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BACKGROUND: Deoxycholic acid (DCA) is a secondary bile acid that may promote vascular calcification in experimental set-
tings. Higher DCA levels were associated with prevalent coronary artery calcification (CAC) in a small group of individuals with 
advanced chronic kidney disease. Whether DCA levels are associated with CAC prevalence, incidence, and progression in a 
large and diverse population of individuals with chronic kidney disease stages 2 to 4 is unknown.

METHODS AND RESULTS: In the CRIC (Chronic Renal Insufficiency Cohort) study, we evaluated cross- sectional (n=1057) and 
longitudinal (n=672) associations between fasting serum DCA levels and computed tomographic CAC using multivariable- 
adjusted regression models. The mean age was 57±12 years, 47% were women, and 41% were Black. At baseline, 64% 
had CAC (CAC score >0 Agatston units). In cross- sectional analyses, models adjusted for demographics and clinical factors 
showed no association between DCA levels and CAC >0 compared with no CAC (prevalence ratio per 1- SD higher log DCA, 
1.08 [95% CI, 0.91– 1.26). DCA was not associated with incident CAC (incidence per 1- SD greater log DCA, 1.08 [95% CI, 
0.85– 1.39]) or CAC progression (risk for increase in ≥100 and ≥200 Agatston units per year per 1- SD greater log DCA, 1.05 
[95% CI, 0.84– 1.31] and 1.26 [95% CI, 0.77– 2.06], respectively).

CONCLUSIONS: Among CRIC study participants, DCA was not associated with prevalent, incident, or progression of CAC.
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Vascular calcification is common in chronic kid-
ney disease (CKD).1– 3 Sixty- six percent of CRIC 
(Chronic Renal Insufficiency Cohort) study par-

ticipants demonstrate moderate to severe coronary 
artery calcification (CAC).3,4 Vascular calcification 
is associated with arterial stiffness, which contrib-
utes to left ventricular hypertrophy and CKD pro-
gression,5,6 and it is also independently associated 
with cardiovascular disease events and mortality 
in CKD.7 It is imperative to better understand the 
pathophysiology of vascular calcification to identify 

biomarkers that predict presence and severity and 
determine treatment targets to prevent and slow its 
progression.

Bile acids are produced in hepatocytes by CYP7A1 
(cholesterol 7- alpha- hydroxylase) and conjugated with 
either taurine or glycine. Conjugated bile acids are 
then secreted into the bile canaliculi and stored in the 
gallbladder. From the gallbladder, bile acids are ex-
creted into the intestinal lumen where their main func-
tion is to emulsify dietary lipids. Once in the intestinal 
lumen, primary bile acids undergo bacteria- induced 
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transformation to secondary bile acids.8 More than 
95% of bile acids are excreted in stool, and the remain-
der is reabsorbed into the circulation by the ileum.9 In 
addition to their role in lipid digestion, bile acids are 
involved in lipid and glucose metabolism via interaction 
with the nuclear FXR (farnesoid X receptor),8,10 which 
is found in the liver, kidneys, intestines, macrophages, 
and vasculature, including vascular endothelial cells11 
and vascular smooth muscle cells.12

Deoxycholic acid (DCA) is a secondary bile acid 
derived from gut bacterial transformation of the pri-
mary bile acid, cholic acid. Among individuals with 
CKD, DCA levels are higher compared with those with 
normal kidney function.13,14 Although some preclinical 
work demonstrates DCA is directly toxic to vascular 
smooth muscle cells and induces vascular calcification 

through endoplasmic reticulum stress,14 other work 
finds DCA does not cause vascular smooth muscle cell 
calcification.15 Our group previously demonstrated ele-
vated serum DCA levels are independently associated 
with greater CAC scores in a small cross- sectional 
analysis of individuals with moderate to severe CKD 
(mean estimated glomerular filtration rate [eGFR], 
32±9  mL/min per 1.73  m2).16 Because DCA produc-
tion is dependent on the composition of gut bacteria, 
CKD- associated gut microbiome dysbiosis17 may be 
responsible for increased DCA levels observed in CKD. 
Diet and medications can change the composition of 
the microbiome, suggesting that DCA levels may be 
modifiable and a potential treatment target to reduce 
vascular calcification, cardiovascular disease, and pre-
mature mortality in CKD.

The CRIC study is a longitudinal observational study 
and includes a large, diverse sample of participants 
with CKD stages 2 to 4. We tested the hypothesis that 
higher circulating DCA levels would be associated with 
greater CAC prevalence, incidence, and progression.

METHODS
Anonymized data and materials have been made pub-
licly available at the CRIC National Institute of Diabetes 
and Digestive and Kidney Diseases biorepository and 
can be accessed at https://repos itory.niddk.nih.gov/
studi es/cric/.

Study Design and Participants
The CRIC study is a prospective cohort study of a ra-
cially and ethnically diverse group of men and women 
aged 21 to 74 years with mild to moderate CKD (eGFR 
entry criteria, 20– 70  mL/min per 1.73  m2). A total of 
3939 participants were enrolled from 7 centers in the 
United States between May 2003 and August 2008.18 
Individuals who were unable to consent, institutional-
ized, enrolled in other studies, pregnant, had New York 
Heart Association class III to IV heart failure, human 
immunodeficiency virus infection, cirrhosis, myeloma, 
polycystic kidney disease, renal cancer, recent chemo-
therapy or immunosuppressive therapy, those receiv-
ing maintenance dialysis, or an organ transplant were 
excluded. The study was approved by the institutional 
review boards from each clinical center, and all partici-
pants provided written informed consent.

