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Abstract

BACKGROUND

Necrotizing enterocolitis (NEC) is a multifactorial disease that predominantly affects
premature neonates. Intestinal dysbiosis plays a critical role in NEC pathogenesis in
premature neonates. The main risk factor for NEC in term infants is mesenteric
hypoperfusion associated with ductal-dependent congenital heart disease (CHD) that
eventually leads to intestinal ischemia. The incidence of NEC in neonates with critical
CHD is 6.8%-13%. However, the role of the intestinal microbiome in NEC pathogenesis

in infants with ductal-dependent CHD remains unclear.

CASE SUMMARY

A male term neonate with right atrial isomerism underwent modified Blalock-Taussig
shunt placement on the 14t day of life and had persistent mesenteric hypoperfusion after
surgery. The patient had episodes of NEC stage IIA on the 1t and 28" days after cardiac
surgery. Fecal microbial composition was analyzed before and after cardiac surgery by
sequencing region V4 of the 165 rRNA gene. Before surgery, species belonging to genera
Veillonella  and  Clostridin  and class Gammaproteobacteria were detected,
Bifidobacteriaceae showed a low abundance. The first NEC episode was associated with
postoperative hemodynamic instability, intestinal ischemia-reperfusion injury during
cardiopulmonary bypass, and a high abundance of Clostridium paraputrificum (Clostridium
sensu stricto I) (56.1%). Antibacterial therapy after the first NEC episode resulted in
increased abundance of Gammaproteobacteria, decreased abundance of Firmicutes, and
low alpha diversity. These changes in the microbial composition promoted the growth of

Clostridium sensu stricto I (72.0%) before the second NEC episode.

CONCLUSION
A high abundance of Clostridium sensu stricto I and mesenteric hypoperfusion may have

contributed to NEC in the present case.
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Core Tip: Right atrial isomerism is associated with severe congenital heart disease,
abnormal arrangement of internal organs, and asplenia/spleen hypoplasia. Infants with
right atrial isomerism palliated with the systemic-to-pulmonary shunt have a “diastolic
steal” of mesenteric blood flow, which increases the risk of necrotizing enterocolitis
(NEC). The role of the microbiome in cardiogenic NEC remains unclear. This case report
highlights possible interactions between dynamic changes in the fecal microbiome before
and after cardiac surgery and development of recurrent NEC, based on hemodynamic
changes, mesenterial perfusion, and antibacterial treatment in an asplenic infant with

right atrial isomerism who underwent palliative cardiac surgery.

INTRODUCTION

Necrotizing enterocolitis (NEC) is a severe multifactorial disease that predominantly
affects premature infants of gestational age less than 29 wk. NEC in premature neonates
represents 70%-90% of all NEC casesl!l. On account of the immaturity of the intestinal
epithelium in premature neonates, NEC in neonates is characterized by intestinal
inflammation and hyperactivation of Toll-like receptor-4 of the intestinal wall by
lipopolysaccharides present in gram-negative bacterial2l.

The first cases of NEC in term neonates with congenital heart disease (CHD) were
described by Polin ef all3! in 1976. The incidence of NEC in neonates with ductal-
dependent CHD varies between 6.8% and 13%!%, and the mortality rate of NEC in
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neonates with CHD is twice that in neonates who do not have CHD (24.4% vs 11.8%)I5L.
In infants with CHD, the main risk associated with NEC is “diastolic steal” of mesenteric
blood flow that leads to intestinal ischemialtl. In addition, decreased arterial blood
oxygenation contributes to intestinal hypoxial?l. The other known risk factors associated
with NEC in neonates with CHD are earlier gestational age, single ventricle defect (SV),
hypoplastic left heart syndrome, truncus arteriosus, the need for high doses of
prostaglandin E1 (> 50 ng kg min1), and episodes of systemic hypoperfusion or shockl8l.

