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Introduction: Metabolic acidosis is associated with cardiovascular events, graft function, and mortality in

kidney transplant recipients (KTRs). We examined the effect of alkali therapy on vascular endothelial

function in KTRs.

Methods: We performed an 18-week, randomized, double-blind, placebo-controlled crossover pilot study

examining the effect of sodium bicarbonate therapy versus placebo on vascular function in 20 adult KTRs

at least 1 year from transplant with an estimated glomerular filtration rate (eGFR) $45 ml/min per 1.73 m2

and a serum bicarbonate level of 20 to 26 mEq/L. Each treatment period was 8 weeks in duration with a 2-

week washout period between treatments. The primary outcome was change in brachial artery flow-

mediated dilation (FMD) between sodium bicarbonate treatment and placebo.

Results: Twenty patients completed the study and were included in the primary analysis. The mean (SD)

baseline eGFR of participants was 75 (22) ml/min per 1.73 m2, respectively. Serum bicarbonate levels did

not increase significantly with treatment (0.3 [1.5] mEq/L, P ¼ 0.37). Sodium bicarbonate therapy was not

associated with worsening blood pressure, weight gain, or hypokalemia. There was no significant increase

in FMD after 8 weeks of sodium bicarbonate therapy compared to placebo (mean change in FMD 2.2%,

95% CI –0.1 to 4.6, P ¼ 0.06). There were no significant changes in high-sensitivity C-reactive protein,

interleukin-6, eGFR, or urinary albumin-to-creatinine ratio during treatment. Urinary ammonium excretion

decreased by 9 mmol/d (P¼0.003), with sodium bicarbonate.

Conclusions: Sodium bicarbonate therapy is safe and feasible in KTRs, and our results strengthen the need

for a larger randomized controlled trial.
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C
ardiovascular disease (CVD) is the leading cause of

death in KTRs, accounting for 35% to 50% of all-
cause mortality.1,2 KTRs have elevated arterial stiffness
and endothelial dysfunction, both of which are associ-
ated with CVD.3–5 Additionally, endothelial dysfunc-
tion is associated with graft loss in KTRs.6 Metabolic
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acidosis, as reflected by a low serum bicarbonate level,
has been associated with endothelial dysfunction, arte-
rial stiffening, and hypertension in individuals both
with and without kidney disease.7–13 Acid retention
is common in KTRs and can be attributed to multiple
factors.14 KTRs have a single kidney and a decreased
number of nephrons impairing the ability to eliminate
the daily hydrogen load.15–17 Additionally, KTRs
receive several medications that can result in metabolic
acidosis, including calcineurin inhibitors.15–17 Trans-
plant recipients with lower serum bicarbonate levels
have an increased risk of graft loss, cardiovascular
events, and mortality.14,18–21
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Several small interventional trials have shown that
bicarbonate administration slows the rate of kidney
disease progression, even in individuals with normal
serum bicarbonate levels.22–24 Additionally, a prior
pilot study of 20 participants with chronic kidney
disease stage 3 or 4 with metabolic acidosis (mean [SD]
serum bicarbonate level 19.5 [2.3] mEq/L) found that
bicarbonate administration resulted in improved
vascular endothelial function as measured by brachial-
artery FMD.13 Yet, the effect of alkali therapy on
vascular endothelial function in KTRs remains un-
known. Accordingly, we performed a prospective,
randomized, double-blind, placebo-controlled 18-week
crossover pilot study in 20 KTRs to test the hypothesis
that sodium bicarbonate therapy is safe and feasible
and improves vascular endothelial function, as
measured by FMD, in KTRs compared with placebo.