Computed Tomographic Measurements
Participants with a history of coronary artery revascu-
larization did not undergo computed tomography (CT) 
measurements. Of those with no history of coronary 
artery revascularization, 1142 participants were ran-
domly selected and stratified by age, sex, race and 

CLINICAL PERSPECTIVE

What Is New?
• This is the first analysis of a large, diverse cohort 

of individuals with chronic kidney disease that 
aimed to determine whether circulating levels of 
the bile acid, deoxycholic acid, were associated 
with vascular calcification.

• Despite preclinical data suggesting that deoxy-
cholic acid is directly toxic to vascular smooth 
muscle cells causing vascular calcification, and 
a small cross- sectional observational study 
demonstrating a significant association be-
tween higher circulating deoxycholic acid levels 
and vascular calcification, we found no asso-
ciation between higher deoxycholic acid levels 
and prevalence, incidence, and progression of 
coronary artery calcification among participants 
in the CRIC (Chronic Renal Insufficiency Cohort) 
study.

What Are the Clinical Implications?
• The bile acid, deoxycholic acid, should not be 

used as a predictor of vascular calcification 
among individuals with chronic kidney disease 
stages 2 to 4.

• Further preclinical and clinical research is re-
quired to more precisely determine the role 
deoxycholic acid and other bile acids play in 
vascular calcification and adverse outcomes in 
chronic kidney disease.

Nonstandard Abbreviations and Acronyms

CRIC Chronic Renal Insufficiency Cohort
CYP7A1 cholesterol 7- alpha- hydroxylase
DCA deoxycholic acid
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ethnicity, diabetes status, and eGFR for electron- beam 
or multidetector CT. In addition, all eligible participants 
from 3 centers were scanned as part of an ancillary 
study, yielding 1964 total participants scanned within 
the first 3 years of the original baseline examination. Of 
these participants, 1057 had fasting DCA levels meas-
ured at the same study visit as their first CT scan (ie, 
baseline for the present study) as part of an ancillary 
study. Repeat CT was performed among 1123 par-
ticipants an average±SD of 3.2±0.6 years later, 672 of 
whom had DCA data (Figure 1).
Trained and certified technologists scanned partic-
ipants twice using phantoms of known physical cal-
cium concentrations. One cardiologist read all scans 
at a central reading center (Los Angeles Biomedical 
Research Institute at Harbor- University of California, 
Los Angeles Medical Center) to quantify calcification 
according to the Agatston score.19 Total CAC score 
was calculated as the sum of scores from the left main, 
left anterior descending, left circumflex, and right cor-
onary arteries. Final scores are the mean of 2 scans.20

Exposure Assessment
Fasting serum samples stored at −80 °C were shipped 
with sufficient dry ice to the University of Colorado for 
measurement of DCA using liquid chromatography– 
tandem mass spectrometry, as previously described.21 
In brief, human serum (100 µL) was diluted in 300 µL of 
cold acetonitrile containing 30 ng of D6- DCA (Cambridge 

Isotope Laboratory) as internal standard. The mixture 
was passed through a Phree phospholipid removal plate 
(Phenomenex). The eluate was evaporated with nitrogen 
gas stream, then redissolved in 100 µL of 10 mmol/L am-
monium acetate buffer (pH 8.0)/methanol (1:1, v/v). A 10- 
µL aliquot of each sample solution was then analyzed with 
Applied Biosystems 3200 qTRAP DC/MS/MS (SCIEX). 
The intra- assay coefficient of variation for the DCA meas-
urements was 4.3%. Fifteen percent of the DCA values 
were undetectable, defined by the laboratory as <4 ng/
mL. These undetectable results were replaced with the 
value 2 ng/mL, half of the lower limit of detection.22,23

Covariate Assessment
We obtained covariate data from the same study visit 
as the first CT scan or the most recent previous an-
nual visit if missing. Self- reported sociodemographic 
characteristics, medical history, and current medi-
cations were obtained using a questionnaire. Body 
weight, height, and blood pressure were measured 
using standard protocols.18 Diabetes was defined as 
fasting glucose level ≥126 mg/dL, nonfasting glucose 
level ≥200 mg/dL, and/or use of antidiabetic medica-
tions. History of cardiovascular disease was defined as 
self- reported prior coronary artery disease, heart fail-
ure, stroke, or peripheral vascular disease.

Glucose, cholesterol, phosphate, calcium, magne-
sium, serum albumin, and total parathyroid hormone 
were measured using standard laboratory methods. 

Figure 1. Selection of participants for final analytic cohort.
CRIC indicates Chronic Renal Insufficiency Cohort; CT, computed tomography; and DCA, deoxycholic 
acid.
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The 24- hour urinary protein was measured using the 
turbidometric method with benzethonium chloride. 
FGF23 (fibroblast growth factor 23) was measured 
using a second- generation carboxy- terminal assay 
(Immutopics). hs- CRP (high- sensitivity C- reactive pro-
tein) and IL- 6 (interleukin- 6) were measured at the orig-
inal baseline examination using the particle- enhanced 
immunonephelometry method. We calculated eGFR 
using the Chronic Kidney Disease Epidemiology 
Collaboration equation.24

Statistical Analysis
We summarized baseline participant characteristics 
as mean±SD or median with interquartile range for 
continuous variables and percentages for categori-
cal variables by DCA tertile. Statistical differences be-
tween tertiles were tested using ANOVA for continuous 
variables with normal distributions, Wilcoxon- Mann- 
Whitney test for continuous variables with skewed 
distributions, and χ2 tests for categorical variables. We 
evaluated the cross- sectional association of circulating 
DCA level with CAC score using a 2- part model.20 First, 
we modeled the prevalence of CAC score >0 among all 
participants using logistic regression. Second, among 
those with CAC score >0, we modeled the severity of 
CAC (ie, ≥100 and ≥400 units) using logistic regression. 
Regression coefficients were expressed as CAC prev-
alence ratios per 1- SD higher log- transformed DCA or 
between tertiles of DCA compared with the lowest ter-
tile (reference).

