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Background: We aimed to evaluate serum bicarbonate as a risk factor for renal progression, cardiovascular events, and mortality in Korean CKD patients.

Methods: We analyzed 1,808 participants from a Korean CKD cohort whose serum bicarbonate levels were measured at enrollment. Serum bicarbonate levels were categorized as low, lower normal, higher normal, and high (total carbon dioxide <22, 22–26, 26.1–29.9, and ≥30 mmol/L, respectively) groups. Metabolic acidosis was defined as a serum bicarbonate level <22 mmol/L. The primary outcome was renal events defined as doubling of serum creatinine, 50% reduction of eGFR from the baseline values, or development of end-stage kidney disease. The secondary outcome consisted of cardiovascular events and death. In addition, patients whose eGFR values were measured more than three times during the follow-up period were analyzed for eGFR decline. The rapid decline in eGFR was defined as lower than the median value of the eGFR slope.

Results: The mean serum bicarbonate level was 25.7 ± 3.7 mmol/L and 240 (13.2%) patients had metabolic acidosis. During the follow-up period of 55.2 ± 24.1 months, 545 (30.9%) patients developed renal events and 187 (10.6%) patients developed a composite of cardiovascular events and death. After adjustment, the low serum bicarbonate group experienced 1.27 times more renal events than the lower normal bicarbonate group [hazard ratio (HR): 1.27; 95% CI: 1.01–1.60, P = 0.043]. There was no significant association between the bicarbonate groups and the composite outcome of cardiovascular events and death. The low bicarbonate group showed a significantly rapid decline in eGFR [odds ratio (OR): 2.12; 95% CI: 1.39–3.22, P < 0.001] compared to the lower normal bicarbonate group.

Conclusions: Metabolic acidosis was significantly associated with increased renal events and a rapid decline in renal function in Korean predialysis CKD patients.
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INTRODUCTION

The kidney plays a major role in the maintenance of acid-base balance (1). Therefore, metabolic acidosis is common in cases of decreasing renal function (2). Metabolic acidosis is usually presented as a lowered serum bicarbonate level. In previous studies, when metabolic acidosis was defined as a serum bicarbonate level <22 mmol/L, 2.3–13%, and 19–37% of patients with chronic kidney disease (CKD) stage 3 and 4, respectively, showed metabolic acidosis (3, 4). Metabolic acidosis in CKD has several adverse effects, such as chronic inflammation, bone disease, impaired glucose tolerance, muscle wasting, and possible deleterious consequences of cardiovascular (CV) disease (2, 5).

Metabolic acidosis can also be associated with an accelerated progression of CKD. Acid retention decreases the pH of the renal interstitial and intracellular compartments, causing a rise in the renal levels of angiotensin II and aldosterone, endothelin, ammonia with activation of complement, and proinflammatory cytokines, which are the factors involved in promoting renal fibrosis and injury (6). Previous studies showed that low serum bicarbonate levels were associated with the progression of CKD in outpatients (9% had underlying CKD) (7). Another study showed that low serum bicarbonate levels were associated with the progression of CKD or development of incident CKD in community-living elders (8). The Chronic Renal Insufficiency Cohort (CRIC) study, an observational longitudinal study of US CKD patients, showed that the risk of developing a renal outcome was 3% lower per mEq/L increase in serum bicarbonate (9). Lower serum bicarbonate levels were independently associated with rapid decline in kidney function in non-CKD (10) or CKD patients (11).

Serum bicarbonate levels can also affect CV events and mortality. Both low and high serum bicarbonate levels were associated with increased all-cause mortality in US veterans with moderate and advanced CKD (12). In the CRIC study, metabolic acidosis was correlated with a nominally higher risk of mortality (26%); this result was not statistically significant (13). The risk of heart failure and death was significantly elevated in patients with serum bicarbonate levels >26 mmol/L in the CRIC study (13). There is little data on the long-term clinical outcomes of metabolic acidosis in Korean CKD patients. Therefore, we aimed to investigate the association between metabolic acidosis and renal progression, all-cause mortality, and CV outcomes in CKD patients using data from a large-scale Korean CKD cohort.



