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measurement of p-cell mass is presently possible only by autopsy.
It has recently been reported that antagonistic probes as well as
agonistic probes are useful for molecular imaging by targeting pep-
tide receptors {18]. In the present study, we demonstrate for the
first time that the GLP-1R antagonist exendin(9-39) is a potential
probe for the imaging of pancreatic p-cells.
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Introduction

ABSTRACT

Aim; Glucagon-like peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP) are major incretins associated
with body weight regulation. Dipeptidyl peptidase-IV (DPP-1V) inhibitor increases plasma active GLP-1 and
GIP. However, the magnitude of the effects of enhanced GLP-1 and GIP signaling by long-term DPP-1V
inhibition on body weight and insulin secretion has not been determined. In this study, we compared the
effects of long-terin DPP-IV inhibition on body composition and insulin secretion of high fat diet (HFD)-fed
wild-type (WT) and GLP-1R knockout (GLP-1R /) mice.
Main methods: HFD-fed WT and GLP-1R~/~ mice were treated with or without DPP-IV inhibitor by drinking
water. Food and water intake and: body weight were measured during 8 weeks of study. CT-based body
composition analysis, Oral glucose tolerance test (OGTT), batch incubation study for insulin secretion and
quartitative RT-PCR for expression of incretin receptors.in isolated islets were performed at the end of study.
Key findings: DPP-1V inhibitor had no effect on food and water intake and body weight, but increased body fat
mass in GLP-1R™/"" mice. DPP-IV. inhibitor-treated WT and GLP-1R™/" mice both showed increased insulin
secrétion in OGTT. In isolated islets of DPP-1V' inhibitor-treated WT and GLP-1R ™/~ mice, glucose-induced
insulin secretion was increased and insulin secretion in response to GLP-1 or GIP was preserved; without
downregulation of incretin receptor expression.
Significance: Long-term DPP-IV inhibition may maintain body composition through counteracting effects of
GLP-1 and GIP while improving glucose tolerance by increasing glucose-induced insulin secretion through
the synergistic effects of GLP-1 and GIP:

© 2009 Elsevier Inc. All rights reserved.

(Willms. et al. 1996), decreases body: weight through suppression of
appetite (Turton et al. 1996), and suppresses B-cell apoptosis (Toyoda

Oral glucose administration leads to much greater insulin release than
the equivalent intravenous glucose challenge. Gut hormonal substances
released in response to: glucose include the incretins glucagon-like
peptide-1 (GLP-1) and gastric inhibitory polypeptide. /glucose-depen-
dent insulinotropic peptide (GIP), which are responsible for ~50% of
postprandial insulin release. GLP-1 and GIP potentiate glucose-induced
insulin: secretion from pancreatic f3-cells by binding their respective
receptors and subsequently increasing the intracellular cAMP concentra-
tion. In addition to their action on the enteroinsular axis, GLP-1 inhibits
glucagon: secretion (Komatsu et al. 1989), delays gastric’ emptying

* Corresponding’ author. Department of Diabetes and Clinical’ Nutrition, Graduate
School of Medicine, Kyoto University, 54 Shogoin Kawahara-cho, Sakyo-ku, Kyoto 606+
8507, Japan. Tel.: +8175 751 3560; fax: +81 75 751 4244.

E-mail-address: inagki@metab.kuhp.kyoto-u.acjp {N. Inagaki).

0024-3205/$ - see front matter © 2009 Elsevier Inc. All rights reserved..
doii10.1016/j.1f5.2009.03.022

et al. 2008), while GIP enhances energy storage in adipocytes (Miyawaki
et al. 2002) and calcium accumulation in bone (Tsukiyama et al. 2006).
Thus, the incretins are associated: with various systems of metabolic
homeostasis, including that of both glucose and body weight.

However, the effects of GLP-1 and GIP are limited by their short half-
life of a few minutes, which is primarily due to the action of dipeptidyl
peptidase-1V (DPP-1V). DPP-1V is an enzyme distributed throughout the
body including plasma and the endothelial lining of several organs, and
cleaves two amino acids of biologically active peptides including GEP-1
and GIP by recognizing proline or alanine in the second N-terminal
amino acid. The resulting N-terminal-truncated forms of GLP-1 and GIP
are devoid of bioactivity. Since DPP-IV-deficient rodents show improved
glucose tolerance and increased insulin secretion with elevated plasma
active GLP-1 levels. after oral glucose loading: (Marguet et al. 2000;
Nagakura et al. 2001), DPP-IV inhibitor and DPP-IV-resistant GLP-1
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receptor agonist are potential targets for the treatment of type 2 diabetes
mellitus as a new class of antidiabetic agent. GLP-1 receptor agonist both
increases insulin secretion and improves glucose tolerance and
decreases body weight in rodents and humans (Szayna et al. 2000;
Buse et al. 2004). DPP-1V inhibitor aiso increases insulin secretion and
improves glucose tolerance, but its effect on body weight is controversial
(Pospisilik et al. 2002; Lamont and Drucker 2008; Reimer et al. 2002;
Ahrén et al. 2002). It is reported that DPP-IV inhibitor do not increase
insulin secretion after glucose loading in GLP-1 receptor (GLP-1R)/GIP
receptor (GIPR) double knockout (DIRKO) mice, indicating that both
GLP-1 and GIP are critically involved in the insulinotropic action of long-
term DPP-IV inhibition (Flock et al. 2007). However, the magnitude of
the effects of enhanced GLP-1 and GIP signaling by long-term DPP-IV
inhibition on body weight and insulin secretion has not been
determined.

In the present study, we investigated the long-term effects of DPP-IV
inhibition on body composition and insulin secretion using high fat diet
(HFD)-fed wild-type (WT) and GLP-1R knockout (GLP-1R™/~) mice.

Materials and methods
Animals

Mice (C57BL/6 background) were housed under a light/dark cycle
of 12 h with free access to food and water. As ingestion of a meal rich
in fat is a strong stimulus of incretin signaling (Harada et al. 2008),
male WT and GLP-1R~/~ mice were fed a high fat diet (45% fat, 20%
protein and 35% carbohydrate by energy) from 7 weeks of age. Groups
of treated HFD-fed WT and GLP-1R~/~ mice received DPP-1V inhibitor
in drinking water {0.5% W/V), while groups of untreated HFD-fed WT
and: GLP-1R™/~ mice received drinking. water without. DPP-IV
inhibitor. All the GLP-1R~/~ mice were genotyped by Southern blot
analysis: The DPP-1V inhibitor, provided by Taisho Pharmaceutical Co.,
Ltd., showed an inhibitory action on DPP-IV. enzymatic activity against
substrate ' H-Gly-Pro-7-amino-4-methyl ‘coumarin  (Gly-Pro-AMC)
with ICsp - (half ‘maximal ‘inhibitory concentration) of 0.0046 uM
(Fukushima et al. 2008); while its ICsq on DPP-8 and DPP-9 were only
1.34 uM and 0.527 uM, respectively (unpublished data). Throughout
the 8 weeks of study; water and food intake and body weight were
measured once every 3 days. All mice care and procedures. were
approved by the Animal Care Committee of Kyoto University.

CT-based body composition analysis

The WTand GLP-1R~/~ mice treated with or without DPP-1V inhibi-
tor for 8 weeks were anesthetized and scanned along the body axis using
LaTheta (LCT-100M): experimental animal CT system (Aloka, Tokyo,
Japan). Contiguous 1-mm slice images of the whole abdominal cavity
were used for quantitative assessment using LaTheta software (version
1.00). Weights of total fat mass; which comprises visceral fat mass and
subcutaneous fat mass, and lean mass were quantitatively evaluated.

Oral glucose tolerance test (OGIT)

The WT and GLP:IR~/~ 'mice treated with or: without DPP-IV
inhibitor for 8 weeks were fasted for 16 h and administered gliucose
(2 g/kg weight body) orally. Blood was collected from the orbital sinus
of the mice at the indicated times (0, 15,30, 60 and 120 min after
glucose loading). Blood glucose levels were measured by the enzyme-
electrode method. Plasma insulin levels were measured using an
ELISA kit (Shibayagi, Gunma, Japan).

Measurement of plasmia active GLP-1 levels and DPP-IV activity

For measurement of active GLP-1 levels, blood collected at 15 min
after oral glucose loading was mixed with 2% EDTA- 4Na and 1% DPP-

IV inhibitor (Linco Research, St Charles, MO). Active GLP-1 levels in
plasma obtained by centrifugation (2000x g, 10 min, 4 °C) were
measured using an active GLP-1 (7-36) ELISA kit (Linco Research).