Many studies have analyzed the role of the intestinal microbiome composition in the
development of NEC in premature infants, however, the role of the intestinal microbiome
in the pathogenesis of NEC in neonates with CHD remains unclear. A literature search
with the search terms “microbiome”, “congenital heart disease”, and “neonates” yielded
six papersl®?-13L: two of these were reviews that focused on the role of the microbiome in
the pathogenesis of NECI®1l, but none of the six studies focused on the composition of
the intestinal microbiome in neonates with CHD and NEC. In adults undergoing heart
surgery, intestinal dysbiosis in the preoperative period is associated with the risk of NEC
after heart surgeryl4l.

Some of the most severe cases of CHD are typically characterized by right atrial
isomerism associated with SV, common atrium, common atrioventricular valve,
pulmonary artery stenosis/atresia, and abnormal atrioventricular connection
abnormalitiesl!5. Right atrial isomerism (Ivemark syndrome or heterotaxy syndrome),
which was first described by Bjorn Ivemark!'®l in 1955, is characterized by abnormal
arrangement of the internal organs, asplenia or hypoplasia of the spleen, midline liver,
and the presence of three lobes in each lung. Ivemark syndrome occurs in 1 out of 10000
to 1 out of 40000 live births('l. Patients with SV undergo staged cardiac surgery. The first
stage in infants with SV and pulmonary artery stenosis is systemic-to-pulmonary shunt
placement (modified Blalock-Taussig shunt/mBTS). The mBTS placement could require
the use of cardiopulmonary bypass (CPB) depending on the anatomy of CHD. Infants
palliated with the systemic-to-pulmonary shunt have reverse diastolic blood flow in the

superior mesenteric arteryl®l, which increases the risk of NEC.
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The present study describes the case of a neonate with right atrial isomerism
(Ivemark or heterotaxy syndrome) who was palliated with mBTS on the 14t day of life
(DOL) and subseguently developed two episodes of NEC IIA after the surgical
procedure. The aim of this study was to analyze thg dynamics of the intestinal
microbiome composition in this infant by sequencing the V4 region of the small subunit
ribosomal RNA (16S rRNA) gene of bacteria in serial fecal samples obtained before and
after surgery for CHD.

To define the stage of NEC, the criteria of Bell et al modified by Kliegman and
Walsh[8l were used. NEC was treated according to clinical guidelines approved by the
Russian Federation for the diagnosis and treatment of newborns with NEC[1?l. The results
of 165 rRNA gene-based microbiota profiling were obtained after the patient’s discharge

and did not influence treatment decisions.

CASE PRESENTATION

A male term infant with right atrial isomerism underwent right-sided mBTS (3.5 mm)
placement on DOL 14. The infant developed two episodes of NEC IIA after surgical
treatment of CHD: On the first postoperative day (POD) 1 (DOL 15) and POD 28 (DOL
42).

Chief complaints
Green-colored gastric residuals with a volume of 6 mL were noted on POD 1 (DOL 15);

the infant was placed on nil per os (NPO) at the time.

History of present illness

A male neonate with right atrial isomerism (Figure 1A) was born to a 19-year-old
primiparous mother via spontaneous delivery at 40 wk of gestation. The patient was born
at Almazov National Medical Research Centre. His Apgar score was 7 and 8 at 1 and 5
min of life, respectively; birth weight, 3430 g; height, 50 cm. Right atrial isomerism (right-

sided heart, pulmonary artery atresia, common atrioventricular valve, and asplenia) was
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suspected based on the prenatal ultrasound findings obtained at the 24 week of
gestation. After birth, the neonate was admitted to the neonatal intensive care unit.
Postnatal echocardiography and computed tomography confirmed CHD (Table 2; Figure
2). Intravenous prostaglandin E1 infusion at a dose of 30 ng kg min! was commenced.
The patient did not require respiratory or inotropic support before CHD correction.
Enteral feeding was initiated from DOL 1 through oral administration of 10 mL of
preterm formula every 3 h to provide supplemental protein and energy. Breast milk (BM)
was added on DOL 2, and BM fortification was started on DOL 5. Moderate abdomen
distention was noted on DOL 6, and feeding volume was not increased (Figure 3).
Complete blood count (CBC) and C-reactive protein (CRP) were within the normal
ranges before cardiac surgery [white blood cell (WBC) count, 13.4 x 10°/L; CRP,4 mg/L],
and antibiotics were not administered. The results of a stool sample culture done on DOL
10 was negative, but oral swab culture revealed growth of Staphylococcus hominis.
Right-sided mBTS (3.5 mm) placement was performed on DOL 14 (Table 3). During
the operation, right atrial isomerism was confirmed. Two open arterial ducts flowing into
the pulmonary arteries from the aortic arch and the brachiocephalic trunk were found.
Perioperative prophylaxis with cefuroxime was admin'ﬁéred intravenously at a dose of
50 mg/kg 30 min before surgery, and after surgery, it was administered at a dose of 50
mg/kg every 8 h (three times), according to relevant nationall®! and international

guidelines/21l.

