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OBSERVATIONAL STUDY

Alteration in Indole Metabolites After
Cardiopulmonary Bypass Surgery in Neonates

and Infants

IMPORTANCE: Cardiopulmonary bypass (CPB) surgery is associated with
changes in the intestinal microbiome. Metabolism of tryptophan into the indole
pathway is entirely facilitated by the intestinal microbiome, and indole metabolites
play a critical role in intestinal epithelial integrity, intestinal and systemic vascular
tone, and intestinal and systemic immune response.

OBIJECTIVES: To evaluate the impact of CPB on microbial-derived indole metab-
olites and their association with clinical outcomes.

DESIGN, SETTING, AND PARTICIPANTS: Prospective cohort study of neo-
nates and infants younger than 6 months of age undergoing CPB at a quaternary
children’s hospital.

MAIN OUTCOMES AND MEASURES: Serum samples underwent quantitative
pathway mapping via mass spectroscopy. Clinical outcomes of interest included car-
diac ICU (CICU) length of stay and Vasoactive-Inotropic Score (VIS) at 48 hours.

RESULTS: Ninety patients between 2 and 169 days old were enrolled. Patients
showed significant postoperative changes in seven of eight indole metabolites. A
two-fold increase in preoperative levels of indole-3-carboxylic acid was associated
with 0.63 odds of requiring vasoactive medications at 48 hours (p = 0.023) and
among those subijects still requiring vasoactives at 48 hours, they had an average
7.1% decrease in VIS at 48 hours (p = 0.005), and a 12.25% reduction in CICU
length of stay (p=0.001). Higher levels of indole-3-carboxylic acid preoperatively
and at 24 and 48 hours postoperatively were also significantly associated with
decreased CICU length of stay. Conversely, increased levels of several metabo-
lites, including indole-3-lactic acid, indole-3-carbaldhyde, indole-3-propionic acid,
tryptamine, and tryptophol, in the preoperative and postoperative period were as-
sociated with higher VIS at 48 hours and increased CICU length of stay.

CONCLUSIONS AND RELEVANCE: CPB was associated with significant
changes in indole metabolite levels postoperatively. Indole-3-carboxylic acid,
which suppresses T-regulatory (Treg) differentiation, is associated with improved
patient outcomes, whereas other metabolites, that promote Treg differentiation,
were associated with worse outcomes.

KEYWORDS: cardiopulmonary bypass; enteral nutrition; indole-3-carboxylic
acid; indoles; tryptophan

ardiothoracic surgery with cardiopulmonary bypass (CPB) for the cor-
rection of congenital heart disease (CHD) leads to physiologic stress and
alterations in substrate metabolism, including the amino acid tryptophan
(1, 2). Tryptophan is metabolized through three distinct pathways: kynurenine,
indole, and serotonin pathways. Metabolites of the indole pathway play a critical
role in intestinal epithelial integrity, intestinal and systemic vascular tone, intestinal
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@\ KEY POINTS

Question: Is cardiopulmonary bypass (CPB)
surgery in children with congenital heart disease
associated with changes in circulating indole lev-
els, and are indole metabolite levels associated
with cardiac ICU length of stay and Vasoactive-
Inotropic Score at 48 hours?

Findings: We found changes in seven circulating
indole metabolites. Indole-3-carboxylic acid, which
suppresses T-regulatory (Treg) cell differentiation,
was associated with improved clinical outcomes.
Other metabolites promoting Treg cell differentia-
tion were associated with worse outcomes.

Meaning: Indole metabolites are associated with
clinical outcomes in children undergoing CPB sur-
gery, which may be related to their impact on Treg
cell differentiation.

motility, and intestinal and systemic immune response (3,
4). Catabolism of tryptophan through the indole pathway
is unique in that it is facilitated by bacteria of the intes-
tinal microbiota, including Peptostreptococcus, Clostridia,
Bacteroides, and Bifidobacterium species (5, 6). There are
specific bacterial species that contain different enzymes
that generate individual indole metabolites (5). CPB alters
the intestinal microbiota (7), but to date, no studies have
evaluated the impact of CPB on indole metabolism and
its association with clinical outcomes. The aim of this
study was to evaluate the impact of CPB surgery on in-
dole metabolism and determine the association of preop-
erative and postoperative indole levels with postoperative
outcomes. We assessed whether preoperative method of
nutrition administration was associated with indole lev-
els. Our hypothesis was that cardiothoracic surgery with
CPB would be associated with significant changes in in-
dole levels compared with preoperative baseline and that
those changes would be associated with preoperative nu-
trition delivery. We also hypothesized that patients with
higher levels of indole metabolites would have decreased
vasoactive support at 48 hours and decreased cardiac ICU
(CICU) length of stay.