Plasma DPP-1V activity was measured using a published method
(Fukushima et al. 2008). In brief, 12.5 pul of plasma in duplicate was
incubated with 37.5 pl of substrate cocktail (66.7 uM Gly-Pro-AMC,
25 mM HEPES, 140 mM Nacl, 26.6 mM MgCl,, and 1% (w/v) BSA, pH
7.8) in the dark at room temperature for 5 min. The reaction was
stopped by addition of 50 pl of 25% (v/v) acetic acid. Fluorescence was
measured using a spectrofluorometer at excitation 360 nm/emission
465 nm. A standard curve was drawn using free AMC in standard
buffer (25 mM HEPES, 140 mM Na(l, 20 mM MgCl,, 1% (w/v) BSA, pH
7.8). DPP-1V activity (mU) is shown as the AMC (M) generated in 1 ml
plasma for 1 min of reaction time,

Measurement of insulin secretion in isolated islets

Islets were isolated from mice and preincubated at 37 °C for 30 min
in 20 ml of Krebs-Ringer bicarbonate buffer (KRBB; 120 mM Na(l,
4.7 mM KCl, 1.2 mM MgS0,, 1.2 mM KH,POy4, 2.4 mM CaCl,, 20 mM
NaHCO3) supplemented with 10 mM HEPES and 0.2% (w/v) BSA and
gassed with a mixture of 95% O, and 5% CO, (KRBB medium)
containing 2.8 mM glucose. 10 size-matched islets collected in each
tube were incubated at 37 °C for 30 min in 700 pl of KRBB medium
containing 2.8 mM or 11.1 mM glucose with or without incretin
peptides (100°' nM human GLP-1 or 100 nM human GIP (Peptide
Institute, Inc. Osaka, Japan)). Islets were then pelleted by centrifuga-
tion (9000 x g, 2 min, 4 °C) and aliquots of the buffer were sampled.
The amount of immunoreactive insulin was determined. by radio-
immunoassay . (RIA). To determine insulin content, islets were
homogenized: in. 400 pl acid-ethanol (37% HCl in 75% ethanol,
15:1000 (v/v)) and extracted at 4 °C overnight; The acidic extracts
were ‘dried- by vacuum, reconstituted, and subjected to insulin
measurement.

Measurement of mRNA expression of GLP-1R and GIPR in isolated islets

Measurement of mRNA expression of GLP-1R and GIPR was performed
by quantitative RT-PCR as described previously (Harada et al. 2008).
Briefly, total RNA was extracted from isolated islets with RNeasy mini kit
(Qiagen, Valencia, CA) and treated with DNase (Qiagen). First strand cDNA
was synthesized by SuperScript™ II' Reverse Transcriptase: system
(Invitrogens, Grand Island, NY) according to manufacturer’s instructions.
SYBER Green PCR Master Mix (Applied Biosystems) was prepared for the
PCR run. The PCR included 2 min at 50.°C and 10 min at 90 °C, followed
by 50 cycles at 95 °C for 15 s and at 60 °C for T minute. The sequences of
GLP-1R primers were 5-CAACCGGACCTTTGATGACTA-3’ and- 5'-
GCTGTGCAGAACCGGTACAC-3; the sequences of GIPR primers were 5'-
CCTCCACTGGTCCCTACAC-3" and 5'-GATAAACACCCTCCACCAGTAG-3'; the
sequences of GAPDH primers were 5-AAATGGTGAAGGTCGGTGTG-3" and
5'-TCGITGATGGCAACAATCTC-3".

Statistical analyses

Data are expressed: as. means- SE. Statistical “analyses were
performed by ANOVA and unpaired student's t test. P values<0.05
were considered significant.

Results

Body. weight and body: composition of DPP-1V inhibitor-treated
HFD-fed mice

Water intake, food intake, and body weight of HFD-fed WT and
GLP-1R~/~ mice with or without: DPP-IV. inhibitor ‘administration
were measured. In- WT mice, water and food intake in DPP-IV.
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inhibitor-treated and untreated mice were similar during the 8 weeks
of the study (Fig. 1A). In GLP-1R~/~ mice, water and food intake in
DPP-IV inhibitor-treated and untreated mice also were similar
(Fig. 1A). A significant difference in body weight between DPP-IV
inhibitor-untreated WT and GLP-1R~/~ mice appeared from the 36th
day (30.9 + 1.3 gvs. 27.0 £ 0.6 g, P<0.05) (Fig. 1B). Body weight of WT
mice and GLP-1R™/~ mice was unaffected by DPP-IV inhibitor
treatment during the 8 weeks of the study. To measure the effect of
DPP-1V inhibitor on body composition, CT-based analysis was
performed (Fig. 1C). In WT mice, there was no significant difference
in body fat ratio between DPP-1V inhibitor-treated and untreated mice.
However, the body fat ratio of DPP-IV inhibitor-treated GLP-IR™/~
mice was significantly increased compared with that of untreated
GLP-1R~/~ mice (44.13 + 1.55 vs. 32.60 + 3.50, P<0.05).

OGTT of DPP-1V inhibitor-treated mice

In OGTT, blood glucose levels at 30 and 60 min were significantly
lower in DPP-IV inhibitor-treated WT and GLP-1R™/~ mice com-
pared to those in untreated WT and GLP-IR™/~ mice, respectively
(Fig. 2A). In.-WT mice, the plasma insulin level of DPP-1V inhibitor-
treated mice was 2.3 times higher at 15 min than that of untreated
control mice (P<0.05), while in GLP-1IR~/~ mice, the plasma insulin
levels of DPP-1V inhibitor-treated mice were 1.6 and 1.4 times higher
at 15 and 30 min than those of untreated control mice, respectively
(P<0.05) (Fig. 2B). In addition, the plasma insulin level of DPP-IV
inhibitor-treated WT mice was 1.6 times higher at 15 min compared
with that of DPP-IV inhibitor-treated GLP=1R™/~ mice (P<0.05)
(Fig: 2B).

We also measured plasma DPP-IV activity and active GLP-1
levels in WT and GLP-IR~/~ mice at 15 min by OGTT. 75-80% of
plasma: DPP-IV-activity in both ‘untreated- WT and GLP-1R™/~ mice
was inhibited by DPP-1V inhibitor treatment (Fig. 2C). Plasma levelsof
active GLP-1 were significantly elevated in DPP-IV. inhibitor-treated
WT and GLP:1R™/~ 'mice compared to:those in the respective
untreated mice (Fig.-2D).
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Insulin secretion and incretin receptor expression of islets isolated from
DPP-1V inhibitor-treated mice

To determine insulin secretion in response to glucose and GLP-1
and GIP, batch incubation experiments were performed using islets
isolated from WT and GLP-1R~/~ mice after 8 weeks of treatment
(Fig. 3A). In islets of WT mice, insulin secretion in response to 2.8 mM
glucose was similar in DPP-1V inhibitor-treated and untreated mice.
However, insulin secretion in response to 11.1 mM glucose, 11.1 mM
glucose with GLP-1, and 11.1 mM glucose with GIP was significantly
higher in DPP-IV inhibitor-treated mice than those in untreated mice.
In addition, both GLP-1 and GIP augmented insulin secretion in the
presence of 111 mM glucose in both DPP-1V inhibitor-treated and
untreated mice. In islets of GLP-JR~/~ mice, as in those of WT mice,
insulin secretion in response to 2.8 mM glucose was similar in DPP-IV
inhibitor-treated and untreated mice, and insulin secretion in
response to 1.1 mM glucose, 111 mM glucose with GLP-1, and
11.1 mM glucose with GIP was significantly higher in DPP-1V inhibitor-
treated mice than those in untreated mice, However, in GLP-1R™/~
mice, potentiation of insulin secretion by incretin in the presence of
111 mM glucose was observed only by GIP and not by GLP-1 in both
DPP-IV inhibitor-treated and untreated mice. Insulin content was
similar among all groups of mice {data not shown).

To determine the effect of DPP-1V inhibitor treatment on the mRNA
expression of GLP-1R and GIPR in islets, we performed quantitative
RT-PCR after 8 weeks of study (Fig. 3B). The mRNA expression levels of
GLP-1R and GIPR in DPP-1V inhibitor-treated and untreated WT mice
were similar, as were total mRNA expression levels of GIPR in DPP-IV
inhibitor-treated and untreated GLP-1R™/~ mice.

Discussion

In the present study, we evaluated body composition and glucose
control in the absence of the GLP-1 signaling using GLP-1R™/~ mice
treated with DPP-IV: inhibitor: for '8 weeks to clarify GLP-1 and GIP
action under long-term DPP-IV inhibition.
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Fig. 1. Water and food intake;, body weight and CT-based body composition analysis. (A) Water intake (left) and food intake (right) of WT and GLP-TR™> mice treated with (filled) or
without {open) DPP-IV inhibitor at the last week of study (average of 1 day). (B) Body weight change of WT (circle) and GLP- 1R~/ (square) mice treated with (filled) or without
(open) DPP-IV inhibitor. (C) CT-based body composition analysis of WT (upper) and GLP:1R =/~ (lower) micé treated with: (filled} or without (open) DPP-IV inhibitor. Fat ratio
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HFD-fed DPP-1V-deficient rodents exhibit reduced food intake and
resistance to development of obesity with elevated active GLP-1 levels
(Yasuda et al. 2002; Conarello et al: 2003),'and DPP-IV:-inhibitor has
been showni to rediice body weight in some: previous studies-using
rodent models (Pospisilik et al. 2002; Lamont and Drucker 2008).In
the present study, no- alteration in body weight was found
after 8 weeks of DPP-1V inhibitor treatment either in'HFD-fed WT or
GLP-1R™/~ mice; although 75-80% of plasma DPP-IV: activity was
inhibited and plasma active GLP-1 levels were significantly elevated
after’ oral glucose loading. However, CI-based body:composition
analysis revealed that DPP-1V inhibitor treatment increased body fat
mass in GLP-1R™/™ mice but not in WT mice. DPP-IV is well known to
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be involved in inactivation of both GLP-1 and GIP, and plasma active
GIP levels are elevated by treatment of DPP-1V inhibitor (Deacon et al.
2001);:The receptor for: GIP, differently from: that for: GLP-1, is
expressed in adipocytes, and GIP directly facilitates energy accumula-
tion in adipose tissue (Miyawaki et al. 2002; Naitoh et al:-2008): Our
results suggest that fat accumulation is potentiated by fat-augmenting
factors including GIP in the absence of the GLP-1 signaling under long-
term DPP-1V inhibition. Thus, the lack of change in body weight and fat
mass in’ DPP-IV .inhibitor-treated WT mice may be- due to the
counteracting effects of enhanced: GLP-1 and GIP signaling. In
addition, GLP-1R~/~ mice ‘showed less body weight gain compared
to that of WT mice, consistent with the previous report on GLP-TR™/~
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Fig: 3. Functional study of isolated islets. (A) Insulin secretion from islets isolated from WT (left) and GLP=1R~/~ (right) mice treated with (filled) or without (open) DPP-1V inhibitor
after 8 weeks of study. Values are means & SE. *P<0,05 vs. untreated mice. ###P<0.05 vs. 11.1:mM glucose. (B) The mRNA expression of GLP-1R and GIPR in islets isolated from WT
and CLP-TR~/~ mice treated with (filled) or without (open) DPP-1V inhibitor. GLP-1R and GIPR mRNA levels were corrected for GAPDH mRNA levels, respectively. Data of DPP-IV.
inhibitor-treated mice is shown relative to untreated mice. Values are means= SE: (n=>5-8).
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mice showing reduced body weight gain compared to that of WT
mice, possibly due to enhanced locomotor activity and increased
energy expenditure (Hansotia et al. 2007).