History of the first episode of NEC

The patient’s condition deteriorated 45 min after the end of mBTS placement and he
exhibited signs of cardiogenic shock: Oxygen saturation (SpO2) dropped to 50% and
arterial hypotension (58/28 mmHg) occurred during inotropic therapy with a maximal
allowable dose of epinephrine (0.5 pg kg min-!) and dobutamine (5 pg kg min1).
Considering the ineffectiveness of the therapy, norepinephrine was added with dose

escalation from 0.2 to 0.4 pg kg ! -min-1. This led to a blood pressure increase to 88/40
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mmHg, after which the dose of epinephrine was decreased to 0.3 pug kg™ min™! SpO»
increased to 71%, but was still low.

During resternotomy, a small amount of liquid blood in the pericardial cavity was
revealed, without signs of shunt dysfunction. Delayed closure of the sternotomy wound
was performed 22 h later. Diastolic steal of mesenteric blood flow persisted after the
palliative cardiac surgery (Table 4). Green-colored gastric content with a residual volume
of 6 mL was noted on POD 1 (DOL 15) while the patient was kept at NPO. NEC was

suspected.

History of past illness

This is not applicable in the present case.

Personal and family history
The mother and father of the patient were healthy. Bacterial culture of the cervix in the
third trimester of pregnancy revealed abundant growth of Escherichia coli (E. coli)

Placental histological examination revealed chorio-deciduitis.

Physical examination

The patient was sedated and treated with analgesics after cardiac surgery. His
temperature was normal (36.7 °C), but he needed inotropic support and corticosteroid
supplementation to maintain hemodynamic stability (epinephrine: 0.15 mg kg! min-,
hydrocortisone: 25 mg kg -day), as well as assisted ventilation. SpO2 was 85%; the
target SpO2 is > 75% in infants with SV. The heart rate was 187 beats per minute
(tachycardia, target values is 100-180 beats per minute), arterial blood pressure was
maintained normal by inotropic support (82/37 mmHg). The abdomen was moderately

distended, but not tender on palpation and did not exhibit peristalsis.

Laboratory examinations
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The WBC and neutrophil counts and CRP levels were higher than normal for two days
after surgery (Table 5). Gastric culture performed on POD 5 (DOL 19) revealed abundant
growth of Enterococcus faecalis (sensitive to ampicillin, gentamicin, and vancomyecin).
Blood and fecal cultures revealed no microbial growth. Leukocytosis (based on the CBC
results) increased on POD 6 and 7 (DOL 20 and 21) (Table 5). A pharynx smear culture
on POD 5 (DOL 19) revealed growth of E. coli (sensitive to gentamicin and

piperacillin/tazobactam, resistant to ampicillin/sulbactam).

Imaging examinations
Diastolic steal of mesenteric blood flow persisted after palliative cardiac surgery
according to Doppler ultrasonography of the visceral arteries (Table 4).

Abdominal ultrasound examination on POD 1 (DOL 15) revealed pneumatosis,
thickening of the intestinal wall (up to 2 mm), and absence of peristalsis. There was no
free gas in the abdominal cavity according to a radiograph taken on POD 1 (DOL 15).
According to abdominal ultrasound data obtained on POD 5 (DOL 19), there were still
signs of NEC ITA: Thickening of the intestinal walls to 1.5-2.0 mm and focal pneumatosis
of the intestinal wall. However, ultrasound signs of NEC were absent on POD 11 (DOL
25).

