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Rationale & Objective: Elevated levels of deoxy-
cholic acid (DCA) are associated with adverse
outcomes and may contribute to vascular calcifi-
cation in patients with chronic kidney disease
(CKD). We tested the hypothesis that elevated
levels of DCA were associated with increased risks
of cardiovascular disease, CKD progression, and
death in patients with CKD.

Study Design: Prospective observational cohort
study.

Setting & Participants:We included3,147Chronic
Renal Insufficiency Cohort study participants who
had fasting DCA levels. The average age was
59 ± 11 years, 45.3% were women, 40.6% were
African American, and the mean estimated glomer-
ular filtration rate was 42.5 ± 16.0 mL/min/1.73 m2.

Predictor: Fasting DCA levels in Chronic Renal
Insufficiency Cohort study participants.

Outcomes: Risks of atherosclerotic and heart
failure events, end-stage kidney disease (ESKD),
and all-cause mortality.

Analytical Approach: We used Tobit regression to
identify predictors of DCA levels. We used Cox
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regression to examine the association between
fasting DCA levels and clinical outcomes.

Results: The strongest predictors of elevated DCA
levels in adjusted models were increased age and
nonuse of statins. The associations between log-
transformed DCA levels and clinical outcomes
were nonlinear. After adjustment, DCA levels
above the median were independently associated
with higher risks of ESKD (HR, 2.67; 95% CI,
1.51-4.74) and all-cause mortality (HR, 2.13;
95% CI, 1.25-3.64). DCA levels above the
median were not associated with atherosclerotic
and heart failure events, and DCA levels below
the median were not associated with clinical
outcomes.

Limitations: We were unable to measure DCA
longitudinally or in urinary or fecal samples, and we
were unable to measure other bile acids. We also
could not measure many factors that affect DCA
levels.

Conclusions: In 3,147 participants with CKD
stages 2-4, DCA levels above the median were
independently associated with ESKD and all-cause
mortality.
Individuals with chronic kidney disease (CKD) have an
increased prevalence of cardiovascular disease (CVD) and

higher risk of death compared with the general popula-
tion.1,2 With the loss of kidney function, progressive
changes in metabolism develop. Human studies report that
in CKD, levels of total bile acids increase, possibly because
of accelerated hepatic production, increased efflux from
hepatocytes, or decreased renal excretion.3-5 The propor-
tion of secondary bile acids, which are produced by in-
testinal bacteria from primary bile acids, also increases,
likely due to an altered gut microbiome in patients with
CKD.6,7 Given that bile acids have important functions
besides aiding digestion, including modulation of
inflammation, regulation of energy expenditure and
metabolism, and effects on immune function, bile acid
dysregulation in CKD may have maladaptive effects.

Deoxycholic acid (DCA) is a secondary bile acid derived
from cholic acid, a primary bile acid, and studies suggest
that DCA levels are elevated in CKD.3,8,9 DCA has been
associated with numerous deleterious effects at the cellular
level, such as inflammation and immune dysregulation,
and risk factors for disease, such as dyslipidemia and
decreased insulin sensitivity.10-13 In addition, experimental
data suggest that DCA may exert cardiovascular toxicity by
promoting vascular calcification.14 Therefore, elevated
DCA levels in patients with CKD may have adverse con-
sequences on cardiovascular and kidney health. To
examine the associations between DCA levels and clinical
outcomes in patients with CKD stages 2-4, we conducted a
prospective observational study within the Chronic Renal
Insufficiency Cohort (CRIC) study. We hypothesized that
elevated DCA levels would be associated with higher risks
of atherosclerotic CVD, heart failure, end-stage kidney
disease (ESKD), and all-cause mortality among the 3,147
CRIC study participants.