GLP-1 and GIP both are clearly involved in the effects of long-term
DPP-1V inhibition on improved glucose tolerance, as DPP-1V inhibitor
fails to increase insulin secretion and decrease plasma glucose after
oral glucose loading in DIRKO mice (Flock et al. 2007). Our comparison
in the present study of GLP-IR™/~ mice and WT mice enables us to
estimate the magnitude of the effects of enhanced GLP-1 and GIP by
long-term DPP-1V inhibition on insulin secretion separately. Improved
glucose tolerance and increased plasma insulin with elevated active
GLP-1 levels were found in both DPP-IV inhibitor-treated WT and
GLP-1R~/~ mice by OGTT, indicating that GIP contributes to the
insulinotropic effects of long-term DPP-1V inhibition in GLP-1R™/~
mice. Moreover, blood insulin at 15 min in DPP-1V inhibitor-treated
GLP-1R™/~ mice was about half of that in DPP-IV inhibitor-treated
WT mice. These results confirm that GLP-1 and GIP are important
mediators of the insulinotropic effects of long-term DPP-IV inhibition.
In addition, insulin secretion from islets in response to 11.1 mM glucose
was increased in DPP-IV inhibitor-treated WT and GLP-1R™/~ mice,
indicating that glucose sensitivity of insulin secretion is augmented by
long-term DPP-1V inhibitor administration unrelated to the GLP-1
signaling. However, the mechanism is not known. A recent report
found that the glucose sensitivity of insulin secretion in isolated islets of
mice improved after GLP-1 receptor agonist treatment due to
augmented cAMP-induced activation of protein kinase A (PKA) through
the GLP-1 receptor (Winzell and Ahrén 2008). It also was reported that
activated PKA due to GLP-1 signaling increased expression of transcrip-
tion factor pancreatic-duodenum homeobox-1 (PDX-1), translocation of
PDX-1 from cytoplasm to nucleus, and phosphorylation of glucose
transporter type 2 (GLUT2) in -cells (Wang et al. 2001; Thorens et al.
1996). Thus, the increased glucose sensitivity of insulin secretion in
islets unrelated to the GLP-1 signaling may be the result of augmented
GIP signaling due long-term DPP-1V inhibition through similar mechan-
isms. Further study is required to clarify the augmentation of glucose
sensitivity of islets after long-term DPP-1V inhibitor administration.

In addition to the plasma active incretin level, the expression of
incretin receptors in islets also influences their insulinotropic effect
(Lynn et al. 2001; Xu et al. 2007). Indeed, it has been reported that
continuous GLP-1 stimulation results in desensitization of GLP-1R,
which can subsequently reduce insulin secretion in response to GLP-1
in insulin-secreting cell lines (Widmann et al, 1996; Green et al. 2005).
However, the expression of GLP-1R and GIPR in islets did not change in
DPP-1V. inhibitor-treated mice in the present study. Furthermore,
insulin secretion in response-to incretins was maintained in the islets
of DPP-1V inhibitor-treated mice, demonstrating that sensitivity of the
incretin receptors did not decrease even after 8 weeks of continuous
incretin stimulation. These results suggest that the action of DPP-IV
inhibitor in-glucose control is preserved during long-term: DPP-IV
inhibitor administration.

Conclusion

Long-term DPP-IV- inhibition” does not alter body composition,
possibly due to the counteracting effects of enhanced GLP-1 and GIP,
but does improve glucose tolerance through the synergistic insulino-
tropic effects of enhanced GLP-1- and GIP; as well as by improved
glucose responsiveness in pancreatic islets.
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Abstract

Background and Aim: We encounter hyper-3-oxo-A* bile aciduria in patients with severe
cholestatic liver disease or fulminant liver failure during the neonatal period. However,
simply by bile acid analysis, it is difficult to distinguish hyper-3-oxo-A* bile aciduria from
primary 3-oxo-At-steroid 5B-reductase deficiency.

Methods: To determine whether 3-o0xo-A*-steroid 5B-rediictase (SRDSB1) gene analysis is
required for the accurate diagnosis of 3-oxo0-A*-steroid 5B-reductase deficiency, we evalu-
ated the laboratory data, bile acid analysis and SRD5B ! gene analysis from six patients with
hyper-3-oxo-A? bile aciduria.

Results: Based upon the resuits, four patients who had developed neonatal liver failure
were diagnosed as having neonatal hemochromatosis. Two patients with chronic cholesta-
sis were diagnosed as having primary 3-oxo-A*-steroid 5B-reductase deficiency by SRD5BI
gene analysis. The SRD5BI gene in these two patients had-a heterozygous. mutation,
G737A (Gly 223 Glu) in one patient and C217T (Arg 50 stop) in the other.
Conclusions: Based upon our limited data, we conclude that SDR5B1 gene analysis is
required for the accurate diagnosis of 3-oxo-A*-steroid 5B-reductase deficiency. Moreover,
we think that it is important to elucidate whether there is a heterozygous or a compound
heterozygous mutation of the SRD5BI gene in our two patients.
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(SRD5B1 or AKR1D1) on chromosome 7¢32-33° to establish the

Introduction X .
diagnosis.

We often encounter hyper-3-oxo-A* bile aciduria in children with
severe cholestatic liver disease or fulminant liver failure during
the neonatal’ period.™ When greater than 75% of the total bile
acids in the urine of patients’ with cholestasis consist of 3-0x0-A*
bile ‘acids, 3-oxo-A'-steroid ‘5B-reductase deficiency should be
suspected’ (Fig. 1). However; using clinical symiptoms, such as
the absence of pruritus despite the presence of conjugated hyper-
bilirubinemia; or using laboratory data such as a normal value of
v-glutamyltransferase (GGT) activity, or total bile acid concen-
tration by enzymatic assay using 3o-hydroxysteroid dehydroge-
nase, or by analysis of bile acids using gas chromatography-mass
spectrometry  (GC-MS), it is difficult to- distinguish  primary
3-oxo-Atsteroid SB-reductase deficiency from a variety of other
cholestatic liver diseases causing hyper-3<0xo-A? bile aciduria;
Therefore; we attempted to assess. whether it is necessary to
carry - out' gene: - analysis of - 3-oxo-A'-steroid: - 5B-reductase

776

To date, only - five patients. with - primary - 3-oxo-A*steroid
5pB-reductase deficiency ‘have been reported in the literature.”s In
this disease, if the diagnosis is delayed, primary bile acid treatment
cannot be carried out™® and patients suffer a poor clinical outcome
as a result

In the present study, we report the results of SRDSBI gene
analysis in" six patients with hyper-3-oxo-A* bile aciduria who
were: ‘recently treated at Kurume, Kyoto, Kagawa;: Gunma and
Taiwan university hospitals. Moreover, we examined the clinical
symptoms; laboratory data and liver histological findings between
primary and secondary 3-ox0-A'-steroid 5B-reductase deficiency.

Methods

We evaluated six patients: who developed: hyper-3-oxo0-A* bile
acidutia between August 2002 and July 2007.:Their clinical

Journal of Gastroenterology and Hepatology 24 {2009): 776785 © 2008 The: Authors
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Figure 1 Effect of a defect of 3-oxo-A*steroid 6f-reductase. Reduced synthesis of primary bile acids from cholesterol and increased synthesis of
3-ox0-A? and allo-bile acids are shown in a flow chart of the classical pathway.

Table 1 Laboratory data of patients with hyper 3-:0x0-A* bile aciduria on admission

Patient (normal values) 1 2 3 4 5 6

Total bilirubin' (0.3<1.5 mg/dL} 11.5 4.9 255 1.9 11.3 16.2
Direct bilirubin (<0.6 mg/dL) 6.9 2.0 43 4.1 8.3 8.9
Aspartate aminotransferase (13-33 U/L) 29 45 474 1352 934 1180
Alanine aminotransferase (8-42 U/L) 4 6 321 1079 679 878
v-Glutamyltransferase {(10-47 U/L) 36 78 19 17 76 52
Total bile acids (<10 pmol/L) 69.4 28.4 204 14.4 2.7 19.8
Serum ammonia {12-66 pg/dL) 270 241 176 187 116 n.d.
Ferritin {(male: 23.0-183.0, female: 4.9-96.6 ng/mL)} n.d. n.d: 18 070 3763 120 n.d.
Prothrombin activity (60-130%) 29 n.d. 7 20 43 n.d.

