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Congenital sodium diarrhea (P78.3 according to ICD 10) is a rare autosomal recessive disease, clinically and genetically hetero-
geneous. The sodium absorption defect is caused by disruption of the intestinal sodium-proton “pump” in the non-syndromic
form and in the epithelial sodium channels in the syndromic form. Mutations in 3 genes, SPINT2 (localization 19q13.2;
OMIM code 270420) - syndromic form; GUCY2C (localization 12g12.3; OMIM code 601330) and SLC9A3 (localization 5p15.33;
OMIM code 616868) - non-syndromic form, can cause congenital sodium diarrhea. The frequency of the disease is unknown,
since it is rare, so far only 50 cases have been described. The classic non-syndromic form of congenital sodium diarrhea
is manifested by polyhydramnios, severe secretory diarrhea, severe metabolic acidosis, alkaline pH of feces >7.5 and hypo-
natremia. The syndrome of congenital sodium diarrhea is also manifested by choanal and/or anal atresia, hypertelorism
and erosion of the cornea. Typical laboratory data include metabolic acidosis and alkaline pH of feces (fecal pH >7.5), low
Na* concentrations. The concentration of Na* in the stool is increased. Prenatal ultrasound diagnosis allows you to identify
gidroamnion and expansion of intestinal loops, starting from the third trimester of pregnancy. The diagnosis is confirmed by
genetic studies. Treatment: complete parenteral nutrition with correction of water-salt metabolism. The forecast is unfavorable.

Keywords: chronic diarrhea; congenital sodium diarrhea; watery diarrhea.
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BpoxnaeHHas HatpueBas guapes (P78.3 no MKB 10) — penkoe ayToCcOMHO-pelLieccMBHOe 3aboneBaHue, KAMHUYECKM
M reHeTMYecku reteporeHHoe. [lepekT BcacbiBaHUS HaTpus 0OYC/NIOBNAEH HapyleHneM paboTbl KULWEYHOTro HAaTpUI-Npo-
TOHHOrO «Hacoca» MpU HeCUHAPOManbHOM GOPMe M 3MUTENUANbHbIX HATPUEBLIX KaHANOB NpU CUHAPOManbHOM dopMme.
MyTauum B 3 reHax, SPINT2 (nokanusaums 19ql13.2; kog OMIM 270420) — cuHpapoMHas dopma, GUCYZC (nokanusaums
12912.3; kon OMIM 601330) u SLC9A3 (nokanuzauma 5p15.33; kog OMIM 616868) — HecuMHAPOMHble GOPMbI, MOTYT Bbl-
3BaTb BPOX[AEHHYIO HaTpueByl Auapeto. Yactota 3aboneBaHMs HeM3BECTHA, MOCKONbKY OHO BCTPEYaeTCs penKo, BCEro
K HaCTosILLEMY BpeMeHM onuncaHo Tonbko 50 cnyyaes. Knaccuyeckas HecMHAPOMHas GopMa BpOXAEHHOM HAaTPUEBOM AMapen
NpoSIBNAETCS MONUITMAPAMHUOHOM, BbIPAaXXEHHON CEKPETOPHOM Auapeew, TSKeNbiM MeTabonnyeckum aLuno30M, LWeNoUYHbIM
pH kana >7,5 u runoHatpuemument. CuHapoMHas GOpMa BPOXKAEHHOM HATPUEBOM AMapen MPOSBASETCS TakXKe XOaHaNbHOM
M/VMNN aHanbHOW aTpesuei, rMnepTenopusMoM U 3pO3USMM pOroBuLbl. XapakTepHble NabopaTopHble AaHHble BKKOYAOT
MeTabonuyeckuit aumaos u wenoyHoi pH dekanuii (pH kana >7,5), Huskune koHueHnTpauum Na*. KoHueHTpauumn Na* B cTyne
npu 3TOM NoBbIWeHbI. [peHaTanbHas ynbTpa3ByKoBas AMArHOCTUKA NO3BONSET BbISBUTb TMAPOAMHUOH U paclUMpeHne KuLey-
HbIX MeTenb, HaYMHas C TpeTbero TpuMecTpa 6epeMeHHOCTU. [IMarHo3 NoATBEPXKAAETCS reHeTUYeCKMMU UCCNe0BaHUAMMU.
JleyeHnune: nonHoe napeHTepanbHoOe NUTaHWe C KOppeKkLuei BOAHO-coneBoro obmeHa. MporHo3 He61aronpuaTHbIN.

