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statistically significant. All values are expressed as mean
+ standard error of the mean (S.E.M., n = number).

2.13.  Ethical considerations

All studies were performed in the laboratories of the
Department of Diabetes and Clinical Nutrition, Kyoto Uni-
versity, in accordance with the Declaration of Helsinki.

The Animal Care Committee of Kyoto University Graduate
School of Medicine approved animal care and procedures.

3. Results

3.1.  Effect of CRA on gluconeogenesis from lactate
in rat liver perfusion

The effect of CRA on gluconeogenesis was investigated in
rat liver perfusion. Glucose output into the effluent
perfusate was stabilized under 2 pmol/g/h. Upon changing
perfusate from basal buffer to KRB containing 2 mM lactate,
the glucose output rate increased rapidly and reached a
steady state of approximately 10 pmol/g/h (Fig. 2). Glucose
output rate was reduced by the addition of 100 pM CRA to
the buffer, and continued to fall during the 20 min perfusion
with CRA. After 100 uM CRA perfusion, the glucose output
rate was 7.3 &+ 0.3 pmol/g liver/h, approximately 73% of that
before CRA perfusion. Glucose output gradually recovered
after washout of CRA with glucose-free KRB containing
2 mM lactate, and, after washout of lactate, fell to under
2 pmol/g/h. Average glucose output rate during the last
14 min of the 20min perfusion (66-80 min) with KRB
containing 20-100 pM CRA was then measured and com-
pared to control (Fig. 3). The glucose output was significantly

Glucose output ( pmol /g /h)

30 4 s 6 70 8 9 100 110 Time (min)

Fig. 2 - Inhibitory effect of CRA on glucose output rate in
perfused rat liver. Liver was perfused with glucose-free
KRB buffer for 110 min, and from 30 to 100 min with
glucose-free buffer containing 2 mM lactate. From 60 to
80 min, perfusion was with buffer containing 2 mM lactate
and with 100 pM CRA. From 100 to 110 min, perfusion was
with glucose-free KRB buffer without lactate. Effluent
perfusate was collected every 2 min, and glucose content
was measured. CRA (O), control (@). Data are shown as
means with S.E.M. (n =5 for each group). *P < 0.05,

**P < 0.01 compared with the value of control.
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Fig. 3 - Effect of CRA on glucose output rate in perfused rat
liver. Liver was perfused as in Fig. 2. Average glucose
output rate during the last 14 min (66-80 min) perfusion
period with buffer containing 20-100 pM CRA was
compared. CRA ([J), control (H). Data are shown as means
with S.E.M. (n = 5 for each group). **P < 0.01 compared with
the value of control.
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Fig. 4 - Time course of the inhibitory effect of CRA on
gluconeogenesis in isolated hepatocytes. Hepatocytes
were incubated at 37 °C in a humidified atmosphere (5%
CO,) of DMEM without glucose but containing 1 mM lactate
and 0.24 mM IBMX in the presence of 100 pM CRA or
vehicle for 20, 60, and 120 min. Glucose content in
supernatant was measured by glucose oxidation method.
CRA (O), control (H). Data are shown as means with S.E.M.
(n = 8 for each group). *P < 0.05, **P < 0.01 compared with
the value of control.

reduced by the addition of 50 pM (12%) and 100 pM (18%) of
CRA compared to control (P < 0.01), dose-dependently in the
20-100 uM CRA range.

3.2.  Effect of CRA on gluconeogenesis from lactate in
isolated hepatocytes

The effect of CRA on gluconeogenesis from lactate was
investigated in hepatocytes. Fig. 4 shows the time course of
inhibition by CRA of hepatic gluconeogenesis from lactate. The
gluconeogenesis from lactate increased in a time-dependent
manner linearly up to 120 min, indicating that the metabolic
flow in the hepatocytes was at a steady state both in the
presence and in the absence of CRA. After 20, 60, and 120 min
exposure to 100 pM CRA, hepatic gluconeogenesis was sig-
nificantly inhibited compared to control. The gluconeogenesis
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Fig. 5 - Concentration-dependence of the inhibitory effect
of CRA on gluconeogenesis in isolated hepatocytes.
Hepatocytes were incubated at 37 °C in a humidified
atmosphere (5% CO,) of DMEM without glucose but
containing 1 mM lactate and 0.24 mM IBMX in the
presence of 20-100 pM CRA or vehicle for 20 min. Glucose
content in supernatant was measured by glucose
oxidation method. CRA ([J), control (H). Data are shown as
means with S.E.M. (n =9 for each group). *P < 0.05,

**P < 0.01 compared with the value of control.

in hepatocytes decreased in a dose-dependent manner after
20 min incubation with CRA (Fig. 5).

