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Association between the markers of metabolic acid
load and higher all-cause and cardiovascular mortality
in a general population with preserved renal function

Minseon Park1, Sung Jae Jung2, Seoyoung Yoon2, Jae Moon Yun1 and Hyung-Jin Yoon2

Although metabolic acid load has been associated with many well-known risk factors for mortality, its clinical implications are

not yet clear. To evaluate the association between biomarkers of metabolic acid load, such as serum bicarbonate, serum anion

gap and urine pH and mortality, we analyzed the health records of 31 590 adults who underwent a health screening between

January 2001 and December 2010 and had an estimated glomerular filtration rate ⩾60ml min−1 per 1.73m2. Urine pH was

measured by a dipstick test performed on fast morning urine sample and categorized as acidic (urine pH ⩽5.5), neutral and

alkaline (urine pH ⩾8.0). Using the Cox proportional hazard model, the adjusted hazard ratio (aHR) of all-cause mortality of the

lowest quartile of serum bicarbonate was 1.460 (95% confidence interval (CI) 1.068–1.995) compared with the highest

quartile, after a median follow-up of 93 months. The aHRs of cardiovascular and cancer mortality of the lowest quartile of serum

bicarbonate were 2.647 (95% CI 1.148–6.103) and 1.604 (95% CI 1.024–2.513), respectively, compared with the highest

quartile. Acidic and neutral urine pH were significantly associated with a higher all-cause mortality (aHR 2.550, 95% CI

1.316–4.935; aHR 2.376 95% CI 1.254–4.501, respectively), compared with an alkaline urine pH. In conclusion, higher

metabolic acid load was associated with an increased all-cause and cardiovascular mortality in a healthy population. The

association between metabolic acid load and mortality and the causality of the relationship need to be confirmed.

Hypertension Research (2015) 38, 433–438; doi:10.1038/hr.2015.23; published online 12 March 2015

Keywords: all-cause mortality; cardiovascular mortality; metabolic acid load; serum bicarbonate; urine pH

INTRODUCTION

Metabolic acidosis is a common complication of moderate-to-severe
chronic kidney disease (CKD) and primarily results from an inade-
quate excretion of the daily metabolic acid load. Metabolic acidosis has
been associated with a poor renal outcome and higher mortality in
patients with CKD.1 There are several reports suggesting that the
clinical implications of metabolic acidosis may extend beyond the
subjects with CKD and that clinical biomarkers of metabolic acidosis
even within the normal range may be associated with clinical
conditions, such as insulin resistance or higher levels of inflammatory
biomarkers.2,3

In cross-sectional studies, the clinical indices of metabolic acidosis,
such as lower serum bicarbonate, higher serum anion gap or
acidic urine pH, have been associated with well-known risk factors
for premature mortality, such as insulin resistance,2 higher levels of
inflammatory biomarkers,3 visceral obesity and metabolic syndrome,4

high blood pressure (BP),5,6 and lower cardiorespiratory fitness7 in the
general population. In prospective studies of women, a higher plasma
bicarbonate level was associated with lower odds of incident type 2
diabetes8 and hypertension.9 Lower serum bicarbonate levels have

been associated with the rapid decline of the estimated glomerular
filtration rate (eGFR) or higher risk of incident eGFR o60mlmin− 1

per 1.73m2 in community living subjects with a relatively normal
renal function.10,11

Despite several studies observing an association between
well-known risk factors for mortality and metabolic acid load as
represented by clinical biomarkers of metabolic acidosis, such as lower
serum bicarbonate, higher serum anion gap or acidic urine pH,
irrespective of the presence of metabolic acidemia, direct evidence on
the association between metabolic acid load and mortality in the
general population with a preserved renal function is very limited.
Recently, Raphael et al.12 reported that low serum bicarbonate levels
were significantly associated with a higher mortality in people with
CKD but not in people without CKD. Therefore, the long-term
clinical implications of metabolic acid load in the general population
are not clear yet.
An increase in daily metabolic acid load in the general population

with a preserved renal function is believed to result from acidogenic
modern diets that differs from ancestral hominid diets in many aspects
including acid–base balance.13,14 It is important to evaluate the
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connection between metabolic acid load and mortality to develop a
strategy to prevent any premature mortality through diet modification
or bicarbonate replacement.
To evaluate the association between metabolic acid load and

mortality, we examined the health screening data of 31 590 apparently
healthy adults with eGFR 60mlmin− 1 per 1.73m2 or higher.