Further diagnostic work-up: 16S rRNA gene-based fecal microbiota profiling
Composition analysis of the fecal microbiota: Samples for 16S rRNA gene-based
microbiota profiling were obtained before surgical treatment of CHD, on the 7" day of
life (DOL 7) and DOL 14, as well as after surgical treatment of CHD, on POD 8 (DOL 22),
D 21 (DOL 35), and POD 29 (DOL 43) (Table 1). Samples were obtained from a diaper,
collected in a sterile collection tube, and stored at °C until analysis.
Total DNA was extracted from 0.25 g of feces using the QlAamp Power Fecal DNA
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The fecal
microbiota profiles were determined by sequencing the V4 region of the 16S rRNA gene
with the NEXTflex™ 16S V4 Amplicon-Seq Kit 2.0 (PerkinElmer, Inc., Waltham, MA,
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2]
USA). Sequencing was done on the Illumina MiSeq platform using MiSeq Reagent Kit v2

(500 cycles) (Illumina Inc., San Diego, CA, USA).

The sequences obtained were processed using QIIME 2 version 2020.11.1
(https:/ /doi.org/10.1038 /s41587-019-0209-9). Amplicon sequence variants were
detected using DADA2 (https://doi.org/10.1038 /nmeth.3869) via the QIIME plugin,
without truncation of the forward and reverse reads and gnder other default parameters.
Taxonomy was assigned using the q2-feature-classifier plugin
(https:/ /doi.org/10.1186/540168-018-0470-z) by applying the pre-trained Naive Bayes
classifier on the SILVA v.138 NR 99 database (https:/ /doi.org/10.1093/nar/ gks1219) for
the V4 region, bound by the 515F/806R primer pair. Interactive visualization of
taxonomy was performed with the “QIIME taxa barplot” method. Alpha diversity was
calculated using the g2-diversity plugin, Chaol index, and Shannon diversity index.

Composition of intestinal microbiota before surgical treatment of CHD and before
onset of the first NEC episode: At a genus level, a high abundance of Veillonella (44.9%)
was noted on DOL 7, but this decreased to 3.1% by DOL 14 (Figure 4; Table 6). Despite
feeding with expressed BM, a paucity of Bifidobacterium (3.8%) (Actinobacteria) was
revealed before surgical treatment of CHD. Escherichia/Shigella species remained in the
fecal samples on DOL 7 and DOL 14 (38.8% and 24.8%, respectively). Clostridium bacteria
were not detected on DOL 7. However, before the first NEC episode, which developed
on POD 1 (DOL 15), the prevalence of Clostridium sensu stricto I (57.8%), represented by
Clostridium paraputrificum (C. paraputrificum) (56.1%), was noted on DOL 14.

Composition of intestinal microbiota in the early postoperative period after surgical
treatment of CHD: Low alpha diversity of bacteria was revealed on POD 8 (DOL 22),
during the period in which antibacterial therapy was being administered for the first
episode of NEC [after ampicillin/ sulbactam (POD 1-7) and metronidazole therapy (POD
2-6) had been completed and piperacillin/tazobactam therapy (POD 7-14) was initiated]

(Figure 5). The intestinal microbial composition changed at the phylum level: The
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abundance of Firmicutes decreased from 66.6% to 0.2%, and the proportion of
Proteobacteria increased from 29.6% to 99.8% (Table 6).

Fecal cultures showed no bacterial growth before and after surgical treatment of
CHD (Table 7). The absence of growth was probably associated with the predominance

of anaerobic bacteria, which cannot be detected by routine culture.

The second NEC episode
Chief complaints: The infant presented with mucus and blood in the stool and post-

feeding anxiety on POD 28 (DOL 42).

History of present illness: After the first NEC episode, enteral feeding was started on
POD 13 (DOL 27). Full enteral feeding was achieved on POD 27 (DOL 41) (Figure 3).
Before onset of the second NEC episode on POD 28 (DOL 42), the infant received full

enteral feeding predominantly with expressed BM (Figure 3).

History of past illness: The patient had the first episode of NEC IIA after surgical
treatment of CHD on POD 1 (DOL 15).