Prothrombin time in patient 6 was 19.8 s.
n.d., not done.

symptoms,. laboratory- data, bile acid analysis by GC-MS, and
SRD5BI gene analysis were analyzed retro- and prospectively.

Case reports

Patient 1

At 35 weeks of gestational age, a Japanese boy was delivered by
emergency cesarean section with complications and fetal distress.
His birthweight was 1269 g. His mother had intrauterine growth
retardation and oligohydramnios at 32 weeks. of gestational age.
On his first physical examination, general remarkable findings,
such as periumbilical collateral vessel formation, also referred to
as caput medusa, were noted. He had developed fulminant liver
failure with: ‘hypoproteinemia- (total- protein: 3.2 g/dL;, -albumin
1.9:g/dL), : hypoglycemia’ (29 mg/dL), - jaundice,  respiratory

Journal of Gastroenterology and-Hepatology: 24 (2009) 776-785 © 2008 The Authors

distress. and-hypotension during his first day. of life. His serum
aminotransferase levels were normal although a severe coagulopa-
thy-and hyperammonemia: were present (Table 1). At 29 days of
age, - his serum . hyaluronic - acid - concentration. .was' elevated
(2020 ng/mL.). Thereafter, he died at 44 days of age due to mul-
tiorgan  failure.. Liver: pathological findings: at: autopsy. revealed
the- appearance. of ductular. metaplasia and. pericellular. fibrosis
(Fig-2).

Patient 2

The sister of patient 1 was born 1. year later at 30 weeks of gesta-
tional age by emergency cesarean section after severe intrauterine
growth retardation, oligohydramnios and fetal distress: were noted:
Her birthweight was 822 g: She developed severe hypoglycemia

1717
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Figure 2 Liver pathological findings of patient 1. The liver was very atrophic and irregularly shaped on the surface at autopsy. Microscopically, the
liver had extensive fibrosis, bile ductular proliferation of the surviving hepatocytes and extensive loss of hepatic parenchyma (hematoxylin and eosin
staining; magnification x40). The liver microscopic findings were very similar in patients 1 and 2.

(1 mg/dL), hypoproteinemia (total protein, 3.1 g/dL, albumin,
1.7 g/dL) and jaundice during her first day of life (her liver
functional tests are listed in Table 1). On abdominal CT scan,
ascites, an irregular liver edge and multiple low-density areas in
the liver were observed. At 12 days of age, her hyaluronic acid
concentration was elevated (4037 ng/mL). These findings sug-
gested liver cirrhosis. This patient died as a result of liver and heart
failure at 77 days of age. The liver pathological findings at autopsy
were similar to those of patient 1.

Patient 3

A Japanese girl was born to a 36-year-old woman by spontaneous
vaginal delivery without complication. Her birthweight was
3272 g. At 4 days of age, she was noticed to be deeply jaundiced
(total bilirubin, 19.9 mg/dL); thereafter, she was admitted to
Gunma Children’s Medical Center due to liver dysfunction. Her
admission laboratory studies are shown in Table 1. Her serum
aminotransferase levels gradually decreased after admission;
aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) fell to 22 U/L and 16 U/L, respectively at 10 days of age,
but she developed acute liver failure. Liver magnetic resonance
imaging (MRI) findings revealed a very low signal, especially on
the T>-weighted images. We suspected neonatal hemochromatosis
based upon the laboratory data and consulted her parents regarding
a living donor liver transplantation. However, her parents

778

refused. Despite medical treatment, she died as a result of liver
and respiratory failure at 32 days of age. The liver and pancreas
macroscopic pathological findings at autopsy revealed cirrhotic
severe atrophy and their color had changed to a brown, rust-like
hue. The liver microscopic findings showed massive hepatic
necrosis and the presence of hemosiderin granules in the meta-
plastic ductular epithelium (Fig. 3a,b). Positive hemosiderin
granules were present diffusely in myocardial (Fig. 3c) and pan-
creas cells (Fig. 3d).

Patient 4

A full-term Japanese boy was born to a 20-year-old woman by
cesarean section with cephalopelvic disproportion. His birth-
weight was 3814 g. At 14days of age, he had vomiting,
hepatosplenomegaly and liver dysfunction (Table 1). His serum
aminotransferase levels gradually decreased after admission; the
AST and ALT fell to 17 U/L and 13 U/L, respectively, at 17 days
of age. He developed fulminant liver failure. The results of
abdominal ultrasonography at 4 weeks of life revealed a small
liver with patent portal and hepatic veins and mild ascites. The
liver and pancreas MRI findings revealed a very low signal, espe-
cially on the T»-weighted images. He died as a result of liver
failure due to sepsis at 87 days of age. The liver microscopic
findings at autopsy resembled those of patient 3.

Journal of Gastroenterology and Hepatology 24 (2009) 776-785 © 2008 The Authors
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Figure 3 Liver pathological findings of patient 3. Microscopically, the liver specimen had extensive loss of hepatocytes with bile ductular proliferation
and the portal areas approached one another (a, hematoxylin and eosin staining; magnification x40). Hemosiderin was found predominantly in the
metaplastic ductular epithelium (b, Berlin blue stain; magnification x200). Positive hemosiderin granules are present diffusely in myocardial (c, Berlin
blue stain; magnification x200) and pancreas cells (d, Berlin blue stain; magnification x200). The liver microscopic findings of patient 4 were similar

to those of patient 3.

Patient 5

At 39 weeks of gestational age, a Japanese girl was born by spon-
taneous vaginal delivery without complication. Her birthweight
was 2770 g. She was noticed to be jaundiced at 4 weeks of age;
thereafter, her jaundice progressively worsened until 3 months of
age. She became deeply icteric, with pale stools and dark urine.
Her initial liver function tests on admission are shown in Table 1.
Ursodeoxycholic acid (UDCA) (5 mg/kg per day) treatment was
started immediately; thereafter, her serum bilirubin and ami-
notransferase levels gradually decreased (Fig. 4). However, we
detected hyper-3-oxo0-A* bile aciduria (Table 2). Accordingly, we
recommended primary bile acid treatment for a suspected inborn
error of bile acid synthesis. Her parents refused so we increased
the dose of UDCA (to 10 mg/kg per day). At 11 months of age,
her serum bilirubin and aminotransferase levels were within the

Journal of Gastroenterology and Hepatology 24 (2009) 776-785 © 2008 The Authors

normal range (Fig. 4). The serum concentration of the type IV
collagen 7s domain also decreased to 4.0 ng/mL (normal range,
<5.0 ng/mL) during UDCA treatment. However, we continued to
detect hyper-3-oxo-A* bile aciduria after UDCA treatment. The
liver biopsy microscopic findings at 8 months of age revealed giant
cell transformation with bridging fibrosis and ductular prolifera-
tion (Fig. 5). We detected a heterozygous mutation in this patient
(Fig. 6) by SRD5SBI gene analysis and recommended SRD5BI
gene analysis of the parents. However, her parents refused because
she was in good health without liver dysfunction. At present, this
patient remains in good health without any treatment.

Patient 6

A female Taiwanese infant with a birthweight of 3235 g was deliv-
ered at 38 weeks gestational age by spontaneous vaginal delivery

779

Journal compilation © 2008 Journal of Gastroenterology and Hepatology Foundation and Blackwell Publishing Asia Pty Ltd

_68._



3-Oxo-A*-steroid 5B-reductase deficiency | Ueki et al.
AST (U/L)
ALT (U/L)
1400 -14
Liver biopsy
700 -7
Figure 4 Clinical course of patient 5.
Response of the serum bilirubin and ami-
notransferase levels to treatment with UCDA
. r : ; ; - )
310 5110 mo 11 mo 0 in patient 5. ALT, alanine aminotransferase;

10 mg/kg/day

UDCA 5 mg/kg/day

AST, aspartate aminotransferase; D.BIl, direct
bilirubin; T.Bil, total bilirubin; UDCA, ursode-
oxycholic acid.