METHODS

Participants and data collection
Between January 2001 and December 2010, a total of 61 033 health screenings

were performed at the Health Promotion Centre of Seoul National University

Hospital. We excluded 20 693 repeated screenings and 3908 screenings with

missing data on serum bicarbonate or creatinine. After further exclusion of

4842 screenings of participants younger than 20 years of age, eGFR value

o60mlmin− 1 per 1.73m2, or survival duration of 24 months or less after the

baseline health screening, we analyzed the health records of the first screening

visits of 31 590 adults. The study protocol was approved by the Institutional

Review Board of the Seoul National University Hospital.
Information on the history of smoking, alcohol ingestion, regular exercise,

diabetes, hypertension and pharmacological treatment for diabetes and/or

hypertension was obtained by using a structured, self-reported questionnaire

and validated by direct interview with trained nurses. Trained physicians

interviewed and examined all participants just before the health screening. The

smoking status was determined into the following three categories: current

smokers, ex-smokers and non-smokers. Participants who smoked at least one

cigarette per day at the time of the health screening were classified as current

smokers and those who reported that they did not smoke at the time of the

health screening but had previously smoked were classified as ex-smokers.

Participants who ingested alcoholic beverages at least once a week were

classified as regular drinkers. Regular exercise was defined as exercise longer

than 30min at least three times per week.
Height and weight were measured after an overnight fast and after voiding

urine. Body mass index (BMI) was calculated by dividing the weight in

kilograms by squared height in meters. BP was measured using an automated

BP measurement device (Jawon, Busan, Korea) after resting for at least 20min

in a sitting position.
Blood samples were drawn after a 12-h overnight fast. All the biochemical

tests including serum bicarbonate were performed with venous blood samples.

Serum creatinine was measured by using the Jaffe alkaline picrate method with

a Toshiba 200FR (Toshiba Medical Systems, Tokyo, Japan). The serum

creatinine measurement was reduced by 5% to standardize to isotope dilution

mass spectrometry as previously suggested.15 eGFR was calculated with the

Chronic Kidney Disease Epidemiology Collaboration creatinine equation.16

Serum biochemical markers including bicarbonate were measured using the

enzymatic method with a Toshiba 200FR (Toshiba Medical Systems, Tokyo,

Japan). The normal range of the bicarbonate of the venous serum in Seoul

National University Hospital was 24–31mEq l− 1. The serum anion gap was

calculated as the serum sodium level (mEq l− 1) minus the serum chloride

(mEq l− 1) and serum bicarbonate level (mEq l− 1). The serum albumin-

adjusted anion gap was calculated as previously proposed.7

Urine pH and albuminuria were determined semi-quantitatively with single-

spot urine dipstick analysis (YD Diagnostics, Yong-In, Korea) performed on

morning urine samples after overnight fasting. Dipstick analysis for albumi-

nuria was reported as negative, trace, 1+, 2+, 3+ or 4+ and albuminuria was

defined as 1+ or higher. Kraut and Madias17 have reviewed that in the absence

of impaired renal acidification, urine pH 5.5 or lower represented higher

metabolic acid load. Acidic urine was defined as urine pH 5.5 or lower, neutral

urine as urine pH between 6.0 and 7.5 and alkaline urine as urine pH 8.0 or

higher. All tests were conducted by routine clinical processing in a clinical

laboratory of Seoul National University Hospital, which was inspected and

surveyed annually by the Korean Association of Quality Assurance for Clinical

Laboratories.

