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(3) 12%LL k195K (B4ch) NNEME Y V7 F =2 HEEE (mg/dl)

1) B
50.0 — s — a3 s
percentile AT —2 3 AT — 4 AT —'b
60 Al 30 At ;
12 % 0.53 1.07~2.12 2.13~4.24 4.25~
13 % 0.59 1.19~2.36 2.37~4.72 4,73~
14 7% 0.65 1.31~2.60 2.61~5.20 5.21~
15 % 0.68 1.37~2.72 2.73~5.44 5.45~
2) &K

EEH1
# 2 /N CKD 25 —H|ESR
(1) 2R (Bl bio) NERMEZ L7 F =2 M (mg/dl)
per?égtile peri(e)i?tile per%’éftile AT=V3 | AT =V 4 | AT—5
3-5 » A 0.14 0.20 0.26 0.41~0.80 | 0.81~1.60 1.61~
6-8 7 A 0.14 0.22 0.31 0.45~0.88 | 0.89~1.76 1.77~
9-11 » H 0.14 0.22 0.34 0.45~0.88 | 0.89~1.76 1.77~
1% 0.16 0.23 0.32 0.47~0.92 | 0.93~1.84 1.85~
(2) 27%Ll b 12 5ok (B bio) PRME7 V7 F = HUEE (mg/dl)
per?égtile peri(e)i?tile per%’éftile AT=V3 | AT =V 4 | AT V5
GFR 120 90 60 A 30 15 il
2 7% 0.17 0.24 0.37 0.49~0.96 | 0.97~1.92 1.93~
3 ik 0.21 0.27 0.37 0.55~1.08 | 1.09~2.16 2.17~
4 7% 0.20 0.30 0.40 0.61~1.20 | 1.21~2.40 2.41~
5 ik 0.25 0.34 0.45 0.69~1.36 | 1.37~2.72 2.73~
6 7% 0.25 0.34 0.48 0.69~1.36 | 1.37~2.72 2.73~
7 % 0.28 0.37 0.49 0.75~1.48 | 1.49~2.96 2.97~
8 ik 0.29 0.40 0.53 0.81~1.60 | 1.61~3.20 3.21~
9 7% 0.34 0.41 0.51 0.83~1.64 | 1.65~3.28 3.29~
10 % 0.30 0.41 0.57 0.83~1.64 | 1.65~3.28 3.29~
117 0.35 0.45 0.58 0.91~1.80 | 1.81~3.60 3.61~

11



7N

IR DAL - HHAMEIR B OB -

WFIERT DR RIZ B3 D AFSE

pementile | 27TV8 | AT—V4 | AF—5
GFR 120 60 % 30 i 15 Al
12 % 0.52 1.05~2.08 | 2.09~4.16 | 417~
13 % 0.53 1.07~2.12 | 2.13~4.24 | 4.25~
14 % 0.58 1.17~2.32 | 2.33~4.64 | 4.65~
15 2% 0.56 1.13~2.24 | 2.25~4.48 | 4.49~

GFR (ml/min/1.73m?2)
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Abstract

Background: Congenital nephrotic syndrome (CNS) and infantile nephrotic syndrome (INS) cause substantial
morbidity and mortality. In Japan, there is a lack of knowledge regarding the characteristics of CNS and INS. This
study aimed to clarify the characteristics of CNS and INS in Japan.

Methods: This cross-sectional nationwide survey obtained data from 44 institutions in Japan managing 92 patients
with CNS or INS, by means of two survey questionnaires sent by postal mail. Patients aged < 16 years by 1 April
2015, with a diagnosis of CNS or INS, were included in this study. The primary outcome was end-stage kidney
disease.

Results: A total of 83 patients with CNS or INS were analyzed. The most frequent disease type was non-Finnish
(60.2%); 33 patients (39.8%) had Finnish type. Among those with non-Finnish-type disease, 26 had no syndrome
and 24 had a syndrome, of which the most frequent was Denys—Drash syndrome (70.8%). Patients with non-
Finnish-type disease with syndrome showed the earliest progression to end-stage kidney disease compared with
the other two groups, whereas patients with non-Finnish-type disease without syndrome progressed more slowly
compared with the other two groups. In the Finnish-type group, the disease was diagnosed the earliest; a large
placenta was reported more frequently; genetic testing was more frequently performed (93.8%); mental retardation
was the most frequent extra-renal symptom (21.2%); and thrombosis and infection were more frequent compared
with the other groups. Patients with non-Finnish-type disease with syndrome had a higher frequency of positive
extra-renal symptoms (79.2%), the most common being urogenital symptoms (54.2%). Treatment with steroids and
immunosuppressants was more frequent among patients with non-Finnish-type disease without syndrome. Two
patients with non-Finnish-type disease without syndrome achieved complete remission. In all groups, unilateral
nephrectomy was performed more often than bilateral nephrectomy and peritoneal dialysis was the most common
renal replacement therapy.

Conclusions: The present epidemiological survey sheds light on the characteristics of children with CNS and INS in
Japan. A high proportion of patients underwent genetic examination, and patient management was in accord with
current treatment recommendations and practices.

(Continued on next page)
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Trial registration: Not applicable.

Keywords: Congenital nephrotic syndrome, Complete remission, Extra-renal symptoms, End-stage kidney disease,
Finnish-type disease, Infantile nephrotic syndrome, Japan, Survey

Background

Congenital nephrotic syndrome (CNS) occurs within 3
months of birth and infantile nephrotic syndrome (INS) on-
set occurs from 4 to 12 months after birth [1]. Both syn-
dromes cause substantial morbidity. According to the
Japanese clinical practice guideline for nephrotic syndrome,
nephrotic syndrome in children is defined as the presence
of massive proteinuria (>40 mg/h/m?) plus hypoalbumin-
emia (serum albumin <2.5 g/dL) [2]. CNS and INS are also
characterized by edema, hyperlipidemia, and hypercoagula-
ble states [3, 4]. CNS is associated with various syndromes,
such as Denys—Drash syndrome, Galloway—Mowat syn-
drome, Pierson syndrome, and nail-patella syndrome [4].
CNS is often resistant to therapy with corticosteroids and
immunosuppressive drugs because its pathogenesis is non-
immunological. Therefore, management of CNS includes
the control of edema, prevention of complications such as
infection and thrombosis, and proper nutrition; however, in
most cases kidney transplantation is ultimately required [4].
For INS, management generally includes combined treat-
ment with steroids and immunosuppressants [2].

One of the main causes of CNS is Finnish-type disease
[5], which belongs to a group of rare hereditary disorders
overrepresented in the Finnish population and reported
much less frequently in various ethnic groups worldwide
[6]. In Finnish-type CNS, some patients may present with
irregular pseudocystic dilatation of the proximal tubules
[6]; however, there is no specific pathologic characteristic
that defines this rare disease. Most children with Finnish-
type disease are born prematurely and have a placental
weight > 25% of the newborn weight [1]. For patients with
Finnish-type disease, treatment with early bilateral neph-
rectomy and initiation of dialysis have been reported to be
effective, followed by renal —kidney transplantation [7].
Other reports have concluded that unilateral nephrectomy
is an effective alternative to bilateral nephrectomy for pa-
tients with NS [8, 9].

There is currently a lack of knowledge regarding the
characteristics of CNS and INS in Asia, specifically in
Japan. Therefore, the present observational study aimed
to clarify the characteristics of CNS and INS in Japan.

Methods

Study design

A cross-sectional nationwide survey was conducted in
Japan. A survey was sent by postal mail to 1860 hospitals
(with 220 beds and a pediatrics department) on 1 April

2015 to request information on which hospitals were
treating children with CNS or INS (< 16 years old). The
hospitals were selected because children with apparent
CNS or INS were usually referred to institutions meeting
the above criteria. All surveys returned by 31 May 2015
were evaluated. The response rate for the survey was
63.3%, and among the institutions that responded, 50 in-
stitutions managing 130 children with CNS or INS were
identified.

A second survey requesting data for individual patients, in-
cluding age, sex, presence of a syndrome (Denys—Drash syn-
drome, Galloway—Mowat syndrome, Pierson syndrome,
nail-patella syndrome, or other), perinatal characteristics,
renal pathology, whether genetic testing was conducted,
extra-renal symptoms, treatment, and complications, was
sent in February 2016 to the 50 identified institutions. A
sample of the survey questionnaire is provided in Add-
itional file 1. All surveys returned by 31 May 2016 were
evaluated.

The present study was conducted in accordance with
the ethical principles set out in the Declaration of
Helsinki and the ethical guidelines for epidemiological
studies issued by the Ministry of Health, Labour and
Welfare in Japan. The study was approved by the ethics
committee of Toho University Omori Medical Center
(ID:26-236 for the first survey, ID:27-181 for the second
survey). As data were obtained from patient medical re-
cords, informed consent was waived. The data in the re-
cords were de-identified for protection of the patients’
personal and health information.

Study subjects

Patients aged < 16 years by 1 April 2015, with a diagnosis
of CNS or INS, were included in this study. Nephrotic
syndrome was defined as having a urine protein/creatin-
ine ratio>2.0 and serum albumin <2.5g/dL. CNS was
defined as onset of NS within 3 months of birth. INS
was defined as onset of NS from 4 to 12 months after
birth. There were no exclusion criteria.