We evaluated the longitudinal association of DCA 
with CAC stratifying by the presence of baseline CAC.25 
Among those with no baseline CAC (CAC=0 Agatston 
units), we defined the incidence as CAC score >0 at 
follow- up. Among those with baseline CAC (CAC >0 
Agatston units), we assessed progression defined as 
an annual increase in CAC score ≥100 units, which is 
significantly associated with higher risk for coronary 
heart disease.26 Additionally, we assessed progres-
sion defined as an annual increase in CAC score ≥200 
units. We evaluated the association between DCA and 
CAC incidence and progression using Poisson regres-
sion with robust variance estimation, using an offset to 
account for the time between CT scans. To determine 
whether DCA was associated with any CAC progres-
sion (as opposed to a cut point of CAC score ≥100 
units or ≥200 units), we used linear regression analysis 
and CAC as a continuous variable defined as mean 
annualized change in CAC.

We included covariates in sequential regression 
models based on prior clinical knowledge. In addition 
to unadjusted analyses, 4 multivariable- adjusted mod-
els were used: (1) adjusted for age, sex, race, ethnicity, 
and clinical site; (2) adjusted for variables in model 1 
plus eGFR, 24- hour urinary protein, diabetes, systolic 

blood pressure, number of antihypertensive medi-
cations, current smoking, history of cardiovascular 
disease, total cholesterol level, and use of statin med-
ications; (3) adjusted for variables in model 2 plus hs- 
CRP and IL- 6; and (4) adjusted for variables in model 3 
plus albumin, calcium, phosphate, magnesium, para-
thyroid hormone, and FGF23. Because the onset of 
end- stage kidney disease may increase the risk for cal-
cification, we conducted sensitivity analyses excluding 
those with end- stage kidney disease at baseline (ie, 
at the time of the scan, cross- sectional analyses) and 
during follow- up (longitudinal analyses).

We tested for effect modification by including DCA- 
by- subgroup interaction terms (defined by age, sex, 
race and ethnicity, diabetes, total cholesterol, eGFR, 
and statin use) in logistic regression and Poisson re-
gression models. All analyses were conducted using 
SAS version 9.4 (SAS Institute). All tests were 2- sided, 
and statistical significance was defined as P<0.05.

RESULTS
Among 1057 CRIC participants with data for DCA and 
CAC obtained by CT, the mean age was 57±12 years, 
47% were women, 45% had diabetes, 28% had self- 
reported history of cardiovascular disease, and mean 
eGFR was 43±17 mL/min per 1.73 m2. Median (inter-
quartile range) DCA was 65 ng/mL (23– 137 ng/mL). 
As shown in Table 1, individuals with higher circulat-
ing DCA levels were older (P=0.001), had higher eGFR 
(P=0.007) and lower urinary protein excretion (P=0.03), 
and lower circulating FGF23 levels (P=0.008) com-
pared with individuals with lower DCA levels.

Figure  2 shows the distribution of baseline CAC 
by DCA tertiles: ≤33  ng/mL, 34 to 106  ng/mL, and 
>106  ng/mL. Compared with participants with DCA 
levels in the lowest tertile, participants with DCA lev-
els in the highest tertile had the lowest prevalence of 
CAC=0 and had slightly greater CAC prevalence at 
101 to 400 Agatston units and at >400 Agatston units 
(P=0.30).

Table 2 shows cross- sectional associations of DCA 
with baseline CAC prevalence and severity. Of 1057 
participants, 676 (64%) had baseline CAC (CAC >0 
Agatston units). In unadjusted analyses, compared 
with DCA level in the lowest tertile, DCA levels in the 
highest tertile were associated with greater CAC prev-
alence (prevalence ratio, 1.37 [95% CI, 1.01– 1.87]). 
However, after adjustment for demographics, clinical 
characteristics, including markers of kidney disease 
and cardiovascular disease, measures of inflamma-
tion, and mineral metabolites, the association between 
DCA and prevalent CAC was no longer statistically 
significant (adjusted prevalence ratio, 1.30 [95% CI, 
0.87– 1.94]).
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Of 676 participants with prevalent CAC (CAC >0 
Agatston units), 405 (60%) had CAC ≥100 Agatston 
units and 236 (35%) had severe CAC defined as CAC 
≥400 Agatston units. In unadjusted analyses, there was 
no association between DCA in the highest tertile com-
pared with the lowest tertile and CAC ≥100 Agatston 
units (prevalence ratio, 1.26 [95% CI, 0.86– 1.84]), nor 
was there any association in the multivariable- adjusted 
model (adjusted prevalence ratio, 1.34 [95% CI, 0.85– 
2.11]) (Table 2). Similarly, there was no association be-
tween DCA in the highest tertile compared with the 
lowest tertile and severe CAC (≥400 Agatston units) in 
either the unadjusted (prevalence ratio, 1.07 [95% CI, 
0.73– 1.57]) or the adjusted (adjusted prevalence ratio, 
1.11 [95% CI, 0.70– 1.76]) models (Table  2). Likewise, 
when DCA was treated as a continuous variable, there 
was no association with prevalence or severity of CAC 
per 1- SD greater log DCA (Table 2).