Outcome and follow-up
The outcome of interest was all-cause and cause-specific mortality. The
participants were followed up for mortality until 31 December 2012. Death
was confirmed by death certificate data from the National Statistical Office of
Korea by using the personal identification number assigned at birth. The cause
of death was classified according to the International Classification of Disease,
10th revision.

Statistical analysis
Statistical analyses were conducted with SPSS IBM 19 (IBM, Chicago, IL, USA).
The distribution of demographic and clinical parameters across the quartile
groups of serum bicarbonate was compared with the analysis of variance for
continuous variables and Χ2-test for discrete variables. Two-sided P-values
o0.05 were considered statistically significant. The association between the
clinical biomarkers of metabolic acid load such as quartile groups of serum
bicarbonate and anion gap value and urine acidity (urine pH ⩽ 5.5, 6.0–7.5,
⩾ 8.0) and all-cause and cause-specific mortality was analyzed with the Cox
proportional hazard model, adjusted for baseline variables such as age, sex,
smoking status, regular alcohol ingestion, regular exercise, history of diabetes
and/or hypertension medication, BMI, systolic BP, serum calcium, serum
phosphorus, serum uric acid, fasting serum glucose, serum albumin, serum
high-density lipoprotein-cholesterol (HDL-Chol), serum triglyceride, eGFR and
albuminuria.
To evaluate the role of sex, obesity and serum uric acid in the association

between metabolic acid load and mortality, subgroup analyses were performed
according to sex, BMI (o23 kgm− 2, ⩾ 23 kgm− 2)18 and the sex-specific
median level of serum uric acid (5.8 mg dl− 1 in men and 4.2 mg dl− 1 in
women). Tests for interaction were performed by introducing an interaction
term into the adjusted Cox proportional hazard model.

RESULTS

Table 1 summarizes the general characteristics of the participants
at baseline. The mean age of the participants was 49.9± 10.7 years
and 50.9% of the participants were men. The mean age decreased
with decreasing quartiles of serum bicarbonate. The proportion of
participants who were currently smoking or not exercising regularly
increased with decreasing quartiles of serum bicarbonate. The
distribution of the participants who ingested alcohol regularly was
not different across the quartile groups of serum bicarbonate. The
proportion of participants with a history of taking anti-hypertensive
medications decreased with decreasing quartiles of serum bicarbonate.
The distribution of participants with a history of diabetic medications
was a U shape with the lowest number in the second quartile of
serum bicarbonate. Although the distribution of albuminuria was not
different across the serum bicarbonate quartile groups, the mean eGFR
increased with decreasing quartiles of serum bicarbonate (Table 1).
The estimated mean serum bicarbonate levels were negatively

associated with the serum anion gap after adjusted for baseline
variables such as age, sex, smoking status, regular exercise, alcohol
ingestion, history of medication for diabetes and/or hypertension,
BMI, systolic BP, fasting serum glucose, serum calcium, serum
phosphorus, serum uric acid, serum albumin, serum triglyceride,
serum high-density lipoprotein-cholesterol, eGFR and albuminuria
(β − 0.641, 95% confidence interval (CI) − 0.652, − 0.632; data not
shown). The estimated mean serum bicarbonate levels were positively
associated with urine pH after adjustment for baseline variables such
as age, sex, smoking status, regular exercise, alcohol ingestion, history
of medication for diabetes and/or hypertension, BMI, systolic BP,
fasting serum glucose, serum calcium, serum phosphorus, serum
uric acid, serum albumin, serum triglyceride, serum high-density
lipoprotein-cholesterol, eGFR and albuminuria (28.1 mEq l− 1 in
acidic urine, 95% CI 27.9–28.2mEq l− 1; 28.9mEq l− 1 in neutral
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urine, 95% CI 28.8–29.0mEq l− 1; 29.8mEq l− 1 in alkaline urine, 95%
CI 29.7–29.9mEq l− 1; P for trend o0.001; data not shown).
During a median follow-up of 93 months, 398 deaths, including 213