METHODS

CRIC Study

The CRIC study is a multicenter prospective observational
cohort of patients with CKD stages 2-4.15,16 The main
objective is to investigate risk factors for the development
of CVD, progression to ESKD, and mortality in the CKD
population. In phase 1 of the CRIC study, 3,939 patients
were enrolled across 7 sites from 2003 to 2008. Exclusion
criteria included the inability to consent,
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PLAIN-LANGUAGE SUMMARY

Elevated serum levels of deoxycholic acid (DCA), a
secondary bile acid, have been associated with vascular
calcification in patients with chronic kidney disease
(CKD). Using data from the Chronic Renal Insufficiency
Cohort study, we tested the associations between
elevated DCA levels and increased risks of cardiovascular
disease, CKD progression, and death in patients with
CKD. DCA was associated with the clinical outcomes in
a nonlinear distribution. Using Cox regression, we
found that DCA levels above the median were inde-
pendently associated with higher risks of end-stage
kidney disease and mortality but not with atheroscle-
rotic and heart failure events. DCA levels below the
median were not significantly associated with clinical
outcomes. Additional research is needed to further
investigate DCA in CKD.
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institutionalization, enrollment in other studies, preg-
nancy, New York Heart Association class 3-4 heart failure,
human immunodeficiency virus infection, cirrhosis,
myeloma, polycystic kidney disease, renal cancer, recent
chemotherapy or immunosuppressive therapy, organ
transplantation, or prior treatment with dialysis for >1
month. All participants gave informed consent, and the
protocol was approved by each study site’s institutional
review board (University of Pennsylvania IRB protocol
807882). The data underlying this article cannot be shared
publicly to protect the privacy of the individuals who
participated in the study.

Study Design

We conducted a prospective observational cohort study of
3,147 CRIC study participants, in whom we measured
fasting DCA levels in stored serum samples collected at the
1-year follow-up visit, which was the baseline visit for our
study. We excluded 419 participants from the baseline to
year 1 visit who died, were lost to follow-up, withdrew
from the study, or missed the year 1 study visit. From the
3,520 participants who attended the year 1 visit, we
excluded 373 participants who did not have available
stored samples, who were not fasting at the time of blood
draw, or who had progressed to ESKD (Fig S1). Because we
assessed the post–year 1 atherosclerotic and heart failure
events, participants who had these events before the 1-year
follow-up visit were retained in the study.

Exposure

The primary exposure was fasting DCA level at the CRIC
study 1-year follow-up visit. Fasting samples were used to
control for the postprandial increase in DCA levels.17

Stored frozen serum samples were shipped on dry ice
from the CRIC Study Central Laboratory at the University
of Pennsylvania to the laboratory of Dr Miyazaki at the
2

University of Colorado. DCA levels were measured using
liquid chromatography tandem mass spectrometry, as
previously described.18,19 Briefly, 100 μL of human serum
was diluted with 300 μL of cold acetonitrile containing
30 ng of D6-DCA (Cambridge Isotope Laboratory) as an
internal standard. The solution was passed through a Phree
phospholipid removal plate (Phenomenex), and the sol-
vent was evaporated with a nitrogen gas stream. The solute
was then redissolved in 100 μL of 10-mM ammonium
acetate buffer. The sample was then analyzed with Applied
Biosystems 3200 qTRAP liquid chromatography tandem
mass spectrometry.14 The intra-assay coefficient of varia-
tion for the DCA measurements was 4.3%. Fifteen percent
of samples (472 of 3,147) were below the limit of
detection, defined by the laboratory as <4 ng/mL. These
undetectable results were replaced with the value of 2 ng/
mL, half of the lower limit of detection.20,21

Outcomes

The outcome variables investigated were time from the 1-
year follow-up visit to adjudicated atherosclerotic and heart
failure events, ESKD, and all-cause mortality. Atherosclerotic
and heart failure events that occurred before the 1-year
follow-up visit were not considered events, and the associ-
ated patients were retained in the study to assess post–year 1
outcomes. Atherosclerotic and heart failure events were
ascertained every 6 months and adjudicated by medical re-
cord review as possible, probable, or definite events. Adju-
dicated atherosclerotic events were defined as possible,
probable, or definite myocardial infarction, probable or
definite stroke, or peripheral arterial disease. Adjudicated
heart failure events were defined as hospital admission for
signs and symptoms of poor cardiac output, and our analysis
included both probable and definite adjudicated heart failure
events. Progression to ESKD was ascertained every 6 months,
confirmed by medical record review, and supplemented with
data from the United States Renal Data System. Deaths were
confirmed by death certificate.22 Participants were followed
until death, loss to follow-up, or administrative end of
follow-up in September 2015, with a maximum follow-up
time of 11.2 years. All clinical events of interest before the
end of follow-up were recorded.