Table  3 shows longitudinal associations of DCA 
with CAC incidence and progression among 672 
participants who had a repeat CT scan a mean of 
3.2±0.6 years after the baseline CT scan. Among 277 
participants with no baseline CAC (CAC <0 Agatston 
units), 60 (22%) developed incident CAC during 

follow- up. In unadjusted analyses, there was no as-
sociation between baseline DCA in the highest tertile 
compared with the lowest tertile and incident CAC (rel-
ative risk, 1.28 [95% CI, 0.76– 2.15]). The lack of asso-
ciation remained after multivariable adjustment (relative 
risk, 1.22 [95% CI, 0.71– 2.08]). Among 395 partici-
pants with baseline CAC (CAC >0 Agatston units), 78 
(20%) had an annual increase of ≥100 Agatston units 
and 29 (7%) had an annual increase of ≥200 Agatston 
units. In unadjusted analyses, there was no associa-
tion between baseline DCA in the highest tertile com-
pared with the lowest tertile and progression of CAC 
with an annual increase of ≥100 Agatston units (relative 
risk, 1.36 [95% CI, 0.84– 2.20]). The lack of association 
remained after multivariable adjustment (relative risk, 
1.26 [95% CI, 0.76– 2.11]). Similarly, there was no as-
sociation between baseline DCA in the highest tertile 
compared with the lowest tertile and progression of 
CAC with an annual increase of ≥200 Agatston units 
in the unadjusted analyses (relative risk, 1.95 [95% CI, 
0.81– 4.68]). After multivariable adjustment, baseline 
DCA in the highest tertile compared with the lowest 
tertile was associated with >2- fold higher risk of CAC 
progression ≥200 Agatston units per year (relative risk, 

Table 1. Baseline Characteristics of 1057 Chronic Renal Insufficiency Cohort Participants by Tertiles of DCA

Tertile 1 (DCA ≤33 ng/mL), 
n=349

Tertile 2 (DCA 34– 106  
ng/mL), n=349

Tertile 3 (DCA >106 ng/mL), 
n=359 P value

Age, y 56±12 56±12 59±11 0.001

Women, % 48 45 47 0.71

Black, % 43 41 39 0.51

Hispanic, % 5 5 5 0.94

BMI, kg/m2 31±7 30±7 32±7 0.13

Smoking, % 13 11 9 0.20

CVD, % 29 26 29 0.55

Diabetes, % 48 41 45 0.14

Antihypertensive, n 2.4±1.3 2.4±1.3 2.4±1.3 0.61

SBP, mm Hg 125±22 126±21 126±20 0.89

Cholesterol, mg/dL 184±44 183±41 183±42 0.96

Statin use, % 59.3 53.0 55.2 0.23

eGFR, mL/min per 1.73 m2 41±17 45±17 44±16 0.007

Urinary protein, g/24 h 0.23 (0.08– 1.08) 0.15 (0.07– 0.82) 0.14 (0.06– 0.89) 0.03

Serum albumin, g/dL 4.0±0.5 4.1±0.4 4.1±0.4 0.02

IL- 6, pg/mL 1.70 (1.07– 2.57) 1.58 (0.95– 2.51) 1.76 (1.11– 2.87) 0.69

CRP, mg/L 2.41 (0.96– 5.46) 1.83 (0.76– 4.57) 2.15 (0.89– 5.55) 0.28

Magnesium, mg/dL 1.93±0.30 1.94±0.28 1.92±0.26 0.58

Calcium, mg/dL 9.3±0.5 9.3±0.5 9.3±0.6 0.16

Phosphate, mg/dL 3.9±1.2 3.8±1.0 3.8±0.7 0.40

FGF23, RU/mL 157 (100– 314) 132 (93– 276) 129 (86– 231) 0.008

PTH, pg/mL 63 (41– 105) 62 (40– 97) 61 (42– 93) 0.78

Results are reported as proportions, mean±standard deviation, or median (interquartile range). Covariate data are from visit 5. If covariate data were missing 
at visit 5, they were obtained from visit 3. BMI indicates body mass index; CRP, C- reactive protein; CVD, cardiovascular disease; DCA, deoxycholic acid; eGFR, 
estimated glomerular filtration rate; FGF23, fibroblast growth factor 23; IL- 6, interleukin 6; PTH, parathyroid hormone; RU, reference units; and SBP, systolic 
blood pressure.
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2.64 [95% CI, 1.14– 6.15]). When baseline DCA was 
treated as a continuous variable, there was no asso-
ciation with CAC incidence or progression per 1- SD 
greater in log DCA in either the unadjusted or fully ad-
justed models. Finally, there was no association be-
tween baseline CAC and mean annualized change in 
CAC (Table S1).

We detected a borderline significant interaction 
between age and DCA among those with prevalent 
CAC ≥400 Agatston units (P=0.045) and a statisti-
cally significant interaction between diabetes and DCA 
among participants (n=29) with an increase in CAC of 
≥200 Agatston units per year (P=0.004). We did not 
explore these interactions further because of the bor-
derline significant P value and small number of partic-
ipants, which limited power. Furthermore, we did not 
detect any statistically significant interaction between 
DCA and age, sex, race and ethnicity, diabetes, statin 
use, eGFR, or cholesterol level in the other analyses 
(P>0.05 for all). Sensitivity analyses excluding partici-
pants with end- stage kidney disease did not affect re-
sults (Table S2).