cancer deaths and 53 cardiovascular deaths, were observed. With
adjustment for baseline variables such as age, sex, smoking status,
regular exercise, alcohol ingestion, history of medication for diabetes
and/or hypertension, BMI, systolic BP, fasting serum glucose, serum
calcium, serum phosphorus, serum uric acid, serum albumin, serum
triglyceride, serum high-density lipoprotein-cholesterol, eGFR and
albuminuria, the lowest quartile of serum bicarbonate was significantly
associated with an increased risk of all-cause mortality compared to
the highest quartile (adjusted hazard ratio (aHR) 1.460, 95% CI
1.068–1.995; Table 2). The aHRs of cardiovascular and cancer
mortality in the participants in the lowest quartile of serum
bicarbonate were significantly higher compared with those in the
highest quartile (aHR 2.647, 95% CI 1.148–6.103; 1.604, 1.024–2.513,
respectively; Table 2). Mortality because of causes other than
cardiovascular disease and cancer was not significantly different across
the serum bicarbonate quartile groups. After exclusion of 428
participants who were diagnosed with chronic obstructive pulmonary
disease (COPD) within 12 months after the health screening, the level

of the association did not change (aHR for all-cause mortality in the
lowest quartile of serum bicarbonate 1.439, 95% CI 1.050–1.973,
compared to the highest quartile; data not shown). After exclusion of
participants with a history of taking diabetic and/or anti-hypertensive
medication, the risk of total death for each quartile group of serum
bicarbonate was elevated slightly (aHR 1.797, 95% CI 1.224–2.639 in
the lowest quartile group compared to the highest quartile group; data
not shown).
With subgroup analysis, the association between the quartile groups

of serum bicarbonate and all-cause mortality was not significantly
different according to sex (aHR 1.297, 95% CI 0.889–1.893 in men in
the lowest quartile compared to those in the highest quartile; aHR
1.671, 95% CI 0.947–2.948 in women in the lowest quartile compared
to those in the highest quartile; p for interaction 0.786). With
subgroup analysis according to BMI, the risk for all-cause mortality
in the lowest quartile of serum bicarbonate compared to the highest
quartile significantly increased only in participants with BMI higher
than 23 kgm−2 (aHR 1.184, 95% CI 0.711–1.973 in participants with
BMI equal to 23 kgm−2 or lower; aHR 1.601, 95% CI 1.071–2.393 in
participants with BMI higher than 23 kgm−2; p for interaction 0.743;
Table 3). With subgroup analysis according to the sex-specific median

Table 1 General characteristics at health screening of the participants by serum bicarbonate quartilesa

Serum Bicarbonate (mEq l−1) 1Q (⩽26) 2Q (27–28) 3Q (29–30) 4Q (⩾31) Total P-valueb

Number of Participants 6134 8110 8968 8378 31 590

Men (%) 46.8% 49.1% 51.2% 55.3% 50.9% o0.001

Age at screening (years) 48.0±11.0 49.1±10.9 50.2±10.6 51.7±10.1 49.9±10.7 o0.001

Smoking
Non-smoker (%) 54.4% 55.9% 55.6% 54.4% 55.1% o0.001

Ex-smoker (%) 18.9% 20.5% 22.0% 24.8% 21.8%

Current smoker (%) 26.8% 23.6% 22.4% 20.8% 23.1%

Regular exercise (%) 37.1% 39.0% 40.0% 42.7% 39.9% o0.001

Regular alcohol intake (%) 49.6% 50.7% 51.0% 50.6% 50.6% 0.400

History of anti-HT medication (%) 11.8% 12.6% 13.0% 15.6% 13.4% o0.001

History of DM medication (%) 6.4% 6.1% 6.2% 7.7% 6.6% o0.001

Systolic blood pressure (mmHg) 130.4±18.3 130.2±18.5 130.3±18.4 130.9±18.1 130.5±18.3 0.067

Diastolic blood pressure (mmHg) 77.8±12.0 77.8±12.1 77.9±11.9 78.2±11.7 77.9±11.9 0.096