Physical examination: The infant presented on POD 28 (DOL 42) with mucus and blood
in the stool and post-feeding anxiety. He was hemodynamically stable and did not
require inotropic or respiratory support. The patient received oral antiplatelet therapy
with aspirin (5 mg/kg/d) to prevent shunt thrombosis. The heart rate was 154 beats per
minute, and SpO; was 84%. The abdomen was bloated and moderately painful on

palpation, but was not tender. Peristalsis was noted.

Laboratory examinations: CBC on POD 29 (DOL 43) revealed neutrophilia (60%), but the
CRP levels were normal (Table 8). The laboratory findings were normal on POD 32 (DOL
46) and POD 36 (DOL 50). Blood and fecal cultures revealed no microbial growth.
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Pharynx smear culture revealed moderate growth of Streptococcus mitis and Rothia

mucilaginosa.

Imaging examinations: Abdomen ultrasound examination performed on POD 29 (DOL
43) revealed signs of NEC IIA: Pneumatosis intestinalis, dilation of the bowel loops to 13-
15 mm, and decreased peristalsis. No free gas in the abdominal cavity was detected on a
radiograph that was taken (Figure 1B and C). Abdominal ultrasound examination
performed on the 16" day after NEC onset (DOL 58) showed no signs of NEC, so enteral

feeding with hydrolyzed formula was started.

Composition of intestinal microbiota in the late postoperative period after surgical
treatment of CHD and at onset of the second NEC episode: After the end of antibacterial
therapy for the first episode of NEC (ampicillin/sulbactam course on POD 1-7,
metronidazole on POD 2-6, and piperacillin/tazobactam and gentamicin POD 7-14), the
proportion of Clostridium sensu stricto I increased again on POD 21 (DOL 35) to 56.9%.
The abundance of Clostridium sensu stricto I was the highest (72.0%) on POD 29 (DOL
43), after onset of the second episode of NEC IIA (Figure 4; Table 6). Clostridium difficile
(Clostridioides difficile) was not detected in any of the fecal samples. Two weeks after
completion of the antibiotic course, Veillonella species were detected again (5.3%) on POD

29 (DOL 43).

FINAL DIAGNOSIS

Based on ultrasound findings, clinical data, and the results of 16S rRNA gene-based fecal
microbiota profiling, the final diagnosis was recurrent NEC in infant with CHD

associated with a high abundance of Clostridium sensu stricto I.

TREATMENT
The first NEC episode
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Antibacterial therapy with ampicillin/ sulbactam was started (150 mg/kg/d two times a
day, intravenously administered) from POD 1[22], and was intensified with metronidazole
(an initial dose of 15 mg/kg that was reduced to 7.5 mg/kg and administered every 12
h) according to the national guidelines for the treatment of NEC[19.23]. According to the
abdominal ultrasound data obtained on POD 5 (DOL 19), the signs of NEC IIA remained.
Further, leukocytosis increased on POD 6 and 7 (DOL 20 and 21) (Table 5). A pharynx
smear culture on POD 5 (DOL 19) revealed growth of E. coli (sensitive to gentamicin and
piperacillin/tazobactam, resistant to ampicillin/sulbactam). Antibacterial therapy was
changed to gentamicin (4 mg/kg every 24 h)I%3] and piperacillin/ tazobactam (90 mg/kg
every 8 h) on POD 7 (DOL 21).

The second NEC episode

NPO was initiated on POD 28 (DOL 42) when NEC was suspected. The vomiting and
bloody stools stopped after NPO was instated, and the patient’s condition improved.
Additionally, the laboratory findings were normal on POD 32 (DOL 46) and POD 36
(DOL 50), so antibacterial therapy was avoided.

OUTCOME AND FOLLOW-UP
The first NEC episode
The antibiotic course was completed on POD 14 (DOL 28). After the first episode of NEC,

the patient was kept NPO until POD 11. Ultrasound signs of NEC were absent on POD
11 (DOL 25), so water intake was allowed on POD 12 and was followed by enteral feeding
with a hydrolyzed formula on POD 13 (DOL 27). The patient was fed with expressed BM,
which was replaced with hydrolyzed formula for 2-3 feedings a day (because of low BM
supply) from POD 22 (DOL 36). Full enteral feeding was achieved on POD 27 (DOL 41)

(Figure 3).