METHODS
Study Population

Twenty KTRs were enrolled between December 2018
and November 2019 at the University of Colorado
Anschutz Medical Campus. Participants were included
if they were at least 1 year from kidney transplantation
with an eGFR of $45 ml/min per 1.73 m2 and a serum
bicarbonate level of 20 to 26 mEq/L. Other eligibility
criteria included a body mass index of <40 and a stable
immunosuppression and antihypertensive treatment
regimen for at least 4 weeks prior to randomization.
eGFR was calculated using the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation.
Exclusion criteria included significant comorbid con-
ditions that lead the investigator to conclude that life
expectancy is less than 1 year, chronic use of daily oral
alkali therapy within the past 3 months, uncontrolled
hypertension, known ejection fraction # 30%, New
York Heart Association class 3 or 4 heart failure
symptoms, chronic use of supplemental oxygen, and
serum potassium <3.3 or $5.5 mEq/L, and for female
participants, pregnancy, breast feeding, or inconsistent
use of birth control. All study participants provided
written informed consent before study entry. The
study protocol and informed written consent were
approved by the Colorado Multiple Institutional Re-
view Board (Aurora, CO) and was registered at
ClinicalTrials.gov (NCT03428464).

Study Design

The study was an 18-week double-blind, placebo-
controlled crossover study. Each participant served as
his or her own control. Eligible participants were
randomized 1:1 to either start with placebo or sodium
bicarbonate treatment per a randomization schedule
generated by a blinded statistician. Study medication
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(sodium bicarbonate and matched placebo) was pre-
pared by Green Mountain Pharmaceutical (Denver, CO)
and was identical in size, color, and shape. Each
treatment period lasted 8 weeks in duration with a 2-
week washout period in between. Outcome measures
(FMD, 24-hour urine collections, venous blood gases,
interleukin-6, high-sensitivity C-reactive protein) were
obtained at the beginning and end of each treatment
period. Serum bicarbonate levels were checked every 4
weeks throughout the study. All participants, study
investigators, and the statistician were blinded to
treatment assignment.

Study Drug Dosing

Each sodium bicarbonate capsule contained 7.7 mEq of
bicarbonate and 178 mg of sodium. The matching
placebo contained cornstarch. Participants received
study medication at 0.5 mEq/kg of lean body weight
per day for the entire treatment period. Participants
took half the daily dose in the morning and the other
half in the evening. The number of capsules was
rounded to the nearest whole capsule. To increase
compliance, the maximum number of pills per day
was 6.

Study End Points

The primary endpoint was change in brachial artery
FMD between the placebo and sodium bicarbonate
treatment conditions. Secondary endpoints were used
to identify potential mechanisms by which bicarbonate
may affect FMD and included serum interleukin-6 and
high-sensitivity C-reactive protein. Additionally, urine
ammonium excretion, pH, net acid excretion, and
albumin-to-creatinine ratio were collected.

Brachial Artery FMD

Conduit artery endothelial-dependent dilation was
determined by brachial artery FMD high-resolution
ultrasonography (Vivid I, GE, Aurora, CO) by a
trained technician as described originally by Cele-
rmajer et al.25 and more recently by our group.26

Measurements were performed at least 12 hours after
ingesting food and tobacco and 24 hours from ingestion
of alcohol, caffeine, or exercise. Electrocardiogram-
gated end-diastolic ultrasonographic images were ac-
quired during baseline and FMD conditions. For FMD,
reactive hyperemia was produced by inflating a pedi-
atric forearm cuff around the forearm to 250 mm Hg for
5 minutes followed by rapid deflation. Commercially
available software (Vascular Analysis Tools 5.10.10;
Medical Imaging Applications, LLC, Iowa City, IA) was
used to simultaneously obtain brachial artery di-
ameters. Brachial artery dilation was determined as
percentage change from baseline.
Kidney International Reports (2021) 6, 2323–2330
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Data Collection