Body mass index (kgm−2) 24.2±3.3 24.0±3.1 23.9±3.0 23.7±2.9 24.0±3.1 o0.001

Body mass index ⩾23 kgm−2 (%)c 3859/6130 (63.0%) 4996/8110 (61.6%) 5454/8965 (60.8%) 4943/8377 (59.0%) 19252/31 582 (61.0%) o0.001

Serum calcium (mg dl−1) 9.25±0.39 9.26±0.39 9.29±0.37 9.35±0.37 9.29±0.38 o0.001

Serum phosphorus (mg dl−1) 3.46±0.53 3.49±0.52 3.52±0.52 3.54±0.52 3.51±0.52 o0.001

Serum albumin (g dl−1) 4.35±0.26 4.36±0.26 4.39±0.26 4.42±0.25 4.38±0.26 o0.001

Serum uric acid (mg dl−1) 5.04±1.41 5.04±1.34 5.08±1.31 5.14±1.28 5.08±1.33 o0.001

Fasting serum glucose (mg dl−1) 97.9±24.8 96.9±23.0 96.9±22.7 97.2±22.2 97.2±23.1 0.042

Serum cholesterol (mg dl−1) 196.2±35.6 197.8±34.8 201.6±35.1 203.5±35.0 200.1±35.2 o0.001

Serum triglyceride (mg dl−1) 135.3±95.7 132.2±89.5 133.6±89.3 133.3±83.3 133.5±89.1 0.225

Serum HDL-Cholesterol (mg dl−1) 55.2±18.2 55.3±18.4 56.1±18.6 57.3±20.2 56.0±18.9 o0.001

Serum Creatinine (mg dl−1) 0.96±0.15 0.96±0.15 0.97±0.15 0.99±0.15 0.97±0.15 o0.001

eGFRd (ml min−1 per 1.73m2) 82.3±12.7 81.9±12.2 80.8±11.6 79.0±11.0 80.0±11.9 o0.001

Albuminuriae (%) 6.9% 6.6% 6.9% 6.4% 6.7% 0.550

Serum anion gap (mEq l−1) 10.7±2.9 9.0±2.4 8.0±2.3 6.7±2.3 8.4±2.8 o0.001

Urine pH (%)f o0.001

⩽5.5 1988/5874 (33.8%) 2169/7781 (27.9%) 1905/8684 (21.9%) 1199/8220 (14.6%) 7261/30559 (23.8%)

6.0–7.5 3419/5874 (58.2%) 4747/7781 (61.0%) 5361/8684 (61.7%) 5239/8220 (63.7%) 18766/30 559 (61.4%)

⩾8.0 467/5874 (8.0%) 865/7781 (11.1%) 1418/8684 (16.3%) 1782/8220 (21.7%) 4532/30559 (14.8%)

Abbreviations: ANOVA, analysis of variance; DM, diabetes; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; HT, hypertension.
aData represent mean± s.d. or proportion.
bBased on ANOVA for continuous variables and Χ2-test for discrete variables.
cMissing in eight participants.
dCalculated with the Chronic Kidney Disease Epidemiology Collaboration creatinine equation.
eSpot urine dipstick test for albuminuria 1+ or higher.
fMissing in 1031 participants.
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level of serum uric acid, lower serum bicarbonate was associated with
mortality only in higher uric acid group although p for interaction was
not significant (Table 3).
Acidic and neutral urine pH was associated with higher all-cause

mortality compared to alkaline urine pH (aHR 2.550, 95% CI
1.316–4.935, aHR 2.376, 95% CI 1.254–4.501, respectively; Figure 1).
Urine pH also tended to be associated with increased cardiovascular
and cancer mortality, but the association was not statistically significant

(data not shown). The association between the quartile groups of
serum anion gap and all-cause mortality showed a similar trend but
was not significant (Figure 1). When the serum anion gap was adjusted
for serum albumin, the association was not significant either.

