), systolic blood pressure (weighted mean difference

[WMD]: �0.57 mm Hg; 95% CI �2.32 to 1.18; I2 ¼ 0%, low certainty evidence), all-cause death (RR: 0.81;

95% CI: 0.39–1.68; I2 ¼ 30%; very low certainty evidence) and edema (RR: 1.16; 95% CI: 0.90–1.50; I2 ¼ 28%;

low certainty evidence) were uncertain.

Conclusion: Sodium bicarbonate may slow CKD progression. Adequately powered randomized trials are

required to evaluate the benefits and risks of sodium bicarbonate in CKD.
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M
etabolic acidosis, defined as serum
bicarbonate <22 mmol/l, varies in prevalence

from 2% to 13% in chronic kidney disease (CKD) stage
3, increasing to 19% to 37% in CKD stage 4.1,2 It is one
of the most common metabolic complications of CKD,
reflecting the declining ability of the kidney to main-
tain acid-base homeostasis. As kidney function
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declines, the kidney loses its ability to excrete
hydrogen ions and to generate bicarbonate to offset
metabolic acid generation.3 Western diets further in-
crease net endogenous acid production, thereby com-
pounding the problem.4

Preclinical and clinical studies have shown that
metabolic acidosis is associated with progression of
CKD and all-cause mortality.5–8 The Chronic Renal
Insufficiency Cohort (CRIC) Study involving 3939
participants with CKD stages 2 to 4 showed that a 1
mmol/l increase in serum bicarbonate concentration
was associated with a 3% lower risk of kidney failure
or >50% reduction in eGFR.9 In another study
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involving 1781 individuals with CKD stages 2 to 4 who
were either randomized, or screened but not random-
ized in the Modification of Diet in Renal Disease Study,
the lowest quartile of serum bicarbonate concentration
was associated with increased risks of progression to
kidney failure (hazard ratio [HR]: 2.22, 95% confidence
interval [CI]: 1.83–2.68) and all-cause mortality (HR:
1.39; 95% CI: 1.07–1.18) compared with the highest
quartile of serum bicarbonate concentration.10

Although the mechanism by which metabolic acidosis
may contribute to the progression of CKD remains
uncertain, the presence of acidosis has been associated
with multiple physiological abnormalities with poten-
tial nefarious consequences on the kidneys, including
increased ammoniagenesis in residual nephrons leading
to complement pathway activation and progressive
tubular injury,11 impaired cardiac structure and func-
tion (including cardiac fibrosis, diastolic impairment,
and heart failure),12 increased endothelin levels,13

chronic inflammation,13 decreased albumin synthesis
and protein catabolism,14 insulin resistance,15 muscle
wasting, and increased bone resorption and decreased
bone formation.16

Due to these observed associations of metabolic
acidosis with adverse outcomes, the Kidney Disease:
Improving Global Outcomes 2012 Clinical Practice
Guidelines for the Evaluation and Management of CKD
suggest correction of acidosis with oral bicarbonate
supplementation in people with CKD and serum
bicarbonate <22 mmol/l to maintain serum bicarbonate
within the normal range, unless contraindicated (level
2B evidence).17 Concerns over bicarbonate supple-
mentation relate to the effect of salt load and fluid
retention as well as its contribution to polypharmacy,
although large-scale trials are lacking.18 Therefore, we
conducted this systematic review of RCTs to evaluate
benefits and harms of bicarbonate therapy in CKD with
respect to kidney outcomes.

MATERIALS AND METHODS

This systematic review was conducted in accordance
with the PRISMA (Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses) statement.19 The
protocol is registered in the International Prospective
Register of Systematic Reviews (PROSPERO 2017
CRD42017054546) (available at http://www.crd.york.
ac.uk/PROSPERO/display_record.php?ID¼CRD4201
7054546).