Fasting blood samples were collected at the beginning
and end of each treatment period. Serum high-
sensitivity C-reactive protein was measured on a
Beckman Coulter analyzer (Beckman Coulter, Indian-
apolis, IN). Interleukin-6 was measured by enzyme-
linked immunosorbent assay (R&D Systems, Minneap-
olis, MN). A serum basic metabolic panel was also
performed at 4 weeks during each treatment period
for safety. At the beginning and end of each treatment
period, 24-hour urine was collected and was analyzed
for urine ammonium, pH, creatinine, sodium, and citrate
at Litholink in Chicago, IL. Urinary acid excretion was
calculated as the sum of urine ammonium and titratable
acid.27 Titratable acid was expressed in millimoles per
liter and calculated from total urine phosphorus and
urine pH using the Henderson-Hasselbalch equation,
pH ¼ pKa þ log ([A–]/[HA]), using pKa for phosphate at
6.8.28 Ideal body weight was calculated using previously
published equations.28 Dietary protein intake was esti-
mated from 24-hour urine urea nitrogen excretion using
the Maroni equation.29 Dietary potassium intake was
estimated as the total 24-hour urine potassium excretion.
Net endogenous acid production was estimated from
these intakes as previously described30: –10.2 þ
54.5(protein intake [g/d] / potassium intake [mEq/d]).
Acid balance was calculated as net endogenous acid
production – urinary acid excretion as previously
described.30 Urine albumin and creatinine were
measured from spot morning samples. Serum venous
blood gases were performed at the beginning and end of
each treatment period using ion selective electrode.

Participant Safety Visits

Participants underwent monitoring of vital signs, serum
bicarbonate, and electrolyte concentrations and adverse
events every 4 weeks during each of the treatment pe-
riods for safety. Arterial blood pressure was measured in
triplicate while participants were seated at rest using an
automated oscillometric machine (Dinamap) and a pill
count was performed to ensure medication adherence at
all in-person study visits. If the serum bicarbonate was
>28 mEq/L, the dose of serum bicarbonate was reduced
by 50%, and the participant was given instructions to
return in 1 week for a repeat serum bicarbonate mea-
surement. If concentrations remained >28 mEq/L, the
study drug would be discontinued.

Statistical Analyses

Baseline characteristics are reported as mean � SD or
median (interquartile range) as appropriate for contin-
uous variables and as a number and percentage for
categorical variables. Efficacy analyses were conducted
for all randomized participants. Time points used for
Kidney International Reports (2021) 6, 2323–2330
the analyses included the start and end of each 8-week
study period. Mixed effect models were used to
examine changes in endpoints between treatment and
control conditions with the consideration of repeated
measure. Mixed linear models were also used to test for
an order effect to ensure the washout worked. All an-
alyses were performed using SAS software, version 9.4
(SAS Institute Inc., Cary, NC).

RESULTS
Participant Characteristics

Twenty participants were enrolled and completed the
study. Baseline characteristics of participants are shown
in Table 1. The mean (SD) age and eGFR of participants
was 52 (17) years and 75 (22) ml/min per 1.73 m2,
respectively. The mean serum bicarbonate level at
baseline was 23.4 (2.0) mEq/L. The majority of the
participants were male and non-Hispanic White. Fifty
percent of the participants had received a deceased
donor kidney transplant, and the median (interquartile
range) from transplant was 1.4 (1.1–2.1) years. All par-
ticipants were on an immunosuppression regimen that
included mycophenolate (Myfortic) and tacrolimus. All
but 1 participant was also on treatment with prednisone.
The mean (SD) dose of bicarbonate was 3.7 (0.5) tablets
per day (2405 [325] mg of sodium bicarbonate per day as
each tablet was 650 mg). At baseline, the mean (SD) net
endogenous acid production was 73.9 (23.5) mEq/L and
the mean (SD) urinary acid excretion was 50.2 (173)
mmol/d. Overall, the KTR study participants were in a
positive acid balance by a median (interquartile range) of
31.5 (18.0–43.3) mEq/d. Serum bicarbonate did not
significantly change with oral sodium bicarbonate
treatment (þ0.3 [1.5] mEq/L; Table 3). Study drug
compliance was 94.6% during sodium bicarbonate
treatment and 95.6% during placebo.