DISCUSSION

This study observed that clinical biomarkers of a higher metabolic acid
load, such as lower serum bicarbonate level and urine pH, were

Table 2 The association between serum bicarbonate level and all-cause, cardiovascular and cancer mortality

Causes of death (person–year) 1Q (48 600) 2Q (61 677) 3Q (65 619) 4Q (60 376) Total (236 274)

All-cause
Number of deaths 107 98 98 95 398

Incidence densitya 220.2 158.9 149.3 157.3 168.4

aHR 1.460 1.119 1.095 Reference —

(95% CI)b (1.068–1.995) (0.819–1.530) (0.804–1.493)

Cardiovascular
Number of deaths 19 10 13 11 53

Incidence densitya 39.1 16.2 19.8 18.2 22.4

aHR 2.647 0.951 1.388 Reference —

(95% CI)b (1.148–6.103) (0.350–2.585) (0.580–3.322)

Cancer
Number of deaths 55 60 50 48 213

Incidence densitya 113.2 97.3 76.2 79.5 90.1

aHR 1.604 1.564 1.191 Reference —

(95% CI)b (1.024–2.513) (1.020–2.398) (0.762–1.860)

Other causes
Number of deaths 33 28 35 36 132

Incidence densitya 67.9 45.4 53.3 59.6 55.9

aHR 1.013 0.658 0.894 reference —

(95% CI)b (0.601–1.706) (0.381–1.134) (0.543–1.472)

Abbreviations: aHR, adjusted hazard ratio; CI, confidence intervals.
aPer 100 000 person–year.
baHR (95% CI) by the Cox proportional hazard model adjusted for age, sex, history of diabetes and/or hypertension medication, smoking, regular exercise, regular alcohol ingestion, body mass index,
systolic blood pressure, fasting serum glucose, serum uric acid, serum albumin, glomerular filtration rate estimated with the Chronic Kidney Disease Epidemiology Collaboration creatinine equation,
serum triglyceride, serum high-density lipoprotein-cholesterol and albuminuria.

Table 3 Association between serum bicarbonate level and all-cause mortality stratified by sex, body mass index and serum uric acid level

Quartile of serum

bicarbonate (n) 1Q (6134) 2Q (8110) 3Q (8968) 4Q (8378) P for interaction

Sexa

Men 1.297 (0.889–1.893) 1.123 (0.775–1.625) 1.071 (0.741–1.548) Reference 0.786

Women 1.671 (0.947–2.948) 1.085 (0.604–1.949) 1.208 (0.808–1.806) Reference

Body mass indexb

o23 kgm−2 1.184 (0.711–1.973) 1.157 (0.717–1.868) 0.908 (0.553–1.490) Reference 0.743

⩾23 kgm−2 1.601 (1.071–2.393) 1.103 (0.729–1.670) 1.208 (0.808–1.806) Reference

Serum uric acidc

⩽Mediand 1.210 (0.815–1.796) 0.902 (0.607–1.340) 0.877 (0.594–1.296) Reference 0.917