Statistical analysis

Categorical variables (survey items) were summarized by
frequency and percentages. Continuous variables were
summarized by median and range. The primary outcome
was end-stage kidney disease, defined as starting dialysis
or requiring preemptive transplantation. The diagnosis
date was used as the starting point for survival analysis.
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Time to end-stage kidney disease and the cumulative
proportion of progression were estimated by Kaplan—
Meier analysis.

The number of patients with CNS in Japan was esti-
mated from the reported number of patients in our sur-
vey. We conducted a comprehensive survey of all
facilities where the target cases may continue outpatient
visits. Because response rates tend to be lower in institu-
tions with fewer patients, simple estimates may overesti-
mate the true prevalence. Therefore, the reported
patients were stratified according to institution type (i.e.,
university hospital, children’s hospital or general hos-
pital) and the number of beds (< 200, 200—500 or > 500),
based on the assumption that the response rate is inde-
pendent of the number of patients in each stratified cat-
egory [10]. Then, the number of reported patients in
each category was divided by the response rate and
summed to calculate the total estimated number of pa-
tients in Japan. The total estimated number of patients
was divided by the size of the population at risk in Japan
reported by the Statistics Bureau of Japan to calculate
the prevalence as of 1 April 2015 [11].

Missing data were handled using the missing com-
pletely at random mechanism or pair-wise case deletion.
All statistical analyses were carried out using SAS system
version 9 (SAS Institute, Inc., Cary, NC, USA).

Results

Of the 50 institutions that were sent the second survey,
44 institutions managing 92 patients with CNS or INS
responded. Nine patients who did not meet the diagnos-
tic criteria for CNS or INS were excluded; therefore, a
total of 83 patients were included in the present study.
Among Japanese children aged 0-15 years, the estimated
prevalence of CNS was 0.76 cases/100,000 children, and
that of Finnish-type CNS was 0.30 cases/100,000 chil-
dren. There were 0.24 cases/100,000 children with non-
Finnish-type without syndrome and 0.22 cases/100,000
children with non-Finnish-type with syndrome.

Table 1 Baseline demographic and clinical characteristics
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The baseline demographic and clinical characteristics
of the patients are shown in Table 1. Thirty-eight of the
83 patients (45.8%) were male. The disease type was
Finnish in 33 patients (39.8%) and non-Finnish in 50 pa-
tients (60.2%). Among those with non-Finnish-type dis-
ease, 26 had no syndrome and 24 had a syndrome
(Denys—Drash syndrome, Galloway—Mowat syndrome,
Pierson syndrome, nail-patella syndrome, or other).
Fifty-nine of the 83 patients had no syndrome, and
among them, the disease type was Finnish in 33 patients
(55.9%) and non-Finnish in 26 patients (44.1%). Among
the 24 patients with a syndrome, the most frequent syn-
drome was Denys—Drash syndrome in 17 patients
(70.8%).

The perinatal characteristics of the patients are shown
in Table 2. Finnish-type disease was diagnosed the earli-
est (median age at diagnosis 0.0 months, range 0.0-2.0
months) compared with the other two groups. A large
placenta was reported more frequently among patients
with Finnish-type disease compared with those with
non-Finnish-type disease (with and without syndrome).

The results of renal pathology, genetic testing, and
extra-renal symptoms are shown in Table 3. Renal bi-
opsy was more frequently performed among patients
with non-Finnish-type disease (without syndrome: 23/
26, 88.5%; with syndrome: 22/22, 100%) compared with
those with Finnish-type disease (13/30, 43.3%). Genetic
testing was more frequently performed among patients
with Finnish-type disease (30/32, 93.8%) and those with
non-Finnish-type with syndrome (23/24, 95.8%) com-
pared with those with non-Finnish-type without syn-
drome (18/26, 69.2%). Positive extra-renal symptoms
were found in 12 of 33 (36.5%) patients with Finnish-
type disease and 19 of 24 (79.2%) patients with non-
Finnish-type disease with syndrome. The most common
extra-renal symptoms were mental retardation (n =7,
21.2%) and other (n =6, 18.2%) among patients with
Finnish-type disease; other (n =3, 11.5%) and mental re-
tardation (n =2, 7.6%) among those with non-Finnish-

Total Finnish-type disease Non-Finnish-type without syndrome Non-Finnish-type with syndrome
N =383 N =33 N =26 N =24
Male 38 15 14 9
Female 45 18 12 15
Without syndrome 59 33 26 0
With syndrome 24 0 0 24
DDS 17 0 0 17
GM 0 0 0 0
Pierson 4 0 0 4
NPS 0 0 0 0
Other 0 0 0 0

DDS Denys-Drash syndrome, GM Galloway-Mowat syndrome, NPS nail-patella syndrome
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type disease without syndrome; and urogenital (n =13,
54.2%), mental retardation (n =7, 29.2%), and other (n =
7, 29.2%) among those with Finnish-type disease with
syndrome.

Patients’ treatment and complications are shown in
Table 4. Treatment with steroids and immunosup-
pressants was more frequent among patients with
non-Finnish-type disease without syndrome. Among
these patients, complete remission was achieved in
three patients treated with steroids and in nine pa-
tients treated with immunosuppressants. Cyclosporine
was the most frequently prescribed immunosuppres-
sant. In the other two groups, none of the patients
achieved complete remission regardless of treatment.
Infection was frequent in patients with Finnish-type
disease frequent in patients with Finnish-type disease.

The characteristics of the nephrectomy and renal
replacement therapies are shown in Table 5. In gen-
eral, unilateral nephrectomy was performed more
often than bilateral nephrectomy. Peritoneal dialysis
was the most common renal replacement therapy in
all groups. The median age at renal—kidney trans-
plantation was the highest at 59 months in patients
with Finnish-type disease. All patients who underwent
renal—kidney transplantation received a primary graft,
and none of these patients required subsequent dialy-
sis therapy or a secondary transplant. One patient
with Finnish-type disease (age 5 years) developed
nephrotic syndrome post-transplant. The patient was
treated with steroids and cyclophosphamide and
thereafter achieved complete remission.

The Kaplan—Meier analysis for time to end-stage kid-
ney disease is shown in Fig. 1. Patients with non-
Finnish-type disease with syndrome showed the earliest
progression to end-stage kidney disease compared with
the other two groups. Conversely, patients with non-
Finnish-type disease without syndrome progressed more
slowly compared with the other two groups.

Discussion
This epidemiological study is the first survey of its kind
to investigate the characteristics of CNS and INS in
Japan. Data obtained from 44 institutions in Japan man-
aging 92 patients with CNS or INS were evaluated. As a
result, we identified and analyzed a total of 83 patients
with CNS or INS. In the present study, the estimated
prevalence of CNS among Japanese children aged 0-15
years was 0.76 cases/100,000 children, which is compar-
able to the estimated cumulative incidence of CNS re-
ported in a study of 55 children with CNS in France
(0.5/100,000 live births) [12].

In the present study, the disease type was Finnish in
33 patients, non-Finnish without syndrome in 26 pa-
tients, and non-Finnish with syndrome in 24 patients.
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Among patients with Finnish-type disease, the number
of male and female patients was similar (15 and 18, re-
spectively). As Finnish-type CNS is inherited in an auto-
somal recessive manner, the incidence in both sexes
tends to be similar [13].

The most frequent syndrome was Denys—Drash syn-
drome in 70.8% of patients (17/24) in the present study.
Denys—Drash syndrome is characterized by nephrotic
syndrome owing to diffuse mesangial sclerosis, male
pseudohermaphroditism, and predisposition to develop
Wilms tumor and gonadoblastoma [14].

Patients with Finnish-type disease were diagnosed the
earliest compared with those with non-Finnish-type dis-
ease. It is likely that these patients were diagnosed first
because of the clinical manifestations of the disease, such
as the enlarged placenta, and the massive edema that be-
comes evident shortly after birth in most patients with
Finnish-type CNS. In fact, an enlarged placenta was fre-
quently reported among patients with Finnish-type dis-
ease in the present study. This is consistent with the
previous descriptions of patients with Finnish-type dis-
ease, in which the weight of the placenta is approxi-
mately 25% of the birth weight [15].

Renal biopsy was more frequently performed among
patients with non-Finnish-type disease, while genetic
testing was more frequent among patients with Finnish-
type disease and non-Finnish-type with syndrome.
Finnish-type CNS does not have characteristic patho-
logic findings and the diagnosis is usually based on the
clinical manifestations along with the results of genetic
testing. Several genes (e.g.,, NPHSI, NPHS2, PLCEI, and
WT1I) involved in the etiology of CNS and INS have
been discovered so far [16—20], and these are useful in
the diagnosis of Finnish-type CNS and non-Finnish-type
with syndrome [19]. Finnish-type CNS is often associ-
ated with mutations in NPHS1 [19], whereas mutations
in NPHS2 are linked to non-Finnish steroid-resistant
INS [20]. In 20% of cases of non-Finnish CNS, Machuca
et al. were not able to identify the underlying genetic al-
teration [20]. Of note, most patients included in this
study underwent genetic testing (Finnish type, 30/32
[94%]; non-Finnish type without syndrome, 18/26 [69%];
and non-Finnish type with syndrome, 23/24 [96%]). This
is in contrast with a similar study conducted in India,
where genetic test results were only available for 15 of
65 (23%) children evaluated [21]. The reasons for this
discrepancy may be related to access to laboratories cap-
able of performing such testing. In Japan, such testing—
although not covered by national insurance—is readily
available.