Search Strategy, Study Selection, and Data

Extraction

Studies were eligible for inclusion if they (i) were RCTs;
(ii) included adults or children with CKD (eGFR#60 ml/
min per 1.73 m2 and/or proteinuria for a period of at
2

least 3 months); (iii) compared oral bicarbonate therapy
with placebo, or no study medication; (iv) followed
participants for at least 3 months post-randomization;
and (v) reported any of the following outcomes:
changes in eGFR, creatinine clearance, serum creatinine,
or proteinuria from baseline to the end of study; or
initiation of kidney replacement therapy. The presence
of metabolic acidosis was not an inclusion criterion.
Trials involving dialysis-dependent kidney failure pa-
tients or kidney transplant recipients were excluded.
Trials evaluating interventions other than sodium bi-
carbonate, such as fruit and vegetable-based diet and
veverimer were not eligible. Potentially relevant studies
were identified initially in January 2018 using highly
sensitive electronic searches of Medline, EMBASE, and
the Cochrane Central Register of Controlled Trials with
English language restriction (Supplementary Table S1
for complete search strategy). Reference lists of rele-
vant reviews were also searched. The literature search
was updated in November 2020. If a trial included 2 or
more groups of the same experimental intervention, data
from these groups were combined so that each trial arm
was included only once in the respective analyses. If
multiple secondary publications of the same data set
were identified, the most complete data were used. Only
data from the first phase of randomized crossover trials
were eligible to reduce the risk of a carryover effect of
interventions between treatment periods. Missing,
incomplete, or unpublished data from the clinical trials
were requested from the investigators.

The following data were extracted using a stan-
dardized form: patient demographic details, study
design and conduct, outcomes (baseline and end-of-
study values of eGFR, creatinine clearance, serum
creatinine, proteinuria, blood pressure, serum bicar-
bonate, doubling of serum creatinine, rapid decline of
kidney function as defined by respective investigators,
and progression to kidney failure), and adverse events.
The methodological quality of each included study was
assessed using the risk of bias assessment tool devel-
oped by the Cochrane Bias Methods Group.20 Jadad
scoring was applied to all included studies as a
continuous variable in addition to stratifying trials into
low quality (score <3), moderate quality (score ¼3),
and high quality (score >3).21 The following 6 items
were assessed: (i) random sequence generation; (ii)
allocation concealment; (iii) blinding of participants,
investigators, and outcome assessors; (iv) incomplete
outcome data; (v) selective outcome reporting; and (vi)
any other bias (e.g., insufficient rationale, study
design). Data extraction was carried out independently
by 2 authors (SH and SVB). Disagreements were
resolved via consultation with 2 other authors (NDT
and DWJ).
Kidney International Reports (2021) -, -–-
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Outcomes Assessed

The primary outcome assessed was change in kidney
function (eGFR or creatinine clearance as reported)
from baseline to last measurement or end of follow-up.
The secondary outcomes assessed included changes in
eGFR, creatinine clearance, serum creatinine, protein-
uria, blood pressure, serum bicarbonate, progression to
kidney failure, rapid decline of kidney function, all-
cause mortality, adverse events, including heart fail-
ure, or worsening blood pressure.

Statistical Analysis

For each study, the mean difference in treatment effect
on continuous outcomes from baseline to last measure-
ment between treatment groups was calculated, together
with the 95% CI. Mean differences in treatment effects
across all studies were summarized as WMDs and 95%
CIs. Mean differences in treatment effects on change in
kidney function and proteinuria were reported as SMDs
due to substantial variations in the methods by which
kidney function was reported (GFR and creatinine
clearance), and proteinuria was measured (albumin-
creatinine ratio on spot urinalysis or 24-hour urine
collection). For dichotomous outcomes, the results were
expressed as RR with 95% CI. Studies with no reported
dichotomous outcomes were excluded from analysis.
Treatment effects were obtained by random-effects
model using the DerSimonian and Laird method.22