DISCUSSION
DCA is a secondary bile acid derived from the primary 
bile acid, cholic acid, via intestinal bacteria transfor-
mation. Among individuals with CKD, DCA levels are 
higher compared with those with normal kidney func-
tion.13,14 In preclinical experiments, DCA, but not other 
bile acids, induced vascular smooth muscle calcifica-
tion through endoplasmic reticulum stress,14 and DCA 
was independently associated with CAC among a 

group of individuals with moderate to severe CKD.16 
Despite these compelling preclinical and observational 
data supporting a role for excess circulating DCA in the 
pathophysiology of vascular calcification in CKD, in this 
analysis of 1057 CRIC participants with mean eGFR 
43±17 mL/min per 1.73 m2, circulating DCA levels were 
not associated with prevalent CAC in cross- sectional 
analyses nor with incident CAC or CAC progression in 
longitudinal analyses.

Bile acid handling in CKD may be dysregulated. 
Various small observational studies suggest circulat-
ing bile acid levels are elevated in CKD.13,14,27,28 A small 
observational study of 61 patients with CKD (mean±SD 
creatinine, 2.96±0.77 mg/dL), found higher circulating 
bile acid levels significantly correlated with lower eGFR, 
leading the investigators to conclude that reduced uri-
nary excretion of bile acids led to elevated blood lev-
els in CKD.28 However, evidence from animal models 
suggests that bile acid transport29 or production14 may 
be altered in CKD. Additionally, the proportion of DCA 
compared with its precursor, cholic acid, is elevated in 
CKD.13 Because intestinal bacteria are responsible for 
the biotransformation of cholic acid to DCA, it is also 
plausible that CKD- associated alterations in the gut 
microbiome may influence DCA and other bile acid lev-
els. Based on these observations, we expected DCA 
levels to be higher among individuals with lower GFR. 
However, in this analysis we found the opposite; CRIC 
participants with higher DCA levels in the second and 
third tertiles had better kidney function, eGFR of 45±17 
and 44±16 mL/min per 1.73 m2, respectively, compared 
with participants with lower DCA levels in the first ter-
tile (eGFR, 41±17  mL/min per 1.73  m2). Mechanisms 

Figure 2. Distribution of the percentage of participants in each baseline CAC category by tertile 
of DCA. DCA is presented as nanograms per milliliter and CAC as Agatston units.
CAC indicates coronary artery calcification; and DCA, deoxycholic acid.

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Ter�le 1, <33 ng/mL Ter�le 2, 34-106 ng/mL Ter�le 3, >106 ng/mL

Pe
rc

en
t o

f p
ar

�c
ip

an
ts

 in
 e

ac
h 

CA
C 

ca
te

go
ry

Ter�les of DCA

CAC >400

CAC = 101-400

CAC = 1-100

CAC =  0



J Am Heart Assoc. 2022;11:e022891. DOI: 10.1161/JAHA.121.022891 7

Jovanovich et al DCA and Coronary Artery Calcification in CRIC

underlying possible bile acid metabolism dysregulation 
in kidney disease require further investigation.

Bile acid metabolism is implicated in vascular 
disease, including vascular calcification.11,12,21,30– 33 
Activation of FXR inhibits vascular calcification in an 
animal model of CKD15 and reduces atherosclerotic 
plaque formation in other non- CKD animal models.21,33 
Activation of FXR also reduces levels of circulating 
DCA.21 Taken together, these observations suggest 
FXR activation and lower circulating DCA levels may 
prevent or attenuate vascular calcification. DCA, but 
not other bile acids, induced calcification in cultured 
bovine vascular smooth muscle cells, and these cells 
overexpressed the ATF- 4 (activation transcription factor 
4) and CHOP (C/EBP homologous protein) pathways, 

indicating endoplasmic reticulum stress as the mech-
anism for calcification.14 Oxidative stress is another 
factor implicated in vascular calcification.34 Excess 
bile acids, including DCA, induce cytotoxicity through 
oxidative stress.35 Endothelial cells incubated in DCA 
demonstrated increased reactive oxygen species, 
which induced cellular pathways leading to monocyte 
adhesion, an early sign of vascular dysfunction and 
atherosclerotic lesions.36 However, not all published 
experimental evidence demonstrates DCA, and other 
bile acids cause vascular calcification. Human vascular 
smooth muscle cells did not calcify when incubated 
in either DCA or lithocholic acid.15 Likewise, vascular 
calcification was not more severe in an animal model 
of progressive CKD fed a DCA- supplemented diet 

Table 2. Results of Logistic Regression Analysis Showing the Cross- Sectional Association of Baseline DCA With 
Prevalence and Severity of Baseline CAC

Prevalence of CAC (any Agatston score >0), prevalence ratio (95% CI), all participants, n=1057

No. of events/No. of 
participants

Per 1- SD increase
log DCA*
676/1057

Tertile 1
DCA ≤33
212/349

Tertile 2
DCA 34– 106
220/349

Tertile 3
DCA >106
244/359

Unadjusted 1.09 (0.96– 1.23) Reference 1.10 (0.81– 1.50) 1.37 (1.01– 1.87)

Model 1 0.98 (0.85– 1.14) Reference 1.01 (0.71– 1.43) 1.03 (0.72– 1.48)

Model 2 1.08 (0.92– 1.26) Reference 1.21 (0.82– 1.77) 1.27 (0.86– 1.87)

Model 3 1.09 (0.93– 1.28) Reference 1.24 (0.84– 1.83) 1.33 (0.90– 1.98)