In the present survey, positive extra-renal symptoms
were reported in 36.4, 19.2, and 79.2% of patients with
Finnish-type disease and non-Finnish-type without and
with syndrome, respectively. Mental retardation (21.2%)
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Table 2 Perinatal characteristics
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Finnish-type disease

Non-Finnish-type without syndrome Non-Finnish-type

N=33 N=26 with syndrome
N=24
Age at diagnosis, months, median (range) 0.0 (0.0-2.0) 7.0 (0.0-12.0) 1.0 (0.0-10.0)

36w4d (30w6d-40w6d)
456 (324-50.0)

2298 (1061-3066)

6/22

30/30

Gestational week (range)

Height at birth, cm, median (range)
Weight at birth, g, median (range)
Oligohydramnios (+)°

Large placenta (+)°

39w5d (35w4d-42w0d)
48.0 (45.8-54.0)

3078 (2036-3580)

117

4/17

38w4d (33w3d-41w3d)
473 (42.5-51.0)

2759 (1493-3600)

1714

4/12

d days, w weeks

*The denominator represents the number of patients for whom responses regarding oligohydramnios and large placenta were obtained

was the most frequent extra-renal symptom in patients
with Finnish-type disease; in patients with non-Finnish-
type disease with syndrome, urogenital symptoms
(54.2%) and mental retardation (29.2%) were the most
frequent extra-renal symptoms. The presence of uro-
genital symptoms in patients with non-Finnish-type dis-
ease with syndrome may be a useful characteristic for
the diagnosis of Denys—Drash syndrome. In a study that
evaluated 1655 patients with steroid-resistant nephrotic
syndrome from 21 countries [22], extra-renal symptoms
were reported in 17.3% of patients, with short stature
(n =84, 5.1%) and mental retardation (n =65, 3.9%) be-
ing the most common extra-renal symptoms. A higher
incidence of extra-renal symptoms was found in the
present study compared with the previous study; how-
ever, this may be because of the methodological differ-
ences between the studies.

In the present study, steroids and immunosuppres-
sants were used more frequently in patients with non-
Finnish-type disease without syndrome compared with
patients with Finnish-type disease and non-Finnish-type
disease with syndrome, and complete remission was only

Table 3 Renal pathology, genetic testing, and extra-renal symptoms

reported among patients with non-Finnish-type disease
without syndrome. Generally, patients with Finnish-type
and non-Finnish-type with syndrome do not respond to
steroids or immunosuppressants. The pathogenesis of
Finnish-type CNS is non-immunological; thus, patients
with this disease tend to be resistant to treatment with
corticosteroids and immunosuppressive drugs [4]. In
contrast, patients with non-Finnish-type disease without
syndrome are among the INS cases that respond to ste-
roids or immunosuppressants. Interestingly, the present
results indicate that most pediatric nephrologists in
Japan are aware of such treatment outcomes, and that
the patients in this sample were treated in accordance
with the recommendations of the Japanese clinical prac-
tice guidelines for nephrotic syndrome [2].

Thrombosis and infection are known to be common
complications in CNS patients [23]. A single-center
study conducted in Jordan reported 25 episodes of
serious bacterial infections in 18 out of 30 infants
with CNS, most of whom had Finnish-type disease
[24]. A retrospective study of 21 infants with Finnish-
type CNS conducted in Finland reported 63 verified

Finnish-type disease

Non-Finnish-type without syndrome Non-Finnish-type

N=33 N =26 with syndrome
N =24
Renal biopsy* 13/30 23/26 22/22
Genetic testing® 30/32 18/26 23/24
Positive extra-renal symptoms? 12/33 5/26 19/24
Eyes 1 0 4
Urogenital 0 1 13
Malformation 1 1 1
Epilepsy 4 1 3
Mental retardation 7 2 7
Other” 6 3 7

“The denominator represents the number of patients for whom responses regarding renal biopsy, genetic testing, and positive extra-renal symptoms

were obtained

POther symptoms included a variety of symptoms not necessarily related to congenital nephrotic syndrome
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Table 4 Treatments and complications

Page 6 of 8

Finnish-type disease

Non-Finnish-type without syndrome

Non-Finnish-type with syndrome

N=33 N =26 N=24
Medications®
Steroids 3/29 18/25 8/24
(NR, 3) (NR, 11; PR, 4; CR, 3) (NR, 7; PR, 1)
Immunosuppressants 3/28 12/25 4/24
(CSA,NR, 2; PR, 1) (NR, 1; PR, 2, CR, 9) (NR, 4)
Immunosuppressant therapy by response CSA, NR CSA +TAC+ MZB, NR CSA/NR (n =4)
CSA +MZB, NR CSA, PR (n=2)
CSA, PR CSA, CR (n=4)
MZB, CR
CSA+ MZB, CR
CSA+CP, CR
CSA + MMF +RTX, CR
CSA +MZB +RTX, CR
Complications®
Thrombosis 5/32 1/26 1/24
Infections 19/32 7/26 9/24
Other 8/32 9/26 11/24

Abbreviations: CP cyclophosphamide, CR complete remission, CSA cyclosporine, MMF mycophenolate mofetil, MZB mizoribine, NR no response, PR partial remission,

RTX rituximab, TAC tacrolimus

*The denominator represents the number of patients for whom responses regarding medications and complications were obtained

and 62 suspected episodes of sepsis [25]. In the present
study, thrombosis and infection were reported in all
groups, but the frequency was particularly high in patients
with Finnish-type disease. The high frequency of infection
among patients with Finnish-type disease in the present
study is consistent with that reported previously in the
Jordanian and Finnish studies [24, 25].

The number of patients who underwent unilateral
nephrectomy was higher than that of patients who
underwent bilateral nephrectomy. The most common
renal replacement therapy in all groups was peritoneal

Table 5 Nephrectomy and renal replacement therapies

dialysis. Although there is currently no guideline for the
management of CNS in Japan, unilateral nephrectomy is
a more popular approach than bilateral nephrectomy.
The main reason for this preference is that the manage-
ment of patients after unilateral nephrectomy is easier
than that after bilateral nephrectomy because dialysis for
patients with anuria is more difficult. In a recent retro-
spective study conducted in Japan, the long-term out-
come data from 14 Finnish-type CNS Japanese patients
who underwent kidney transplantation showed satisfac-
tory graft survival [26].

Finnish Non-Finnish-type without syndrome Non-Finnish-type with syndrome
type disease N =26 N =24
N=33
Nephrectomy
Unilateral 25/33 3/26 8/24
Median age during procedure, months (range) 13 (3-96) 9, 26, 36 9 (5-44)
Bilateral 0/33 1/26 8/24
Median age during procedure, months (range) - 20 21 (7-69)
Renal replacement therapies
Peritoneal dialysis 26/33 9/26 22/24
Median age during procedure, months (range) 21 (4-90) 9 (0-26) 6 (0-25)
Hemodialysis (with catheter) 1/33 1/26 3/24
Median age during procedure, months (range) 67 3 2,6,34
Hemodialysis (with fistula) 0/33 0/26 0/24
Median age during procedure, months (range) - - -
renal — kidney transplantation 17/33 5/26 17/24
Median age during procedure, months (range) 59 (34-96) 26 (20-36) 47 (22-73)
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The Kaplan—Meier analysis in the present study
showed a slower progression to end-stage kidney disease
in patients with non-Finnish-type disease without syn-
drome. The reason may be that this group was the most
responsive to treatment, considering it was the only
group that included patients who achieved complete re-
mission in response to steroids or immunosuppressive
agents.

The present study has some limitations, including
those inherent to the observational/cross-sectional study
design and those related to the use of questionnaires (in-
complete/incorrect completion of survey forms). The re-
sponse rate of the survey was 63.3%, which may have
introduced bias or affected the accuracy of our esti-
mates. Because informed consent from individual
patients was not obtained, we could not describe details
of specific genetic mutations, or certain details on treat-
ments/medications prescribed. A more detailed investi-
gation of such items is warranted in future studies.
Finally, this study focused on Japanese patients, and as
such may not be generalizable to other populations.

In conclusion, the present survey sheds light on the
characteristics of children with CNS and INS in Japan.
Among the most relevant findings, we observed that
children with Finnish-type disease were diagnosed earlier
than those with non-Finnish-type disease; the placenta
was large mainly among those with Finnish-type disease;
in patients with non-Finnish-type disease with syn-
drome, urogenital symptoms were the most frequent
extra-renal symptoms; a high proportion of patients
underwent genetic examination; and most patients

underwent unilateral nephrectomy followed by periton-
eal dialysis before renal transplantation. Ideally, all pa-
tients with CNS or INS should undergo genetic testing,
which may allow a better evaluation of the distribution
of these diseases and a better characterization of patients
for early stage disease management. In the future, we
plan to evaluate the long-term outcomes of CNS and
INS.