The second NEC episode
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On POD 39 (DOL 53), the patient showed initial signs of hydropericardium, so pericardial
drainage was performed. Before the pericardial drainage procedure and within 48 h after
the procedure, antibacterial prophylaxis with cefuroxime (50 mg/kg) was administered
every 8 h according to an internal protocol.

On the second day after the pericardial drainage procedure (DOL 55), CRP increased
to 203 mg/L (Table 8). Additionally, ultrasound signs of NEC IIA were still present on
the 13t day after NEC onset (DOL 55). Therefore, cefuroxime therapy was continued for
3 d after the pericardial drainage procedure, and the CRP level decreased to 54 mg/L on
DOL 57.

Abdominal ultrasound examination performed on the 16t day after NEC onset
(DOL 58) showed no signs of NEC, so enteral feeding with hydrolyzed formula was
started. Full enteral feeding was achieved by the 25t day after NEC onset (DOL 67).

The patient was discharged on the 55" day after surgical treatment of CHD (DOL
69).

DISCUSSION
This study describes the case of an infant with Ivemark syndrome who underwent
palliative surgical treatment of CHD and had two episodes of NEC in different premorbid
states. The first NEC episode occurred after significant acute hemodynamic instability
during the early postoperative period, at which point the infant had not received prior
antibacterial therapy. The second NEC episode developed a month after palliative
cardiac surgery with the patient on full enteral nutrition and in a hemodynamically stable
state, but with persistent mesenteric hypoperfusion. The patient had a history of
antibacterial therapy at the time of the second NEC episode. -

In the present study, fecal microbiota profiling based on sequencing of the V4 region
of the 165 rRNA gene revealed several interesting features. The infant had a considerably
smaller proportion of Bifidobacteriaceae (3.8%) than is usually present in healthy

breastfed infants (60%-80%) and infants that are formula fed (40%)/24l. The paucity of

Bifidobacteriaceae might have been a result of mixed feeding, but the influence of CHD-
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related oxygenation issues cannot be ruled out. In fact, Ellis et all®l reported a decrease in
the Bifidobacteriaceae count in the fecal samples of infants with CHD.

Before cardiac surgery, we found a high abundance of Veillonella (Negativicutes) in
combination with Escherichia/Shigella (Gammaproteobacteria) on DOL 7. The prevalence
of Gammaproteobacterial2?! and decreased abundance of Negativicutes2¢l are known to
be associated with NEC in preterm neonates. Additionally, the combination of Veillonella
and Klebsiella (Enterobacteriaceae) has been reported in preterm neonates without
NECR7L. In particular, a high abundance of Veillonella was found in preterm neonates
without NEC who did not require antibacterial therapy, while a paucity of Veillonella was
observed in infants recovering from NECI2l. Therefore, according to the results of
previous studies, the microbiome findings in the first week of life in the present patient
were probably not associated with NEC risk.

Before the first NEC episode, the patient had a high abundance of C. paraputrificum
(Clostridium sensu stricto 1) (56.1%) in combination with Escherichia/Shigella (24.8%) on
DOL 14, while the proportion of Veillonella decreased by 14.5 times. High abundance of
Firmicutes is typical in the intestinal microbiome of adults, while in newborns, the
prevalent bacteria are Bifidobacteriaceae (Actinobacteria)l?’l. In addition, Firmicutes
predominance has also been found in infants with CHDI’l. Further, Clostridium bacteria
were found to be more common in the feces of bottle-fed infants who underwent
hospitalization after birth and premature neonatesl3l. The microbiome composition of
the patient at the second week of life was not typical for healthy neonates and possibly
could predispose him to NEC development after cardiac surgery. We speculate that
feeding with exclusive BM would have increased the Bifdobacteriaceae preoperative
abundance and the abundance of Clostridium would not have been as high.