Model 4 1.08 (0.91– 1.26) Reference 1.18 (0.80– 1.75) 1.30 (0.87– 1.94)

CAC severity (any Agatston score ≥100 units or ≥400 units) among participants with prevalent baseline CAC (any Agatston score >0), 
prevalence ratio (95% CI), total n=676

Prevalence of CAC ≥100 Agatston units, prevalence ratio (95% CI)

Events/total

Per 1- SD increase
log DCA*
405/676

Tertile 1
DCA ≤36
124/212

Tertile 2
DCA 37– 112
125/220

Tertile 3
DCA >112
156/244

Unadjusted 1.09 (0.93– 1.27) Reference 0.93 (0.64– 1.37) 1.26 (0.86– 1.84)

Model 1 1.06 (0.90– 1.25) Reference 0.96 (0.64– 1.45) 1.13 (0.75– 1.70)

Model 2 1.15 (0.96– 1.37) Reference 1.22 (0.79– 1.89) 1.40 (0.91– 2.16)

Model 3 1.16 (0.97– 1.39) Reference 1.20 (0.77– 1.88) 1.42 (0.92– 2.21)

Model 4 1.14 (0.95– 1.37) Reference 1.21 (0.76– 1.91) 1.34 (0.85– 2.11)

Prevalence of CAC ≥400 Agatston units, prevalence ratio (95% CI)

Events/total

Per 1- SD increase
log DCA*
236/676

Tertile 1
DCA ≤36
74/212

Tertile 2
DCA 37– 112
73/220

Tertile 3
DCA >112
89/244

Unadjusted 0.98 (0.83– 1.15) Reference 0.93 (0.62– 1.38) 1.07 (0.73– 1.57)

Model 1 0.93 (0.79– 1.11) Reference 0.99 (0.65– 1.51) 0.95 (0.63– 1.43)

Model 2 1.01 (0.84– 1.21) Reference 1.22 (0.77– 1.93) 1.14 (0.73– 1.76)

Model 3 1.01 (0.84– 1.21) Reference 1.20 (0.76– 1.91) 1.13 (0.73– 1.76)

Model 4 0.998 (0.83– 1.21) Reference 1.20 (0.74– 1.94) 1.11 (0.70– 1.76)

Model 1: adjusted for age, sex, race, ethnicity, and clinical site. Model 2: model 1 plus eGFR, 24- hour urinary protein, diabetes, SBP, number of antihypertensive 
medications, current smoking, history of CVD, total cholesterol, and statin use. Model 3: model 2 plus IL- 6 and CRP. Model 4: model 3 plus PTH, FGF23, 
phosphate, calcium, albumin, and magnesium. Covariate data are from visit 5. If covariate data were missing at visit 5, they were obtained from visit 3. CAC 
indicates coronary artery calcification; CRP, C- reactive protein; CVD, cardiovascular disease; DCA, deoxycholic acid; eGFR, estimated glomerular filtration rate; 
FGF23, fibroblast growth factor 23; IL- 6, interleukin 6; PTH, parathyroid hormone; and SBP, systolic blood pressure.

*For the continuous analysis, the prevalence ratio 1.09 (95% CI, 0.96– 1.23) is interpreted as a 9% (95% CI, −0.04% to 23%) increase in CAC prevalence for 
every 1- SD increase in log DCA level.
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compared with animals with progressive CKD fed a 
control diet.15

Our finding that DCA is not independently associ-
ated with CAC prevalence, incidence, or progression in 
a large group of CRIC participants is contrary to a prior 
report,16 which evaluated the cross- sectional relation-
ship between DCA and presence of CAC among 112 in-
dividuals with moderate to advanced CKD (mean eGFR, 
31.5±8.7 mL/min per 1.73 m2) and found an indepen-
dent association between higher log- transformed DCA 
and greater CAC volume score.16 A potential explana-
tion for these conflicting findings is different population 

characteristics. Compared with the prior report,16 CRIC 
participants were younger by ≈10 years, had less se-
vere kidney disease (mean eGFR, 41±17  mL/min per 
1.73 m2 in CRIC versus mean eGFR 31.5±8.7 mL/min 
per 1.73 m2 in the prior report), and a lower burden of 
vascular calcification (in the CRIC study, >50% had 
CAC volume scores ≤100 Agatston units and 36% had 
no CAC at baseline [Figure 2], whereas in the prior re-
port, the median [interquartile range] CAC volume score 
was 246 [43– 743] Agatston units). However, age, kid-
ney function, and calcification burden do not seem to 
modify the relationship between DCA and CAC scores. 

Table 3. Results of Poisson Regression Analysis to Determine the Longitudinal Association of Baseline DCA With CAC 
Incidence and Results of Linear Regression Analysis to Determine Progression of CAC Among Chronic Renal Insufficiency 
Cohort Study Participants With Baseline and Follow- Up Computed Tomography Scan

Incident CAC progression among participants with no baseline CAC (Agatston score=0), n=277

No. of events/No. of 
participants

Per 1- SD increase
log DCA*
60/277

Tertile 1
DCA ≤29
19/92

Tertile 2
DCA 30– 94
16/90

Tertile 3
DCA >94
25/95

Unadjusted 1.09 (0.85– 1.39) Reference 0.83 (0.46– 1.50) 1.28 (0.76– 2.15)

Model 1 1.03 (0.80– 1.33) Reference 0.85 (0.47– 1.54) 1.14 (0.69– 1.87)