KntoueBbie cnoBa: XPOHMYECKAA onaped; BpOXLAEeHHAd HaTpueBaa Anapeq; BOAAHNCTAA AMnaped.
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INTRODUCTION

Congenital sodium diarrhea (CSD, P78.3 in In-
ternational Classification of Diseases 10) is a rare
autosomal recessive disease associated with an im-
pairment of the transport protein that enables the
exchange of sodium ion for hydrogen ion in the
enterocyte [14].

In 1985, two sporadic cases of CSD were de-
scribed for the first time [18, 32]. In subsequent
years, new cases were reported [2, 23, 26, 31, 34,
40, 41] in different countries, which revealed the
clinical and genetic heterogeneity of the disease.
Mutations in SPINT2 (serine peptidase inhibitor,
type Kunitz; localization 19q13.2; OMIM code
270420, most of the cases described), GUCY2C
(guanylate cyclase receptor; localization 12q12.3;
OMIM code 601330), and SLCY943 (Na"/H™ trans-
porter family 9; localization 5p15.33; OMIM code
616868) can cause CSD [23, 26, 31, 40, 42, 45].
In 2009, syndromic and non-syndromic forms of
CSD were identified. To date, CSD is defined as
a disorder of sodium absorption, which is caused
by impaired intestinal sodium proton “pump” func-
tion in the non-syndromic form and impaired epi-
thelial sodium channel activity in the syndromic
form [33].

Given its rarity, the incidence is unknown, and
only 50 cases have been described so far.

CLINICAL CHARACTERISTICS

The non-syndromic (classic) and syndromic
forms of the disease have distinguishing features.
The classic form of CSD is manifested by polyhy-
dramnios, marked secretory diarrhea, severe meta-
bolic acidosis, alkaline stool pH >7.5, and hypona-
tremia. Mutations in SLC943 and GUCY2C genes
have been proved as causes of this form. The syn-
dromic form of CSD with choanal atresia and/or
proctatresia, hypertelorism, and corneal erosions is
associated with mutations in SPINT2, which en-
codes a serine protease inhibitor [33].

To understand the disease pathogenesis, one
should note that several interrelated mechanisms
are responsible for the absorption of Na" and water
from the gastrointestinal tract. Postprandial absorp-
tion of Na” in the small intestine is stimulated by
Na*-dependent glucose and amino acid transport-
ers, whereas two other key nutrient-independent
mechanisms in the small intestine and colon in-
volve electrically neutral apical Na”/H™ exchange
(NHE) and epithelial Na® channels (ENaC). NHE,
mediated mainly by the apical NHE3 isoform, is
responsible for the absorption of NaCl and bicar-
bonate through the coupled exchange of Na*/H" and

CI/HCO,” (or CI/OH"). The latter mechanism is
mediated by PAT1 (SLC2646) and suppressed DRA
(SLC26A43). Electrogenic absorption of Na®, car-
ried by ENaC (consisting of a-, B-, and y-ENaC
subunits), occurs in the superficial epithelium
and superior crypts of the distal middle intestine.
These transport mechanisms require a favorable
electrochemical gradient supported by basolateral
Na*/K*-ATPase, Cl- channels (apical CFTR and ba-
solateral CLC-2), and K" channels.

As sodium concentration in the chyme is nor-
mally approximately 142 mEq/L (i.e., approxi-
mately equal to the content in the plasma), sodium
moves inwards along an electrochemical gradient
from the chyme through the brush border into the
cytoplasm of epithelial cells (the sodium concen-
tration inside the cell is approximately 50 mEq/L),
which provides the main transport of sodium ions
by epithelial cells into the intercellular space. Water
follows passively the movement of ions paracel-
lularly through tight junctions or transcellularly
through the cell membrane [29].

In patients with classic sodium diarrhea, studies
of membrane transport have revealed a defect in
the activity of exchange of sodium ion for hydro-
gen ion [25, 31, 48]. Subsequently, mutations in
SLC9A3 cause classic sodium diarrhea in approxi-
mately 40% of families, and in these families, the
disease is autosomal recessively inherited [34]. De-
letion of the whole gene, as well as truncated and
missense mutations, was detected in nine patients
with classic sodium diarrhea in SLCY943 (family
of dissolved carriers 9, subfamily A, member 3;
MIM No. 182307), which is a gene encoding so-
dium proton antiporter 3 (sodium hydrogen heat
exchanger 3 [NHE3]). The deletion of the whole
gene and truncated mutations are assumed to dis-
rupt the production of protein from these alleles and
cause a decrease in the activity of Na*/H* exchange
in SLCY943 mutants. Missense mutations showed
either decreased transport function or decreased
NHE3 surface expression. The decreased surface
expression can be explained either by abnormal
ion transfer to the membrane or by a decrease in
membrane stability [33].