The significant role of hemodynamic instability in NEC development on the first day
after cardiac surgery cannot be excluded in our patient, given the fact that he developed
cardiogenic shock that required high doses of inotropes. Accordingly, a significantly high

incidence of decreased cardiac output and shock has been previously reported in infants
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with CHD who developed NECI8l. Additionally, it has been shown that neonates with
CHD and NEC had frequent episodes of hypoxia before the development of NECB!I,

In the present case, the prevalence of C. paraputrificum on DOL 14 could also be
associated with the first NEC episode on POD 1 (DOL 15). Shinha and Hadil?2] described
a case of intestinal necrosis associated with C. paraputrificum bacteremia in an adult
patient with acquired immunodeficiency syndrome. The patient in our case had asplenia,
which is also a form of immunodeficiency. Therefore, it might be interesting to explore
the role of C. paraputrificum in the pathogenesis of NEC in asplenic patients.

After antibacterial therapy initiation in the early postoperative period, bacterial
alpha diversity decreased and the intestinal microbial composition changed at the
phylum level: The abundance of Firmicutes decreased to 0.2%, and the proportion of
Proteobacteria increased to 99.8%. Gammaproteobacteria (Enterobacteriaceae and
Trabusiella) predominance was previously shown to be associated with NEC in preterm
neonatesl2l. In our patient, Clostridium sensu stricto I predominance resumed at 1 wk and
2 wk after the end of antibacterial therapy (Figure 4; Table 6). The highest abundance of
Clostridium sensu stricto I (72%) was detected at the onset of the second NEC episode, and
could be an etiological factor.

The Clostridium sensu stricto I genus includes more than 30 species [Clostridium
butyricum (C. butyricum), Clostridium paraputrificum, Clostridium perfringens, Clostridium
disporicum, Clostridium saudiense, etc.] that produce short-chain fatty acids via the
anaerobic fermentation of carbohydrates. The specific metabolite of Clostridium sensu
stricto 1 is butyrate, which is produced from carbohydrates by the
phosphotransbutyrylase/butyrate kinase pathwayl®l. Butyrate is a principal source of
energy for mature colonocytes, which metabolize it via B-oxidation[®l. Butyrate reduces
the production of pro-inflammatory cytokines!3l, inhibits autoantibody production by B-
lymphocytes(3], and affects colonic regulatory T-cell differentiation37l. For these reasons,
specific C. butyricum strains are used as probiotics in Japan, Korea, and Chinal®l.

A number of studies have confirmed the etiological role of Clostridium sensu stricto 1

in the development of NEC in premature infants?*340] Infants with late-onset NEC had
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a significantly higher Escherichia/Shigella abundance six days before NEC onset!4!], while
early-onset NEC (DOL 22 and earlier) in preterm neonates was found to be related to a
higher abundance of Clostridium sensu stricto I (56.4%). Similarly, Rozé et al*] reported
increased abundance of Clostridium sensu stricto I (20.6%) in preterm infants with NEC,
but this was lower than the abundance in our term patient at NEC onset. The
concentration of butyrate in premature infants with poor intestinal motility can reach
toxic levels of 200-300 mM in the proximal colon[#2l. This can lower the intestinal pH and
potentially cause intestinal mucosal injury, which might play a role in the pathogenesis
of NEClI#2,

The role of butyrate in NEC pathogenesis is probably associated with its ability to
inhibit the proliferation of intestinal stem / progenitor cells located at the base of intestinal
cryptsi43l. The opposite effect of butyrate on the proliferation of differentiated and stem
cells is known as the “butyrate paradox”!#l. The antiproliferative effect of butyrate
provides protection from colon carcinogenesisl#l. This pathway is only realized when the
base of the intestinal crypt is exposed to high concentrations of butyrate, but this could
result in mucosal damage. Alternatively, the crypt structure may prevent contact
between luminal butyrate and progenitor cellsl*3l. Mature colonocytes at the top of the
crypt utilize butyrate and, thereby, decrease its concentration in the crypt. Thus, in the
absence of mucosal damage, only a small amount of butyrate reaches the stem cells at the
base of the crypt, exerting a beneficial anti-inflammatory and tolerogenic effect on T-
regulatory cells and macrophages!®l. Based on these findings, we speculate that the effect
of butyrate synthesized by abundant Clostridium sensu stricto I (57.8%) on the damaged
intestinal mucosa might have acted as an additional risk factor for NEC in our patient.