Model 2 1.06 (0.83– 1.34) Reference 1.00 (0.57– 1.75) 1.16 (0.70– 1.93)

Model 3 1.05 (0.82– 1.34) Reference 1.03 (0.59– 1.79) 1.16 (0.70– 1.94)

Model 4 1.08 (0.85– 1.39) Reference 1.09 (0.62– 1.90) 1.22 (0.71– 2.08)

CAC progression among participants with baseline CAC (Agatston score >0), n=395

CAC progression of ≥100 Agatston units/year, relative risk (95% CI)

Events/total

Per 1- SD increase
log DCA†

78/395

Tertile 1
DCA ≤34
23/130

Tertile 2
DCA 35– 102
23/131

Tertile 3
DCA >102
32/134

Unadjusted 1.14 (0.91– 1.44) Reference 0.97 (0.57– 1.65 ) 1.36 (0.84– 2.20)

Model 1 1.06 (0.86– 1.30) Reference 1.11 (0.66– 1.88) 1.18 (0.72– 1.93)

Model 2 1.09 (0.88– 1.35) Reference 1.31 (0.78– 2.21) 1.35 (0.82– 2.23)

Model 3 1.07 (0.86– 1.33) Reference 1.15 (0.68– 1.96) 1.31 (0.80– 2.16)

Model 4 1.05 (0.84– 1.31) Reference 1.06 (0.62– 1.83) 1.26 (0.76– 2.11)

CAC progression of ≥200 Agatston units/year, relative risk (95% CI)

Events/total

Per 1- SD increase
log DCA†

29/395

Tertile 1
DCA ≤34
7/130

Tertile 2
DCA 35– 102
8/131

Tertile 3
DCA >102
14/134

Unadjusted 1.31 (0.83– 2.08) Reference 1.11 (0.41– 2.98) 1.95 (0.81– 4.68)

Model 1 1.18 (0.75– 1.85) Reference 1.25 (0.45– 3.51) 1.60 (0.61– 4.17)

Model 2 1.18 (0.77– 1.81) Reference 1.32 (0.50– 3.48) 1.91 (0.86– 4.22)

Model 3 1.17 (0.75– 1.82) Reference 1.21 (0.44– 3.32) 1.93 (0.87– 4.30)

Model 4 1.26 (0.77– 2.06) Reference 1.75 (0.54– 5.67) 2.64 (1.14– 6.15)

Model 1: adjusted for age, sex, race, ethnicity, clinical site, baseline CAC (among those with CAC >0 only). Model 2: model 1 plus eGFR, 24- hour urinary 
protein, diabetes, SBP, number of antihypertensive medications, current smoking, history of CVD, total cholesterol, and statin use. Model 3: model 2 plus IL- 6 
and CRP. Model 4: model 3 plus PTH, FGF23, phosphate, calcium, albumin, and magnesium. Covariate data are from visit 5. If covariate data were missing at 
visit 5, they were obtained from visit 3. CAC indicates coronary artery calcification; CRP, C- reactive protein; CVD, cardiovascular disease; DCA, deoxycholic 
acid; eGFR, estimated glomerular filtration rate; FGF23, fibroblast growth factor 23; IL- 6, interleukin 6; PTH, parathyroid hormone; and SBP, systolic blood 
pressure.

*For the continuous analysis, the relative risk of incident CAC 1.09 (95% CI, 0.85– 1.39) is interpreted as a 9% (95% CI, −0.15% to 39%) increase in CAC 
incidence for every 1- SD increase in log DCA level among Chronic Renal Insufficiency Cohort study participants without CAC at baseline.

†For the continuous analysis, the relative risk of progressive CAC, 1.14 (95% CI, 0.91– 1.44) is interpreted as a 14% (95% CI, −0.09% to 44%) increase in CAC 
progression of ≥100 Agatston units/year for every 1- SD increase in log DCA level among Chronic Renal Insufficiency Cohort study participants with CAC at 
baseline.
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We did not find any interaction between age and DCA 
nor eGFR and DCA on CAC scores, and there was 
no association between DCA and CAC severity in the 
CRIC study. In the prior report,16 only 112 individuals 
were available for the cross- sectional analysis, and al-
though the confidence intervals were narrow, the small 
sample size may not have provided enough power to 
reject the null hypothesis. The CRIC study includes data 
from a racially and geographically diverse group of in-
dividuals with a broad range of kidney function (CKD 
stages 2– 4). We analyzed over 1000 participants for 
the cross- sectional analysis, and 672 participants for 
the longitudinal analyses. This large and diverse sample 
size engenders confidence in the conclusion that there 
is no relationship between DCA and CAC in CKD.

Our study has several strengths. First, it is the first 
to evaluate DCA as a predictor of CAC prevalence, in-
cidence, and progression in a large, diverse cohort of 
mild to moderate CKD. Second, the CRIC study uses 
standardized methods and measurements of CAC 
and other variables across clinical sites, which mini-
mizes bias. Third, we were able to adjust for numerous 
covariates including markers of mineral metabolism 
and inflammation, which are known contributors to 
vascular calcification in CKD. Notwithstanding these 
strengths, there are also limitations. First, we were not 
able to measure DCA levels over time; thus, we do not 
know how circulating levels vary over time among this 
large group of individuals with CKD. Second, we do 
not have measures of other bile acids so cannot draw 
conclusions about the total bile acid pool or bile acid 
ratios. Third, CRIC did not collect stool samples, and 
thus we were unable to measure DCA in the stool. 
Among individuals without CKD, stool bile acids are 
a more validated marker of atherosclerosis than cir-
culating bile acids.37,38 Fourth, it is plausible there is a 
relationship between DCA and CAC progression when 
CAC progression is defined by an annual increase 
<100 Agatston units. We defined CAC progression as 
an annual increase in CAC ≥100 Agatston units based 
on previous data,26 because an annual increase in 
CAC ≥100 Agatston units is associated with clinical 
outcomes (coronary heart disease events) in CKD.25 
Nonetheless, there was no significant association be-
tween baseline DCA and mean annualized change in 
CAC. Finally, the event numbers in the progression 
analysis were fairly small; nonetheless, this is still the 
largest and most comprehensive study evaluating the 
association of circulating DCA and CAC.