Table 2 Bile acid analysis of the serum and urine using GC-MS in patients with hyper 3-oxo-A* bile aciduria on admission

Patient 1 2 8 4 5-a 5-b 6-a 6-b 6-c

Serum Cholic acid (%) n.d. n.d. n.d. n.d. 1.6 n.d. n.d. n.d.
Chenodeoxycholic acid (%) 90.1 81.3 100.0 n.d. 7.1 17.5 99.2 791
Ursodeoxycholic acid (%) n.d. n.d. n.d. 34.3 n.d. 8.8 n.d. 20.9
Allo-cholic acid (%) n.d. n.d. n.d. n.d. 270 n.d. n.d. n.d.
Allo-chenodeoxycholic acid (%) 9.9 n.d. n.d. n.d. 17.9 n.d. n.d. n.d.
CA-A*-3-one (%) n.d. n.d. n.d. 27.2 17.6 n.d. n.d. n.d.
CDCA-A*-3-one (%) n.d. n.d. n.d. 38.4 6.8 737 n.d. n.d.
Others (%) n.d. 18.7 n.d. 0.1 22.0 n.d. 0.8 n.d.
Total bile acids (umol/L) 30.3 0.5 8.4 8.6 9.8 9.2 54.9 6.1

Urine Cholic acid (%) 4.4 5.5 n.d. 8.8 0.4 2% 0.1 0.2 3.6
Chenodeoxycholic acid (%) 2.4 n.d. 6.3 7L 0.4 0.1 1.1 435 222
Ursodeoxycholic acid (%) 0.1 2.9 0.4 n.d. 17.3 n.d. 8.2 0.2 247
Allo-cholic acid (%) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Allo-chenodeoxycholic acid (%) 0.7 n.d. 14.7 25 n.d. 0.3 n.d. n.d. n.d.
CA-A*-3-one (%) 5.1 48.3 n.d. n.d. 64.7 87.6 51.0 18.8 7.6
CDCA-A*-3-one (%) 86.2 40.9 63.3 734 14.3 6.5 35.8 277 15.8
Others (%) 1.1 2.4 15.3 7.9 2.9 3.4 3.8 9.6 26.1
Total bile acids (umol/mmol Cr) 57.9 4.6 5.1 6.2 169.1 1141 53.1 174.7 0.8

5-b, after the end of ursodeoxycholic acid (UDCA) treatment in patient 5 at 12 months of age; 6-a, before chenodeoxycholic acid treatment in patient
6 at 3 months of age; 6-b, 7 days after starting chenodeoxycholic acid treatment in patient 6 at 3 months of age; 6-c, mother of patient 6; we did not
carry out a serum bile acid analysis in patient 3; CA-A*-3-one, 7a,12a-dihydroxy-3-oxo-4-cholenoic acid; CDCA-A*-3-one, 7a-hydroxy-3-oxo-4-cholenoic
acid; n.d., not detected; 5-a, during UDCA treatment in patient 5 at 8 months of age.

after an uneventful pregnancy. At 2 months of age, the patient was

referred to Taiwan University Hospital with a chief complaint of

progressive jaundice (16.8 mg/dL). The stool color was light
yellow. The jaundice present since birth was initially mild. Her
initial physical examination on admission was nearly unremark-
able without hepatosplenomegaly, jaundice or dark urine. Her
liver functional tests at admission are shown in Table 1. Serial
technetium-99m  (**"Tc)-DISIDA cholescintigraphy revealed
visualization of intestinal radioactivity at 4.5 h postinjection. We
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started primary bile acid treatment with chenodeoxycholic acid
(CDCA) (12 mg/kg per day) after analyzing her bile acids using
GC-MS and her SRD5BI gene because we detected hyper
3-ox0-A* bile aciduria (Table 2). A heterozygous mutation of the
SRD5BI gene was found (Fig. 7). One month following the onset
of CDCA administration, her total bilirubin and ALT levels
decreased from 17.9 mg/dL. and 342 U/L to 9.7 mg/dL and
235 U/L, respectively. CDCA treatment has continued until the
present time. Her liver microscopic biopsy findings at 5 months of
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Figure5 Liver pathological findings of
patient 5. Liver biopsy specimen from patient
5 at 8 months shows lobular disarray resulting
from extensive giant cell transformation
(hematoxylin and eosin staining; magnifica-
tion x100) and consistent with cirrhosis
showing wide fibrotic bands at the portal
areas (Azan stain; magnification x50). Bile
ductular proliferation was noted. The liver
microscopic findings of patient 6 were very
similar to those of patient 5.

age revealed giant cell hepatitis with fibrosis similar to that of
patient 5. Unfortunately, her liver function subsequently deterio-
rated and she was admitted to Taiwan University Hospital to be
prepared for liver transplantation.

Patients 14 in the present study were treated with supportive
care, such as blood exchange, administration of fresh frozen
plasma, vitamin K and antibiotics. In all patients, the serum
antibody titers showed no evidence of infection with hepatitis
B or C virus, herpes simplex virus, Epstein—-Barr virus or
cytomegalovirus.

The parents of patients 1-6 were also in good health without
liver dysfunction. However, in the mother of patient 6, we detected
a high percentage of 3-oxo-A* bile acids relative to total bile acids
(23.4%) in her urine (Table 2). Her liver functional tests were
normal, including AST (17 U/L), ALT (7 U/L), total bilirubin
(0.4 mg/dL) and GGT (7 U/L). Her GGT value was very low.

Qualitative and quantitative bile acid analysis

The serum and urine samples were collected and stored at —25°C
until analysis. The concentrations of the individual bile acids in the
urine were corrected for the creatinine (Cr) concentration and
expressed as umol/mmol of Cr.

After we synthesized some specific unusual bile acids, such as
3B-hydroxy-A®,! 3-0x0-A*"? and allo-bile acids," as seen in inborn
errors of bile acid synthesis, we routinely analyzed the bile acids in
the urine and serum by GC-MS using selected ion monitoring of
the characteristic fragments of the methyl ester-dimethylethylsilyl
ether-methoxime derivatives of the bile acids as described previ-
ously," after enzymatic hydrolysis (choloylglycine hydrolase 30
units) and solvolysis (sulfatase 150 units; Sigma Chemical Co.,
St Louis, MO, USA).

All the patients in this study had the bile acids in their serum and
urine analyzed using GC-MS on admission.

Journal of Gastroenterology and Hepatology 24 (2009) 776-785 © 2008 The Authors
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Genetic analysis

With informed consent, liver tissue (patients 1 and 2), blood
(patients 3, 5 and 6) and nails (patient 4) were collected from the
patients and parents of patient 6, as well as 103 healthy Asian
individuals. The genomic DNA was extracted from liver tissues,
peripheral leukocytes and nails using a QIAamp Mini Kit (Qiagen,
Hilden, Germany).

The DNA fragments spanning the nine coding regions of the
SRD5B1 genes were amplified by polymerase chain reaction
(PCR) using Gene Taq (Nippon Gene, Toyama, Japan) and nine
sets of primers (F1: 5-CTTTCTTTGATGGAATAGGC-3" and B1:
5-AGTAAGTCAATGAGATCTGC-3', F2: 5-TGTACATGCAA
AATGTCCTG-3’ and B2: 5'-ATGAGTGCAATTACACACAC-3’,
F3: 5 TTACAAAGAAAAAGGGGCTG-3" and B3: 5-CTTC
ATGCACATAGCTATTG-3’, F4: 5-GCTCACAATTATGAAGA
CTG-3’ and B4: 5-TCATTGAAAGTAAAGGGTGC-3’, F5: 5'-
TGCTTATTAACATACCCAGG-3" and BS5: 5-ATTTAGGTGG
AGCAATCATG-3’, F6: 5-AATTGCATTCAACAACGTGG-3’
and B6: 5-AACCAAAAGGCATTCCAATC-3, F7: 5-GAGG
AGGATGGTTTATTAAC-3" and B7: 5-GGTTTCCTATTAAG
CTGAAC-3’, F8: 5-TTCATACATCTTTGGAAGGC-3" and BS:
5“TCAGGCATGTTAACATTCAG-3", F9: 5-AACAGCAGAGG
AATGAATAG-3" and B9: 5-AACCCTCTCTCTTCATTTTC-3")
to obtain the optimal length of DNA fragments suitable for direct
sequence analysis.'> The temperature program included an initial
denaturation step of 94°C for 2 min followed by 30 cycles
of a denaturation step of 94°C for 1 min, annealing at 59°C for
1 min, and extension at 72°C for 1 min. A final extension step of
72°C for 10 min was used using a T3 thermocycler (Whatman,
Kent UK).

After enzyme processing with ExoSAP-IT (USB Co., Cleve-
land, OH, USA), direct sequencing of the amplified PCR products
was carried out with the DTCS Quick Start Kit (Beckman Coulter,
Fullerton, CA, USA) according to the manufacturer’s protocol,
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Figure 6 DNA analysis in patient 5 and a healthy control. (a) Genomic
DNA sequence of the 3-oxo-A*-steroid 5B-reductase gene. The position
of the nucleotide sequence in the mutation is shown with arrows. The
arrow identifies G/A in the patient and G in a control subject. The
reverse-strand sequence showed the same result. This represents a
CGA-to-TGA mutation, affecting glycine at position 223, where it is
replaced by glutamate. Such a nucleotide substitution was not observed
in the 103 controls (the wild-type nucleotide ‘G’ is seen in the control
example). (b) Digestion of amplified SDR5B1 exon 6 polymerase chain
reaction (PCR) fragment with Avall. To screen for the novel G-to-A
mutation at nucleotide 737, we amplified the PCR products of SRD5B1
gene exon 6. The PCR products from the healthy control allele were
digested by the Avall enzyme (at G/GWCC, W. A or T) into two frag-
ments, whereas the mutant form of the allele was not digested. The
patient was confirmed to be heterozygous for G-to-A substitution, as he
showed digested and non-digested fragments.

using the same primers as for PCR amplification. The sequencing
reaction product was analyzed electrophoretically, using a
SEQ2000XL analyzer (Beckman Coulter).