3.3.  Effect of CRA on neosynthesized [**C]-glucose in
isolated hepatocytes

The effect of CRA on gluconeogenesis from [*C]-pyruvate in
the presence of 10 mM glucose in culture medium was
investigated in isolated hepatocytes. Fig. 6 shows the time
course of inhibition by CRA of hepatic gluconeogenesis
from [*C]-pyruvate. The gluconeogenesis from [*C]-
pyruvate increased in a time-dependent manner linearly
up to 120 min, indicating that the metabolic flow in the

{14 C]-glucose output (nmol/mg)
8 8 & 23 8

20min 60min 120min

Fig. 6 - Time course of the inhibitory effect of CRA on
neosynthesized [**C]-glucose in isolated hepatocytes.
Hepatocytes were incubated at 37 °C in a humidified
atmosphere (5% CO,) in DMEM with 10 mM glucose, 1 mM
pyruvate and 0.24 mM IBMX, and 0.05 pCi of [**C]-
pyruvate in the presence of 100 pM GCRA or vehicle for 20,
60, and 120 min. Radioactivity was measured by liquid
scintillation counter. CRA ([J), control (H). Data are shown
as means with S.E.M. (n = 4 for each group). *P < 0.05,

**P < 0.01 compared with the value of control.

[14 C]-glucose output (nmol/mg)
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Fig. 7 - Concentration dependence of the inhibitory effect of
CRA on neosynthesized [**C]-glucose in isolated
hepatocytes. Hepatocytes were incubated at 37 °Cin a
humidified atmosphere (5% CO,) in DMEM with 10 mM
glucose, 1 mM pyruvate and 0.24 mM IBMX, and 0.05 nCi
of [**C]-pyruvate in the presence of 20-100 uM CRA or
vehicle for 20 min. Radioactivity was measured by liquid
scintillation counting. CRA (0J), control (W). Data are
shown as means with S.E.M. (n = 4 for each group).

**P < 0.01 compared with the value of control.

hepatocytes was at a steady state both in the presence and
in the absence of CRA. After 20, 60, and 120 min exposure to
100 uM CRA, hepatic gluconeogenesis was significantly
inhibited compared to control. The gluconeogenesis from
[**C]-pyruvate decreased in a dose-dependent manner
after 20min incubation with CRA (Fig. 7). Thus, CRA
inhibited hepatic gluconeogenesis in the presence of
10 mM glucose as well as in the absence of glucose in
culture medium.

3.4.  Effect of CRA on F-2,6-BP production in
isolated hepatocytes

The effect of CRA on the production of F-2,6-BP was examined
in isolated hepatocytes. Hepatocytes were incubated in
glucose-free medium with 100 uM CRA for 20 min, and the
F-2,6-BP was then measured. CRA increased F-2,6-BP produc-
tion in hepatocytes approximately 2-fold compared to control
(P < 0.05) (Fig. 8). Next, hepatocytes were incubated in 10 mM
glucose with 100 uM CRA for 20 min, and the F-2,6-BP was then
measured. The addition of 10 mM glucose doubled the basal F-
2,6-BP. In the presence of 10 mM glucose, CRA again increased
F-2,6-BP production in hepatocytes approximately 1.5-fold
compared to control, clearly indicating the central role of
cellular F-2,6-BP levels in CRA inhibition of gluconeogenesis
(P < 0.01) (Fig. 8).

3.5.  Effect of CRA on intracellular cAMP level in
isolated hepatocytes

To further clarify the mechanism of action of CRA, we
compared the intracellular cAMP levels in isolated hepato-
cytes. CRA reduced the cAMP level in hepatocytes after
incubation for 20 min (P < 0.05) (Fig. 9A). Forskolin, which
activates the catalytic subunit of adenylate cyclase, evoked a

- 320 -



DIABETES RESEARCH AND CLINICAL PRACTICE 80 (2008) 48-55 53

& 3
e S
*

{ o

(pmol /mg )
2 & 2

Fructose- 2,6-bisphosphate
8

° =

G 10 mM
+CRA

G O0mM G 10 mM

+CRA

GOmM

Fig. 8 - Effect of CRA on F-2,6-BP production in isolated
hepatocytes. Hepatocytes were incubated at 37 °C in a
humidified atmosphere (5% CO,) in DMEM with or without
10 mM glucose (G) but containing 1 mM lactate and

0.24 mM IBMX in the presence of 100 pM CRA or vehicle for
20 min. CRA (O), control (W). Data are shown as means
with S.E.M. (n = 5-7 for each group). *P < 0.05, **P < 0.01
compared to the value of control without glucose.

##P < 0.01 compared to the value control with 10 mM
glucose.

marked elevation of the cAMP level after incubation for
20 min. CRA also reduced the forskolin-evoked increment
of the cAMP level after incubation for 20 min (P < 0.05)
(Fig. 9B).