METHODS

This was a prospective, single center cohort study of
patients younger than 6 months undergoing CPB
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for treatment of CHD. This study was approved by
the Colorado Multiple Institution Review Board
(No. 20-3059, Approval: February 23, 2023, Title:
Metabolic Profiling and Comprehensive Metabolic
Pathway Mapping: A Systems Biology Approach to
Cardiovascular Failure and Organ Injury Following
Infant Congenital Heart Disease Surgery). Informed
consent was obtained from a patient’s parents or legal
authorized representative. All study procedures fol-
lowed were in concordance with the ethical stan-
dards for human subjects research at the University of
Colorado and with the Helsinki Declaration of 1975.
We excluded patients less than 2kg. Serum samples
were drawn preoperatively, after the induction of an-
esthesia, prior to the start of surgery, and at 2, 24, and
48 hours postoperatively. Clinical data were collected
until hospital discharge and managed using Research
Electronic Data Capture tools hosted at the University
of Colorado (8, 9).

The following indole pathway metabolites were
measured in 60 pL of serum using liquid chroma-
tography/tandem mass spectrometry: 3-indole acetic
acid (IAA), tryptamine, indole-3-lactic acid (ILA),
indole-3-carboxylic acid (ICA), tryptophol, indole-
3-propionic acid (IPA), indole-3-carboxaldehyde, and
3-indoxylsulfate (3-IS). An isotope labeled internal
standard mix containing IAA-d2, 3-1S-d5, ILA-d5, and
tryptamine-d4 was used to generate calibration curves
and to calculate endogenous concentrations in serum.

Indole metabolite levels were log-2 transformed to
account for nonnormal distribution and reduce influ-
ence of outliers. Repeated-measures analysis of var-
iance was used to compare indole metabolite levels
preoperatively and postoperatively. When performing
outcomes analyses, metabolite levels were compared
at the time they were drawn, not relative to preopera-
tive levels. Zero-inflated negative binomial regression
models were used to identify associations of metabo-
lites at each timepoint with Vasoactive-Inotropic
Score (VIS) (10) at 48 hours. Multivariable linear re-
gression was used to identify the association between
indole metabolites at each time point and CICU length
of stay. For patients 29 days or less, multivariable
linear regression was used to evaluate the relation-
ship between method of nutrition delivery (enteral
nutrition only, parenteral nutrition only, or both) and
indole metabolites. Multivariable models included the
considered covariates of sex, age, CPB time, cross-
clamp time, and Society of Thoracic Surgeons and the
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European Association for Cardio-Thoracic Surgery
(STAT) category (11). Final multivariable linear and
logistic models (CICU length of stay) used stepwise
selection to minimize Bayesian Information Criterion,
and zero-inflated negative binomial models (VIS)
used backward stepwise variable elimination with an
a threshold of 0.05.

RESULTS

Ninety patients between 2 and 169 days old were in-
cluded in this cohort. Full patient characteristics are
described in Table 1.

Patients demonstrated significant postoperative
changes in seven of eight indole metabolites compared
with their preoperative baseline (Fig. 1). Most metabo-
lites increased in the immediate postoperative period.
IAA and ILA decreased. Indole-3-carbaldehyde was
significantly altered after CPB.