Supplementary information
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1186/512882-020-02010-5.

[ Additional file 1. Survey questionnaire. ]

Abbreviations

CNS: Congenital nephrotic syndrome; CP: cyclophosphamide; CR: complete
remission; CSA: cyclosporine; DDS: Denys-Drash syndrome; GM: Galloway-
Mowat syndrome; INS: infantile nephrotic syndrome; NPS: nail-patella
syndrome; MMF: mycophenolate mofetil; MZB: mizoribine; NR: no response;
PR: partial remission; RTX: rituximab; TAC: tacrolimus

Acknowledgments

This research was presented in October of 2019 at the 18th Congress of the
International Pediatric Nephrology Association, Venice (ltaly), and the abstract
appears in the conference proceedings described in Abstracts of the 18th
Congress of the International Pediatric Nephrology Association, Venice (ltaly),
October 2019. Pediatric Nephrology 34, 1821-2260 (2019).

This work was supported by ‘Research on Rare and Intractable Diseases,
Health and Labour Sciences Research Grants' from the Ministry of Health,
Labour and Welfare, Japan.

The authors wish to thank Michelle Belanger, MD, of Edanz Evidence
Generation for editing a draft of this manuscript.


https://doi.org/10.1186/s12882-020-02010-5
https://doi.org/10.1186/s12882-020-02010-5

Hamasaki et al. BMC Nephrology (2020) 21:363

Authors’ contributions

YH designed the study, performed the research, analyzed the data, wrote the
manuscript, critically revised the manuscript for important intellectual
content and provided final approval for publication. RH, SM, and KA
designed the study, performed the research, wrote the manuscript, and
critically revised the manuscript for important intellectual content. MM
designed the study, performed the research, and wrote the manuscript. TK
analyzed the data and critically revised the manuscript for important
intellectual content. Kenji Ishikura and Kazumoto lijima critically revised the
manuscript for important intellectual content and provided final approval for
publication. The author(s) read and approved the final manuscript.

Funding

The present study was funded by a grant from the Ministry of Health, Labour
and Welfare, Japan: “Research on Rare and Intractable Diseases, Health and
Labor Sciences Research Grants”.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate

The present study was conducted in accordance with the ethical principles
set out in the Declaration of Helsinki and the ethical guidelines for
epidemiological studies issued by the Ministry of Health, Labour and Welfare
in Japan. The data reported in the present study were obtained from patient
medical records; thus, informed consent was waived. The study was
approved by the ethics committee of Toho University Omori Medical Center
(ID:26-236 for the first survey, ID:27-181 for the second survey).

Consent for publication

As data were gathered from patient medical records, informed consent was
waived. The data in the records were de-identified for protection of the pa-
tients’ personal and health information.

Competing interests
The authors have no conflicts of interest to disclose.

Author details

'Department of Nephrology, Toho University Faculty of Medicine, 6-11-1
Omori-Nishi, Ota-Ku, Tokyo 143-8541, Japan. “Department of Nephrology,
Tokyo Metropolitan Children’s Medical Center, 2-8-29 Musashidai, Fuchu,
Tokyo 183-8561, Japan. *Department of Pediatrics, Matsudo City General
Hospital, 993-1, Sendabori, Matsudo, Chiba 270-2296, Japan. “Department of
Pediatrics, Kurashiki Central Hospital, 1-1-1 Miwa, Kurashiki, Okayama
710-8602, Japan. 5Departmem of Pediatrics, Kitasato University School of
Medicine, 1-15-1 Kitazato, Minami-Ku, Sagamihara, Kanagawa 252-0375,
Japan. ®Division of Clinical Research Support Center, Tokyo Metropolitan
Children’s Medical Center, 2-8-29 Musashidai, Fuchu, Tokyo 183-8561, Japan.
"Teikyo Academic Research Center, Teikyo University, 2-11-1 Kaga,
Itabashi-Ku, Tokyo 173-8606, Japan. “Department of Pediatrics, Kobe
University Graduate School of Medicine, 7-5-2 Kusunoki-cho, Chuo-Ku, Kobe,
Hyogo 650-0017, Japan.

Received: 14 April 2020 Accepted: 4 August 2020
Published online: 24 August 2020

References

1. Jalanko H. Congenital nephrotic syndrome. Pediatr Nephrol. 2009;24:2121-8.

2. lIshikura K, Matsumoto S, Sako M, Tsuruga K, Nakanishi K, Kamei K, Saito H,
Fujinaga S, Hamasaki Y, Chikamoto H, Ohtsuka Y, Komatsu Y, Ohta T, Nagai
T, Kaito H, Kondo S, lkezumi Y, Tanaka S, Kaku Y, lijima K. Clinical practice
guideline for pediatric idiopathic nephrotic syndrome 2013: medical
therapy. Clin Exp Nephrol. 2015;19:6-33.

3. Hjorten R, Anwar Z, Reidy KJ. Long-term outcomes of childhood onset
Nephrotic syndrome. Front Pediatr. 2016;4:53.

4. Fanni C, Loddo C, Faa G, et al. Congenital nephrotic syndrome. J Pediatric
Neonatal Individualized Med. 2014;3:e030274. https://doi.org/10.7363/
030274.

Page 8 of 8

5. Norio R. Heredity in the congenital nephrotic syndrome. A genetic study of
57 Finnish families with a review of reported cases. Ann Paediatr Fenn.
1966;12(Suppl 27):1-94.

6. Habib R Nephrotic syndrome in the 1st year of life. Pediatr Nephrol. 1993;7:
347-53.

7. Holmberg C, Laine J, Ronnholm K, et al. Congenital nephrotic syndrome.
Kidney Int. 1996;49:551-6.

8. Mattoo TK, al-Sowailem AM, al-Harbi MS, et al. Nephrotic syndrome in 1st
year of life and the role of unilateral nephrectomy. Pediatr Nephrol 1992,6:
16-18.

9. Kovacevic L, Reid CJ, Rigden SP. Management of congenital nephrotic
syndrome. Pediatr Nephrol. 2003;18:426-30.

10.  Hashimoto S, Fukutomi K, Nagai M, et al. A note on methods for estimating
the number of patients in the nationwide epidemiological survey on
intractable diseases. Nihon Koshu Eisei Zasshi. 1990;37:768-74 (in Japanese).

11, Statistics Bureau of Japan. Statistical data of the Statistics Bureau, Ministry of
Internal Affairs and Communications. 2015. http://www.statgo,jp/english/
index.htm. Accessed 27 July 2020.

12. Bérody S, Heidet L, Gribouval O, et al. Treatment and outcome of
congenital nephrotic syndrome. Nephrol Dial Transplant. 2019,34:458-67.

13. Stasinou SM, Valasoulis G, Georgiou |, et al. Congenital Nephrotic syndrome
of the Finnish type: a Greek case report. Health. 2014;6:1436-9. https://doi.
0rg/104236/health.2014.612176.

14.  Eneman B, Mekahli D, Audrezet MP, et al. An unusual presentation of
Denys-Drash syndrome due to bigenic disease. Pediatrics. 2014;133:252-6.

15. Morgan G, Postlethwaite RJ, Lendon M, et al. Postural deformities in
congenital nephrotic syndrome. Arch Dis Child. 1981;56:959-62.

16.  Heeringa SF, Vlangos CN, Chernin G, et al. Thirteen novel NPHST mutations
in a large cohort of children with congenital nephrotic syndrome. Nephrol
Dial Transplant. 2008;23:3527-33.

17. Hinkes BG, Mucha B, Vlangos CN, et al. Nephrotic syndrome in the first year
of life: two thirds of cases are caused by mutations in 4 genes (NPHST,
NPHS2, WT1, and LAMB2). Pediatrics. 2007;119:2907-19.

18.  Beltcheva O, Martin P, Lenkkeri U, et al. Mutation spectrum in the nephrin
gene (NPHS1) in congenital nephrotic syndrome. Hum Mutat. 2001;17:368-73.

19.  Lenkkeri U, Mannikko M, McCready P, et al. Structure of the gene for
congenital nephrotic syndrome of the finnish type (NPHS1) and
characterization of mutations. Am J Hum Genet. 1999,64:51-61.

20. Machuca E, Benoit G, Nevo F, et al. Genotype-phenotype correlations in
non-Finnish congenital nephrotic syndrome. J Am Soc Nephrol. 2010;21:
1209-17.

21, Sinha R, Vasudevan A, Agarwal |, et al. Congenital Nephrotic syndrome in
India in the current era: a multicenter case series. Nephron. 2020;144:21-9.

22. Trautmann A, Bodria M, Ozaltin F, et al. Spectrum of steroid-resistant and
congenital nephrotic syndrome in children: the PodoNet registry cohort.
Clin J Am Soc Nephrol. 2015;10:592-600.

23, Park SJ, Shin JI. Complications of nephrotic syndrome. Korean J Pediatr.
2011;54:322-8 Available at: https://www.ncbi.nlm.nih.gov/pmc/articles/
PM(C3212701/.