Heterogeneity across the studies was estimated using
the Cochrane’s Q and I2 statistic.23 I2 values of 25%,
50%, and 75% corresponded to low, moderate, and high
levels of heterogeneity. Meta-regression was conducted
to investigate whether the following variables were a
source of statistical heterogeneity: control intervention
(placebo or no medication), duration of follow-up (<12
months or $12 months), and trial quality assessed by
the Jadad score.24 If sufficient data were available,
subgroup analyses were conducted according to the
control intervention (placebo or no medication), dura-
tion of follow-up (<12 months or$12 months), and trial
quality. The potential for small study effects (publica-
tion bias) was assessed by testing funnel plot asymmetry
using Egger’s test for continuous outcomes25 and
modified Harbord’s test for dichotomous outcomes.26 All
analyses were conducted using Stata/MP metan package
(version 15.1; StataCorp, College Station, TX). The cer-
tainty of evidence across trials was assessed using the
Grading of Recommendations, Assessment, Develop-
ment, and Evaluation (GRADE) approach.27

RESULTS

Study Selection and Description

Fifteen trials involving 2445 participants (median
sample size 84, range 40–795 patients; median follow-
Kidney International Reports (2021) -, -–-
up 12 months, range 3–60 months) were included in
the systematic review (Figure 1, Table 1). All included
trials involved adult patients only. One trial comparing
oral bicarbonate therapy to alkaline diet with fruits and
vegetables was considered for inclusion, but excluded
as both interventions were used to correct metabolic
acidosis.28 One additional trial comparing bicarbonate
supplementation with a high versus low serum bicar-
bonate target was considered for inclusion but was
excluded because of the absence of a control group
with placebo or no study medication.29 For 2 RCTs with
more than 1 publication, data were extracted from the
most recent publication.28,30–32 Except for 2 trials
enrolling patients with eGFR 60 to 90 with albuminuria
and patients with eGFR 15 to 89 ml/min, respec-
tively,33,34 all enrolled participants had eGFR
values <60 ml/min per 1.73 m2. Of these, 8 trials
enrolled participants with CKD stages 3 or 4,18,29,35–41 3
trials enrolled participants with CKD stages 4 or 5,42–44

1 trial enrolled participants with CKD stages 3 to 5,45

and 1 trial reported an inclusion criterion as serum
creatinine <5 mg/dl (442 mmol/l).46 One trial did not
report an inclusion criterion based on serum bicar-
bonate concentration.46 Of the remaining trials, all
except one33 included participants with metabolic
acidosis with a median serum bicarbonate concentra-
tion of 20.6 mmol/l (range 16–26 mmol/l). Two trials
included only participants with diabetes mellitus,34,35

whereas 2 trials excluded participants with diabetes
mellitus.33,38 Median age was 61 years (range 40.5–73.9
years). By design, sodium bicarbonate was the inter-
ventional agent in all trials. However, 3 trials had an
additional third intervention: fruit and vegetable diet,
sodium chloride, and N-acetyl-cysteine in 1 trial
each.33,38,39 Because the aim of this review was to
compare sodium bicarbonate with placebo or no study
medication, data from these trial arms were not
included. Six trials were placebo-controlled
studies.33,34,39,41,44,46
Risk of Bias

Figure 2 summarizes the risk of bias assessment
(individual study bias assessment included in
Supplementary Table S3). Random sequence generation
and allocation concealment were reported using low-
risk methods in 8 and 6 trials, respectively. Blinding
of participants and investigators to the allocated
intervention was reported in 7 and 5 trials, respec-
tively. In general, risk of bias was higher in earlier
trials, with trials published after 2019 reporting using
known and lower risk bias methods. Similarly,
placebo-controlled trials were more prevalent
after 2019.
3
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Figure 1. PRISMA flow diagram showing selection of studies.
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Kidney Outcomes