3.6.  Effect of CRA on gluconeogenesis with cAMP-
dependent protein kinase (PKA) inhibitor in isolated
hepatocytes

Hepatic gluconeogenesis in isolated hepatocytes was inhibited
after 20 min exposure to the PKA inhibitor, N-[2-(p-bromo-
cinnamylamino)ethyl]-5-isoquinolinesulfonamide (H89) at
the concentration of 10 uM (Fig. 10). We also evaluated the
effect of CRA on gluconeogenesis in hepatocytes in the
presence of 10 uM H89. The PKA inhibitor did not have an
additive inhibitory effect on CRA-induced inhibition of
gluconeogenesis.
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Fig. 10 - Effect of CRA on gluconeogenesis with a PKA
inhibitor (H89) in isolated hepatocytes. Hepatocytes were
incubated at 37 °C in a humidified atmosphere (5% CO;) in
DMEM without glucose but containing 1 mM lactate,

0.24 mM IBMX with/without 10 pM H89 in the presence of
100 uM CRA or vehicle for 20 min. Glucose content in
supernatant was measured by glucose oxidation method.
CRA (O), control (), CRA + PKA inhibitor (5), PKA inhibitor
(N). Data are shown as means with S.E.M. (n =9 for each
group). *P < 0.05, **P < 0.01 compared with the value of
control.

3.7.  Effects of CRA on GK activity and G6Pase activity
in isolated hepatocytes

The level of F-2,6-BP is regulated by the synthesizing (6-
phosphofructo-2-kinase, PFK-2) and the degrading (fructose-
2,6-bisphosphatase, F-2,6-BPase) enzyme complex. In insulin-
producing cells, PFK-2/F-2,6-BPase reportedly interacts with
GK, and the overexpression of PFK-2/F-2,6-BPase increases
GK activity. In this study, CRA was found to increase the
level of F-2,6-BP in isolated hepatocytes. Therefore, we
measured GK activity after exposure to CRA. Hepatocytes
were incubated with 100 uM CRA for 20 min, and GK activity
was then measured. CRA significantly increased GK
activity compared to control (control: 0.82 + 0.04, n=5, CRA:
1.09 + 0.02 nmol/mg protein/min, n=5; P < 0.01).

Since G6Pase is also a rate-limiting enzyme of gluconeo-
genesis, we measured G6Pase activity after exposure to CRA.
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Fig. 9 - Effect of CRA on cAMP level in isolated hepatocytes. Hepatocytes were incubated at 37 °C in a humidified atmosphere
(5% CO,) in DMEM without glucose but containing 1 mM lactate and 0.24 mM IBMX without (A) or with (B) 5 uM forskolin in
the presence of 100 pM CRA or vehicle for 20 min. CRA ([J), control (H). Data are shown as means with S.E.M. (n = 4-6 for

each group). *P < 0.05 compared with the value of control.
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Hepatocytes were incubated with 100 uM CRA for 20 min, and
G6Pase activity was then measured. CRA did not alter G6Pase
activity (control: 140 + 22, n=5, CRA: 168 + 37 nmol/mg pro-
tein/min, n=5; P = 0.55).

4, Discussion

This is the first study to demonstrate that CRA reduces hepatic
glucose production. We showed that CRA decreases gluco-
neogenesis in perfused rat liver in a dose-dependent manner
(20-100 pM). We also showed that CRA decreases gluconeo-
genesis in isolated hepatocytes both in glucose-free medium
and in glucose-containing medium in a dose-dependent
manner (20-100 uM).

To determine whether the CRA concentration used in this
study is physiologically relevant, we measured CRA in the
blood after oral administration in dog. When CRA was orally
administered at 20mg/kg of body weight in dog, the
concentration in peripheral blood was 17 uM after 90 min
(unpublished data). In this study, CRA was found to inhibit
hepatic gluconeogenesis at a concentration about 5-fold
higher than that used in dog. Considering that the
concentration of CRA in the portal vein should be higher
than that in the peripheral vein when orally administered,
the dosage of CRA used in these experiments seems
appropriate.

To investigate the mechanism of action of CRA, we
measured its effect on the production of F-2,6-BP, which
plays an important role in the regulation of both glycolysis and
gluconeogenesis. F-2,6-BP is a potent physiological activator of
PFK-1, the rate-limiting enzyme in glycolysis [21,22], and
inhibits fructose-1,6-bisphosphatase (F-1,6-BPase), an enzyme
active in gluconeogenesis [23,24] (Fig. 11). In this study, CRA
was found to markedly enhance the F-2,6-BP production
during lactate-stimulated gluconeogenesis. Thus, CRA-

induced increase in F-2,6-BP stimulates glycolysis and inhibits
gluconeogenesis.

The activity of the synthesizing (PFK-2) and the degrading
(F-2,6-BPase) enzyme of F-2,6-BP is determined by the
phosphorylation state of PKA. Activation of PFK-2 is known
to elevate cellular levels of F-2,6-BP, and cAMP inactivates PFK-
2 activity through PKA in hepatocytes. On the other hand,
cAMP activates F-2,6-BPase through PKA in hepatocytes [25]. In
this study, we found that CRA decreases the cAMP level in
isolated hepatocytes, suggesting that CRA increases F-2,6-BP
by lowering intracellular cAMP level. We also found that a PKA
inhibitor (H89) decreased gluconeogenesis in isolated hepa-
tocytes, but did not have an additive inhibitory effect on CRA-
induced inhibition of gluconeogenesis. Thus, CRA would seem
to inhibit hepatic gluconeogenesis through the PKA-mediated
pathway. However, CRA was found to reduce the forskolin-
evoked increment of intracellular cAMP level. Thus, the
mechanism by which CRA decreases the intracellular cAMP
level must be investigated in further study.