Dominant activating mutations in the GC-C
receptor (MIM No. 601330), encoded by the
GUCY2C gene, cause classic sodium diarrhea in
20% of families with this disorder [40]. These mu-
tations were identified by whole-exome sequencing
in four unrelated patients, and all four heterozygous
mutations arose in patients de novo. The mode of
transmission of GC—C mutations to the next gen-
eration will be autosomal dominant. GC-C is the
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highest expressed transmembrane guanylate cyclase
in the intestinal tract. Uroguanylin, guanylin, and
a thermostable toxin produced by enterotoxigenic
Escherichia coli are represented by luminal ligands
that can stimulate intracellular production of cyclic
guanosine monophosphate upon binding as part of
one of the several signaling pathways that exist
in enterocytes [17]. GC—C mutations in a patient
increased basal level and stimulated intracellular
level of cyclic guanosine monophosphate [40],
which inhibits NHE3 by its phosphorylation by
GMP kinase II (MIM No. 601591), thereby provid-
ing an explanation for secretory diarrhea by revers-
ing the Na* absorption [17, 20, 21]. Classic CSD
thus results from the loss of NHE3 function, which
leads to impaired Na* absorption, increased fluid
secretion, and diarrhea. In subgroup 1 of patients
with CSD, “primary” NHE3 deficiency is caused
by recessive mutations in SLC9A43, resulting in a
missing or non-functional protein. In subgroup 2 of
patients with CSD, “secondary” NHE3 deficiency
is the result of suppression by increased intracel-
lular levels of cGMP caused by activating and hy-
perstimulating GUCY2C mutations. Currently, both
phenotypes cannot be clinically distinguished due
to the small number of registered patients [40, 48].
Approximately 40% of patients with classic sodium
diarrhea had neither SLC943 nor GUCY2C muta-
tions, which indicates that other genes are respon-
sible for the disease in these patients and that there
is significant heterogeneity of the genetic locus for
this disease.

Approximately one-third of patients have con-
genital malformations and manifested superfi-
cial punctate keratitis, that is, a syndromic form
of sodium diarrhea, which can be distinguished
from its non-syndromic (classic) form. This form
of CSD is also referred to as a syndromic form of
congenital tufting enteropathy or dysplasia of the
intestinal epithelium, because it is often accom-
panied by clustered enterocytes that form bundles
with branching crypts in histological examination
[44, 46]. Sodium diarrhea syndrome is caused by
mutations in SPINT2, which encodes Kunitz type 2,
a serine protease inhibitor. The SPINT2 protein is
involved in the regulation of the ENaC, which
is required for sodium reabsorption in the distal
colon. The activity of the ENaC depends on its
proteolytic activation by a system consisting of two
serine proteases, namely, matriptase and prostasin,
and their inhibitor SPINT2 [24, 28, 47]. Moreover,
the etiology of syndromic signs that occur in pa-
tients with SPINT2 mutations has not been clari-
fied. Both the number of recognized forms of CDD

and genes of the underlying disease are gradually
increasing.

A classic disease form can be suspected pre-
natally in the third trimester of pregnancy, since
secretory diarrhea begins in utero, and ultrasound
examination can detect dilated and fluid-filled in-
testinal loops, as well as polyhydramnios. Mothers
often had a history of preterm labor between weeks
32 and 35 of gestation and the weight and length
of the newborn were appropriate for the gestational
age. After birth, there is usually marked bloating,
pseudoascites, and secretory diarrhea. Watery diar-
rhea is observed immediately after birth and is in-
dependent of breastfeeding or infant’s food intake.
Diarrhea is described as “continuous,” and the stool
is very watery that it can be mistaken for urine. Me-
conium discharge was never reported. Furthermore,
in some patients, diarrhea may have varying sever-
ity. Resonant intestinal peristalsis (borborygmus) is
noted. Dehydration of varying severity, metabolic
acidosis, and protein—calorie deficiency develop.
Babies become irritable and later apathetic. Un-
treated disease can be life threatening. Even with
treatment, various levels of mental and physical
development impairment can occur in the future.
Persistent intractable diarrhea from birth, increased
fecal sodium excretion, hyponatremia, and meta-
bolic acidosis are of diagnostic value. Symptoms
are similar to those of congenital chloride diarrhea.
Table 1 presents distinguishing features. Patients
with syndromic disease form may have additional
genetic defects, such as choanal atresia, proctatre-
sia, corneal epithelial erosion, hypertelorism, cleft
palate, and polydactyly [2, 14, 15, 18, 23, 26, 31,
32, 34, 40, 41].