METHODS


Study Design and Population

The KoreaN Cohort Study for Outcome in Patients With Chronic Kidney Disease (KNOW-CKD) was a Korean multicenter prospective cohort study that enrolled subjects with CKD stages 1–5 (predialysis) from nine major university-affiliated hospitals in Korea. The detailed study design and methods of the KNOW-CKD have been described previously (14). Among the 2,238 participants registered in the KNOW-CKD between 2011 and 2016, we included 1,808 subjects whose serum bicarbonate levels were obtained at enrollment. The study protocol was approved by the ethical committee of each participating clinical center and the institutional review boards of Seoul National University Hospital (1104-089-359), Seoul National University Bundang Hospital (B-1106/129-008), Yonsei University Severance Hospital (4-2011-0163)„ Kangbuk Samsung Medical Center (KC11OIMI0441), Seoul St. Mary's Hospital (KC11OIMI0441), Gil Hospital (GIRBA2553), Eulji General Hospital (201105-01), Chonnam National University Hospital (CNUH-2011-092), and Pusan Paik Hospital (11–91) in 2011. All study subjects provided written informed consent. The study protocol was in accordance with the principles of the Declaration of Helsinki.



Clinical Data Collection and Laboratory Measurements

Baseline demographic characteristics such as age, sex, body mass index (BMI), cause of CKD, smoking, comorbidities, and laboratory data at enrollment were extracted from an electronic data management system (http://www.phactax.org), with assistance from the Division of Data Management at Seoul National University Medical Research Collaborating Center. Patients with a fasting serum glucose ≥126 mg/dL, a history of diabetes mellitus (DM), or those on anti-diabetic medication were considered to have DM. Patients with a systolic blood pressure ≥140 mmHg, a diastolic blood pressure ≥90 mmHg, or a history of hypertension (HTN) were considered to be HTN. Patients considered to have CV disease were those with a history of coronary artery disease, cerebrovascular disease, arrhythmia, congestive heart failure, or peripheral vascular disease. The following laboratory variables were measured using a ≥8-h fasting blood sample at each participating laboratory: total carbon dioxide (TCO2), hemoglobin, uric acid, albumin, total cholesterol, C-reactive protein (CRP), phosphorous, calcium, and intact parathyroid hormone. Serum TCO2 was considered a surrogate measure of serum bicarbonate (12, 15). Serum creatinine was measured using an isotope dilution mass spectrometry (IDMS)-traceable method (16) at a central laboratory (Lab Genomics, Korea). The estimated glomerular filtration rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) creatinine equation (17). CKD stages 1–5 were defined according to the Kidney Disease: Improving Global Outcomes' guidelines (18). Second voided or random urine samples were immediately sent to a central laboratory to determine the urine creatinine and protein levels. Urinary protein excretion was quantified using urinary protein/creatinine ratio (UPCR, g/g) and urinary albumin/creatinine ratio (UACR, mg/g). Estimated dietary protein intake (eDPI) was calculated using the Maroni–Mitch formula: 6.25 × [urine urea nitrogen (g/day) + 0.03 × body weight (kg)] + proteinuria (g/day) (19), and DPI was calculated by dividing the eDPI by body weight (g/kg/day).



Study Outcomes

The primary outcome was renal events, defined as eGFR halving or development of end-stage kidney disease. End-stage kidney disease was defined as the initiation of renal replacement therapy, including dialysis or renal transplantation. The secondary composite outcome consisted of CV events and all-cause mortality. Patients were followed until March 2019. The eGFR decline during the follow-up period was also analyzed.



Statistical Analyses

Categorical variables were evaluated using the χ2-test or Fisher's exact test and presented as frequencies and percentages. Continuous variables were analyzed using the analysis of variance or Kruskal–Wallis test. The Kolmogorov–Smirnov test was used to analyze the normality of the distribution of parameters. The results were presented as mean ± standard deviation for variables with normal distribution and the median (interquartile range) for variables with skewed distribution. A log transformation was used to normalize the CRP and proteinuria variables. Participants were categorized into four groups according to their serum bicarbonate levels. Low, lower normal, higher normal, and high TCO2 values were defined as <22, 22–26, 26.1–29.9, and ≥30 mmol/L, respectively, considering the guidelines for CKD management, previous reports (7, 13, 20), and normal TCO2 range for clinical laboratory. Metabolic acidosis was defined as a TCO2 level <22 mmol/L. We used a Cox proportional hazards model with adjustment, including variables that were significant in a univariable analysis or other clinically relevant variables, to analyze the association between the serum bicarbonate levels and study outcomes. The results were presented as hazard ratios (HRs) and 95% confidence intervals (CIs). Patients who were lost to follow-up were censored at the date of the last examination. The rates of renal function decline per year were calculated using the slope of eGFR obtained from a generalized linear mixed model. Only 1,571 (86.9%) patients whose eGFR values were measured more than three times during the follow-up period were included in the eGFR decline analysis. The rapid decline in eGFR was defined as lower than the median value of the eGFR slope. Binary logistic regression analysis was used to identify the risk factors for the rapid decline of renal function. P < 0.05 were considered statistically significant. The SPSS statistical software (SPSS version 20.0, IBM Corporation, Armonk, NY, USA) was used for all descriptive and outcome analyses.