Eleven trials (1089 participants) reported data on eGFR
and 3 trials (993 participants) reported data on creat-
inine clearance. Compared with placebo or no study
medication, change in kidney function (eGFR or
creatinine clearance) from baseline to trial completion
was in favor of sodium bicarbonate (14 trials, 2082
participants, SMD: 0.26; 95% CI: 0.13–0.40; hetero-
geneity I2 ¼ 50%, Figure 3) (low certainty evidence,
Supplementary Table S2). Subgroup analysis demon-
strated that heterogeneity was attributable to trial
quality assessed by Jadad scoring (interaction P value
0.03) but was not modified by the control intervention
(interaction P value 0.22) or follow-up duration
(interaction P value 0.45) (Supplementary Figures S1–
S3). Cumulative meta-analysis demonstrates stable and
statistically significant point estimate of effect from
2016 onward (Supplementary Figure S4). When
analyzed separately, both change in eGFR (11 trials,
1080 participants, WMD: 2.63; 95% CI: 0.70–4.55;
heterogeneity I2¼66%; Supplementary Figure S5)
4

(very low certainty evidence) and creatinine clearance
(3 trials, 993 participants, WMD: 5.78 ml/min; 95%
CI: 3.56–7.99; heterogeneity I2 ¼ 0%; low certainty
evidence) (Supplementary Figure S6) were in favor of
sodium bicarbonate. Subgroup analysis demonstrated
that heterogeneity was attributable to the control
intervention (interaction P value 0.04) and follow-up
duration (interaction P value 0.03), but not by Jadad
score (interaction P value 0.19) (Supplementary
Figures S7–S9). Sodium bicarbonate had an uncertain
effect on change in serum creatinine from baseline (6
trials, 559 participants, WMD: �0.20 mg/dl; 95%
CI: �0.46 to 0.06 mg/dl; heterogeneity I2 ¼ 56%; very
low certainty evidence) (Supplementary Figure S10).
For the outcome of progression to kidney failure,
there were no reported events in 7 of the 14 trials that
reported data on this outcome. In the remaining 7
trials (1526 participants), compared with the control
arm, treatment with sodium bicarbonate reduced the
risk of progression to kidney failure (RR: 0.53; 95%
CI: 0.30–0.89; heterogeneity I2 ¼ 64%; low certainty
Kidney International Reports (2021) -, -–-



Table 1. Summary of studies included in the systematic review

Study (reference
no.) Inclusion criteria n Experimental intervention

Control
intervention

Jadad
score

Male
sex, %

Age,
y

Diabetes
mellitus, %

Baseline kidney
function

Baseline
proteinuria

Baseline serum
bicarbonate,

mmol/l
Follow-up,

mo

Mathur 2006
(46)

Serum creatinine <4 mg/dl 40 Sodium bicarbonate 1.2 mEq/kg/d;
target serum bicarbonate

22–26 mmol/l

Placebo 3 63 40.5 NR Serum creatinine 2.9
mg/dl

NR 19.4 3

de Bristo-Ashurst
2009 (42)

CrCl 15 to 30 ml/min per 1.73 m2,
serum bicarbonate 16–20 mmol/l

134 Sodium bicarbonate 600 mg thrice
daily; target serum

bicarbonate $23 mmol/l

No study
medication

3 52 54.8 36 CrCl 20.4 ml/min per
1.73 m2

1.75 g/d 19.9 24

Mahajan 2010
(33)

Hypertension, urine ACR 200–
2000 mg/g; eGFR 60–90 ml/min
per 1.73 m2, serum bicarbonate

>24.5 mmol/l

80 Sodium bicarbonate
0.5 mEq/kg/d

Placebo 1 48 51.3 0 eGFR 75.5 ml/min
per 1.73 m2

Urine ACR 421
mg/g

26.1 60

Disthabanchong
2010 (36)

eGFR #60 ml/min per 1.73 m2,
serum bicarbonate #22 mmol/l

44 Sodium bicarbonate 1.8 to 3.6 g/d;
target serum bicarbonate 21–43 mmol/l

No study
medication

2 48 62.8 49 eGFR 18.8 ml/min
per 1.73 m2

NR 20.9 3 to 4

Jeong 2014
(43)

eGFR <30 ml/min per 1.73 m2,
serum bicarbonate <22 mmol/l

80 Sodium bicarbonate 1000 mg thrice
daily; target serum bicarbonate >22

mmol/l

No study
medication

1 71 54.6 26 eGFR 16.9 ml/min
per 1.73 m2

NR 18.7 12

Bellasi 2016
(35)