Once the two putative mutations were found, six patients, the
parents of patient 6 and 103 healthy Asian individuals were
screened for these two mutations by digesting the appropriate PCR
fragment with a restriction enzyme. Avall (Takara, Shiga, Japan)
was used to recognize the G/GW (A or T) CC sequence in the exon
6 PCR fragment for the mutation found in patient 6, while Kpnl
(Takara, Shiga, Japan) was used to recognize the GGTAC/C
sequence in the exon 2 PCR fragment for the mutation found in
patient 5. The restricted DNA fragments were separated by elec-
trophoresis on a 1.5% agarose gel and then stained with ethidium
bromide.
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Results

Patient profile and liver pathology

Patient profile and liver pathology are shown in Table 1 and
Figures 2, 3 and 5. Four patients, patients 1-4, developed neo-
natal liver failure, while the other patients, patients 5 and 6,
showed chronic cholestasis. Patients 1 and 2 immediately devel-
oped fulminant liver failure after emergency cesarean sections
due to fetal distress at late gestational age. Moreover, these
patients had complications evident during pregnancy, such as
intrauterine growth retardation and oligohydramnios, and did not
have an elevated AST or ALT after birth. Patients 3 and 4 devel-
oped liver failure 1 or 2 weeks after delivery, respectively, with
elevated ferritin concentrations. All patients had severe jaundice
and abnormal prothrombin times except for one patient. The total
bile acid and GGT values were low in all but two patients,
patients 1 and 2 and patients 2 and 5, respectively. In addition,
the liver pathological findings of the patients are shown in Fig-
ures 2, 3 and 5.

Biochemical identification of an inborn error of
bile acid synthesis

Biochemical identification of an inborn error of bile acid synthesis
is shown in Table 2. In the serum, the main bile acid in the patients
with liver failure, patients 1, 2 and 4, was CDCA. We detected
large amounts of 3-oxo-A* bile acids in the serum of patients with
chronic cholestasis, patients 5 and 6, prior to treatment. Patient 5
had a decreased percentage of 3-0xo-A* bile acids relative to the
total bile acids in the serum after the end of the UDCA treatment.
We did not detect 3-oxo-A* bile acids in the serum of patient 6
during the CDCA treatment.

We detected large amounts of 3-oxo0-A* bile acids in the urine of
all the patients. In the patients with liver failure, the main 3-oxo0-A*
bile acid in the urine was 7o-hydroxy-3-oxo-4-cholenoic acid.
Patients 5 and 6 had increased excretion of urinary bile acids
during bile acid treatment compared to that without treatment, and
a decreased percentage of 3-oxo-A* bile acids relative to the
urinary total bile acids during the bile acid treatment.

We detected urinary 3-oxo-A* bile acids in the mother of patient
6; however, we could not detect 3-oxo-A* bile acids in the serum or
urine in the father of patient 6.

Identification of SDR5B1 gene defects

We did not detect a mutation in the SRD5BI gene of patients 1-4.
We have identified two single-nucleotide changes in two patients.
A single substitution of G to A at nucleotide position 737 was
confirmed in exon 6 of the SRD5SBI gene, which causes an amino
acid change from glycine (GGG) to glutamate (GAG) at amino
acid position 223 in patient 5. This novel mutation was identified
as a heterozygous mutation (Fig. 6).

In patient 6, a single substitution of C to T at nucleotide position
217 was confirmed in exon 2 of the SDR5B1 gene, which causes
an amino acid change from arginine (CGA) to stop (TGA) at
amino acid position 50. This novel mutation was identified as a
heterozygous mutation in the patient and her mother (Fig. 7).
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Figure 7 DNA studies of patient 6, her parents and a control. (a) Pedigree and DNA sequence of the 3-oxo-A®-steroid 5B-reductase gene in genomic
DNA samples. The position of the mutant nucleotide sequence is shown with arrows, indicating C/T in the patient and her mother, and C in her father
and a control subject. The reverse strand sequence showed the same result. This represents a CGA-to-TGA mutation, affecting arginine at position
50, which is replaced by a stop codon. Such a nucleotide substitution was not observed in the 103 controls (the wild-type nucleotide ‘C’ appears in
the selected control). (b) Digestion of amplified SRD5B1 exon 2 PCR fragment with Kpnl. To screen for the novel C-to-T mutation at nucleotide 217,
we amplified the PCR products of SRD5B1 gene exon 2. The PCR products from the patient’s father and a control example were digested by the
Kpnl enzyme (GGTAC/C) into two fragments. The patient and her mother showed both digested and non-digested fragments, with the latter
representing the mutation; this indicates that they were heterozygous for the mutation.

Neither of these mutations was found in 103 healthy Asian
individuals.

Discussion

We identified two patients with heterozygous mutations of primary
3-oxo0-At-steroid 5B-reductase deficiency by SRD5BI gene analy-
sis. According to previous reports™ of the mutations in the
SRD5BI gene of the five reported patients, three were homozy-
gous and two were compound heterozygous. Furthermore, this
enzyme deficiency was reported as displaying an autosomal reces-
sive transmission pattern. Although our two patients appear to
have an autosomal recessive transmission pattern, we suspect that

Journal of Gastroenterology and Hepatology 24 (2009) 776-785 © 2008 The Authors

the father of patient 6 may have a heterozygous mutation outside
the coding region, such as in the promoter region or in an intron.
We do not know about patient 5 because we could not carry out
SRDS5BI gene analysis in the parents of patient 5. However, we
suspect that one of the parents of patient 5 may have heterozygous
mutations outside the coding region. Therefore, we suggest that
our two patients with chronic cholestasis may be compound het-
erozygotes of the SRD5B1 gene.

Although both patients 5 and 6 have a heterozygous mutation in
the SRD5BI gene, these patients may have cholestasis with liver
dysfunction only during infancy; patient 5 actually had a favorable
course without bile acid replacement therapy. Thereafter, the
cholestasis with liver dysfunction in this disease may gradually
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improve, as the mother of patient 6 does not have liver dysfunc-
tion. Because neonatal bile acid metabolism is different from that
of adults, 3-oxo-A*-steroid 5B-reductase may be essential during
the newborn period. In healthy full-term infants, we detect a high
percentage of urinary 3-oxo-A* bile acids in the total bile acids
during the early neonatal period. This reflects the normal devel-
opment of bile acid metabolism, including the initial immaturity of
3-oxo-A'-steroid 5B-reductase.'*'° In the newborn period, patients
with a heterozygous mutation in the SRD5BI gene may develop
cholestasis with liver dysfunction that can resolve later. However,
the same patient may develop a severe stage of disease similar to
that of patient 6.

Moreover, we would still suspect that patients with a heterozy-
gous mutation of the SRD5B! gene may have mutations in another
gene. We have completed coding region analysis of the bile salt
export pump gene (BSEP) in patient 6. However, we could not find
mutations in BSEP, except for a heterozygous Val 444 Ala
polymorphism.

In this study, a primary 3-oxo-A*-steroid 5B-reductase defi-
ciency could not be diagnosed solely by low or normal levels of
GGT activity and the total bile acid concentration by an enzymatic
technique using 3o-hydroxysteroid dehydrogenase, or the pres-
ence of hyper 3-oxo-A* bile aciduria. Patients with fulminant
hepatic failure, patients 14, did not have detectable 3-oxo0-A* bile
acids in their serum, whereas it was detected in the serum of
patients 5 and 6. This may be a very important observation.
Lemonds and Clayton also suggested that the detection of
3-0x0-A* bile acids and trace amounts of CDCA in the serum are
important findings in the differential diagnosis.” However,
Sumazaki had reported a patient with an extremely reduced activ-
ity of 3-oxo-A*-steroid 5B-reductase without any genetically
defined defects and who had large amounts of 3-oxo0-A* bile acids
in the serum and urine.!” Therefore, we suggest that the pediatric
physician must analyze the bile acids in the serum and urine
using GC-MS when one suspects a primary 3-oxo-A'-steroid
5B-reductase deficiency based upon the values of the GGT activity
and the total bile acid concentration. If high concentrations of
3-ox0-A* bile acids are detected in the serum and urine, one should
analyze the SRD5BI gene.”

In our patient 5, the liver function tests; including type IV
collagen 7s domain, gradually improved with UDCA treatment
(Fig. 4). However, we detected’ 3-0x0-A* bile acids in the serum
and urine after UDCA treatment (or when not on any current
treatment) (Table 2).

Of the patients with fulminant hepatic failure, patients 1-4 were
diagnosed as having neonatal hemochromatosis by their clinical
symptoms, such as intrauterine growth retardation, oligohydram-
nios, fetal distress and hypoglycemia, their laboratory data, such as
elevated ferritin concentration, the liver pathological findings, and
the results of SRD5BI gene analysis. We suggest that patients 1
and 2 had fetal hemochromatosis whereas patients 3 and 4 were
diagnosed as having infantile  (neonatal) hemochromatosis, !
The reason for the reduced activity of hepatic 3-oxo-A*-steroid
5B-reductase was a partial enzyme: deficiency predisposing (o
severe hepatocyte damage.!® Therefore, we suggest. that these
patients did not have a primary defect in the SRD5BI gene. We
believe that pediatric hepatologists should not stop searching for a
cause of any hepatocyte damage after the discovery of hyper
3-oxo0-A* bile aciduria“ with “ neonatal liver failure;? that is,
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pediatric hepatologists should carry out SRD5B1 gene analysis to
distinguish between a primary 3-oxo0-A*-steroid 5B-reductase defi-
ciency from a secondary defect in the presence of hyper-3-ox0-A*
bile aciduria. Our experience indicates that until a specific diag-
nostic test is devised, SRD5B1 gene analysis will remain essential
for research and for accurate diagnosis of primary 3-oxo-A*-
steroid 5P-reductase deficiency, especially when the deficiency
occurs sporadically.