Covariates

Covariates included demographics, cardiovascular risk
factors, medication usage, and laboratory values that were
routinely collected by the CRIC study. Information about
demographics, medical history, and medications was self-
reported and obtained at the 1-year follow-up visit. Lab-
oratory tests of blood and urine were measured centrally
using standard assays.15,16 Additional information on
covariates is presented in Item S1.

Statistical Analysis

Baseline (year 1) characteristics of the CRIC study partic-
ipants are presented as the total population and by DCA
quartiles (Table 1, Table S1). Normally distributed
Kidney Med Vol 4 | Iss 1 | January 2022
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continuous variables are presented as the mean ± standard
deviation (SD), whereas skewed continuous variables are
presented as the median with interquartile range. Cate-
gorical variables are presented as proportions. Statistical
differences between quartiles were tested using analysis of
variance for continuous variables with normal distribu-
tions, Wilcoxon-Mann-Whitney tests for continuous vari-
ables with skewed distributions and χ2 tests for categorical
variables. DCA was log-transformed in all analyses because
of its skewed distribution. Missing covariates were <1.5%.
If variables were missing at the year 1 visit, we used data
from the initial study visit. We used Tobit regression,
which is designed to handle left-censored data, to identify
the independent predictors of DCA levels.23 We used Wald
χ2 values and P values from the type III analysis of effects to
determine the strength of association between log-DCA
and the independent variables. In Table S2, we used
Pearson correlations to determine the associations between
dietary data and DCA.

We found that the associations of DCA with the
outcome variables were nonlinear. To allow for flexi-
bility in modeling the association between DCA and
outcomes, we applied Cox proportional hazards models
using penalized cubic splines with 1 knot.24 We deter-
mined the optimal number of degrees of freedom and
placement of the knot in cubic splines by comparing
models with different degrees of freedomand choosing
the model with minimum Akaike’s Information Criteria
Table 1. Baseline Characteristics of CRIC Study Participants by

Total N = 3,147
Quartile 1 n = 786
DCA 2.0-23.1 ng/mL

Quartile 2
DCA 23.2

Age, y 58 ± 11 59 ± 11
Female, N (%) 358 (45.6) 361 (45.9
African American, N (%) 344 (43.8) 329 (41.8
Hispanic, N (%) 81 (10.3) 92 (11.7)
Current smoking, N (%) 113 (14.4) 97 (12.3)
BMI, kg/m2 32.1 ± 8.0 31.9 ± 7.4
Systolic BP, mm Hg 126 ± 21 127 ± 23
Diabetes, N (%) 403 (51.3) 377 (47.9
History of CVD, N (%) 290 (36.9) 268 (34.1
Total cholesterol, mg/dL 180.6 ± 43.4 183.1 ± 4
Statin use, N (%) 506 (64.4) 466 (59.2
No. of BP medications 2.6 ± 1.3 2.5 ± 1.3
eGFR, mL/min/1.73 m2 41.0 ± 16.2 42.1 ± 16
Urinary protein, g/24 h 0.20 (0.07-1.07) 0.18 (0.07
Serum albumin, g/dL 4.02 ± 0.45 4.02 ± 0.4
Calcium, mg/dL 9.27 ± 0.53 9.29 ± 0.5
IL-6, pg/mL 1.80 (1.13-2.95) 1.74 (1.08
CRP, mg/L 2.63 (1.08-6.87) 2.34 (1.03
Phosphate, mg/dL 3.91 ± 1.24 3.85 ± 0.8
PTH, pg/mL 61.9 (39.6-105.0) 62.0 (40.0
FGF23, RU/mL 164.0 (101.2-304.0) 147.3 (92
Note: Continuous variables are presented as mean ± standard deviation for normally
variables are presented as total number and proportions.
Abbreviations: BMI, body mass index; BP, blood pressure; CRP, C-reactive protein; C
filtration rate; FGF23, fibroblast growth factor 23; IL-6, interleukin 6; PTH, parathyr
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and Bayesian Information Criteria.25,26 The knot was
located at the median of DCA value 68.45 ng/mL and
was defined as the reference value (hazard ratio
[HR] =1.0).