eGFR 15–44 ml/min per 1.73 m2,
serum bicarbonate <24 mmol/l

145 Sodium bicarbonate 0.5 mmol/kg twice
daily; target serum bicarbonate

24–28 mmol/l

No study
medication

3 57 65.5 100 CrCl 33.5 mL/min NR 21.4 12

Yan 2017 (39) eGFR 15–59 ml/min per 1.73 m2,
serum bicarbonate 16–20 mmol/l,

non-thyroid illness syndrome

84 Sodium bicarbonate 1–2 g/d; target
serum bicarbonate 22–27 mmol/l

Placebo 3 58 53.1 39 eGFR 18.8 ml/min
per 1.73 m2

NR 16.3 5

Dubey 2018
(37)

eGFR 15–59 ml/min per 1.73 m2,
serum bicarbonate <22 mmol/l

188 Sodium bicarbonate 0.5 mEq/kg/d;
target serum bicarbonate 24–26 mmol/

l

No study
medication

3 71 50.2 15 eGFR 30.6 ml/min
per 1.73 m2

NR 18.1 6

Alva 2019 (40) eGFR 15–30 ml/min per 1.73m2,
serum bicarbonate 10–20 mmol/l

67 Sodium bicarbonate 1.8 g/d; target
serum bicarbonate >23 mmol/l

No study
medication

2 71 72.6 3 eGFR 21.8 ml/min
per 1.73 m2

NR 16.7 9

DiLorio 2019
(45)

eGFR 15–59 ml/min per 1.73m2,
serum bicarbonate 18–24 mmol/l

795 Sodium bicarbonate up escalated by
25%/wk; target serum bicarbonate 24–

28 mmol/l

No study
medication

3 62 67.6 30.7 eGFR 33.4 ml/min
per 1.73 m2

Urine ACR 208
mg/g

21.7 36

Goraya 2019
(30)

eGFR 30–59 ml/min per 1.73 m2,
urine ACR >200 mg/g;

hypertension, serum bicarbonate
22–24 mmol/l

72 Sodium bicarbonate
0.3 mEq/kg/d

No study
medication

1 44 53.8 0 eGFR 42.6 ml/min
per 1.73 m2

Urine ACR 316
mg/g

23 60

Witham 2020
(44)

eGFR 15–30 ml/min per 1.73 m2,
serum bicarbonate <2 mmol/l,

age >60 y

300 Sodium bicarbonate 500–1000 mg
thrice daily; target serum >22mmol/l

Placebo 5 57 73.9 50.5 eGFR 18.9 ml/min
per 1.73 m2

Urine ACR 79.9
mg/g

20.4 24

Melamed 2020
(41)

eGFR 15–59 ml/min per 1.73m2,
serum bicarbonate 20–26 mEq/l

149 Sodium bicarbonate 0.4 mEq/l/kg/d Placebo 5 54 61 62 eGFR 36.2 ml/min
per 1.73m2

NR 24 24

Raphael 2020
(34)

eGFR 15–89 ml/min per 1.73m2,
urine ACR <30 mg/g, serum
bicarbonate 22–28 mEq/l

74 Sodium bicarbonate 0.5 mEq/kg/d in 2
divided doses

Placebo 5 97 72 100 eGFR 51 ml/min per
1.73 m2

Urine ACR 121
mg/g

24 6

Raphael 2020
(18)

eGFR 20–44 ml/min per 1.73 m2

or eGFR 45–59 with urine ACR
>50 mg/g, serum bicarbonate

20–28 mEq/l

192 Sodium bicarbonate 0.8 mEq/kg/
d (high dose) or 12 mEq/d (low dose)

Placebo 5 68 66 54 eGFR 35 ml/min per
1.73 m2

NR 24 7

ACR, albumin-creatinine ratio; CrCl, creatinine clearance; eGFR, estimated glomerular filtration rate; NR, not reported
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Figure 2. Risk of bias assessment of the included studies according to the Cochrane Collaboration tool.
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evidence) (Figure 4). Subgroup analysis demonstrated
that heterogeneity was attributable to the control
intervention (interaction P value 0.04), but not to
follow-up duration (interaction P value 0.73) or Jadad
score (interaction P value 0.24) (Supplementary
Figure 3. Forest plot showing the effect of bicarbonate therapy on chang
last measurement. CI, confidence interval; SMD, standardized mean diffe