In conclusion, we suggest that patients with fulminant hepatic
failure who have hyper-3-oxo-A* bile aciduria during the neonatal
period may have secondary 3-oxo-A'-steroid 5B-reductase defi-
ciency based upon our results of SRD5BI gene analysis. However,
patients with chronic cholestasis who have hyper-3-ox0-A* bile
aciduria are more likely to have primary 3-oxo-A'-steroid
5B-reductase deficiency based upon the detected heterozygous
mutations in the SRD5BI gene. Therefore, SDR5B1 gene analysis
is necessary for the accurate diagnosis of 3-oxo-A'-steroid
5B-reductase deficiency. Moreover, from the results of the
SRD5B1 gene analysis, we think that it is important to elucidate
whether there is a heterozygous or compound heterozygous muta-
tion in our two patients.
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ARTICLE INFO ABSTRACT

Background:: Hyperalphalipoproteinemia. is - associated ‘with- cholesteryl ester transfer protein (CETP)
deficiency in adults but has unclear associations in children.

Methods: We measured: lipoproteins in 19 heterozygotes (D442G, n=17; [14A, n=2), one D442G/[14A
compound heterozygote, 13 non-affected- siblings, and 30 healthy controls at birth, 3-4 months, and
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12 months.
Keywords: Results: CETP mass was. 32-70% lower in heterozygotes than in controls throughout the year. Low-density
CEyl”P . lipoprotein-cholesterol (LDL-C) was lower in heterozygotes than in controls by 30, 20, and 15% at birth; 3~

4 months, and 12 months, respectively. High-density lipoprotein-cholesterol (HDL-C) was similar among the
garly life groups at birth, but was 10% higher in heterozygotes compared with controls at 3-4 and 12 months. ApoE-
ApoE-rich HDL rich HDL-C was: similar between the two groups: at birth, but was 50% higher in heterozygotes than in
LDL controls at-3-4 and 12 'months. These lipoprotein profile characteristics were prominent in the compound
heterozygote but were not found in non-affected siblings. In heterozygotes, CETP. mass correlated positively
with LDL-C but negatively with HDL-C at 3-4 and 12 months.

Conclusion: CETP is a determinant for LDL-C and HDL-C in CETP-deficient individuals in the first year of life.

D442G and 114A

©:2009 Elsevier:B.V. All rights reserved.

1. Introduction

Lipoprotein metabolism in young children changes during growth
and development [1-5]. ‘At birth, high-density lipoprotein (HDL)
accounts for the majority of plasma lipoprotein particles, and plasma
concentrations: of low-density lipoprotein (LDL) are quite low. After
the initial feeding, plasma LDL increases rapidly, and HDL changes
both qualitatively and quantitatively.

Cholesteryl ester- transfer protein: (CETP) :promotes: cholesteryl
ester (CE) transfer from HDL to very low-density lipoprotein (VLDL)

Abbreviations: CETP, cholesteryl ester transfer protein; CE, cholesteryl ester; ApoE,
apolipoprotein E; FH, familial hypercholesterolemia; 114A; an intron 14 splicing donor
site mutation in the CETP gene; D442G, a missense mutation in exon 15 in the CETP
gene; PEG, polyethylene glycol; DS-PT-Mg, dextran sulfate-sodium phosphotungstate-
MgCl1.

* Corresponding author. Chiba Children's Hospital, 579-1 Heta Cho, Midori-Ku, Chiba,
Japan. Tel.: +81 43 292 2111; fax:' 48143 292 3815,
E-mail address: nagasa-hirono@k2.dion.ne jp (H: Nagasaka).

0009-8981/$ - see front matter © 2009 Elsevier B.V.'All rights teserved.
doi:10.1016/§.cca.20090.05.007

and LDL {6-9]. CETP exhibits the highest activity early in life and, in
particular, at birth [1,5]. Recently, we studied lipoprotein profiles in
children without and with familial hypercholesterolemia (FH), during
the first year of life. At birth, apolipoprotein E (ApoE)-rich HDL (a
better substrate for CETP than apoE-poor HDL) concentrations were
much lower in individuals with FH than in controls, although CETP
mass concentrations were similar between the groups. The mean LDL
concentration in controls was only 25 mg/dl, which is approximately
half the level measured in individuals with FH, suggesting that low
acceptor lipoprotein: (LDL) concentrations: may restrict ‘cholesterol
ester (CE) transfer from HDL to a greater extent than CETP mass [5].

Two common mufations occur in the CETP gene—an intron 14
splicing donot site mutation (114A) and a missense mutation in exon
15 (D442G). Adults with these mutations exhibit high HDL-choles-
terol (HDL-C) levels [6-9]. As the levels of acceptor lipoproteins for CE
are very low in early life, CETP may not be important for CE transfer in
newborn babies with CETP deficiency. To examine whether CETP is'a
determinant for LDL-C and HDL-C in the first year of life, we serially
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determined LDL-C and HDL-C concentrations as well as other
parameters in children without and with CETP gene mutations.

2, Methods
2.1, Subjects

We examined 370 newborns with normal birth weights for CETP mutations. Among
these, 17 heterozygotes for the D442G mutation {9 boys and 8 girls), 2 heterozygotes for
the Int14A mutation (2 girls), and 1 compound heterozygote for D442G/114A (a boy)
were found (Table 1). Furthermore, 10 heterozygotes (5 boys and 5 girls) with the
D442G mutation were born from 8 mothers with this mutation. Of the 2 heterozygotes
for the int14A mutation, 1 was born from a mother with the same mutation. The mother
and father of the compound heterozygote were heterozygotes for 114A and D442G,
respectively.

We examined the lipoprotein profiles in these children and compared them with
the profiles measured in their 13 non-affected siblings (7 boys and 6 girls) and in 30
healthy children (15 boys and 15 girls) with normal birth weights {Table 1). Of the 13
non-affected siblings, seven (3 boys and 4 girls) were born from 6 mothers with the
D442G mutation and one mother with the 114A mutation.

All subjects were fed mother's milk during the first 2 months and artificial milk
thereafter, They were all healthy, with the exception of upper respiratory infections
contracted during the first year of life. The protocol was approved by the ethics
committees of the participating institutions, and written informed consent was
obtained from the parents of all subjects.

2.2, Determinations of lipid, apolipoprotein, and CETP mass levels

Fasting serum samples were obtained from cord veins at birth and from cubitus
veins at 3-4 and 12 months. All procedures for lipid and apolipoprotein (apo)
measurements were completed within 1 day using fresh samples. Total cholesterol (TC)
and triglyceride (TG) concentrations were measured enzymatically. We quantified HDL
fractions using 2 precipitating reagents: 13% polyethylene glycol (PEG; PEG 6000, Wako
Pure Chemicals, Osaka, Japan) and dextran sulfate-sodium phosphotungstate-MgCI2
(DS-PT-Mg; HDL-C Daiichi, Daiichi Pure Chemicals) {1,5.6}. PEG precipitates apoB-
containing lipoproteins but not HDL composed of apoE-poor HDL and apoE-rich HDL;
whereas  DS-PT-Mg . precipitates apoE-rich HDL together with"apoB-containing
lipoproteins.” Accordingly, total HDL-C-and’ apoE-poor HDL-C concentrations were
defined as the cholesterol concentrations in the supernatants after precipitation with
PEG and DS-PT-Mg, respectively. The apoE-rich: HDL concentration was calculated by
subtracting; the apoE-poor HDL-C concentration: from: total HDL-C. . This method: was
validated using serum obtained from CETP-deficient subjects and newborns, by lipid
staining following agarose-gel electrophoresis, chromatography, and/or immunofixa-

-tion’ {1,6,10].. LDL-C conceiitrations: were determined: by a homogeneous assay
(Choletest LDL-C, Daiichi. Pure Chemicals, Tokyo, Japan). Apo A-1, A-Ii; B, and E levels
were measured by’ turbidimetric immunoassays (Daiichi Pure Chemicals). CETP mass
was measured by sandwich enzyme immunoassay using frozen samples {11].

2.3. Analyses of the' D442G and Int14A mutations

Genomic DNA was prepared using a commercial kit (SMJ TEST, Sumitomo Kinzoku,
Kanagawa, Japan). Polymerase chain reaction (PCR) was performed using the following
nucleotide :primers:. F-D442G, 5-ACACCCCTCATCAACACCAAAGGCGTGAGCCTCTCCG-3!; R-
D442G, 5'-AAGGGAGGGGCAGTAGGAGA-3'; F-114A, 5'-CACGGATGGGCATGAGGATG-3'; and
R-114A, 5-AAGCTCTGTCAGCCTCGGCACCCAGTTTCCCCGCCAGCCCACACATA-3Y, F-D442G and
R:114A were modified to generate Mspl and Ndel endonuclease cleavage sites {8].

24; Statistical analyses

Statistical differences in lipoprotein profiles between children with and without
CETP mutations were estimated. Similarly, the relationships between CETP mass and
lipid levels were statistically estimated in the heterozygeus children and controls. All
pairwise comparisons were performed using a 2-sided Student’s t-test: The correlation
analyses were examined by Pearson's correlation test. Values of p<0.05 were considered
significant.

3. Results
3.1. The incidences of D442G and [14A
The ‘incidences of D442G and 114A were 4.9% and 0.81%,

respectively, which is nearly consistent with the prevalence of these
mutations in the Japanese population {7-9,12].

Table 1
Changes in serum lipid, apolipoprotein, and CETP concentrations during the first year of
life.