Effects of Sodium Bicarbonate on Vascular

Endothelial Function

There was no significant increase in FMD after 8 weeks
of sodium bicarbonate therapy compared with placebo
(change in FMD of 2.2%, 95% CI –0.1 to 4.6, P ¼ 0.06
in sodium bicarbonate vs. placebo; Figure 1, Table 2).
We also performed a paired analysis comparing the
change in FMD within each participant and found the
same results. The order in which participants received
treatment did not affect FMD. Sodium bicarbonate
treatment did not result in increased systolic or dia-
stolic blood pressure (Table 2).

Effects of Sodium Bicarbonate Therapy Versus

Placebo on Secondary Endpoints

The effects of sodium bicarbonate therapy on second-
ary endpoints are shown in Table 3. There were no
significant changes in serum levels of high-sensitivity
2325



Figure 1. Percentage flow-mediated dilation (FMD) at baseline and 8
weeks after sodium bicarbonate therapy or placebo.

Table 2. Change from baseline in vascular function following
treatment with sodium bicarbonate versus placebo

Placebo
Sodium bicarbonate

treatment P value

FMD (%)

Baseline 5.7 � 3.2 5.4 � 3.2

8 wk 4.6 � 3.4 6.6 � 5.4

Absolute change from baseline �1.1 � 3.2 1.2 � 4.3 0.06

Systolic blood pressure (mm Hg)

Baseline 125 � 10 129 � 19

8 wk 127 � 16 124 � 14

Absolute change from baseline 2.1 � 11 �4.4 � 14 0.17

Diastolic blood pressure (mm Hg)

Baseline 72 � 7 75 � 9

8 wk 77 � 9 73 � 9

Absolute change from baseline 4.6 � 8 �1.6 � 9 0.02

FMD, flow-mediated dilation.
Values are expressed as mean change from baseline � SD. Change in brachial artery
FMD is expressed as percentage. To examine whether treatment by sodium bicar-
bonate has an effect on vascular function (i.e., results in change in FMD, systolic blood
pressure, and diastolic blood pressure), a study with crossover design was conducted
and a mixed effects model was used for data analysis. The P values were calculated
from the mixed effects model in testing the null hypothesis that the treatment does not
have an effect on FMD, systolic blood pressure, and diastolic blood pressure,
respectively.

Table 1. Baseline characteristics of study participants
Characteristic

Age (yr) 52 � 17

Sex, n (%)

Male 16 (80.0)

Female 4 (20.0)

Race/ethnicity, n (%)

Non-Hispanic White 15 (75.0)

Non-Hispanic Black 0 (0.0)

American Indian 1 (5.0)

Asian 1 (5.0)

Multiple races 1 (5.0)

Unknown/not provided 2 (10.0)

Etiology of kidney disease, n (%)

Diabetes 3 (15.0)

Hypertension 4 (20.0)

Glomerulonephritis 2 (10.0)

Polycystic kidney disease 4 (20.0)

Other 7 (35.0)

Type of transplant, n (%)

Deceased 10 (50.0)

Living related 5 (25.0)

Living unrelated 5 (25.0)

Time from transplant, yr, median (IQR) 1.4 (1.1–2.1)

Diabetes, n (%) 6 (30.0)

Hypertension, n (%) 20 (100)

Cardiovascular disease, n (%) 2 (10.0)

Obstructive sleep apnea, n (%) 5 (25.0)

Smoking, n (%)

Never 13 (65.0)

Former 7 (35.0)

Current 0 (0.0)

Immunosuppression, n (%)

Prednisone 19 (95.0)

Mycophenolate (Myfortic) 20 (100.0)

Tacrolimus 20 (100.0)

Cyclosporine 0 (0.0)

Sirolimus 0 (0.0)

Blood pressure medication, n (%)

ACEi/ARB 4 (20.0)

Diuretic 1 (5.0)

Calcium channel blocker 6 (30.0)