LABORATORY AND INSTRUMENTAL STUDIES
Serum samples taken prior to infusion therapy
show low Na* concentrations. Fecal Na* concentra-
tions are increased (stool Na®>70 mmol/L), and
they are most often increased after initiation of
therapy with fluids and electrolytes. Fecal Na" con-
centrations may be normal when sodium loss in
the body has progressed over time. Urinary Na*
concentration, as a marker of Na*™ depletion in the
body, is sometimes low before and during inad-
equate fluid and sodium intake. Fractional sodium
excretion may be the best marker of sodium status
in these patients, since it is independent of urine
flow [22, 30]. Other characteristic laboratory find-
ings include metabolic acidosis and alkaline fecal
pH (fecal pH >7.5). With the classic phenotype, no
endoscopic or histological changes in the intesti-
nal mucosa are usually observed, with rare partial
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Differential diagnosis of congenital sodium diarrhea
OnddepeHumanbHbi AMArHO3 BPOXXAEHHOM HAaTpMEBOM AMapen

Table 1 / Tabnuya 1

Differential diagnostic
signs / Jucddepernn-
AJbHO-JIMATHOCTUYECKHUE
HpU3HAKN

Classical sodium
diarrhea / Kiaccu-
4yeckasi HaTpueBas

auapest

Syndromic sodium
diarrhea / Curgpo-
MaJibHasi HaTpue-
Bas auapes

Congenital chlo-
ride diarrhea /
Bpoxnennas xino-
puzaHas quapes

Microvillus inclu-
sion disease /
bone3us nuTo-
[LIa3MaTHYCCKUX
BKJIIOYCHU N
MHKPOBOPCHHOK

Epithelial dysplasia
(tufting enteropa-
thy) / Onurenn-
aJbHAs THUCIUIA3HS
(tradpTHTOBAS
SHTEPOIATH )

Polyhydramnion /

Characteristically /

Characteristically /

Characteristically /

Usually absent /
OOBIYHO OTCYT-

Usually absent /
OOBIYHO OTCYT-

MIPOABJIICHUA

X0aH, aHaJIbHasI
aTpesus, )PO3UU
SMUTEINUS POTO-
BUIIBI, THIIEPTEINO-
pH3M, BOTYbS TACTh,
TOJTUIAKTHITU ST

[onuruagpamMunox XapakTepHO XapakTepHo XapaxkTepHo cTayeT cTRyeT
Abdominal enlargement
due to enlarged fluid-filled
intestinal loops (pseudo-
ascites) / YBenuuenue Characteristically / | Characteristically / | Characteristically / | Absent / Absent /
JKUBOTA U3-3a PACIINPEH- | XapaKTepHO XapakTepHo XapakTepHO OTCyTCTBYET OTCcyTCTBYET
HBIX 3aIOJHEHHBIX KU
KOCTBIO IICTECJIb KUILICYHU-
Ka (TICeBI0ACIINT)

Atresia of the

choan, anal atresia,

erosion of the cor-

neal epithelium hy-

pertelorism, cleft
Ex'tramtestmal manifes- Absent / palate, polydac- Absent / Absent / Absent /
tations / BHeKuIIeuHbIC tyly / Atpesus

OtcyTeTBYyeT OTtcyTcTBYET OrtcyTcTByeT OrtcyTcTBYeT

Atrophy of the villi
and the presence
of focal epithelial

Atrophy of villi and
loss of microvilli.
Included microvilli
and secretory gran-
ules by electron mi-