Four models were adjusted sequentially for the
following covariates. Model 1 was adjusted for study site,
age, sex, race, and Hispanic ethnicity. Model 2 was
adjusted for the covariates in model 1, plus renal and
cardiovascular risk factors (estimated glomerular filtration
rate, log-transformed urinary protein, diabetes, systolic
blood pressure, the number of antihypertensive medica-
tions, current smoking, history of CVD, total cholesterol,
and statin use). Model 3 was adjusted for factors in model
2, plus log-transformed interleukin-6 and log-transformed
C-reactive protein. Model 4 was adjusted for factors in
model 3, plus log-transformed fibroblast growth factor-
23, log-transformed parathyroid hormone, phosphate,
calcium, and albumin. In Table S3, model 5 adjusts for
factors in model 4, plus age of the DCA sample.

In Table 2, we report HRs and 95% confidence intervals
(CIs) per 1 SD of log-transformed DCA compared with the
HR at the median DCA value (68.45 ng/mL). Figure 1
presents the HRs with 95% CIs from model 4 for each
outcome. Any portion of the curve above the y-scale
reference line of 1.0 was considered statistically significant.
The DCA values on the x-axis were back-transformed from
the SD of log-transformed DCA values to their original
scale in the unit of DCA (ng/mL). The rug plot at the
Quartiles of Fasting DCA Level

n = 787
-68.4 ng/mL

Quartile 3 n = 787
DCA 68.5-148.9 ng/mL

Quartile 4 n = 787
DCA >148.9 ng/mL

59 ± 11 60 ± 10
) 341 (43.3) 367 (46.6)
) 293 (37.2) 311 (39.5)

97 (12.3) 91 (11.6)
81 (10.3) 88 (11.2)
32.3 ± 7.9 32.4 ± 7.8
126 ± 21 127 ± 21

) 332 (42.2) 398 (50.6)
) 268 (34.1) 273 (34.7)
5.2 182.3 ± 43.1 183.0 ± 43.7
) 440 (55.9) 432 (54.9)

2.4 ± 1.3 2.4 ± 1.3
.5 43.6 ± 15.7 43.3 ± 15.6
-1.00) 0.16 (0.07-0.80) 0.15 (0.07-0.78)
5 4.08 ± 0.41 4.08 ± 0.42
1 9.32 ± 0.51 9.31 ± 0.51
-2.84) 1.82 (1.05-2.95) 1.93 (1.21-3.17)
-6.00) 2.53 (0.94-5.74) 2.38 (1.02-5.99)
9 3.89 ± 1.17 3.83 ± 0.81
-101.0) 58.1 (40.0-92.4) 62.0 (39.0-93.7)
.6-285.9) 132.1 (94.3-252.8) 143.1 (89.9-263.6)
distributed data or as median and interquartile range for skewed data. Categorical

VD, cardiovascular disease; DCA, deoxycholic acid; eGFR, estimated glomerular
oid hormone.
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Table 2. Associations of Fasting DCA Level With Clinical Outcomes

Below DCA Median, <68.45 ng/mL Above DCA Median, >68.45 ng/mL
Atherosclerotic events

Events/total number 261/1,574 251/1,573
Mean follow-up time (± standard deviation), y 6.9 ± 3.3 6.7 ± 3.3
Hazard ratio (95% CI) per SD of log-
transformed DCA
Unadjusted 0.88 (0.56-1.37) 1.83 (0.89-3.74)
Model 1a 0.82 (0.53-1.28) 1.49 (0.72-3.08)
Model 2b 0.91 (0.58-1.43) 1.48 (0.72-3.01)
Model 3c 0.90 (0.57-1.42) 1.58 (0.77-3.22)
Model 4d 0.88 (0.56-1.40) 1.52 (0.74-3.12)