Weight, kg 79.5 � 12.5

eGFR, ml/min per 1.73 m2 75� 22

Serum bicarbonate, mEq/L 23.4 � 2.0

Urinary acid excretion, mmol/d 50.2 � 17.3

Net endogenous acid production, mEq/d 73.9 � 23.5

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker;
eGFR, estimated glomerular filtration rate; IQR, interquartile range.
All values are mean � SD unless otherwise specified.
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C-reactive protein, interleukin-6, or potassium with
treatment. There were no significant changes in eGFR
or urine albumin-to-creatinine ratio following treat-
ment with sodium bicarbonate. Sodium bicarbonate
treatment was effective at reducing urinary ammonium
excretion and urinary acid excretion (Table 4). Sodium
bicarbonate treatment decreased urinary ammonium by
9 mmol/d (P¼0.003) and urinary acid excretion by 12.5
mmol/d (P¼0.008). Additionally, urine pH increased
significantly with sodium bicarbonate treatment
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(P¼0.03). There were no changes in serum venous pH
with treatment. Urine sodium excretion also did not
change significantly with sodium bicarbonate
treatment.

For the primary outcome, that is, the pre-post
change in FMD, we found a significant interaction
between baseline urine citrate level and treatment
(P¼0.04). As baseline urine citrate increased, the dif-
ference between the 2 groups in the change in FMD
increased (a difference of 0.012 between the 2 slopes,
P¼0.04). There were no significant interactions among
baseline urine ammonium (difference of –0.033 be-
tween the 2 slopes, P¼0.75) or urinary acid excretion
Kidney International Reports (2021) 6, 2323–2330



Table 3. Changes in serum bicarbonate, potassium, markers of inflammation, and kidney function during placebo and treatment periods
Placebo Sodium bicarbonate treatment

P valueBaseline 8 wk P value Baseline 8 wk P value

Bicarbonate (mEq/L) 23.4 � 2.1 23.6 � 1.7 0.59 24.1 � 1.5 24.4 � 1.6 0.37 0.93

Potassium (mEq/L) 4.0 � 0.2 3.9 � 0.2 0.13 4.0 � 0.3 3.9 � 0.3 0.27 0.95

hs-CRP (mg/dL) 4.9 (0.4–2.6) 4.5 (0.4–1.8) 0.93 4.1 (0.4–3.2) 1.8 (0.8–2.7) 0.31 0.67

IL-6 (mg/dL) 4.2 (1.7–4.7) 3.3 (1.6–3.9) 0.42 3.6 (1.6–4.8) 3.3 (1.8–4.6) 0.57 0.70

GFR (ml/min per 1.73 m2) 72 � 23 71 � 22 0.61 75 � 21 73 � 21 0.23 0.54

GFR, glomerular filtration rate; hs-CRP, high-sensitivity C-reactive protein; IL-6, interleukin-6.
Values are expressed as mean � SD or median (interquartile range). To examine whether treatment by sodium bicarbonate has an effect on these secondary outcomes, a study with
crossover design was conducted and a mixed effects model was used for data analysis. The P values were calculated from the mixed effects model in testing the null hypothesis that
the treatment does not have an effect on the secondary outcome.
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(difference of –0.05 between the 2 slopes, P¼0.52) and
change in FMD.
Adverse Effects

All participants completed the study. There were no
significant adverse events in either group. The most
common adverse events are shown in Table 5. A single
participant developed a serum bicarbonate level >28
mEq/L; per protocol, dose was reduced by 50% and
serum bicarbonate decreased back to <28 mEq/L. One
patient developed mild diarrhea with sodium bicar-
bonate therapy. The most reported side effect was
bloating, which occurred in 40% of participants dur-
ing sodium bicarbonate treatment and 40% during
placebo. More participants reported mild nausea while
on sodium bicarbonate treatment compared with pla-
cebo (25% compared to 15%). Study medication was
not stopped in any participant because of side effects.
Lower extremity edema was rare, only occurring in 2
participants during treatment with sodium bicarbonate
and 3 participants during placebo treatment. Only 1
participant was on a diuretic at baseline and remained
on a stable dose for the duration of the study. Systolic
blood pressure did not change during treatment and
diastolic blood pressure decreased following sodium
bicarbonate treatment (Table 2).
Table 4. Changes in urine and serum acid base parameters and urine albu
versus placebo