24.  Hamed RM, Shomaf M. Congenital nephrotic syndrome: a clinico-pathologic
study of thirty children. J Nephrol. 2001;14:104-9.

25.  Ljungberg P, Holmberg C, Jalanko H. Infections in infants with congenital
nephrosis of the Finnish type. Pediatr Nephrol. 1997;11:148-52.

26. Hamasaki Y, Muramatsu M, Hamada R, et al. Long-term outcome of
congenital nephrotic syndrome after kidney transplantation in Japan. Clin
Exp Nephrol. 2018,22:719-26.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.7363/030274
https://doi.org/10.7363/030274
http://www.stat.go.jp/english/index.htm
http://www.stat.go.jp/english/index.htm
https://doi.org/10.4236/health.2014.612176
https://doi.org/10.4236/health.2014.612176
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3212701/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3212701/

(7 40T v FRIRREER T u—PERBOZE - BEOFF &)
XL®IT

A% 3 A LINICHIET 5 % 7 u —BREMERE 2 e RIER 7 0 —BREERE & S0,
74T v REERER 7 0 — BRI Z ORKBEBR L 2o TET, 71
T2 R TIEHAERBS XL Z 8,000 A2 1 AOSEETHRIET D LRENTEY ., HAER
[ H < DB REDOR 7 v —BREBEREN A DIV, BUIECIIARSE 22 &4 & & T
HERAIHENH D120, O CITEBRRNECTCTRARBETLE,

1990 LR IZ M & BEEEH N 7 4 T v RvbiR S, Tz b EICEEHO
RBUZ G ST EERN R END KO ICR VIGREN RESBE L TWET, K&
FIZRIGHRIEI T BRI 2 0 £9 0, HAEROZEOIAEY . X7 o —BH] BA
P (BRI - BTHD . BRMEHE N IS KLERAIRREER S 7,

Al WS D OWEITINZ . 4 TORFRHIFFZRERIC L o TH S L7245
WZBT W, BEHORNERE 2 LT, 740270 REUERMR 7 v —EiE
BREORZET - BHOTFII& ) 2ERTDH LRV Lz, Y THERKEETH
LT EMD, T U MUEEGRER 7 BT SN TV RV, F— AT ) — XR0NE
Bl E 722 E A2 BB L TR EOEREITVE LTc, 4% b EMIANIC LB L 2170,
BETEZ LTV PETTR, ZOFBIENRT 4 T 2 RRGERMER 7 v — Bt
DEHICH Tz > TV DL EMOPIFIZ 2Tz TT,

JEAE BRI TE B A (BEA IR BBORIFIT S 3E)
[N R DA/ D « HEEPER BRE ORI - MFTRIRHI O3 R | HFFTEE
FERMER 7 v —EERERE (CNS) 7 Lv—7
i gk
TRt 1



K

W -

i

Ho7a—Fvy— b

=\
o2

ERERPR R
fhDEB DERN

!

WGFERE*

FEOEHE, REFE

RX70—CHOER

!

BAHOTE

HFRRE. GHEDER

REFHEASEE

!

BBl Blak0oTE

EATEOE

Biga) : MErILTIY - REFRDIERL

Bl - MAETRS
BleROR 7 0—CERFRIEEE

* BARNEBBRERZRDR—AR—I DFHRREHHHERSR



BIE 2l (X)

T 4Ty RS YER 7 a—BEEEE (congenital nephrotic syndrome of
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HREOUE, HIRNEOHEIN, [EOF v v F7 v 7RREINTND (47-49),
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Inherited salt-losing tubulopathy: An old condition but a new category
of tubulopathy
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Abstract Bartter syndrome (BS) and Gitelman syndrome (GS) are syndromes associated with congenital tubular dysfunction,
characterized by hypokalemia and metabolic alkalosis. Clinically, BS is classified into two types: the severe antena-
tal/neonatal type, which develops during the fetal period with polyhydramnios and preterm delivery; and the rela-
tively mild classic type, which is usually found during infancy with failure to thrive. GS can be clinically
differentiated from BS by its age at onset, usually after school age, or laboratory findings of hypomagnesemia and
hypocalciuria. Recent advances in molecular biology have shown that these diseases can be genetically classified
into type 1 to 5 BS and GS. As a result, it has become clear that the clinical classification of antenatal/neonatal BS,
classic BS, and GS does not always correspond to the clinical symptoms associated with the genotypes in a one-to-
one manner; and there is clinically no clear differential border between type 3 BS and GS. This has caused confu-
sion among clinicians in the diagnosis of these diseases. It has been proposed that the disease name “inherited salt-
losing tubulopathy” can be used for cases of tubulopathies accompanied by hypokalemia and metabolic alkalosis. It
is reasonable to use this term prior to genetic typing into type 1-5 BS or GS, to avoid confusion in a clinical set-
ting. In this article, we review causative genes and phenotypic correlations, diagnosis, and treatment strategies for
salt-losing tubulopathy as well as the clinical characteristics of pseudo-BS/GS, which can also be called a “salt-los-

ing disorder”.

Key words Bartter syndrome, CASR, congenital chloride diarrhea, Gitelman syndrome, HNFIB, pseudo-Bartter syndrome,

pseudo-Gitelman syndrome.

From 1996 to 1997, Simon et al identified the causative genes
of type 1 to 3 Bartter syndrome (BS) and Gitelman syndrome
(GS) as SLCI2A, coding the Na-K-2Cl co-transporter, NKCC2
(OMIM 601678); KCNJI coding the renal outer medullary
potassium channel, (ROMK; OMIM 241200); CLCNKB cod-
ing the chloride channel Kb, CIC-Kb (OMIM 607364); and
SLCI2A3 coding the sodium-chloride transporter, NCCT
(OMIM 263800), respectively.'™ In 2001, Birkenhager er al
cloned the new gene BSND as a causative gene of antenatal/
neonatal BS with sensorineural deafness; the gene product was
named barttin.” Estevez et al identified that barttin acts as an
essential beta-subunit for the chloride channel Ka (CIC-Ka)
and CIC-Kb at both basolateral membranes of renal tubules
and of potassium-secreting epithelia of the inner ear. This
antenatal/neonatal BS with sensorineural deafness was classi-
fied as type 4 BS (later, type 4A, 602522).° Subsequently,
Schlingmann et al and Nozu et al reported cases having the
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same severe phenotypes as type 4 BS but being negative for
pathogenic variants in BSND.”® Surprisingly, both cases had
digenic mutations in CLCNKA encoding CIC-Ka and
CLCNKB. These cases indirectly demonstrated that barttin acts
as a common beta-subunit of CIC-Ka and CIC-Kb. This condi-
tion was classified into type 4B BS (OMIM 613090).
Recently, type 5 BS (OMIM 300971) was identified as a tran-
sient clinical condition occurring from fetal to neonatal life
with an X-linked mode of inheritance, although other geno-
types show autosomal recessive modes. Labhmani er al identi-
fied the causative gene of this condition as MAGED2
encoding the melanoma-associated antigen D2 (MAGE-D2)
(Figs. 1 and 2).°

Bartter syndrome has been conventionally classified into
two types: (i) the antenatal/neonatal type, which is character-
ized by polyhydramnios and preterm delivery with low birth-
weight, and (ii) the classic type, which shows mild symptoms
and is diagnosed after infancy. In addition, BS has been
observed to show normal serum magnesium levels and normo-
to hypercalciuria. GS can be differentiated from BS by its age
at onset being usually after school age, accompanied by hypo-
magnesemia, hypocalciuria, and mild symptoms with a benign
clinical course.
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Recent advances in molecular biology have shown that classic BS, and GS according to the conventional clinical clas-
these diseases can be classified into types 1-5 BS and GS, as sification and the clinical symptoms associated with the
described above. As a result, it has become clear that the cor- genetic typing is not in a one-to-one manner. For example,
relation between the classification of antenatal/neonatal BS, type 3 BS can show all the phenotypes of antenatal/neonatal
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and classic BS and GS, and even the cases of type 1 BS can
show a mild clinical course of classic BS (as discussed
below). In addition, the incidence of pseudo-BS/GS associated
with secondary factors or other congenital tubular abnormali-
ties is unexpectedly high and the clinical diagnosis of these
cases is very difficult.'® These gaps between clinical diagnosis
and genetic background have led to substantial confusion
among clinicians. In recent years, it was proposed that BS and
GS should be combined into a single disease category called
“inherited salt-losing tubulopathy”.'"'? In this article, we dis-
cuss the clinical features, including the specific genes and phe-
notypic correlations, the treatment for salt-losing tubulopathy
as well as the clinical characteristics or molecular mechanisms
of pseudo-BS/GS, which disease status can also be called
“salt-losing disorder” in contrast to “salt-losing tubulopathy”.

Pathophysiology of BS/GS

In loop disorders, the most serious impact is the breakdown of
the active reabsorption of solutes in thick ascending limb of
loop of Henle (TAL) that leads to severe salt, mineral, and
water wasting in the ante- and perinatal period. Following this
primary defect, several secondary pathophysiological features
can be observed, such as stimulated prostaglandin E2 (PGE2)
activity (indicated by hyperprostaglandinuria), nephrogenic
diabetes insipidus, and hypercalciuria associated with nephro-
calcinosis. Specific to loop disorders, polyuria is further aggra-
vated by dysfunction of the tubuloglomerular feedback (TGF)
leading to glomerular hyperfiltration through PGE2-mediated
vasodilation of the afferent arterioles.'?