Compound - Heterozygotes  Heterozygotes ~Non-affected = Age-
heterozygote.  for I14A for D442G siblings matched
(n=1) " (n=2) (n=17} {(n=13} heaithy
controls
(n=30)
M/E 170 02 9/8 7/6 15/15
Gest. P 38 39; 41 38-41 36-41 38-41
(weeks)
Birth 2775 2881-3101 27263302 2616-3444 2689~
weight {g): : 3465
CETP (mg/h) : : : :
Atbirth 05 212/16 19:(0.5)° 3.2:(13) 2.8(12)
3-4M 03 0.8/0.9 17(05) . 25(08) 256 (06)
12M 03 10712 1.6 {0.5)° 25(0.8) 26(11)
T ; o : ; T
Atbirth 48 51752 57.(8)% 64 (16) 64.(7)
3-4M 123 11097127 133 (13 153 (21) 151 {19)
1ZM 128 121/127 141 (1) 156 (24) 153 (22)
16 f
Atbirth- 23 25/15 23.(5) 27 (13) 21(7)
324M 49 70/86 SR 90:(27) 88 (31)
2M 58 76/60 85 (1) 88(30) 80 (25)
LpLC . : :
Athirth: . 6 13/13 17(5° 25(7) 24(6)
3-4M 0 30 42752 56 (10)% 75 (15) 72:(13)
12M 36 59765 - B5(12)a 78 (19) 75 (16)
Total HDL-C : : Gt :
Athirth - 37 32/36 36 (5) 36.(12) 34(9)
34 M 84 57/60 61 (5)* 55 (11) 54 (8)
122M 87 59/65. 62.(7) 56.(12) 54(10)
ApOE(+#)HDL-C ; ‘ ‘ ;
Athirth 14 9/11 11{4) 11(4) 11 (4)
3-4M 24 16716 13:3) 8(1) 9(3)
12M 29 10/12 1120 STy 7(2)
ApoE(=)HDL-C . - :
Atbirth 23 23725 25(5) 2501y 23
3=4M. 60 . 41/44 48.(8) 46 (11 45(6)
2M 58 50/53 51(8) 48(13) 47010
Lg/HpL-c ' : .
. Athirth . 041/036 045 (011 067(012) 076
. . - ; & : L ;(0‘24)
3aM 0.74/087 094 (0.19) - 141(024) 138
. - : Lo {033y
100/100 ¢ 109025 -~ 145(032) 145
- o , Lo (041
80 5/86. . 85(14) 84 (19) 78 (14}
150 109/u3 0 o) 123 (22) 122 (15)
45 1YP2 0 124(10) 12116y 120(14)
CAthith 16 16/17 18 (4) 19.(4) 173
34M 30 1822 25(3) 26(6) 23(4)
12ZM : 25 (4) 26 (6) 25(6)
ApoB : o
16(5)7 - 20(6) 18(5)

_Atbirth o
. ; 74(16)
81(17)

sy
G4(I5F

49008
660130
63017

Data are presented as the range or mean (£ SD).
Concentrations of lipids and apolipoproteins are expressed as mg/dL
Gest. P, gestation period; TC, total cholesterol; TG, triglyceride; LDL-C, low-density
lipoprotein-cholesterol; HDL-C, high-density lipoprotein-cholesterol; Apo E(-+) HDL-C,
apo E- rich HDL-C; ApoE(—) HDL-C, apo E- poor HDL-C; CETP, cholesteryl ester transfer
protein:

2 p<0.05.

b p<0.01

€ p<0.001 vs. non-affected siblings and age-matched controls.

3.2, Lipid, apolipoprotein, and CETP mass levels

As compared with non-affected siblings and healthy controls (non-
affected groups), the compound heterozygote exhibited. extremely.
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low CETP mass levels. In the [14A and D442G heterozygotes, CETP
mass levels were about one-third and two-thirds of the level in the
non-affected groups, respectively, during the first year of life (Table 1).
In all groups, CETP mass levels were highest at birth, were slightly
lower at 3-4 months, and remained constant at 12 months.

From birth to 12 months of age, the TC, LDL-C, and apoB levels were
always low in the CETP-deficient groups, particularly in the compound
heterozygote, compared with the non-affected groups. These levels in
the two 114A heterozygotes were always similar to those in the D442G
heterozygotes. The TG levels were similar among the groups
throughout the study period, although they did not increase to the
levels found in the compound heterozygote at 3-4 and 12 months. In
the D442G heterozygous and non-affected groups, the TC, LDL-C, and
apoB levels increased markedly during the first 3-4 months
(p<0.001), aithough the increases in the D442G heterozygous group
were significantly smaller than those in the non-affected groups (TC,
p<0.01; LDL-C and apoB, p<0.001). After 3-4 months, significant
increases were observed in the D442G heterozygous group (p<0.01)
but not in the non-affected groups (p>0.05).

Total HDL-C levels at birth were similar among the groups. After 3~
4 months, the D442G heterozygous group showed a high total HDL-C
level compared with the levels: in the two non-affected: groups
(p<0.05). In these 3 groups, the total HDL-C levels increased markedly
during the first 3-4 months (p<0.001), with a larger increase in the
D442G heterozygous group than in the non-affected groups (p<0.01).
The greatest increase in total HDL-C and the highest level measured
occurred: in' the compound heterozygote:at 3-4 months (Table 1).
After 3-4 months, nosignificant increases were observed in any of the
groups.: The total HDL-C levels in the 2 [14A heterozygotes were
always similar to the level'in the D442G heterozygotes.

ApoE-rich HDL-C changed  characteristically, depending on the
CETP genotype (Table 1). At birth, apoE-rich HDL-C levels were similar
among the groups. After birth, apoE-rich HDL-C increased persistently
in the compound heterozygote and decreased slightly in the non-
affected groups. In the 114A or D442G heterozygotes, apoE-rich HDL-C
changed in an inverse U-shape. In contrast, apoE-poor HDL-C levels
changed similarly in all groups, with a doubling during the first 3-
4'months (p<0.001) and no significant increase thereafter (p>0.05).
With the exception of the compound heterozygote, who showed the
high concentrations after 3-4 months, the: absolute concentrations
were nearly the same among the groups throughout the first year. The
apo A-I and apo A-Il levels tended to reflect the changes in apoE-poor
HDL-C; while the apoE levels were reflective of apoE-rich HDL-C.

No gender differences were observed in the measured parameters
in any of the groups. Furthermore, the genotypes of the mothers did
not influence the parameter levels in heterozygous children or their
non-affected siblings: (data not shown).

3.3. Correlations between CETP mass and lipid levels

In heterozygous CETP-deficient subjects, LDL-C and HDL-C levels
were closely related to the CETP mass levels. The LDL-C level always
correlated positively with the CETP mass level (Fig. 1, open circles in
the left panels). Total: HDL-C and CETP mass levels showed a
significant positive correlation at birth but a negative correlation at
3-4 and 12 months (Fig. 1, closed circles in the left panels). In healthy
babies, neither the LDL-C level nor total HDL-C level correlated with
the CETP mass level during the study period (Fig. 1, right panels).

In heterozygous CETP-deficient subjects, the correlation of apoE-
poor HDL-C with CETP mass: was positive at birth, non-significant at
3-4 months, and negative at 12 months (Fig. 2, closed circles in the left
panels). ApoE-rich HDL-C showed no significant correlation with CETP
mass at birth, but demonstrated strong inverse correlations with CETP
mass levels at 3-4 and 12 months (Fig. 2, open circles in the left
panels). In healthy babies, apoE-poor and apoE-rich HDL-C levels were

not significantly correlated with CETP mass levels (Fig. 2, right
panels).

We consistently found significant positive correlations between
the LDL-C/HDL-C ratio and CETP mass from birth to 12 months in
heterozygous CETP-deficient subjects. The regression line was much
steeper at 3-4 and 12 months than at birth (Fig. 3, left panels). No
significant correlation was observed in healthy babies.

4. Discussion

The present findings clearly indicate that CETP is a determinant for
LDL-C and HDL-C in CETP deficiency in the first year of life, We found
that CETP mass consistently exhibited a positive correlation with LDL-
C from birth to 12 months in children with heterozygous CETP
deficiency (Fig. 1, open circles of the left panels). In contrast, CETP
mass had a positive correlation with HDL-C at birth and a negative
correlation with HDL-C at 3-4 and 12 months (Fig. 1, closed circles of
the left panels). Significant correlations of CETP mass with LDL-C and
HDL-C were not observed in healthy control children.

Of note, D442G and 114A heterozygotes showed markedly low LDL-
C levels during the first years of life. Several earlier studies of Asian
children showed that the LDL level in D442G or 114A heterozygotes
was not different from that in non-mutant healthy children [12,13). In
contrast, Japanese adults with heterozygous D442G or [14A mutations
have been shown to have higher LDL-C levels {8,9]. Concerning LDL-C
levels in subjects with the homozygous or compound heterozygous
mutation, Nagano et al. reported that both [14A homozygotes (which
have no CETP activity) and compound [14A and D442G heterozygotes
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Fig. 1. Scatterplots of LDL-C and total HDL-C against CETP mass levels in 19 heterozygous
CETP-deficient subjects (left panels) and 30 controls (right panels). The children with
CETP deficiency consisted of 17 D442G and 2 114A heterozygotes. Blood samples were
obtained at birth (top panels}; 34 months (middle panels), and 12 months (bottom
panels).
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