Placebo

Baseline 8 wk

Urinary ammonium excretion (mmol/d) 33.2 � 13.0 34.8 � 11.4

Net acid excretion (mmol/d) 49.8 � 16.9 52.5 � 14.1

Urine pH 5.99 � 0.7 5.82 � 0.5

Urine sodium (mmol/d) 176 � 67 167 � 99

Urine citrate (mg/d) 295 � 212 255 � 198

Urine albumin-to-creatinine ratio (mg/g) 14.0 (6.5–36.0) 10.0 (6.0–29.5)

Serum pH 7.38 � 0.04 7.38 � 0.04

Values are expressed as mean � SD. To examine whether treatment by sodium bicarbonate ha
and a mixed effects model was used for data analysis. The P values were calculated from the
effect on any of the secondary outcomes.
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DISCUSSION
In this randomized, double-blind, placebo-controlled
crossover pilot study, we found that there was no
significant improvement in vascular endothelial func-
tion as measured by FMD with oral sodium bicarbonate
therapy in KTRs. Serum bicarbonate did not increase
significantly with treatment, but this is consistent with
other studies of sodium bicarbonate administration in
participants with baseline serum bicarbonate levels in
the normal range.31 Similar to other studies examining
the effectiveness of bicarbonate therapy, we also
observed a decrease in 24-hour urinary acid excretion
and ammonium excretion, and significant increase in
urine pH with sodium bicarbonate therapy.31–33 The
use of sodium bicarbonate therapy was safe and was
not associated with elevated blood pressure, edema,
weight gain, hypokalemia, or development of metabolic
alkalosis as demonstrated by no changes to serum
venous pH. To our knowledge, this is the first inter-
ventional trial examining the safety and efficacy of
alkali therapy on vascular endothelial function in
KTRs.

Vascular endothelial dysfunction is a triggering
event for CVD.3 FMD is the gold standard noninvasive
assessment of conduit artery endothelial dysfunction,
as well as a well-recognized preclinical marker of
CVD.34,35 FMD is a known independent predictor of all-
min-to-creatinine ratio following treatment with sodium bicarbonate

Sodium bicarbonate treatment

P valueP value Baseline 8 wk P value

0.56 32.7 � 11.2 23.6 � 10.6 0.003 0.01

0.48 49.0 � 15.1 36.4 � 17.1 0.008 0.38

0.30 5.93 � 0.6 6.31 � 0.5 0.03 0.07

0.69 158 � 67 166 � 72 0.74 0.65

0.26 274 � 191 310 � 226 0.55 0.25

0.25 11.0 (7.0–32.0) 11.5 (5.5–23.0) 0.59 0.60

0.84 7.38 � 0.04 7.39 � 0.04 0.56 0.88

s an effect on these secondary outcomes, a study with crossover design was conducted
mixed effects model in testing the null hypothesis that the treatment does not have an

2327



Table 5. Adverse events
Adverse event Sodium bicarbonate Placebo

Nausea

Occasional (<2 times per week) 2 (10) 2 (10)

Often (3–4 times per week) 3 (15) 0 (0)

Regularly (daily) 0 (0) 1 (5)

Bloating

Occasional (<2 times per week) 4 (20) 5 (25)

Often (3–4 times per week) 0 (0) 3 (15)

Regularly (daily) 4 (20) 0 (0)

Edema 2 (10) 3 (15)

High serum bicarbonate level (>28 mEq/L) 1 (5) 0 (0)

Values are expressed as n (%).
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cause and cardiovascular mortality in patients with
chronic kidney disease.34,35 Impaired endothelial
function measured by FMD has been associated with
renal allograft loss in KTRs.6 Thus, therapeutic in-
terventions that improve vascular endothelial function
in KTRs have the potential to improve kidney trans-
plant outcomes and reduce late graft loss.