Heart failure events

Events/total number 303/1,574 272/1,573
Mean follow-up time (± standard deviation), y 7.1 ± 3.2 7.0 ± 3.2
Hazard ratio (95% CI) per SD of log-
transformed DCA
Unadjusted 0.75 (0.50-1.13) 1.58 (0.80-3.14)
Model 1a 0.74 (0.49-1.12) 1.40 (0.70-2.80)
Model 2b 0.86 (0.56-1.31) 1.40 (0.71-2.73)
Model 3c 0.81 (0.53-1.24) 1.29 (0.66-2.53)
Model 4d 0.82 (0.54-1.27) 1.22 (0.63-2.38)

ESKD events

Events/total number 456/1,574 373/1,573
Mean follow-up time (± standard deviation), y 6.9 ± 3.3 7.0 ± 3.1
Hazard ratio (95% CI) per SD of log-
transformed DCA
Unadjusted 0.58 (0.41-0.81) 1.24 (0.69-2.23)
Model 1a 0.62 (0.44-0.88) 1.33 (0.74-2.41)
Model 2b 0.76 (0.54-1.08) 2.12 (1.18-3.82)
Model 3c 0.79 (0.55-1.12) 2.21 (1.23-3.99)
Model 4d 0.98 (0.68-1.40) 2.67 (1.51-4.74)

All-cause mortality events

Events/total number 408/1,574 411/1,573
Mean follow-up time (± standard deviation), y 8.1 ± 2.6 7.9 ± 2.6
Hazard ratio (95% CI) per SD of log-
transformed DCA
Unadjusted 0.88 (0.63-1.24) 2.36 (1.37-4.07)
Model 1a 0.81 (0.58-1.15) 2.05 (1.17-3.56)
Model 2b 1.03 (0.72-1.46) 2.12 (1.24-3.64)
Model 3c 0.98 (0.69-1.40) 2.11 (1.23-3.64)
Model 4d 1.00 (0.70-1.43) 2.13 (1.25-3.64)
Abbreviations: CI, confidence interval; DCA, deoxycholic acid; ESKD, end-stage kidney disease; SD, standard deviation.
aModel 1 stratified by study site and adjusted for age, sex, African American race, and Hispanic ethnicity.
bModel 2 adjusted for model 1 + estimated glomerular filtration rate, log urinary protein, diabetes, systolic blood pressure, number of antihypertensive medications,
current smoking, history of cardiovascular disease, total cholesterol, and statin use.
cModel 3 adjusted for model 2 + log Interleukin-6 and log C-reactive protein.
dModel 4 adjusted for model 3 + log fibroblast growth factor 23, log parathyroid hormone, phosphate, calcium, and albumin.

Frazier et al
bottom of Figure 1 displays the number of
measurements.27

We calculated Schoenfeld residuals in the fully adjusted
models among the individuals with DCA values below the
median and above the median. We verified that there was
no violation of the proportional hazards assumption for
DCA in all outcome models. All analyses were performed
using Survival, SmoothHR, and Splines packages in R,
version 3.4.4, and SAS version 9.4. Two-sided P
values < 0.05 were considered statistically significant.
4