Atrophy of the villi
and the presence
of focal epithelial

Morphological data / No specific data / “tuf” / Atpodus No specific data / | croscopy / Atpodust “tuft” / Atpodus
Mopdodonoruueckue Het crietuduue- Her crenu¢puye- | BOPCHHOK U TIOTEPst
BOPCHUHOK M Ha- BOPCHUHOK W Ha-
JaHHBIE CKHUX JTaHHBIX CKHX JaHHBIX MHUKPOBOPCHHOK.
nuane GpoKaIbHBIX BKOUCHHbIE nuane GpoKaJIbHBIX
AMUTEIHATBHBIX MHKPOBOPCHHKH AMUTEIHATBHBIX
ITYYKOBY» ¥ CEKPETOpHbIE Ipa- | «ILYYKOB»
HYJIBI Ha 3JIEKTPOH-
HOHM MHKPOCKOITUH
Mutant gene / SLC943 (NHE3) SLC26A43
MyTaHTHBIN reH GUCY2C (GC-C) SPINT2 (DRA) MYO3B, STX3 EPCAM

atrophy of the villi [33]. In syndromic cases, vil-

lous atrophy and focal epithelial bundles may occur
[44, 46]. Prenatal ultrasonography may detect hydram-
nion and enlargement of intestinal loops, starting from
the third trimester of pregnancy [33]. The diagnosis is
confirmed by genetic studies with the identification of
mutations in genes SPINT2, GUCY2C, and SLC943.
New-generation sequencing is used, and in unclear
cases, targeted genetic testing (Sanger sequencing) or

whole-exome sequencing is applied.

Differential diagnostics with various diseases

is necessary[l, 3, 4, 7, 13, 35, 45]. Classic so-
dium diarrhea requires differential diagnostics with
congenital chloride diarrhea (MIM No. 214700)
[13, 35], which is characterized by high fecal Na*
loss and metabolic acidosis as opposed to alkalosis.
Sodium diarrhea differs from enterocyte differentia-
tion and polarization disorders such as microvil-
lus inclusion disease (MIM No. 251850) [11, 48]

and non-syndromic tufting enteropathy [35, 45]
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in terms of histopathology. Differential diagnostics
is also performed with the salt-wasting form of
adrenogenital syndrome [7, 10] and malabsorption
of di- and monosaccharides [8, 9, 12]. The table 1
presents the differential diagnostics with the most
similar diseases.

Severe profuse diarrhea and dehydration re-
quire referral of the child to complete parenteral
nutrition with correction of water—salt metabolism
[5, 14, 15]. To replenish sodium losses, sodium ci-
trate and glucose—salt solutions are prescribed [6].
In the course of treatment, the child’s condition
improves mildly, although persistent diarrhea is
still noted. Oral electrolyte supplementation (so-
dium and bicarbonate) helps some children grow
normally [23].

The prognosis is unfavorable, and persistent se-
cretory diarrhea is still noted, although it is often
not life threatening after a long period of paren-
teral nutrition. This disease can be life threatening
if left untreated. Immediately after birth, pseudo-
obstruction caused by the expansion of fluid-filled
bowel loops may require surgical treatment [33].
Even with adequate therapy in the future, various
levels of mental and physical development impair-
ment can occur.

In recent years, follow-up has shown that six
of 36 patients with dominant GC—C mutations and
two of nine patients with recessive SLC943 muta-
tions developed inflammatory bowel disease (IBD)
[27, 34, 40]. The association between NHE3 func-
tion loss and IBD is supported by a number of
experimental and clinical studies [16, 19, 36,
39, 43]. NHE3 activity is reduced both in ulcerative
colitis and Crohn’s disease, in cases of inactive
colitis, and in cases of active inflammation [37, 38].
In addition, monogenic defects have been found
to alter intestinal immune homeostasis through
several mechanisms, which can lead to disruption
of the epithelial barrier and epithelial response.
NHE3 may play a critical role in the composition
of the intestinal microbiota, and its deficiency may
contribute to dysbiosis in patients with IBD [49].
Thus, in patients with IBD, the genetic, environ-
mental, and microbial influences of the host are
combined and lead to dysregulation of the mucosal
immune response against the commensal gut micro-
biota. Mutations of GUCY2C and SLC943 represent
monogenetic variants that provide a high risk for
early- and late-onset IBD [33].

Dispensary follow-up is performed by a genetic
scientist and a gastroenterologist. Since patients
with classic sodium diarrhea often did not have
known mutations, this indicates that other genes

are responsible for the disease and its genetic het-
erogeneity. Progress in the development of genet-
ics should motivate further search for mutations
in sodium diarrhea, and further research of drugs
and peptides to restore or enhance Na' absorption
in diarrheal disorders is needed [33]. Preventive
measures have not been developed.

CONCLUSION

Despite the rarity of CSD, pediatricians should
be informed about the characteristics of this disease
for its timely diagnosis and treatment.
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