TABLE 1.
Patient Characteristics

Characteristics Overall, n =90
Gender
Male 49 (54%)
Female 41 (46%)
Ethnicity
Non-Hispanic or Latino 52 (58%)
Age (d) on day of surgery 27 (6-16)
Number of subjects with single 20 (22%)
ventricle physiology
Society of Thoracic Surgeons and the
European Association for Cardio-
Thoracic Surgery score
1 14 (16%)
2 17 (19%)
3 14 (16%)
4 24 (27%)
5 21 (23%)

146.5 (110.0-186.0)
73.0 (55.0-92.0)
5.0 (0.0-11.0)
4.85 (2.15-9.88)
2.50 (1.565-4.17)

Bypass time (min)

Cross-clamp time (min)
Vasoactive-Inotropic Score at 48 hr
ICU length of stay (d)

Peak lactate 24 hr postoperatively

Observational Study

Outcomes: VIS

For every two-fold increase in preoperative levels of ICA,
there were 0.63 (95% CI, 0.43-0.92) odds of requiring vas-
oactive medications at 48 hours. A two-fold increase in
tryptophol preoperatively, at 24 and 48 hours postopera-
tively had a 1.88 (95% CI, 1.14-3.16), 2.05 (95% CI, 1.08-
3.88), and 2.30 (95% CI, 1.19-4.43) odds of requiring
vasoactive medications at 48 hours. Similarly, a two-fold
increase in ILA at 2 and 24 hours postoperatively had 2.36
(95% CI, 1.19-4.67) and 2.27 (95% CI, 1.08-4.74) odds of
requiring vasoactive medications at 48 hours.

For those patients who continued to require vaso-
active medications at 48 hours, a two-fold increase in
preoperative levels of ICA and indoxyl sulfate were as-
sociated with a decrease in VIS at 48 hours (Table 2).
Increased ILA, indole-3-carbaldhyde, tryptophol, and
tryptamine levels at various time points were associ-
ated with increased VIS at 48 hours.

2p value calculated using Fisher exact test, Pearson y? test, and Wilcoxon rank-sum test as appropriate.

Data are expressed as n (%) or median (interquartile range).

Critical Care Explorations

Infant, n =45 Neonate, n =45 p?
19 (43%) 30 (67%) 0.020
26 (58%) 15 (449%)
0.3
27 (60%) 25 (56%)
106 (82-129) 6 (4-9) < 0.001
3 (7%) 17 (38%) 0.016
< 0.001
13 (29%) 1 (2.2%)
13 (29%) 4 (8.9%)
7 (16%) 7 (16%)
11 (249%) 13 (29%)
1 (2.2%) 20 (44%)
129.0 (108.0-188.0) 153.0 (133.00-181.0) 0.2
76.0 (49.0-103.0) 69.0 (59.0-86.0) 0.5
3.0 (0.0-5.0) 10.0 (7.0-13.0) < 0.001
2.66 (2.02-4.17) 8.13 (4.90-10.82) < 0.001
1.55 (1.33-2.06) 4.04 (3.17-5.34) < 0.001
www.ccejournal.org 3
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Figure 1. A majority (7/8) of indole metabolites demonstrated significant changes from preoperative baseline except for indole-3-
carbaldehyde. Tryptamine, tryptophol, indoxy! sulfate, indole-3-carboxylic acid, and indole-3-propionic acid were significantly increased.
Indole-3-lactic acid and indole-3-acetic acid both decreased significantly postoperatively. For each analysis of variance (ANOVA) test, F
is the F test value and p_adjusted is the false discovery rate (FDR) adjusted p value. Each bracket with asterisk represents a significant
change in metabolite levels between the two indicated time points (FDR adjusted p < 0.05).

Outcomes: CICU Length of Stay

Preoperative levels of ICA were associated with
decreased CICU length of stay (Table 2). ICA levels at
24 and 48 hours postoperatively were also associated
with decreased CICU length of stay. IPA and tryptophol
at 24 hours postoperatively; indole-3-cabaldehyde,
tryptamine, and IPA at 48 hours postoperatively were
associated with increased CICU length of stay.

Preoperative Nutrition and Postoperative
Metabolite Levels

Among our patients younger than 29 days, six subjects
were exclusively enterally fed, 22 received a combina-
tion of enteral and parenteral nutrition, and 17 received
exclusive parenteral nutrition. Subjects who received
a combination of enteral and parenteral nutrition or
parenteral nutrition exclusively had a 45.83% (95% CI,
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5.18-102.19%) and 53.57% (95% CI, 9.55-115.26%)
increase in IAA at 2 hours postoperatively. At 48 hours
postoperatively, IPA and indoxyl sulfate were decreased
by 68.21% (95% CI, -88.71% to —-10.50%) and 91.34%
(95% CI, -99.07% to -19.83%) in those who received a
combination of enteral and parenteral nutrition com-
pared with those who received enteral nutrition ex-
clusively. There were no significant changes in other
indole metabolites based on feeding type.