RESULTS


Baseline Clinical Characteristics of Subjects

The clinical characteristics of the study subjects at enrollment are shown in Table 1. The mean age of the 1,808 patients was 53.6 ± 12.3 years, and 1,111 patients (61.4%) were males. The mean eGFR was 52.8 ± 30.9 mL/min/1.73 m2. Patients with DM and HTN comprised 34.8 and 95.8% of the participants, respectively. The mean serum bicarbonate level was 25.7 ± 3.7 mmol/L. When stratified into four groups based on the baseline serum bicarbonate levels, we observed that patients in the low serum bicarbonate group were older (P = 0.014) and had a higher prevalence of DM (P = 0.011), HTN (P = 0.019), and preexisting CV disease (P < 0.001) compared to the other three groups. The eGFR (P < 0.001) was lower and UPCR (P < 0.001) and UACR (P < 0.001) were higher in the low serum bicarbonate group. DPI was similar among all bicarbonate groups (P = 0.214). Members of the low serum bicarbonate group were prescribed more diuretics than those in the other groups (P = 0.001).


Table 1. Clinical characteristics of the study subjects at enrollment, stratified by serum bicarbonate concentration.
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Distribution of Serum Bicarbonate and Prevalence of Metabolic Acidosis

Figure 1A shows the distribution of serum bicarbonate across CKD stages. Advanced CKD stages were associated with lower serum bicarbonate levels (P < 0.001, P for linear trend <0.001; Figure 1A), and 240 (13.2%) patients had metabolic acidosis. The prevalence of metabolic acidosis was higher in patients with advanced CKD (P < 0.001, P for linear trend <0.001; Figure 1B), and it increased rapidly from CKD stage 4; 1.0, 3.9, 5.8, 12.0, 27.6, and 46.4% patients exhibited metabolic acidosis in CKD stages 1, 2, 3a, 3b, 4, and 5, respectively.


[image: Figure 1]
FIGURE 1. Distribution of serum bicarbonate and prevalence of metabolic acidosis across CKD stages. (A) Advanced CKD stages were associated with lower serum bicarbonate levels. A total of 240 (13.2%) patients had metabolic acidosis. (B) The prevalence of metabolic acidosis was higher in patients with advanced CKD; 111 (27.6%) and 51 (46.4%) of CKD stage 4 and stage 5 patients, respectively, exhibited metabolic acidosis. CKD, chronic kidney disease; TCO2, total carbon dioxide.




Serum Bicarbonate and Renal Events

Table 2 shows the outcome and event rates according to the serum bicarbonate groups. During the follow-up period of 55.2 ± 24.1 months, 545 (30.9%) patients developed renal events. Patients in the low serum bicarbonate group (57.1%) were at a greater risk for development of renal events compared to the other serum bicarbonate groups (P < 0.001; Figure 2). The Kaplan–Meier curves (Figure 3) showed that the low serum bicarbonate group had a significantly higher cumulative incidence of renal events (P < 0.001). The multivariable Cox regression analysis showed that the low serum bicarbonate group experienced 1.27 times more renal events than the lower normal serum bicarbonate group (HR: 1.27; 95% CI: 1.01–1.60, P = 0.043; Table 3). The higher normal (HR: 0.95; 95% CI: 0.74–1.21, P = 0.675) and high serum bicarbonate groups (HR: 0.89; 95% CI: 0.59–1.33, P = 0.575) did not experience a significant increase in renal events compared to the lower normal serum bicarbonate group.