6

Figures S11–S13). For the outcome of rapid decline
of kidney function (defined as an annual decline in
GFR or CrCl >3 ml/min per 1.73 m2), there were no
reported events of rapid decline of kidney function in
4 of the 7 trials that reported data on this outcome. In
e in kidney function (eGFR or creatinine clearance) from baseline to
rence.

Kidney International Reports (2021) -, -–-



Figure 4. Forest plot showing the effect of bicarbonate therapy on progression to kidney failure. CI, confidence interval; RR, risk ratio.
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the remaining 3 trials (1062 participants), treatment
with sodium bicarbonate reduced the risk of rapid
kidney function decline (RR: 0.32; 95% CI: 0.20–0.52;
heterogeneity I2 ¼ 58%; low certainty evidence)
(Supplementary Figure S14).

There was no significant difference in change in
proteinuria between the bicarbonate and control arms
(6 trials, 633 participants, SMD: �0.09; 95% CI: �0.27
to 0.09; heterogeneity I2 ¼ 16%; very low certainty
evidence) (Supplementary Figure S15).

Other Outcomes

Compared with placebo or no study medication, treat-
ment with sodium bicarbonate increased serum bicar-
bonate concentration (13 trials, 1814 participants,
WMD: 2.59 mmol/l; 95% CI: 1.51–3.66 mmol/l; het-
erogeneity I2 ¼ 95%; very low certainty evidence)
(Supplementary Figure S16). Subgroup analysis
demonstrated that heterogeneity was due to the control
intervention (interaction P value 0.001), but not by
follow-up duration (interaction P value 0.10) or Jadad
score (interaction P value 0.58) (Supplementary
Figures S17–S19). Treatment with bicarbonate had no
significant effect on changes in systolic blood pressure
(12 trials, 1932 participants, WMD: �0.57 mm Hg;
95% CI: �2.32 to 1.18 mm Hg; heterogeneity I2 ¼ 0%;
low certainty evidence) (Supplementary Figure S20), or
diastolic blood pressure (10 trials, 1794 participants,
Kidney International Reports (2021) -, -–-
WMD: 0.88 mm Hg; 95% CI: �0.61 to 2.38 mm Hg;
heterogeneity I2 ¼ 27%; low certainty evidence)
(Supplementary Figure S21).

Adverse Events

There were no significant differences in the risks of
worsening of blood pressure (5 trials, 1383 partici-
pants, RR: 1.36; 95% CI: 1.05–1.77; heterogeneity
I2 ¼ 58%; low certainty evidence) (Supplementary
Figure S22), edema (6 trials, 1600 participants, RR:
1.16; 95% CI: 0.90–1.50; heterogeneity I2 ¼ 28%;
low certainty evidence) (Supplementary Figure S23),
and change in weight (8 trials, 1535 participants,
WMD: –0.11 kg; 95% CI: �0.93 to 0.70 kg; het-
erogeneity I2 ¼ 0%; low certainty evidence)
(Supplementary Figure S24) between the sodium
bicarbonate and control groups. There were no
death events in 3 of 9 trials (265 participants) that
reported mortality data. In the remaining 6 trials
(1648 participants) there was no difference in the
risk of all-cause death between the bicarbonate and
control groups (RR: 0.81; 95% CI: 0.39–1.68; het-
erogeneity I2 ¼ 30%; very low certainty evidence)
(Supplementary Figure S25). There were no reported
events of hospitalization for heart failure in 2 trials
(317 participants) that reported these data. In the
remaining 3 trials (387 participants), there was no
difference in the risk of hospitalization for heart
7
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failure between the sodium bicarbonate and control
groups (RR: 1.19; 95% CI: 0.30–4.67; heterogeneity
I2 ¼ 9%; very low certainty evidence) (Supplementary
Figure S26)

Test for Small Study Bias

No statistically significant evidence of small study bias
was found (Funnel plots included in Supplementary
Figures S27–S33).