Recently, Massa et al. [26] reported that PFK-2/F-2,6-BPase
enzyme complex interacts with GK in the insulin-producing
cells and that overexpression of PFK-2/F-2,6-BPase increases
GK activity. In this study, we measured GK activity after
exposure to CRA in isolated hepatocytes. CRA was found to
increase GK activity, leading to glycolysis in the hepatocytes.
On the other hand, Wen et al. [9] reported that CRA inhibited
glycogen phospholylase a purified from rat liver. This direct
effect of CRA on the enzyme of glycogen phospholylase
suggests that CRA might inhibit glycogenolysis, another
pathway to glucose production besides gluconeogenesis.
Thus, the increased glycolysis and decreased glycogenolysis
in hepatocytes may also contribute to the anti-diabetic action
of CRA.

It was previously shown that Banaba leaf extract (1% CRA)
decreases blood glucose levels in humans in a dose-dependent
manner [27]. In addition, CRA has been shown to reduce post
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Fig. 11 - Mechanism of inhibitory action of CRA on gluconeogenesis.
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challenge plasma glucose levels in human [11]. Considered
together, these data suggest that CRA may provide a valuable
new therapy in the treatment of type 2 diabetes.
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Phenotypical variety of insulin resistance in a family with a
novel mutation of the insulin receptor gene
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Abstract. A novel mutation of insulin receptor gene (INSR gene) was identified in a three generation family with
phenotypical variety. Proband was a 12-year-old Japanese girl with type A insulin resistance. She showed diabetes mellitus
with severe acanthosis nigricans and hyperinsulinemia without obesity. Using direct sequencing, a heterozygous nonsense
mutation causing premature termination at amino acid 331 in the a subunit of INSR gene (R331X) was identified. Her
father, 40 years old, was not obese but showed impaired glucose tolerance. Her paternal grandmother, 66 years old, has
been suffered from diabetes mellitus for 15 years. Interestingly, they had the same mutation. One case of leprechaunism
bearing homozygous mutation at codon 331 was identified. These findings led to the hypothesis that R331X may contribute
to the variation of DM in the general population in Japan. An extensive search was done in 272 participants in a group
medical examination that included 92 healthy cases of normoglycemia and 180 cases already diagnosed type 2 DM or
detected hyperglycemia. The search, however, failed to detect any R331X mutation in this local population. In addition,
the proband showed low level C-peptide/insulin molar ratio, indicating that this ratio is considered to be a useful index for
identifying patients with genetic insulin resistance. In conclusion, a nonsense mutation causing premature termination
after amino acid 331 in the o subunit of the insulin receptor was identified in Japanese diabetes patients. Further
investigations are called for to address the molecular mechanism.

Key words: Insulin receptor, Insulin resistance, Type 2 diabetes, Leprechaunism, C-peptide/insulin molar ratio

THE INTERACTION of insulin with its cell surface
receptor is the first step in insulin action and the first
identified target of insulin resistance. Mutations in the
insulin receptor gene lead to the insulin resistance in
several syndromic forms. The human insulin recep-
tor is encoded by a single gene with 22 exons and is
an assembly of a disulfide bond-linked tetramer com-
posed of two o and two B subunits [1-5]. After bind-
ing of insulin to the extracellular o subunit, the ty-
rosine kinase of the membrane spanning B subunit is
activated and the receptor is autophosphorylated [6].
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Insulin receptor kinase regulates the action of insulin
on metabolism and growth through signal transduction
pathways and is therefore thought to be central to in-
sulin action [7].

Some dozens of mutations in the human insulin re-
ceptor gene have already been identified to date [8-11].
Homozygous or compound-heterozygous mutations
in the insulin receptor gene are found in patients with
syndromes of severe insulin resistance [12]. More se-
vere Donohue syndrome (“Leprechaunism” OMIM
246200) and the milder Rabson-Mendenhall syn-
drome (OMIM 262190) are characterized by intrauter-
ine and postnatal growth retardation, facial dysmor-
phism, lack of subcutaneous fat and altered glucose
homeostasis with hyperinsulinemia, acanthosis nigri-
cans and reduced life expectancy [13-15]. Cells from
most patients with Donohue syndrome show absent or
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severely reduced insulin binding, whereas those with
Rabson-Mendenhall retain some insulin binding ca-
pacity. Therefore, it has been proposed that severity
of the phenotype is determined by the degree of insu-~
lin resistance and that residual insulin binding capac-
ity correlates with survival. Heterozygous mutations
in the insulin receptor gene have been demonstrated
in type A insulin resistance with the triad of insulin re-
sistance, acanthosis nigricans, and hyperandrogenism
(OMIM147670) [16].

In this study, we identified a heterozygous muta-
tion causing premature termination at amino acid 331
substituting a termination codon for arginine in the L2
domain in a subunit of the insulin receptor gene in a
Japanese patient with diabetes mellitus and hyperinsu-
linemia. Interestingly, her family members shared the
same mutation but showed different clinical course.