In conclusion, DCA was not associated with CAC 
prevalence, incidence, or progression among a large, 
diverse cohort of individuals with CKD stages 2 to 4. 
Further experimental and clinical research is required 
to more precisely determine the role DCA and other 
bile acids play in vascular calcification and adverse 
outcomes in CKD.
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SUPPLEMENTAL MATERIAL 
 



Table S1. Longitudinal association of baseline DCA with mean annualized change in CAC. 

Participants with baseline and follow-up CAC scores, N = 672 

Mean annualized change in CAC (95% CI) 
 

Per 1-SD increase 

log DCA  

Tertile 1 

DCA ≤29 

Tertile 2 

DCA 30 – 94 

Tertile 3 

DCA >94 

Unadjusted 
34.5 

(5.7 – 63.3) 

33.2 

(21.0 – 45.3) 

36.8 

(0.5 – 73.2) 

45.2 

(8.9 – 81.4) 

Model 1  
34.4 

(1.6 – 67.2) 

33.1 

(21.0 – 45.2) 

36.6 

(0.3 – 73.0) 

45.1 

(8.9 – 81.3) 

Model 2  
34.4 

(1.5 – 67.3) 

33.1 

(20.9 – 45.2) 

36.8 

(-3.3 – 76.8) 

45.7 

(5.8 – 85.7) 

Model 3 
34.3 

(-29.3 – 97.9) 

33.1 

(20.8 – 45.5) 

36.6 

(-3.9 – 77.1) 

46.4 

(5.9 – 86.8) 

Model 4 
35.0 

(0.4 – 69.7) 

34.2 

(21.4 – 47.0) 

36.1 

(-16.2 – 88.4) 

47.5 

(-5.0 – 100.1) 

Model 1: adjusted for age, sex, race, ethnicity, clinical site, baseline CAC (among those with 

CAC >0 only).  

Model 2: model 1 plus eGFR, 24-hour urinary protein, diabetes, SBP, number of 

antihypertensive medications, current smoking, history of CVD, total cholesterol, and statin use. 

Model 3: model 2 plus IL-6 and CRP. 

Model 4: model 3 plus PTH, FGF23, phosphate, calcium, albumin, and magnesium. 

DCA, deoxycholic acid; SBP, systolic blood pressure; eGFR, estimated glomerular filtration 

rate; PTH, parathyroid hormone; FGF23, fibroblast growth factor 23; RU, reference units; CRP, 

c-reactive protein; IL-6, Interleukin 6.  

 

 

 

 

 



Table S2. Impact of excluding participants with end-stage renal disease on associations of 

DCA with prevalence and severity of CAC at baseline, and incidence and progression of 

CAC. 

Per 1-SD increase 

log DCA 

All Participants Participants without ESRD 

Sample 

Size 

Estimate 

(95% CI) 

p - 

Valu

e 

Sample 

Size 

Estimate 

(95% CI) 

p - 

Value 

Cross-sectional 

All Participants 

CAC >0, Prevalence Ratio 1057 

1.08 

(0.91 – 1.26) 

0.38 1045 

1.07 

(0.91 – 1.26) 

0.42 

Baseline CAC>0 

CAC ≥100, Prevalence 

Ratio  

676 

1.14 

(0.95 – 1.37) 

0.16 669 

1.14 

(0.95 – 1.37) 

0.16 

CAC ≥400, Prevalence 

Ratio  

676 

0.998 

(0.83 – 1.21) 

0.98 669 

0.995 

(0.82 – 1.20) 

0.96 

Longitudinal 

Baseline CAC=0 

Incident CAC, Relative Risk 277 

1.08 

(0.85 – 1.39) 

0.52 244 

1.15 

(0.84 – 1.57) 

0.37 

Baseline CAC>0 

Increase ≥100 Agatston 

units/year, Relative Risk  

395 

1.05 

(0.84 – 1.31) 

0.66 359 

1.02 

(0.81 – 1.29) 

0.86 



Increase ≥200 Agatston 

units/year, Relative Risk  

395 

1.26 

(0.77 – 2.06) 

0.36 359 

1.39 

(0.82 – 2.35) 

0.22 

Adjusted for age, sex, race, ethnicity, clinical site, baseline CAC (among those with CAC >0 

only), eGFR, 24-hour urinary protein, diabetes, SBP, number of antihypertensive medications, 

current smoking, history of CVD, total cholesterol, statin use, IL-6, CRP, PTH, FGF23, 

phosphate, calcium, albumin, and magnesium. 

 

DCA, deoxycholic acid; SBP, systolic blood pressure; eGFR, estimated glomerular filtration 

rate; PTH, parathyroid hormone; FGF23, fibroblast growth factor 23; RU, reference units; CRP, 

c-reactive protein; IL-6, Interleukin 6.  

 

Covariate data are from visit 5. If covariate data were missing at visit 5, they were obtained from 

visit 3. 

 