In GS-like disorders, the primary defect is localized in the
distal convoluted tubule (DCT). As a consequence of the DCT
defect, sodium and chloride, as well as calcium reabsorption,
is enhanced in the proximal tubule leading to much less salt
and water wasting as well as to hypocalciuria. Another sec-
ondary event of impaired salt reabsorption in DCT is the mag-
nesium  reabsorption impairment. Thus, hypocalciuria
associated with magnesium wasting is the typical signature of
DCT disorders.

Taken together, urine osmolality, urinary calcium excretion,
and magnesium plasma levels are the most informative and
easily accessible clinical parameters to differentiate loop and
DCT disorders. When these laboratory data are complemented
by an accurate and comprehensive case history, an almost
definitive diagnosis can be made.

Subtypes of BS/GS

The clinical characteristics of BS and GS are summarized in
Table 1. Protein localizations are shown in Figures 1 and 2.

Type 1 BS

Type 1 BS is caused by pathogenic variants in the SLCI2A]
gene that encodes NKCC2, a furosemide-sensitive co-trans-
porter. Type 1 BS is typically the antenatal/neonatal type, and
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in most cases, polyhydramnios is detected before birth and
there is a premature delivery with low birthweight. Patients
are prone to growth failure and present symptoms such as
polydipsia and polyuria, fever, vomiting, and dehydration. In
particular, when these patients contract viral infections, they
easily develop dehydration and need parenteral infusion.
Hypercalciuria and renal calcification have been noted and
some cases progress to end-stage renal disease (ESRD). How-
ever, some reports of atypical cases have described milder
phenotypes resembling classic BS. Pressler et al reported
a late-onset cases of Type 1 BS in two siblings with term
delivery without polyhydramnios or failure to thrive. They
showed only hypokalemia and hypercalciuria with nephrocal-
cinosis.'"* In addition, Yamazaki et al reported two siblings
who had only mild polyhydramnios but with term pregnancy.
They had hypokalemia and hypercalciuria with nephrocalci-
nosis, being diagnosed with BS at the ages of 20 and
18 years.'> These cases proved that even patients with type 1
BS can show a milder clinical course and be classified into
classic BS. Genotype—phenotype correlation in type 1 BS had
not been clarified until now; however, all these cases pos-
sessed missense variants at least on one allele and the mis-
sense variants may have led them milder phenotypes.

Type 2 BS

Type 2 BS is caused by pathogenic variants in the KCNJI
gene that encodes ROMK. Most of the clinical features resem-
ble type 1 BS. Typically, polyhydramnios, preterm birth, and
low birthweight are recognized in such cases, and as in type 1
BS, this condition is classified into the antenatal/neonatal type.
However, hyperkalemia accompanied by metabolic acidosis is
observed for a certain period after birth in type 2 BS. Among
these cases, some are diagnosed with pseudohypoaldostero-
nism type 1."°1% It has been reported that the hyperkalemia
peaks around the third postnatal day and then the potassium
level normalizes around the seventh postnatal day.16 In
another study, Peters et al reported that 9 of 14 patients had
hyperkalemia and that those with a younger gestational age
tended to have a higher maximal serum potassium level.
Moreover, they found that the patients showed no transitory
hyperkalemia after 32 weeks’ gestation and also detected a
significant negative correlation between gestational age and
maximal serum potassium.'® In addition to the loss of ROMK
channel function, decreased Na-K-ATPase activity and weak
expression of the big potassium (BK) channel in neonates may
lead to the severe transient hyperkalemia seen in type 2 BS.
In neonates, especially premature infants, extreme reductions
in these transporter/channel levels are exhibited.'”'* Serum
potassium levels begin to decrease in the first few months of
life, but the decrease in potassium levels is relatively mild
compared with that in type 1 BS.%° Hypercalciuria and renal
calcification were identified in all cases. Some cases progress
to ESRD.

It has been asserted that the reduction of ROMK channel
activity in the TAL may in turn lead to the inactivation of
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Table 1 Classification and clinical characteristics of salt-losing tubulopathies

Type 1 BS Type 2 BS Type 3 BS  Type 4A BS Type 4B BS Type 5 BS GS
OMIM 601678 241200 607364 602522 613090 300971 263800
Gene SLCI2A1 KCNJ1 CLCNKB  BSND CLCNKA MAGED? SLCI2A3
and CLCNKB
Gene product NKCC2 ROMK CIC-Kb Barttin CIC-Ka MAGE family = NCCT
and CIC-Kb  member D2
Role Na-K-2Cl Potassium Chloride Beta-subunit of Cl channel NKCC2/NCCT Na-Cl
co-transporter  channel channel both CIC-Ka regulation co-transporter
and CIC-Kb
Inheritance AR AR AR AR AR X-linked AR
Polyhydramnios Yes Yes Rare Yes Yes Yes (severe) No
Preterm delivery Yes Yes Rare Yes Yes Yes No
Failure to thrive Yes Yes Yes Yes Yes No No
Polyuria 2-3+ 2-3+ 12+ 3+ 3+ Transient + -2 +
Nephrocalcinosis/ Yes Yes Rare Rare Rare No No
Kidney stone
ESRD Yes Yes Rare Yes Yes No Rare
Hypomagnesemia No No Yes/No Yes/No Yes/No ? Yes/No
Urine calcium excretion High High High/Low  High/Low High/Low High (transient) Low/Normal
Onset age Fetal Fetal Neonate/  Fetal Fetal Fetal School age
Infant

Response to furosemide No Yes Yes No ? ? Yes
Response to thiazide Yes Yes Yes No ? ? No
Others Transient Hearing loss Hearing loss ~ Transient until

hyperkalemia 30-33 weeks

with metabolic

acidosis

AR, autosomal recessive; BS, Bartter syndrome; ESRD, end-stage renal disease; GS, Gitelman syndrome.

NKCC2 and, as a result, produce hypokalemia. However, we
have conducted a furosemide loading test for patients with
type 2 BS and found that they responded to furosemide, indi-
cating that ROMK defects did not cause secondary NKCC2
complete dysfunction.21 In fact, Bailey et al showed 30% of
sodium reabsorption function in NKCC2 remained in ROMK
deficient mice. In addition, they proved that the renal potas-
sium loss in type 2 BS patients is mainly due to excessive K
secretion by BK channels in the late distal tubule and, thus,
concluded that renal potassium wasting in type 2 BS is due to
both reduced reabsorption in the TAL and potassium secretion
by BK channels.'” This mechanism is consistent with the furo-
semide loading test results for type 2 BS patients. Gollasch
et al, Huang et al, and Sharma et al have reported cases with
milder phenotypes resembling classic BS as similar cases are
shown in type 1 BS.22* Genotype—phenotype correlation in
type 2 BS has not been clarified; however, all these cases pos-
sessed missense variants and these missense variants may have
led to milder phenotypes, as is the situation with type 1 BS.

Type 3 BS

Type 3 BS is caused by pathogenic variants in CLCNKB that
encodes CIC-Kb. Type 3 BS is generally classified as classic
BS and usually diagnosed during the infantile period due to a
failure to thrive. However, it also includes antenatal/neonatal
BS or GS.'“? Renal calcification is rarely observed in such
cases. Although type 3 BS has been considered to have a good
renal prognosis, it has been reported that patients frequently

progress to chronic kidney disease (CKD) or sometimes,
ESRD without renal calcification.'®? In such cases, the level
of urinary calcium excretion varies from low to slightly above
normal.'® Tt was also reported that 10% to 20% of the patients
with type 3 BS show both hypomagnesemia and hypocalci-
uria.'® In such cases, differential diagnosis from GS may be
very difficult.'®*> We conducted furosemide and thiazide
loading tests for patients with type 3 BS and found that they
responded to furosemide but not to thiazide. This means that
secondary NCCT dysfunction is the main molecular mecha-
nism for the onset of type 3 BS,*! indicating that type 3 BS is
mainly a distal tubulopathy. It should be noted that all type 3
BS cases in that report showed normal to decreased urinary
calcium excretion. It is still unknown how type 3 BS cases
with hypercalciuria respond to furosemide and thiazide.