RESULTS

Baseline Characteristics

Among the 3,147 participants with fasting DCA levels at
the 1-year follow-up visit, which was the baseline visit for
the current analyses, average age was 59 ± 11 years, 45.3%
were women, 40.6% were African American, and 48.0%
had diabetes (Table S1). The average estimated glomerular
filtration rate was 42.5 ± 16.0 mL/min/1.73 m2. Several
participant characteristics varied by DCA quartile (Table 1).
Kidney Med Vol 4 | Iss 1 | January 2022
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Figure 1. Adjusted hazard ratios for atherosclerotic CVD, heart failure events, ESKD, and mortality according to DCA levels.
Adjusted hazard ratios with 95% CIs for (A) atherosclerotic CVD, (B) heart failure events, (C) ESKD, and (D) mortality according
to DCA levels. The curve above the y-scale reference line of 1.0 is statistically significant. Models were adjusted for the covariates
in model 4, including age, sex, African American race, Hispanic ethnicity, eGFR, log urinary protein, diabetes, SBP, number of
antihypertensive medications, current smoking, history of cardiovascular disease, total cholesterol, statin use, log IL-6, log
CRP, log FGF23, log PTH, phosphate, calcium, and albumin. The DCA values on the x-axis were back-transformed per 1 SD
of log-transformed DCA values. The rug plot at the bottom of the figures displays the number of measurements. Abbreviations:
CRP, C-reactive protein; CVD, cardiovascular disease; DCA, deoxycholic acid; eGFR, estimated glomerular filtration rate;
ESKD, end-stage kidney disease; FGF23, fibroblast growth factor 23; IL-6, interleukin 6; PTH, parathyroid hormone; SBP, systolic
blood pressure; SD, standard deviation.

Frazier et al
Higher DCA levels were associated with increased age,
lower percentage of African American participants, lower
statin use, higher estimated glomerular filtration rate,
higher albumin, higher interleukin-6, and lower fibroblast
growth factor-23 levels. There was no significant associa-
tion of DCA quartiles with sex, current smoking, body
mass index, systolic blood pressure, history of CVD, total
cholesterol, number of blood pressure medications, uri-
nary protein, calcium, C-reactive protein, phosphate, or
parathyroid hormone. Dietary protein and fat were also
not significantly associated with DCA levels (Table S2).
After multivariable adjustment of the Tobit regression
model, the 2 variables most strongly associated with
higher DCA levels were increased age and nonuse of statins
(Table S4).
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Associations of Fasting DCA Level With

Adjudicated Atherosclerotic and Heart Failure

Events

The associations of DCA with all outcomes were nonlinear
(Fig 1). Table 2 shows the associations between DCA and
atherosclerotic and heart failure events. In the group with
DCA levels below the median (68.45 ng/mL), there were
261 (16.6%) atherosclerotic events with a mean follow-up
time of 6.9 years. Among individuals with DCA levels
above the median, there were 251 (16.0%) atherosclerotic
events with a mean follow-up time of 6.7 years. In both
groups, DCA levels were not associated with atheroscle-
rotic events in the unadjusted analysis or the adjusted
models (HR, 0.88 and 95% CI, 0.56-1.40 for model 4
with DCA below the median; HR, 1.52 and 95% CI, 0.74-
5
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3.12 for model 4 with DCA above the median; Fig 1A). In
the heart failure analysis, there were 303 (19.3%) events
in those with DCA values below the median with a mean
follow-up time of 7.1 years. Among individuals with DCA
values above the median, there were 272 (17.3%) heart
failure events with a mean follow-up time of 7.0 years.
Similarly, there were no associations between DCA values
and heart failure events in the unadjusted and adjusted
analyses (HR, 0.82 and 95% CI, 0.54-1.27 in model 4
with DCA below the median; HR, 1.22 and 95% CI, 0.63-
2.38 in model 4 with DCA above the median; Fig 1B).

Association of Fasting DCA Level With ESKD

Table 2 shows the association of fasting DCA level with
progression to ESKD. Among participants with baseline
DCA levels below the median, there were 456 (29.0%)
events with a mean follow-up time of 6.9 years. In this
population with DCA levels below the median, DCA levels
closer to the median value were associated with lower risk
of progression to ESKD (HR, 0.58 and 95% CI, 0.41-0.81
in the unadjusted analysis; HR, 0.62 and 95% CI, 0.44-
0.88 in model 1). However, this association was no longer
significant after adjustment for CKD and CVD risk factors
(HR, 0.98 and 95% CI, 0.68-1.40 in model 4, Fig 1C).