Table 2. Outcome and event rates according to serum bicarbonate groups.
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FIGURE 2. Event rates for renal events and composite of secondary outcomes according to serum bicarbonate groups. Low, lower normal, higher normal, and high TCO2 values were defined as <22, 22–26, −26.1 to 29.9, and ≥30 mmol/L, respectively. Patients in the low TCO2 group (57.1%) were at a greater risk of developing renal events compared to the other TCO2 groups (P < 0.001). Patients in the low TCO2 group (15.2%) tended to higher composite secondary outcomes (P = 0.052). TCO2, total carbon dioxide; CV, cardiovascular.
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FIGURE 3. Renal events according to serum bicarbonate groups. The Kaplan–Meier curves show that the low TCO2 group had a significantly higher cumulative incidence of renal events (P < 0.001). TCO2, total carbon dioxide.



Table 3. Renal events according to serum bicarbonate concentration.
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Serum Bicarbonate and CV Events and All-Cause Mortality

During the follow-up period, 187 (10.6%) patients developed a composite of CV events and death (Table 2). Patients in the low TCO2 group (15.2%) tended to higher composite secondary outcomes (P = 0.052; Figure 2). However, in the Cox proportional hazards model after adjustment, there was no significant association between the serum bicarbonate groups and the composite outcome of CV events and death (low vs. lower normal serum bicarbonate group; HR: 1.29; 95% CI: 0.83–2.02, P = 0.259; Supplementary Table 1).



Association of Serum Bicarbonate With Renal Function Decline

We analyzed renal function decline as the slope of eGFR for 1,571 patients whose eGFR values were measured more than three times during the follow-up period. Mean eGFR slope was −2.48 ± 2.03 mL/min/1.73 m2/year. The eGFR slope according to serum bicarbonate groups was analyzed. The eGFR slope was lower in the low serum bicarbonate group (−2.93 ± 1.61 mL/min/1.73 m2/year; Supplementary Figure 1). We categorized the patients into two groups according to the median value of the eGFR slope and rapid decline in eGFR was defined as the group with lower than median eGFR. The proportion of rapid decline in eGFR was higher in the low serum bicarbonate group (Figure 4). The multivariable binary logistic regression analysis revealed that the low serum bicarbonate group showed a significantly rapid decline in eGFR [odds ratio (OR): 2.12; 95% CI: 1.39–3.22, P < 0.001; Figure 4] compared to the lower normal serum bicarbonate group.


[image: Figure 4]
FIGURE 4. Risk of rapid decline of eGFR according to serum bicarbonate groups. The rapid decline in eGFR was defined as lower than the median value of the eGFR slope. Proportion of the rapid decline of eGFR was higher in the low TCO2 group. The multivariable binary logistic regression analysis showed that the low TCO2 group had a significantly rapid decline in eGFR (OR: 2.12; 95% CI: 1.39–3.22, P < 0.001) compared to the lower normal TCO2 group. The column shows a proportion of the rapid decline in eGFR (%). The box plot shows adjusted OR (95% CI) for rapid decline of eGFR. The horizontal solid line represents the reference with an adjusted OR of 1. Adjusted for age, sex, HTN, DM, preexisting CVD, SBP, BMI, eGFR, log UPCR, albumin, total cholesterol, logCRP, ACEi or ARB use, or diuretics. OR, odds ratio; CI, confidence interval; TCO2, total carbon dioxide; DM, diabetes mellitus; HTN, hypertension; CVD, cardiovascular disease; BMI, body mass index; eGFR, estimated glomerular filtration rate by CKD-EPI creatinine equation; UPCR, urine protein creatinine ratio; CRP, C-reactive protein; ACEi, angiotensin converting enzyme inhibitor; ARB: angiotensin II receptor blocker.





DISCUSSION

In the present study, 240 (13.2%) of the 1,808 CKD patients had metabolic acidosis (TCO2 <22 mmol/L), and among those with CKD stages 4 and 5, 111 (27.6%) and 51 (46.4%) of patients, respectively, had metabolic acidosis. The incidence of renal events during the follow-up period was higher in patients with metabolic acidosis. Similar to other existing studies, the HR for renal events after adjustment for potential confounders was 1.27 for serum bicarbonate level <22 mmol/L compared to the reference group (serum bicarbonate level 22–26 mmol/L). Patients with metabolic acidosis showed a significantly rapid decline in eGFR. In the present study, there was no significant association between the serum bicarbonate groups and the composite outcome of CV events and death.