Type 4A/4B BS

Type 4A/4B BS is characterized as the antenatal/neonatal type
with sensorineural hearing loss. It is typically the most severe
form of BS. There is a long history of some antenatal/neonatal
BS cases being associated with sensorineural deafness with
polyhydramnios, low birthweight, marked polyuria, impaired
growth, impaired motor development, poor response to
NSAIDs, renal dysfunction from infancy, and severe clinical
progression to ESRD.?® The gene and protein responsible for
such cases, BSND and barttin, were eventually cloned.>® Bart-
tin was also shown to be expressed in the kidney and inner
ear, and was found to function as a common beta-subunit of
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CIC-Ka and CIC-Kb.® Cases with BSND gene defects have
recently been classified into type 4A BS. One case with type
4A BS underwent a diuretic loading test and showed no
response to either furosemide or thiazide, which suggested that
global tubular dysfunction may be associated with type 4A
BS.?*?” Subsequent digenic mutations in both CLCNKA and
CLCNKB have been reported to mimic the clinical picture of
type 4A BS, and these cases are classified as type 4B, con-
firming the role of barttin in such cases.”® Although type 4
BS shows the severest clinical course, one missense variant in
BSND (NM_057176, p.Gly47Arg) on at least one allele tends
to be associated with a milder phenotype and can be classified
into classic BS.?*7°

Type 5 BS

Type 5 BS has a transient clinical picture from fetal to neona-
tal life, with an X-linked mode of inheritance, although other
types of BS show autosomal recessive modes.

This condition was recently reported for the first time by
Laghmani et al as antenatal/neonatal BS presenting with only
transient symptoms.” Severe polyhydramnios develops from
around 20 weeks of gestation and the patients may die in
utero. The infants are born prematurely and experience a
potentially life-threatening disease characterized by fetal poly-
uria, polyhydramnios, and postnatal polyuria, with persistent
renal salt wasting, as seen in other antenatal/neonatal BS;
however, the onset of polyhydramnios occurs several weeks
earlier than in other forms of antenatal/neonatal BS. The poly-
uria disappears spontaneously at 30 to 33 weeks of gestation.
MAGED? was identified as the gene responsible for type 5 BS
and the protein MAGE-D2 produced by this gene acts to regu-
late the expression of NKCC2 and NCCT; abnormality of this
gene results in antenatal/neonatal BS.” The reason for the
early spontaneous remission remains unclear. Other clinical
characteristics in the neonatal period include hypercalciuria,
nephrocalcinosis, hyponatremia, hypokalemia, and elevated
renin and aldosterone. Recently, Legrant er al reported 17
additional cases, including two females with type 5 BS. They
reported additional clinical characteristics in their cohort, such
as the gestational age at onset varying between 18 and
27 weeks or kidney function remaining normal in those with
this genotype.®'

Gitelman syndrome

Gitelman syndrome is caused by pathogenic variants in the
SLCI2A3 gene that encodes NCCT, a thiazide-sensitive co-
transporter. Typical cases present a clearly mild clinical course
in comparison with BS. They may be diagnosed at school age
or in adulthood by the presence of polydipsia and polyuria,
general malaise, or numbness of the hands and feet associated
with hypokalemia and hypomagnesemia, but most cases are
diagnosed incidentally by blood sampling.*> In addition, in
some cases, the disease is identified upon an examination for
short stature.®> It has been reported that some cases lack
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hypocalciuria or hypomagnesemia despite the presence of
SLCI2A3 gene mutations.'” Thus, there are many cases in
which a definitive diagnosis can only be made by genetic test-
ing, especially for the differential diagnosis between type 3
BS and GS. GS has been regarded as a benign disease, but
Cruz et al revealed that affected individuals have a remarkably
decreased quality of life. For example, more than 80% of
them experience fatigue, dizziness, muscle cramps, or noc-
turia. They also revealed that 90% of these patients have a salt
craving. Moreover, Fujimura et al recently reported that such
patients have an unexpectedly high prevalence of extrarenal
symptoms such as short stature (16.3%), febrile convulsions
(13.7%), and thyroid dysfunction (4.3%).*®> The renal progno-
sis has been considered to be good, but it has recently been
reported that some patients have mild renal dysfunction.32 We
discovered an individual that had not been diagnosed with GS
until 60 years of age. From childhood, the female patient had
not been active and readily succumbed to serious general fati-
gue, especially during viral infections. She wet the bed until
junior high school and still had polyuria and enuresis at the
time of consultation aged 60. She had a serious salt craving
and ate salt or soy sauce by itself. As a child she had been
continuously scolded by her parents because of these habits.
This indicates the importance of an early diagnosis and under-
standing of these nonspecific symptoms of GS, which can
markedly help patients with these symptoms.

Pseudo-BS/GS

In this review, patients with hypokalemia and metabolic alka-
losis, but without a detected mutation in any of the causative
genes of BS and GS or with obvious mechanisms behind the
onset of their condition, are classified into the category of
pseudo-BS/GS. Pseudo-BS/GS can be caused by genetic or
nongenetic factors.

Genetic causes

Autosomal dominant hypocalcemia with BS

This condition is caused by gain-of-function mutations in the
CASR gene encoding the calcium-sensing receptor. These vari-
ants generally cause autosomal dominant hypocalcemia
(OMIM: 601198). Watanabe et al and Vargas-Poussou et al
reported cases with autosomal dominant hypocalcemia accom-
panied by hypokalemia, hypomagnesemia, and metabolic alka-
Some previous review articles describe this
condition as type 5 BS; however, recently, this condition has
been called autosomal dominant hypocalcemia with BS in
OMIM (OMIM:601198) because a small proportion of cases
with autosomal dominant hypocalcemia are accompanied by
hypokalemia. Kamiyoshi et al conducted a diuretic loading
test on a patient with autosomal dominant hypocalcemia with
BS. The results revealed that there was a good response to fur-
osemide loading and no response to thiazide loading. These
results suggest that in cases with gain of function in a



calcium-sensing receptor in the distal tubule leads to sec-
ondary NCCT dysfunction.*®

HNF1B-related nephropathy

Clinical conditions with HNFIB pathogenic variants have been
called renal cysts and diabetes syndrome in OMIM (OMIM:
137920) and show an autosomal dominant mode of inheri-
tance. This condition has also been associated with hypomag-
nesemia.’’*® Recently, Nagano er al reported that patients
with HNFIB-related nephropathy can have hypokalemia and
hypomagnesemia.**** Bech ef al conducted a thiazide loading
test on cases with HNFIB-related nephropathy. They showed
poor responses to thiazide, which indicates that this condition
shows secondary NCCT dysfunction and, as a result, hypoka-
lemia and hypomagnesemia.*'

Congenital chloride diarrhea

Congenital chloride diarrhea is caused by loss-of-function
mutations in the SLC26A3 gene encoding a chloride anion
exchanger localized at the mucosa of the lower gastrointestinal
tract. This protein is essential for intestinal chloride absorp-
tion. This condition shows an autosomal recessive mode of
inheritance. Clinically, affected subjects have voluminous
watery stools that contain an extremely high concentration of
chloride after birth (OMIM: 214700). Such case are always
accompanied by polyhydramnios and premature delivery.
Watery stools are sometimes mistaken as urine. In addition,
the cases frequently show electrolyte abnormalities including
hypokalemia. In these cases, these clinical conditions resemble
antenatal/neonatal BS, making it difficult to achieve a defini-
tive diagnosis.*>**

Cystic fibrosis

Cystic fibrosis (OMIM: 219700) is caused by loss-of-function
mutations in CFTR encoding a cystic fibrosis transmembrane
conductance regulator that acts as a chloride transporter. This
protein localizes to the mucosa of the lung, pancreas, and
lower part of the gastrointestinal tract. This condition shows
an autosomal recessive mode of inheritance. Cystic fibrosis
has been reported to be frequently accompanied by hypokale-
mia and metabolic alkalosis.**

SESAME/EAST syndrome

SESAME/EAST syndrome comprises seizures, sensorineural
deafness, ataxia, mental retardation, and electrolyte imbalance
(OMIM: 612780) and is caused by loss-of-function mutations
in the KCNJI0O gene. This condition shows an autosomal
recessive mode of inheritance. Laboratory studies have shown
that it is associated with hypokalemia, metabolic alkalosis,
and hypomagnesemia.*>*® Bockenhauer er al revealed that
KCNJI0 encoding a potassium channel on basolateral distal
tubules is necessary for Na-K-ATPase function.*’
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Other inherited tubular diseases

Nephronophthisis has been reported to be accompanied by
hypokalemia.*” This might be derived from severe interstitial
damage, but the mechanism involved is still unknown. In
addition, cases with Dent disease,*® mitochondrial nephropa-
thy,* or congenital anomalies of the kidney and urinary tract
(CAKUT) can have hypokalemia mimicking BS/GS.

Nongenetic causes

Matsunoshita et al have reported on the clinical characteristics
of 43 pseudo-BS/GS cases. About 75% of the patients were
female and when compared with cases with GS, they showed
a lower body mass index (BMI) and lower estimated glomeru-
lar filtration rate (GFR).'° Among them, 14 had diuretic or
laxative abuse, three had severe hyperemesis gravidarum, two
each had alcoholism or anorexia, and one each had excessive
dieting, sauna addiction, or Chinese herbal tea drinking. The
other 19 had pseudo-BS/GS with an unknown cause.