Among individuals with DCA values above the me-
dian, there were 373 (23.7%) events with a mean
follow-up time of 7.0 years. In the unadjusted analysis
and model 1, there was no significant association be-
tween DCA and ESKD. However, after adjustment for
CKD and CVD risk factors, the association became sig-
nificant. Adjustments for bone and mineral factors in
model 4 also strengthened this association (HR, 2.67 and
95% CI, 1.51-4.74 in model 4).

Associations of Fasting DCA Level With All-Cause

Mortality

Table 2 shows the associations of DCA with all-cause
mortality. Among individuals with DCA values below the
median, there were 408 (25.9%) total deaths with a mean
follow-up time of 8.1 years. Low DCA values were not
associated with all-cause mortality in the unadjusted
analysis or in any of the adjusted models (HR, 1.00 and
95% CI, 0.70-1.43 in model 4, Fig 1D).

Among individuals with DCA values above the median,
there were 411 (26.1%) deaths with a mean follow-up
time of 7.9 years. High DCA levels were significantly
associated with all-cause mortality in the unadjusted
analysis and all of the additional models, independent of
demographics, renal risk factors, CVD risk factors, in-
flammatory markers, and markers of mineral metabolism
(HR, 2.13 and 95% CI, 1.25-3.64 in model 4).

We also investigated the age of the DCA sample on
clinical outcomes. We found that adjusting for DCA sample
age did not significantly affect the association between
DCA and atherosclerotic events, heart failure events, ESKD,
or mortality (model 5 in Table S3).
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DISCUSSION

Our study found that in 3,147 participants with CKD
stages 2-4, the associations between DCA levels and heart
failure and atherosclerotic events, progression to ESKD,
and mortality were nonlinear. In multivariable-adjusted
models, DCA levels above the median were indepen-
dently associated with ESKD and all-cause mortality,
whereas those below the median were not associated with
clinical outcomes after adjustment. Our findings, which
will require validation in future studies, provide support
for the emerging evidence of the complex effects of bile
acids on human health.

Bile acids primarily aid in digestion, although there is
growing recognition of their numerous effects throughout
the body. Primary bile acids, such as cholic acid, are
formed from cholesterol precursors in the liver and are
excreted into the intestines to aid in lipid digestion, where
a portion is metabolized by intestinal bacteria into sec-
ondary bile acids, such as DCA. Most bile acids are reab-
sorbed in the distal ileum and returned to the liver as part
of the enterohepatic circulation. However, a low level re-
mains in the systemic circulation. Many factors are thought
to alter the level and composition of bile acids, including
diet, medications, and the gut microbiome.6,28,29 A high-
fat “Western” diet and alcohol use may increase DCA
levels.30,31 CKD may also alter bile acid levels. Prior
research has indicated that those with CKD have elevated
total bile acids compared with those without CKD and have
an increased DCA to cholic acid ratio.3,8,9

We found that among individuals with CKD stages 2-4,
elevated DCA levels were most strongly associated with
increased age and nonuse of statins after multivariable
adjustment. Statins competitively inhibit the activity of
3-hydroxy-3-methyl-glutaryl-CoA reductase, the rate-
limiting step in cholesterol synthesis, resulting in low-
ered cellular cholesterol concentration.32 Bile acids are
formed from cholesterol precursors; thus, reducing
cholesterol may reduce bile acid synthesis and quantity.
The effect of age on DCA levels is unclear, with contra-
dictory reports in the literature.33,34 In contrast to prior
studies, we did not find an independent relationship be-
tween kidney function and DCA levels.3,8,9 Additional
research is needed to examine DCA levels across the full
spectrum of kidney function.

In our study, DCA levels were associated with clinical
outcomes in a nonlinear or biphasic pattern. This distri-
bution suggests that moderate DCA concentrations may be
optimal, whereas more extreme levels may have delete-
rious effects. Many biological molecules exhibit this
biphasic dose-response curve.35,36 With some substances,
a minimum threshold is needed for normal function and
yet high levels cause toxicity, creating a middle range of
ideal functioning. Because DCA and other bile acids, in
addition to their role in digestion, have hormone-like
properties with systemic physiologic effects, we specu-
late that DCA may be harmful at high levels, but some level
Kidney Med Vol 4 | Iss 1 | January 2022
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of DCA above a minimal threshold may be advantageous.
Future studies will need to test this hypothesis and further
investigate the optimal range of DCA levels.