4Median 2.504 (1.462–4.286) 2.045 (1.196–3.497) 1.731 (1.016–2.950) Reference

aAdjusted hazard ratio (95% confidence interval) by the Cox proportional hazard model adjusted for age, history of diabetes and/or hypertension medication, smoking, regular exercise, regular alcohol
ingestion, body mass index, systolic blood pressure, fasting serum glucose, serum uric acid, serum albumin, glomerular filtration rate estimated with the Chronic Kidney Disease Epidemiology
Collaboration creatinine equation, serum triglyceride, serum high-density lipoprotein-cholesterol and albuminuria.
bAdjusted hazard ratio (95% confidence interval) by the Cox proportional hazard model adjusted for age, sex, history of diabetes and/or hypertension medication, smoking, regular exercise, regular
alcohol ingestion, systolic blood pressure, fasting serum glucose, serum uric acid, serum albumin, glomerular filtration rate estimated with the Chronic Kidney Disease Epidemiology Collaboration
creatinine equation, serum triglyceride, serum high-density lipoprotein-cholesterol and albuminuria.
cAdjusted hazard ratio (95% confidence interval) by the Cox proportional hazard model adjusted for age, sex, history of diabetes and/or hypertension medication, smoking, regular exercise, regular
alcohol ingestion, body mass index, systolic blood pressure, fasting serum glucose, serum albumin, glomerular filtration rate estimated with the Chronic Kidney Disease Epidemiology Collaboration
creatinine equation, serum triglyceride, serum high-density lipoprotein-cholesterol and albuminuria.
d5.8mg dl−1 in men and 4.2mg dl−1 in women.
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associated with a higher all-cause mortality in an apparently healthy
population after a median follow-up of 93 months. Higher serum
anion gap tended to be associated with higher all-cause mortality, but
the association was not significant. The association between lower
serum bicarbonate level and higher all-cause mortality was more
prominent in participants with BMI higher than 23 kgm−2, although
the P-value for the interaction did not reach statistical significance.
These findings are consistent with previous studies regarding the

association between metabolic acid load and mortality risk factors,
such as insulin resistance,2 inflammatory biomarkers,3 visceral obesity
and metabolic syndrome,4 high BP5,6 and low cardiorespiratory
fitness7 in the general population. Evidence of an association between
increased metabolic acid load and increased mortality in the general
population with preserved renal function is very limited. Raphael
et al.12 reported no association between serum bicarbonate and all-
cause mortality in adults without CKD after a mean follow-up of
8.7 years. In adults without CKD, the aHR of subjects with a serum
bicarbonate level less than 22mM for all-cause mortality was 1.56
(95% CI 0.78–3.09) compared with those with a serum bicarbonate
level of 31mM or higher. Among the 15 836 adults in that study, the
proportion of those without CKD was 92% and their mean age was

43.4 years. Therefore, the possibility of a lack of statistical power
because of the relatively small sample size and short follow-up period
considering the rather young study population cannot be excluded.
Ahn et al.19 reported that a higher serum anion gap was predictive of
mortality in the elderly in a community-based cohort in Korea. In that
study, the eGFR range of participants was 5.7–129.0mlmin− 1 per
1.73m2 and participants with an impaired renal function were
included. Therefore, it was not possible to differentiate the risk of
mortality associated with CKD from that associated with an increased
metabolic acid load itself.
The bicarbonate level of the first quartile was within the normal

range and that of the fourth quartile was beyond the upper normal
limit. The mortality risk was, however, highest in the first quartile and
lowest in the fourth quartile. This observation may bring forward
the necessity of reconsidering the normal range of serum
bicarbonate level.
The present study showed a significant association between the

lower serum bicarbonate or acidic urine pH and all-cause mortality in
a healthy population with a preserved renal function. The explanation
for the association between metabolic acid load and mortality is not
clear. In this study, the association between serum bicarbonate
and mortality was more prominent in participants with higher BMI
(423 kgm− 2) and serum uric acid level higher than the sex-specific
median (5.8mg dl− 1 in men and 4.2 mg dl− 1 in women) at baseline,
although the P-value for the interaction was not significant. Therefore,
it is possible that obesity plays a pathophysiological role in the
association between metabolic acid load and mortality. Obesity is a
well-known risk factor for all-cause, cardiovascular and cancer
morality.20 The association between the biomarkers of metabolic acid
load and an increased cardiovascular mortality is consistent with the
previous observational studies confirmed the association between
diet-induced metabolic acidosis and insulin resistance and systemic
hypertension, and therefore the risk of cardiovascular diseases.21

Diet-induced acidosis is a well-known risk factor for cancer, and
the association is explained by adrenal glucocorticoid, insulin-like
growth factor and adipocyte cytokine signaling, dysregulated cellular
metabolism and osteoclast activation. A possible effect of obesity on
the link between acidogenic diet and cancer risk has been suggested.22