Diagnosis

To date, BS and GS have been classified molecularly, as
shown in Table 1. Clinical and molecular diagnoses have been
made based on the clinical features,

Clinical diagnosis

Bartter syndrome and GS are expressed by three abnormalities:
(i) hypokalemia, (ii) metabolic alkalosis, and (iii) high renin
and hyperaldosteronism. With reference to the perinatal history,
existence of kidney calcification, low serum magnesium level,
and high or low urinary calcium excretion level, the cases are
divided into antenatal/neonatal or classic BS or GS. In addition,
patients are likely to have other diseases if the parents have
similar conditions because BS and GS show an autosomal
recessive or X-linked mode of inheritance (type 5 BS). BS and
GS are often associated with short stature, dehydration, tetany,
or extreme fatigue, especially when patients have viral infec-
tions, and hospitalization is often required. Many cases are
diagnosed with BS/GS incidentally via a blood examination
during viral infection when they undergo a blood test because
of the severe symptoms due to BS/GS.

Diuretic loading test

Bartter syndrome type 1 is caused by dysfunction of NKCC2,
the site at which furosemide acts, and GS involves dysfunction
of NCCT, the site at which thiazide acts. Thus, cases of BS
type 1 are unresponsive to furosemide loading and those of
GS are unresponsive to thiazide loading. This principle can be
used to make a diagnosis by performing a diuretic loading
test.>"**>! Cases with type 2 and 3 BS have been believed to
show secondary NKCC2 dysfunction due to ROMK or CIC-
Kb dysfunction at TAL. However, Nozu et al reported that
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cases with type 2 BS respond to both diuretics and cases of
type 3 BS respond to only furosemide but not thiazide.”'
Therefore, this test is not suitable for the diagnosis of type 2
BS or the differential diagnosis between type 3 BS and GS,
which are the most difficult of these disease groups to distin-
guish in a clinical setting. One case with type 4 BS underwent
this test and showed no response to both diuretics used.”®*’ It
is a matter of debate whether laborious and time-consuming
diuretic loading tests are required for diagnostic purposes.
Moreover, it should be noted that the pharmacological block-
ade of compensatory mechanisms may cause almost total fail-
ure of salt reabsorption in the tubule of the patients. Recently,
comprehensive analysis of BS and GS related genes have
become widely available and the importance of diuretic load-
ing tests for the diagnostic purpose is rapidly decreasing.

Gene test

Genetic testing is the most important approach for diagnosing
inherited salt-losing tubulopathy. A comprehensive analysis of
BS- and GS-causative genes and other genes, such as CASR,
HNFIB, SLC26A3, CFTR, and KCNJ10, using next-generation
sequencers has become widely available. As a result, ordering
a gene test in such cases is relatively easy.

Diagnosis of pseudo-BS/GS

About half of pseudo-BS/GS cases have a history of prolonged
laxative or diuretic abuse, and anorexia, excessive dieting, or
alcoholism may be associated with this condition.”® In such
cases, improvement of hypokalemia often takes a long time,
sometimes several years after onset. It should be noted that
there are many pseudo-BS/GS cases in which the mechanism
of onset is unknown, even if a detailed inquiry has been car-
ried out, and the diagnosis is very difficult in these cases.
However, these cases are usually female with a relatively low
BMI and tend to show lower eGFR.'? In addition, congenital
renal tubular diseases, such as autosomal dominant hypocal-
cemia, HNF'1B-related nephropathy, cystic fibrosis, congenital
chloride diarrhea, nephronophthisis, Dent’s disease, mitochon-
drial disease, or CAKUT, can cause similar conditions. In
such cases, differentiation from BS/GS is important.

Treatment

One common therapeutic approach in both loop and DCT dis-
orders is to replace as much urinary loss as possible. Other
than that, according to the different tubular segments and
pathophysiology, the therapeutic management differs consider-
ably between these two tubular disorders.

Regarding loop disorders (antenatal/neonatal BS) in the
neonatal period, adequate replacement of salt and water as
well as the co-medication with NSAID (indomethacin) are
essential to prevent massive diuresis and shock. However,
close monitoring of fluid intake and urine output is essential
to prevent fluid overload or renal failure.
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With regard to DCT or GS-like disorders, besides a salt-
and potassium-rich diet, early magnesium supplementation is
imperative for effective treatment and prevention of compli-
cated hypokalemia. Indomethacin and other NSAIDs are less
efficient in GS-like disorders than in antenatal/neonatal BS.
This might be explained by mean urinary PGE2-excretion of
close to normal. Thus, NSAID therapy is generally not recom-
mended in DCT disorders. However, in some patients with
increased PGE activity shows favorable response to indo-
methacin. In such cases, urinary PGE2 excretion and/or at
least renin activity may be monitored and the indomethacin
dose should be adjusted accordingly. Failure to thrive gener-
ally can then be prevented. Moreover, with the introduction of
indomethacin therapy, the growth of very young infants as
well as older children with BS has improved considerably.
NSAID treatment creates gastrointestinal side effects, espe-
cially when patients are getting older. Renal toxicity specific
to indomethacin, however, has rarely been observed in infancy
and childhood.*

Antenatal/neonatal BS

In the neonatal period and the infantile period, the comorbidity
of dehydration can also readily develop, for which water sup-
plementation and electrolyte correction are necessary. Maintain-
ing appropriate serum potassium levels via potassium
supplementation is necessary. Treatment with NSAIDs should
be started to reduce urine volume, improve hypokalemia, and
improve failure to thrive. However, gastrointestinal side effects
such as intestinal perforation have been reported.>® In addition,
this condition is often accompanied by growth disorder and
short stature, and if it is not improved by the correction of elec-
trolytes, growth hormone deficiency should be suspected. Renal
failure may progress, which can be derived from the adverse
effects of NSAIDs.>? However, renal failure has been reported
even in patients who have not received NSAIDs.'> Although
the necessity of nephrectomy at the time of transplantation is
unknown, it has been reported that the prognosis was good
without nephrectomy, and hypertension was not shown.”*

Antenatal/neonatal BS with hearing loss

Antenatal/neonatal BS with hearing loss typically has the most
severe presentation and is associated with severe dehydration
from the neonatal period. Affected neonates and infants require
large fluid volumes and electrolyte correction, and NSAIDs are
almost always ineffective.”®*” Bilateral nephrectomy and peri-
toneal dialysis can be proposed to save the patient’s life in sev-
ere cases with severe growth disturbance, for which correction
of dehydration is difficult>®> Renal dysfunction progresses
rapidly and the prognosis is far from favorable.

Classic BS

The basis of the treatment for classic BS is to correct the
serum potassium level. When the control of polyuria,



hypokalemia, or failure to thrive is difficult, treatment by
NSAIDs should be started, as well as in antenatal/neonatal
BS. Treatment with NSAIDs is almost always very effective,
providing better electrolyte control, better polyuria control,
and improved growth retardation. Patients with a short stature
who do not improve with electrolyte correction alone may pre-
sent with growth hormone deficiency and may require treat-
ment with a growth hormone.

Gitelman syndrome

In addition to potassium supplementation, in cases with hypo-
magnesemia, magnesium supplementation should be added. In
addition, NSAIDs are effective if electrolyte control or clinical
improvement is inadequate.56 GS may be complicated by long
QT syndrome.*>” Caution should be taken when administer-
ing drugs with additional long QT side effects.

The border between Bartter and Gitelman syndrome

BS and GS have been classified on the basis of the localiza-
tion of causative channels or transporters or clinical settings as
follows:

1. BS is caused by dysfunction of channels or transporters in
TAL and GS is caused by dysfunction of a transporter in
distal tubule.

2. Laboratory data (serum magnesium and urinary calcium
levels).

3. Age at onset.

However, as described above, the results of diuretic loading
tests showed that type 3 BS is mainly caused by NCCT dys-
function. In addition, cases with type 3 BS frequently present
hypomagnesemia and hypocalciuria.m Thus, type 3 BS should
instead be grouped into GS. Moreover, First clinical onset of
GS cases can begin even in the perinatal period.’*”® As a
result, some type 3 BS cases are clinically diagnosed as GS,
while GS cases with perinatal onset can be clinically diagnosed
with antenatal/neonatal BS. Clinicians, except for experts in
this field, can be confused by this complexity. It has been sug-
gested, therefore, that the terms BS and GS should be com-
bined into the common term “salt-losing tubulopathy”.'"'* We
think that this terminology is reasonable. We also propose that
cases with tubulopathies and hypokalemia and metabolic alka-
losis should be referred to as ‘“‘salt-losing tubulopathy.” How-
ever, the disease names “Bartter syndrome” and “Gitelman
syndrome” are already familiar and widely used. Thus, cases
with a genetic diagnosis and that have already been genotyped
can be called type 1 to 5 BS or GS.

Suggestion of using a term “salt-losing disorder” for
pseudo-BS/GS

The term pseudo-BS/GS does not reflect the true pathology
because most of pseudo-BS/GS are not tubulopathies. We
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propose to use the term “salt-losing disorder” instead of
pseudo-BS/GS. Actually, to use this term was suggested by a
reviewer during submission process. | really appreciate the
reviewer for this nice idea.

Conclusion

The clinical diagnosis of BS/GS and pseudo-BS/GS is extre-
mely difficult for clinicians who are not experts in this field.
Therefore, as experts in this field, we must try to clarify this
issue. We propose using the disease name “salt-losing tubu-
lopathy” for cases with tubulopathies accompanied by hypoka-
lemia and metabolic alkalosis until they have been genetically
diagnosed as type 1 to 5 BS or GS. This can avoid confusion
in a clinical setting.
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