DISCUSSION

This systematic review demonstrated that bicarbonate
therapy may slow the progression of CKD. Compared
with placebo or no study medication, oral sodium bi-
carbonate treatment attenuated decline in kidney
function, as assessed by eGFR or creatinine clearance
and delayed progression to kidney failure. There were
no observed differences in proteinuria or blood pres-
sure. Although data on adverse events and mortality
were reported in fewer trials, there was no appreciable
difference reported in peripheral edema, hospitalization
for heart failure, or all-cause mortality.

In view of the Kidney Disease: Improving Global
Outcomes 2012 Clinical Practice Guideline suggesting
correction of acidosis with oral bicarbonate supple-
mentation in CKD, the results of the present systematic
review are important.17 Our results are consistent with
previous systematic reviews that also reported delayed
CKD progression with bicarbonate treatment.47,48 The
current systematic review, however, included more
and recent trials with 2445 participants and examined a
wide range of outcomes. The totality of evidence
highlights the growing body of literature favoring
correction of metabolic acidosis in CKD as a strategy to
delay progression. The overall certainty of the evidence
favoring this, however, was of low certainty.

Alongside the growing evidence of benefit, robust
data on adverse events and side effects are required to
determine the generalizability of our findings. There
were significant differences in characteristics of
included trials, including participant eligibility
criteria, patient sex, comorbidities such as diabetes,
stages of CKD, intervention in the control groups, and
duration of follow-up. Although we investigated the
source of statistical heterogeneity by conducting meta-
regression, analyses were limited to only 3 study-level
characteristics, as individual patient data were not
available. Only 1 trial recruited elderly patients with
CKD, and generalizability of our findings, the cost-
benefit, and quality-of-life impact from pill burden
across all patient cohorts and ages is uncertain and
needs to be assessed in longer-term follow-up trials.
Despite the heterogeneous study population in several
included trials, generalizability of our findings was
8

further limited by an underrepresentation of female,
older, and more comorbid patients with CKD recruited
into included trials. As there were no identified studies
recruiting pediatric patients, generalizability of these
results to children with CKD is uncertain. Adequately
powered randomized trials are required to evaluate the
harms and benefits of bicarbonate therapy on clinical
outcomes in this patient population.

The strengths of this review include comprehensive
overview of the evidence, risk of bias assessment, use
of the GRADE approach to assess the body of evidence,
and subgroup analysis of outcomes with high hetero-
geneity. These strengths should be balanced against its
limitations, which were largely due to the limitations of
the included trials. These include clinical heterogeneity
in participant characteristics (baseline kidney function,
diabetes status, proteinuria, serum bicarbonate levels)
and study-level characteristics (dosage of sodium bi-
carbonate, intervention in the control groups, duration
of follow-up, methods of assessment of kidney func-
tion). Furthermore, subgroup analyses were limited to
study-level variables including follow-up duration,
control intervention, and study quality, with hetero-
geneity arising from patient-level characteristics not
estimable without individual patient data. As the focus
of this systematic review was on kidney outcomes,
other outcomes, such as nutritional or inflammatory
markers and mineral bone disease, quality of life or
polypharmacy were not evaluated. This review also did
not study non-bicarbonate treatment of metabolic
acidosis, such as fruit and vegetable-based diets and
veverimer.49,50

In conclusion, the available evidence showed that
bicarbonate treatment may slow the progression of CKD
in patients with moderate or advanced CKD. Past meta-
analyses of the literature have concluded insufficient
evidence to enable recommendation of bicarbonate
supplementation without acidosis or to upgrade the
evidence for supplementation as a strategy to delay
CKD progression due to lack of high-quality RCTs
addressing this issue.48,51 Since then, despite several
new published RCTs, adequately high-powered RCTs
are still required in light of low-quality evidence
supporting this.
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