Materials and Methods

Subjects

The proband, a girl of 12 years old, was referred to
our hospital because of glucosuria detected by school
urinary screening. She presented with mild symp-
toms of polydipsia and polyuria. She was born to un-
related Japanese parents at 37 weeks of gestation (birth
weight 2495 g, birth length 48 cm). At birth, she did
not have the dysmorphic features characteristic of lep-
rechaunism or Rabson-Mendenhall syndrome, includ-
ing intrauterine growth retardation, fasting hypogly-
cemia. Sensorineural hearing loss in right side was
diagnosed when she was infant, but did not deteriorate.

At presentation, she was not obese, but showed se-
vere acanthosis nigricans with scratching scar of her
neck. It also mildly existed at the axilla and elbow.
Hirsutism was not observed. Body mass index (BMI)
was 21.6 (height 148.6 cm, weight 47.7 kg). Blood
pressure was 110/70 mmHg. Pubertal stage was B2
and PH1. Laboratory tests revealed the following;
HbAlec, 9.2 %; FPG, 124 mg/dL; IRI, 65.7 uU/mL;
C-peptide, 3.18 ng/mL; AST, 20 IU/L; ALT, 18 IU/L;
total cholesterol, 194 mg/dL; HDL cholesterol, 43.7
mg/dL; testosterone, 0.33 ng/mL. Islet associated au-
toantibodies were absent. Urine testing showed no
ketonuria but proteinuria (microalbumin 64.4mg/g cr)
and glucosuria. Ocular complication and retinopa-
thy was not detected. Abdominal CT revealed no fat-
ty liver and area of visceral fat on umbilical level was
41.8 cm’ (normal: 60>). Although she showed diabe-

tes mellitus with severe insulin resistance, her data of
body composition was not suggested risk for obesity
or metabolic syndrome. Self monitored blood glucose
levels were 120-140 mg/dL at premeal time and 170-
200 mg/dL at postprandial time. Her father, 40 years
old, was healthy and no obesity (BMI 21.8) from a
clinical point of view at the time of investigation. Her
paternal grandmother, 66 years old, has been suftered
from diabetes mellitus. She was also not obese (BMI
21.6) and has been treated with sulfonylureas for 15-
years. She already developed retinopathy and present-
ed vitreous hemorrhage 10 years ago. Her younger
brother, seven years of age, had mild mental retarda-
tion and supported by special education. He showed
mild obesity but normal response to oral glucose tol-
erance test without hyperinsulinemia (FPG, 86 mg/dL;
IR1, 8.6 pU/mL; C-peptide, 1.53 ng/mL).

Measurements

The standard 75 g oral glucose tolerance test
(OGTT) was performed, after overnight fast. Levels
of glucose, insulin and C-peptide were measured at
0, 30, 60, 90 and 120 min. Insulin was measured us-
ing an enzyme immunoassay ( E test TOSOH II;
TOSOH Corporation, Tokyo, Japan). Cross-reactivity
with proinsulin was 2 %. C-peptide was measured
using a chemiluminescent enzyme immunoassay
(LUMIPULSE Presto C-peptide; FUJIREBIO Inc.,
Tokyo, Japan). Proinsulin was measured using a
RIA2 antibody method (HUMAN PROINSULIN RIA
KIT; Linco Research Inc., St. Charles, MO).

We calculated C-peptide/insulin molar ratio from
each molecular weight and international unit of insu-
lin i.e. 26 IU/mg. We estimated molecular weight of
insulin at 5800 and C-peptide at 3600. Consequently,
1 pU/mL of insulin is 6.09 pmol/L and 1 ng/mL of
C-peptide is 0.278 nmol/L.

Sequence analysis

Informed consent was obtained from her family.
Genomic DNA was extracted from peripheral blood
Iymphocytes using a DNA isolation kit for mamma-
lian blood. Exon 1-2 of the insulin gene and Exons
1-22 of the insulin receptor gene were individual-
ly amplified using primer sets as described [17, 18].
PCR products were purified for direct sequence anal-
ysis on an ABI gene analyzer 310 or 3100 system ac-
cording to the manufacturer’s instructions (Applied
Biosystems).
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Analysis for prevalence of R331X mutant in
population

We tested the frequency of R331X in type 2 DM or
by chance hyperglycemia in adult people, living in the
Akita prefecture located in northern Japan. We stud-
ied 272 participants of a group medical examination,
comprised 92 healthy cases checked normoglycemia
and 180 cases already diagnosed type 2 DM or detect-
ed hyperglycemia. These included 47 cases with fam-
ily history of DM and 14 cases diagnosed before third
decade. All participants gave informed consent, and
the Ethics Committee of Kyoto University School of
Medicine approved the study.