Acid retention is common in KTRs.14 The prevalence
of serum bicarbonate levels <22 mEq/L ranges from
30% to 70% in those with eGFR <30 ml/min per 1.73
m2.14 In KTRs with higher eGFRs, the prevalence
ranges from 11% to 58%.36 KTRs develop metabolic
acidosis for several reasons. With a low eGFR, as seen
in chronic kidney disease, there is attenuated capacity
of the kidney to eliminate the daily hydrogen load.14

Given that low serum bicarbonate levels are still pre-
sent at higher eGFRs in KTRs, there are other mecha-
nisms besides impaired kidney function contributing
to acid retention. KTRs receive several medications that
can result in metabolic acidosis, including calcineurin
inhibitors, which cause renal tubular acidosis.15–17 We
found that KTRs demonstrated a positive acid balance
despite having relatively preserved kidney function
and a mean bicarbonate level in the normal range.
Serum bicarbonate levels <24 mEq/L have been found
to be a significant risk factor for graft failure, cardio-
vascular events, and mortality in KTRs.14,18–21 This
suggests that KTRs may benefit from alkali therapy to
correct the acid retention.

There was no significant improvement in FMD, but
it is possible that significant improvement in vascular
function may only be attainable when sodium bicar-
bonate therapy is used in KTRs with lower baseline
serum bicarbonate levels. Given the incidence of
metabolic acidosis in KTRs and known association with
increased risk of CVD, mortality, and graft failure, it
may be beneficial to focus on KTRs with lower serum
bicarbonate levels in future trials. Additionally, given
the small number of participants in our pilot study, we
were likely underpowered to detect a significant
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difference in FMD. Nonetheless, importantly, we
observed a change in FMD of 1.2% from baseline
following bicarbonate therapy, and a change of 1%
unit difference in FMD is associated with an 8% to
13% reduction in CVD risk.37,38

The mechanism by which sodium bicarbonate ther-
apy may improve vascular endothelial function is un-
clear. Metabolic acidosis results in increased oxidative
stress and inflammation,39–41 both of which result in
vascular dysfunction.42,43 However, we found no
changes in serum levels of inflammatory markers with
sodium bicarbonate treatment. Similarly, a study of so-
dium bicarbonate therapy in patients with chronic
kidney disease also found no changes in inflammatory
markers with sodium bicarbonate treatment.15 Experi-
mental and human studies have shown that acid reten-
tion results in increased levels of ammonia, angiotensin
II, aldosterone, and endothelin-1,44–48 and each of these
factors both directly and indirectly induce endothelial
dysfunction.49–51 Although we did not measure these
factors in our current pilot and feasibility study, it will
be important to evaluate other potential mechanisms
that may explain how metabolic acidosis contributes to
vascular dysfunction in future studies.

Our study does have some limitations, including the
small sample size, which limited power to detect
changes in FMD. Additionally, systolic blood pressure
is known to be an important determinant of endothelial
function and could therefore be a theoretical
confounder. This risk was minimized by requirement
of study participants to have their blood pressure
controlled before entering the study. We did not
measure angiotensin, aldosterone, or endothelin-1
concentrations in this study, which could improve
our understanding of potential mechanisms of the ef-
fects of sodium bicarbonate therapy on endothelial
function. Additionally, we did not collect dietary in-
formation from the participants. Although different
immunosuppression regimens may affect the results, all
of our participants remained on a stable regimen con-
sisting of mycophenolate (Myfortic) and tacrolimus
throughout the study. Additionally, all but 1 partici-
pant also remained on a stable dose of prednisone.
Additional strengths include the study design of a
randomized, double-blind, placebo-controlled, cross-
over study.

In conclusion, our data support sodium bicarbonate
as a safe and feasible therapy in KTRs. Although we did
not find a significant improvement in FMD with so-
dium bicarbonate, our results strengthen the need for a
larger, randomized, placebo-controlled trial.
Kidney International Reports (2021) 6, 2323–2330
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