Several factors are induced by metabolic acidosis, which cause kidney injury and accelerate the progression of CKD. Kidney damage occurs from acid retention in the interstitial compartment that induces the activation of the renin-angiotensin-aldosterone system and endothelin production (6). In addition, stimulation of complement by increased ammonia production and activation of cytokines also contribute to renal damage. Metabolic acidosis was associated with arterial stiffness in a previous study of our cohort patients (21). Increased arterial stiffness is associated with the risk of renal progression (22); therefore, metabolic acidosis might be associated with CKD progression. Metabolic acidosis is associated with inflammation and oxidative stress, which is associated with renal function deterioration (23, 24); this could also be a mechanistic link between renal injury and metabolic acidosis.

Metabolic acidosis is associated with not only CKD progression but also rapid renal function deterioration. Therefore, proper management is needed to reduce the acid retention. Two modalities that can reduce acid retention include dietary modification to decrease net endogenous acid production or administration of alkali. An experimental study showed that administration of alkali to rats with 5/6 nephrectomy slowed CKD progression and decreased the renal content of endothelin, angiotensin II, and aldosterone (25, 26). A recent randomized trial and other observational studies showed that alkali therapy prevents renal function decline in patients with CKD (27, 28). Large-scale clinical trials are needed to obtain a firm evidence regarding the effectiveness of alkali therapy. Higher serum bicarbonate levels within the normal range were associated with better renal outcomes and survival in the African American Study of Kidney Disease and Hypertension trial (15). Although current guidelines recommend maintaining serum TCO2 ≥22 mmol/L, according to previous studies on renal outcomes, mortality, or CV outcomes, the ideal target might be 24–26 mmol/L (29). Therefore, further studies are needed to establish optimal serum bicarbonate concentrations.

Serum bicarbonate <22 mmol/L was associated with increased mortality in US veterans (12); however, metabolic acidosis was not significantly associated with mortality in the CRIC study (13). In addition, an association between metabolic acidosis and increased CV event risk independent of eGFR has not yet been clearly identified. The findings of study outcomes may have been slightly different because of the differences in the characteristics of the study population and the reference range of metabolic acidosis. In the present study, we included patients with early CKD (16.3% with CKD stage 1 and 18.5% with CKD stage 2). Furthermore, our study showed that the incidence rates of mortality and CV outcome were lower than those in the CRIC study (30); hence, the results may differ.

The strength of our study is that we included a large number of predialysis CKD patients. However, this study also has several limitations. First, we could not eliminate the potential residual confounders due to the observational nature of the study. Second, single serum bicarbonate values were used to predict renal events and the composite outcome of mortality or CV events. We did not evaluate the effects of alkali administration (e.g., sodium bicarbonate, sodium lactate, sodium citrate, calcium citrate, etc.) on the incidence of metabolic acidosis and clinical outcomes. There were no patients taking non-calcium-based phosphate binders (e.g., sevelamer carbonate or sevelamer hydrochloride), which affect the acid-base balance. The possibility of dilutional acidosis in metabolic acidosis was excluded because we did not enroll acutely ill patients requiring large volume resuscitation.



CONCLUSION

Metabolic acidosis, defined as a serum bicarbonate level <22 mmol/L, was significantly associated with increased renal events and rapid decline of renal function in this cohort of Korean predialysis CKD patients.
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Low (<22 mmol/L) 2.35 (1.91,2.90)
Lower normal (22-26 mmol/L) Reference
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Model 2

HR (95% CI)
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036 (0.25,051)

084 (0.82, 0.86)

Model 2: Adjusted for age, sex, HTN, DM, preexisting CVD, systolic blood pressure, BMI.

Model 3: Model 2 + eGFR, log UPCR.

Model 4: Model 3 + albumin, total cholesterol, logCRR, ACEi or ARB use, and diuretics use.
HR, hazard ratio; Cl, confidence interval; TCO, total carbon dioxide; DM, diabetes melitus; HTN, hypertension; CVD, cardiovascular disease; BM, body mass index; eGFR, estimated
glomerular filtration rate by CKD-EP creatinine equation; UPCR, urine protein creatinine ratio; CRF, C-reactive protein; ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin

Il receptor blocker.
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