Genotyping of R331X was assayed with PCR re-
striction fragment length polymorphism. PCR re-
actions were conducted in a reaction volume of
7.5 pL with 20 ng genomic DNA, 2x GC buf-
fer, 200 pM dNTPs, 10 pmol of each prim-
er and | unit of LA Taq polymerase (Takara,
Tokyo, Japan). The PCR primers used were 5'-
AGATGTCTGAAGGACCTTGGA-3' as a forward
primer and 5-ACAGCTCAGAGGGACATGGA-3' as
a reverse primer. PCR was performed with 39 cycles
of the following 94°C for 45 s, 54°C for 45 s and 74°C
for 1 min in a thermocycler. Obtained PCR products
showed a single fragment at 285 bp. Six pL of 285-bp
product were then digested with 2 units of BspCNI re-
striction enzyme at 25 °C for 2 h. Digestion products
were visualized on a 3 % agarose gel. Wild-type al-
lele produced double band at 269 and 16 bp and mu-
tant allele produced three bands at 165, 104 and 16 bp.

Results

An OGTT revealed a diabetic pattern with hyper-
insulinemia (Table 1). The homeostasis model as-
sessment of insulin resistance (HOMA-IR), an index
of insulin resistance, was 20.1. The C-peptide/insu-
lin molar ratio was extremely low. The fasting and
120 min levels were 2.21 and 1.57, respectively (nor-
mal level of fasting is 4.0<). An insulin tolerance
test (0.1U/kg insulin i.v.) showed insulin resistance
with only 37 % reduction in plasma glucose levels.
Metformin was started from 250 mg/day and increased
up to 500 mg/day. HbAlc levels improved to 5-6 %
six months later. At that point in time, her fasting pro-
insulin level was 71.7 pmol/L when the IRI level was
49.1 pg/mL. Proinsulin/insulin molar ratio was 0.24
(normal 0.1-0.2). Her insulin levels were still high;

Table 1 C-peptide/insulin molar ratio in family members

Patient
OGTT (1) on admission
Time (min) 0 30 60 90 120
PG (mg/dL) 124 224 263 280 262
IR1 (uU/mL) T65.7 1148 1915 279.1  290.1
CPR (ng/mL) 318 462 701 980 10.00
CPR/IRI molar ratio 221 1.84 1.67 1.60 1.57
OGTT (2) 2 weeks after admission
Time (min) 0 30 60 90 120
PG (mg/dL) 85 190 224 220 202
IRT (uU/mL) 527 1369 1874 2392 3136
CPR (ng/mL) 268 580 800 899 1050
CPR/IR] molar ratio 232 193 1.95 1.72 1.53
Father
OGTT
Time (min) 0 30 60 90 120
PG (mg/dL) 88 169 256 214 172
IRI (pU/mL) 10.1 37.0 1005 1081 1105
CPR (ng/mL) 124 314 696 805 822
CPR/IRI molar ratio 560  3.87 316 3.40 3.40
Grandmother
Fasting time
PG (mg/dL) 146
IRI (uU/mL) 30.1
CPR (ng/mL) 2.51
CPR/IRI molar ratio 3.84

however, the acanthosis nigricans had disappeared af-
ter she had regained diabetic control.

Her clinical course suggested two genetic diseas-
es of glucose metabolism, One was the insulin gene
mutation, as characterized by a low level C-peptide/
insulin molar ratio, and sometimes presents as type 2
DM. The other was the insulin receptor gene muta-
tion, which clinically demonstrated type A insulin re-
sistance.

A sequencing analysis of the 22 exons as well as the
intron-exon junctions identified a heterozygous muta-
tion at nucleotide position 1072 substituting a termi-
nation codon for arginine 331, a conserved amino acid
in the insulin-like growth factor I receptor and insulin
receptor-related receptor, in the putative receptor L2
domain of the patient’s insulin receptor (Fig. 1) [19].
No other mutations were found in any of the insulin
receptor genes analyzed in this study.

Her father and grandmother also had the same
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Fig. 1 Partial nucleotide sequence of the insulin receptor gene in the patient. Sequence from the patient is shown in comparison with
that from the control. The patient is heterozygous for a mutation at the nucleotide position 1072, converting Arg 331(CGA) to
a termination codon (TGA). An arrow indicates the position of mutation.

heterozygous mutation (data not shown). The fast-
ing C-peptide/insulin molar ratio of her grandmoth-
er was relatively low under the treatment of sulfo-
nylureas (3.84, IRI; 30.1 pU/mL, CPR 2.51 ng/mL).
The HbA ILc level of her father was 4.7 %, but OGTT
showed impaired glucose tolerance (Tablel). Although
the fasting insulin level was 10.1 pU/mL, it increased
up to 100 pU/mL in 60 -120 min. The C-peptide/in-
sulin molar ratio was 5.60 in fasting and 3.40 in 120
min. They showed milder insulin resistance in com-
parison to the proband. The heterozygous mutation
seemed to significantly affect the insulin resistance of
the three subjects, even if no typical skin lesions were
observed in either the father or grandmother.

One unrelated case of leprechaunism with R331X
homozygous mutation was identified in Tokyo, Japan.
The patient was born to unrelated parents at 39 weeks
of gestation with a birth weight of 1743 g. She
showed an extreme degree of insulin resistance (FPG,
200 mg/dL<; IRI 10,000 pU/mL<). She thereafter
started to receive subcutaneous injections of recombi-
nant human IGF-1. After treatment, her glucose meta-
bolic abnormality was improved. Informed consent
was obtained from her parents for sequence analysis.
Her parents had R331X heterozygous mutation. They
did not demonstrate any symptoms of diabetes mel-
litus. Information on the glucose tolerance including
OGTT was unavailable.