Prior studies showing that DCA is associated with both
beneficial and harmful outcomes in the body support our
assertion of an optimal threshold level of DCA. DCA has
detergent properties that assist the digestion of dietary
lipids and can also affect cellular lipid bilayers. DCA has
been shown to disrupt gastrointestinal mucosal barriers,
leading to cellular damage and inflammation.37 DCA also
generates reactive oxygen species, causing DNA damage
and cellular apoptosis, and stimulates the production of
proinflammatory, procalcification, and protumorigenic
factors.10,11,38,39 In addition, both animal and human
studies suggest that elevated DCA levels may contribute to
vascular calcification, which may worsen cardiovascular
and kidney disease.3,14,40 However, research also suggests
that DCA may have favorable effects through the activation
of its receptor, the farsenoid X receptor. Farsenoid X re-
ceptor activation decreases gluconeogenesis, increases
glycolysis, induces hepatic lipoprotein clearance, and re-
duces fatty acid synthesis, leading to improved glucose
tolerance, insulin sensitivity, and lipid profiles.41-44 In
addition, in the kidney, farsenoid X receptor activation has
been associated with reduced diabetic nephropathy and
renal fibrosis.45-47 Thus at low DCA levels, reduced farse-
noid X receptor stimulation may worsen metabolic syn-
drome and kidney disease, but at high levels, DCA may
cause cellular damage and vascular calcification and may
hasten CKD progression. Additional studies are needed to
validate our findings and to further examine the exact
mechanisms of beneficial and harmful effects of DCA on
kidney function.

In this study, we found that elevated DCA was asso-
ciated with a higher risk of all-cause mortality but not
with atherosclerotic or heart failure events. There are 2
possibilities that may reconcile these disparate findings.
First, there may not be a true association of DCA with
CVD, and our findings of a significant association of DCA
with mortality suggest that elevated DCA may contribute
to mortality through mechanisms other than CVD. Sec-
ond, DCA may be associated with CVD events but not
heart failure or atherosclerotic events. Patients with CKD
are susceptible to medial arterial calcification, which is
associated with arrhythmias and sudden cardiac death
instead of atherosclerotic events or heart failure.48,49

Future studies are needed to confirm or refute our
findings.

There are several strengths of our study. We used data
from the CRIC Study, which is a large, prospective cohort
of a diverse patient population with CKD stages 2-4. Given
the long follow-up time and many participants in the
cohort, we were able to assess clinically-relevant outcomes
associated with DCA levels. The CRIC Study uses stan-
dardized data collection methods, collects many variables,
and clinical outcomes are adjudicated. We were also able
to measure the fasting DCA levels on most of the CRIC
Kidney Med Vol 4 | Iss 1 | January 2022
Study participants. However, there are also limitations. We
do not have longitudinal data on DCA levels, and thus we
do not know the variability of DCA in each participant or
how DCA levels over time affect clinical outcomes. We
were unable to measure other bile acids and thus cannot
make conclusions about the total bile acid pool or ratios of
bile acids. We were only able to measure serum DCA and
not urinary or fecal DCA levels and thus may have an
incomplete understanding of patients’ DCA metabolism.
We were unable to measure many factors that may affect
DCA levels, such as liver disease, alcohol consumption, the
gut microbiome, fat malabsorption, certain medications,
or complete dietary intake. In addition, the cause of death
of many participants was unable to be determined, and
outcomes of interest such as sudden cardiac death and
arrhythmias were not available.

In conclusion, our study suggests that high DCA levels
are associated with the risk of ESKD and all-cause mortality
in patients with CKD. Although there are several possible
biological mechanisms linking DCA to poor clinical out-
comes, there is still much that is unknown about DCA in
kidney disease. Further research is needed to validate our
findings and to determine the exact role of DCA levels in
the pathogenesis of cardiovascular and kidney disease and
the clinical effects in patients with CKD.
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