The role of obesity and fat distribution in the association
between metabolic acid load and mortality deserves further researches
in the future. The role of serum uric acid level in the association
between the lower serum bicarbonate and mortality needs to be
confirmed.
Compared with serum bicarbonate and urine pH, serum anion gap

was not significantly associated with mortality. After adjustment of
serum anion gap with serum albumin, the association was still not
significant. The explanation for this lack of association is not clear and
further research is necessary. COPD can influence the serum
bicarbonate level. When we excluded participants who were diagnosed
with COPD within 12 months after the health screening, the level of
association did not change. Therefore, the influence of respiratory
acidosis because of COPD on the correlation between serum
bicarbonate and mortality could be reasonably excluded.
The present study was not able to identify a possible gender effect in

the association between metabolic acid load and mortality. An
association between metabolic acid load and type 2 diabetes or
hypertension has been observed in previous studies of which
participants were only women.8,9 Higher dietary acid load itself has
been reported to be associated with higher systolic and diastolic BP in
a cross-sectional study of women23 and with incident hypertension in
a prospective study of women.24 Higher dietary acid load has also been

Figure 1 The association between clinical biomarkers of metabolic acid load
and all-cause mortality. Adjusted hazard ratio based on the Cox proportional
hazard model adjusted for baseline variables such as age, sex, history of
diabetes and/or hypertension medication, smoking status, regular exercise,
regular alcohol ingestion, body mass index, systolic blood pressure, serum
calcium, serum phosphorus, serum uric acid, serum albumin, fasting serum
glucose, serum high-density lipoprotein-cholesterol, serum triglyceride,
albuminuria and estimated glomerular filtration rate calculated with the
Chronic Kidney Disease Epidemiology Collaboration creatinine equation.
Error bars represent the 95% confidence interval.
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associated with an increased risk of incident diabetes in a prospective
study of women,25 but not in a prospective study of men.26 Although
Engberink et al.27 reported a negative association between dietary acid
load and the risk of incident hypertension in 2241 participants, 43% of
whom were men, they did not analyze the gender effect. Additional
studies on larger populations with longer follow-up duration are
necessary to confirm the possible gender effect on the association
between metabolic acid load and mortality.
The present study is not without limitations. First, blood gas

analysis including CO2 in blood was not available. Although respira-
tory acidosis can increase the serum bicarbonate level, after exclusion
of participants who were diagnosed with COPD within 12 months of
the health screening in this study, the level of the association between
clinical biomarkers of metabolic acidosis such as lower serum
bicarbonate and acidic urine pH and mortality did not change.
Second, urine pH was measured with a urine dipstick. Although
urine pH was not measured with a pH meter, the pH value measured
with a urine dipstick was associated with mortality. It may be more
clinically relevant because a pH meter is not always available in clinical
settings. Third, clinical biomarkers of metabolic acid load were
measured only once, and the chronicity of higher metabolic acid load
was not clearly proved in this study. Because participants visited the
hospital for a health screening, not for symptoms of illness, it is
reasonable to assume that the metabolic acid load measured in the
participants represented their steady-state acid–base balance. Fourth,
information on diet was not available and the cause of higher
metabolic acid load could not be analyzed. With detailed information
on diet, it should have been possible to find plausible explanations for
increased metabolic acid load in participants. Dietary behavior has
been associated with various cardiovascular risk factors28 and dietary
load of metabolic acid may be one of the mechanisms linking the
dietary behavior and cardiovascular risk factors. Lastly, the results were
derived from a retrospective study performed at a single center
without structured protocols and on a single ethnicity. Therefore,
generalization of the results should be cautious.
Despite these limitations, to the best of our knowledge, the present

study is the first study showing an independent association between
metabolic acid load and all-cause mortality in the general population
with preserved renal function. Because of the rather long follow-up
duration of a relatively large population, this study could analyze the
association between metabolic acid load and all-cause and cause-
specific mortality.
In conclusion, a higher metabolic acid load was associated with an

increased all-cause and cardiovascular mortality in adults with a
preserved renal function. Additional studies are necessary to confirm
the association between metabolic acid load and mortality and the
causality of the relationship.
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