These findings led to the hypothesis that insulin re-
ceptor genetic variants contribute to the variation of
DM in the general population in Japan. An extensive
search was done in 272 participants in a group medi-
cal examination that included 92 healthy cases of nor-
moglycemia and 180 cases already diagnosed as type

2 DM or detected hyperglycemia. The search, how-
ever, failed to detect any R331X mutation in this local
population.

Discussion

Type A insulin resistance was initially character-
ized in young female patients with acanthosis nigri-
cans, ovarian hyperandrogenism and virilization [20].
Over 30 mutations have so far been described in these
patients, which are mainly clustered in the tyrosine ki-
nase domain of the insulin receptor [21, 22].

A nonsense mutation was identified in one allele of
a patient substituting the termination codon (TGA) for
the CGA codon normally encoding Arg”"' located in a
putative 1.2 domain, which is a single stranded right-
hand beta-helix and is suggested to make up the bilob-
al ligand binding site [23]. The nonsense mutation at
codon 331 truncated the C-terminal half of the receptor
o subunit as well as the entire § subunit including the
transmembrane anchor and the tyrosine kinase domain.
Therefore, it is unlikely that this truncated receptor,
translated from the mutant allele, would be either func-
tional or located on the cell surface. In fact, extreme
insulin resistance was observed in a female lepre-
chaunism patient with homozygous R331X alleles.

Hyperinsulinemia is usually considered to be the
result of resistance to the physiological effects of in-
sulin and consequent compensatory increased insu-
lin secretion. Recently, the C-peptide/insulin ratio is
widely used as a surrogate of hepatic insulin clear-
ance for the evaluation in type 2 DM or glucose intol-
erance [24, 25]. This index, should clarify whether
impaired hepatic insulin clearance or increased insu-
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lin secretion has a dominant effect on such patients.
Insulin and C-peptide are secreted into the portal vein
in a 1:1 molar ratio after B-cell stimulation by carbo-
hydrate or other secretagogues. A large fraction of
endogenous insulin is cleared by the liver, whereas
C-peptide, which is cleared primarily by the kidney
and has a lower metabolic clearance rate than insulin,
and traverses the liver with essentially no extraction
by hepatocytes [26, 27]. Diminished insulin clearance
has been demonstrated to be an important underlying
mechanism for the hyperinsulinemia found in various
insulin-resistant conditions [28-30]. For example, to
evaluate hyperinsulinemia in African Americans, at
risk for type 2 DM, several studies used C-peptide/in-
sulin molar ratio as an index of hepatic insulin clear-
ance. African American children and adults showed
lower C-peptide/insulin ratio than White Americans,
thus suggesting that high insulin levels could be partly
attributed to lower clearance [31, 32].

Therefore, the use of the C-peptide/insulin molar
ratio reflects of hepatic insulin clearance [33]. A low
C-peptide/insulin molar ratio of our patients suggests
impaired hepatic insulin clearance because of, not
only DM, but also abnormal insulin receptor expres-
sion in the liver. To this day, a low C-peptide/insulin
molar ratio has not been substantially observed among
individuals with type A insulin resistance. Two fami-
ly cases with an insulin receptor gene mutation report-
ed the presence of a low C-peptide/insulin molar ratio
[34, 35]. They showed hyperinsulinemic hypoglyce-
mia, severe insulin resistance and the C-peptide/insu-
lin molar ratio ranged from 1.1 to 3.8.

As well as this reported cases, the molar ratio of
the proband of our family was very low similar to
that observed in subjects with insulin gene mutation.
Previously, low C-peptide/insulin ratio was well re-
ported to be a clinical feature of mutations in the hu-
man insulin gene causing either familial hyperinsu-
linemia or familial hyperproinsulinemia. The elevated
circulating IRI consisted mainly of the unprocessed
mutated proinsulin, which had accumulated because
of proinsulin’s relatively low clearance compared with
insulin. In these subjects, proinsulin levels were tends
to be extremely high, namely over three hundred pmol/
L [36, 37]. Due to dramatic improvements in the assay
techniques of IRI, cross-reactivity with proinsulin is
normally seen at very low levels. Consequently, there
have been no new reports regarding hyperproinsuline-
mia with insulin gene mutations for the last decade.

513

Recently, the fasting proinsulin/insulin ratio is used
as a marker of B-cell dysfunction. In peripheral blood,
fasting proinsulin accounts for 10-20% of insulin but
it may reach values as high as 50 % in type 2 DM.
Taura et al. evaluated the basal and dynamic proin-
sulin-insulin relationship to assess the B-cell func-
tion during OGTT in type 2 DM [38]. The proinsulin/
insulin molar ratio was higher in type 2 DM (0.39 +
0.05) subjects than normal (0.14 + 0.01) and impaired
glucose-tolerant (0.13 + 0.02) subjects. In comparison
to this study, the fasting proinsulin/insulin ratio of the
proband, 0.20 was slightly higher than normal. It is
difficult to consider that her low C-peptide/insulin mo-
lar ratio is derived from structural abnormalities in the
proinsulin molecule.