The second NEC episode in the present case was associated with the highest
abundance of Clostridium sensu stricto I (72.0%) under conditions of persistent diastolic
flow reversal. Several studies have shown the dose-dependent effect of butyrate. For
instance, high concentrations (8-16 mmol/L) have a toxic effect and induce apoptosis of
epithelial cells, increase their permeability, disrupt the barrier function of the intestinal

epitheliumtl, increase gene expression of the pro-inflammatory cytokine IL-6, and
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reduce the number of viable cellsl*l. A low concentration of butyrate (1-2 mmol/L), on
the contrary, reduces the permeability of the intestinal epithelium, improves barrier
function®], and reduces IL-6 gene expressiontol.

The high abundance of Clostridium sensu stricto I revealed in the patient is not typical
for the neonates that could also be associated with bottle-feeding and not exclusive BM
feeding of the patient. The increase in Clostridium sensu stricto I abundance in healthy
infants from 4 to 12 mo of age is probably associated with the cessation of breast feeding
and the start of solid food intake, as these bacteria have the ability to metabolize
polysaccharides 147481, However, the proportion of Clostridium sensu stricto I in healthy
children in the first year of life is not high (2%), and a higher abundance of Bifidobacterium
(22.5%), Escherichia/Shigella (11.9%), and Veillonella (5.6%) is more commonl®l. It is
possible that the continuation of breastfeeding as the main food source after initiation of
solid foods may inhibit the growth of Firmicutes capable of producing butyratel*’l. The
predominance of Clostridium sensu stricto I in infants is known to be related to maternal
antibacterial therapy during delivery, caesarean section, formula agnd mixed feeding, and
stay in the intensive care unitl®l, Appert et all5!l have suggested that the colonization of
endospore formers starts during the first months or even days of life, but the endospore
community mainly composed of the butyrate-producing Clostridium sensu stricto I only
contributes to 0.001% of the total cells.

Many studies have analyzed the role of the intestinal microbiome composition in the
development of NEC in premature infants, but there is not enough information on gut
microbiome composition in infants with CHD who develop NEC. There is some
information on intestinal microbiome composition in infants with CHD without
NECP1213], and several studies have evaluated the role of probiotics in children with
CHDI?10l, Further, Wang et all®2l reyealed low alpha diversity of the gut microbiome in
the mothers of infants with CHD and distinct overall microbial composition compared
with the mothers of infants without CHD. Additionally, Ellis ef all®l revealed alteration of
the gut microbiome in infants with CHD without NEC: They found a decrease in the total

bacteria, Actinobacteria (predominantly Bifidobacteria), Bacteroidetes, and
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Enterobacteriaceae, and an increase in Firmicutes (predominantly Enterococci). Infants
who underwent CPB had a lower alpha diversity, a high abundance of Proteobacteria
and Actinobacteria, and a low level of Bacteroides (which also decreased after surgery)!'2.
Infants without CHD who underwent surgery without CPB tended to have a higher level
of Firmicutes, represented by families Ruminococcaceae and Lachnospiraceae, to which
Clostridia of clusters IV and XIVa belongl'2. The findings in the present case partly
collaborate with findings in mentioned studiesl®12l: Low bacterial alpha diversity and
predominance of Proteobacteria were revealed in the patient on 8t day after cardiac
surgery with CPB, but this also could be associated with previous antibacterial therapy
of NEC.

A limitation of the present study is the difference in the timing of the microbiological
examinations and the timing of 16S rRNA gene-based microbiota profiling. However, the
overall results were not affected, as comparison of the results of microbiological
examinations and the results of 165 rRNA gene-based microbiota profiling was not the

main aim of the study.

CONCLUSION

NEC in infants with CHD is a heterogeneous condition, and the risk of NEC in these
infants depends on the cardiac anatomy, type of cardiac surgery, early postoperative
course, hemodynamic characteristics of the cardiac surgery stages, and antibacterial
therapy. Additionally, mesenteric hypoperfusion and intestinal dysbiosis may contribute
to NEC development, but their roles need to be clearly elucidated. Further, the influence
of hypoxia and persistent mesenteric hypoperfusion on intestinal microbiome formation

in infants who undergo palliative cardiac surgery needs further evaluation.
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