DISCUSSION

In this single-center, prospective study, we sought to
evaluate the impact of cardiothoracic surgery with
CPB on circulating indole metabolites and the asso-
ciation between preoperative/postoperative indole
levels and clinical outcomes. We found that infants
with CHD exhibited significant changes in circulating
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Observational Study
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indoles after CPB surgery and indole levels were asso-
ciated with clinical outcomes.

Increased levels of ICA were consistently associated
with decreased CICU length of stay and decreased dura-
tion and need for vasoactive inotropic medications. There
are limited data describing the role of ICA in human
health. ICA competes with binding at the aryl hydro-
carbon receptor (AhR) and inhibits differentiation of CD4
T cells into T-regulatory (Treg) cells (12). ICA may serve
as a counterbalance to AhR ligands, helping prevent an
overly robust anti-inflammatory response to CPB. Further
research is needed to further delineate these relationships
and the role of ICA on T cell differentiation. ICA and AhR
could represent potential therapeutic targets.

Tryptamine, tryptophol, ILA, and indole-3-
carbaldhyde were associated with worse clinical
outcomes, including increased VIS score at 48 hours
and increased CICU length of stay. These metabolites
are ligands for the AhR (13-16). They have been shown
to promote antioxidation and anti-inflammatory path-
ways, including differentiation of CD4 T cells into Treg.
Elevated levels of IPA at 24 and 48 hours postoperatively
were associated with increased CICU length of stay. IPA
also promotes an anti-inflammatory milieu through its
binding of pregnane X receptor (PXR) (17).

This is the first study to demonstrate an association
between microbe-derived indole metabolites that serve
as AhR and PXR ligands and worse clinical outcomes.
These findings are similar to those that describe worse
outcomes in patients with sepsis who have persistently
elevated levels of the tryptophan metabolite, kynuren-
ine, another potent AhR agonist (18). It is hypothesized
that increased Treg differentiation after AhR binding
may lead to a state of immunoparalysis, contributing
to poor outcomes. Since catabolism of tryptophan into
indole metabolites is dependent on bacteria with the
required enzymes to facilitate metabolism, it is likely
that changes in microbial diversity and relative abun-
dance drive differential indole metabolite levels.

Mode of nutrition delivery was associated with
changes in IAA at 2 hours postoperatively and IPA and
indoxyl sulfate at 48 hours postoperatively. Nutrition
may play a role in altering indole levels through aug-
mentation of the intestinal microbiome (19).

There are several limitations to this study that will in-
form the direction for future research. While variables
sex, age, CPB time, cross-clamp time, and STAT cate-
gory were considered in our multivariable models, our

6 www.ccejournal.org

sample size limited the ability to assess changes in indole
metabolites based on type of cardiac lesion. Evaluating
the impact of feeding on indole metabolism is limited
given the small sample size in each group. In addition,
preoperative feeding data were limited to neonates
only. Other factors, such as gestational age and delivery
modality, likely impact the intestinal microbiome and
should be considered in future studies.

In conclusion, cardiothoracic surgery with CPB is
associated with changes in indole metabolism postop-
eratively. ICA, which suppresses Treg differentiation, is
associated with improved patient outcomes, whereas
other metabolites, that promote Treg differentiation,
were associated with worse outcomes. Evaluation of the
immune response to indole metabolites is an oppor-
tunity for future investigation. Metabolism of trypto-
phan into the indole pathway is completely facilitated
by the intestinal microbiome and dependent on avail-
able tryptophan. Further research is needed to evaluate
alterations in indole metabolism in the context of the in-
testinal microbiome. To have a more complete picture,
research should evaluate whether the changes in indole
levels are related to alterations in the constituents in the
intestinal microbiota, changes in tryptophan available to
enter the indole pathway, or combination of the two.
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