We calculated the C-peptide/insulin molar ratio of
several previous cases with insulin receptor gene mu-
tation from data measured simultaneously. Severe
cases, Rabson-Mendenhall syndrome or Donohue’s
syndrome, showed very low level (0.69 to 1.83) [14,
39-41]. Milder cases, type A insulin resistance or DM,
also showed relatively low molar ratio (1.47 to 4.26)
[35, 42]. However, most previous case reports only
recorded the IRI data, more investigations are needed
to discuss these clinical characteristics.

Interestingly, the patient’s father did not show
hyperinsulinemia while demonstrating a normal
C-peptide/insulin molar ratio after fasting. However,
after oral glucose ingestion, the insulin level increased
100.5 pU/mL/mL at 60 min and the molar ratio gradu-
ally decreased from 5.60 to 3.40. Meier ef al. studied
the C-peptide/insulin molar ratio as calculated at sin-
gular time points after oral glucose administration in
non-diabetic subjects [37]. They reported that the mo-
lar ratio decreased to half level at 30 minutes and then
it gradually increased up to the initial level through
120 min. In contrast to their data, the proband and her
father showed a gradually decreasing pattern from 0
to 120 minutes. Receptor-mediated insulin endocy-
tosis and degradation in hepatocyte underlie the basic
mechanism of insulin clearance. Insulin is targeted for
degradation after internalization, whereas the recep-
tor recycles back to the cell surface [43]. CEACAM]I,
a transmembrane glycoprotein, plays a significant role
in receptor-mediated insulin endocytosis [44]. In vit-
ro studies suggest that upon its phosphorylation by the
insulin receptor kinase, CEACAMI1 binds indirectly
to the receptor to undergo internalization in clathrin-
coated vesicles as part of endocytosis complex [45].
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CEACAMLI is considered to interact with two sepa-
rate domains of the insulin receptor: a C-terminal for
its phosphorylation, and cytoplasmic juxtamembrane
domain required for internalization [46]. R331X mu-
tant defects these important domains for endocytosis
of insulin-insulin receptor complex. A reduction of
endocytosis may also affect recycle of insulin receptor
and may cause prolonged low hepatic extraction after
glucose oral load observed in subjects having R331X
mutation. Although her father showed normal data in
fasting period, the oral glucose test may be a supple-
mentary means for evaluating of insulin receptor mu-
tant subjects.

As stated above, C-peptide is believed to be a better
index of the pancreatic B-cell function than insulin be-
cause C-peptide levels are unaffected by hepatic clear-
ance. When comparing the father’s C-peptide levels
of OGTT with proband, only a slight difference was
observed. This result indicates that the insulin secret-
ing function of B-cell is not substantially different and
the cause of hyperinsulinemia in the proband is domi-
nantly affected by impaired hepatic insulin clearance.
The evaluation of the C-peptide/insulin molar ratio is
thus considered to be a useful index for identifying ge-
netic insulin resistance patients. On the other hand, a
mild phenotype such as that observed in her father may
not be effectively evaluated by the fasting data alone.

Unrelated Japanese patients with another mutation
of the insulin receptor gene have been previously re-
ported. They showed different phenotypes: one was
detected as a heterozygous mutation in type A insu-
lin resistance, while the other was detected as a com-
pound heterozygous mutation in leprechaunism, thus
indicating that the severity of such mutations will
determine the phenotype [47]. The phenotype of
heterozygous R331X differed substantially among the
current family members. Although the proband and
her grandmother showed diabetes mellitus with insu-
lin resistance, the difference in the age of onset was
around forty years. In addition, her father did not

show insulin resistance after fasting. The reason for
this difference may be conditioned by heredity and
environment. The lifestyle for children has changed
over the last few decades in Japan. The proband of-
ten consumed high caloric foods before detecting glu-
cosuria. Numerous genetic factors related to diabetes
mellitus have also been investigated. The insulin re-
ceptor pathway plays an important role in the glucose
metabolism. The phenotype of a homozygous muta-
tion, leprechaunism, revealed this important function
in humans. However, a heterozygous mutation includ-
ing Type A insulin resistance shows a mild phenotype.
Variance in the current family case suggests that vari-
ous genetic factors may therefore have played a role in
their glucose metabolism. Contrary to expectations,
the hypothesis that R331X determines the phenotype
for glucose tolerance in Japanese people was ruled
out. In addition, the influence of other reported muta-
tions was unclear.

In conclusion, a nonsense mutation causing pre-
mature termination after amino acid 331 in the « sub-
unit of the insulin receptor was identified in Japanese
diabetes patients. The phenotype of R331X showed
variety, and therefore further investigations, includ-
ing determination of the mRNA level as well as li-
gand binding and receptor autophosphorylation, are
thus called for to address the molecular mechanism
by which this mutation leads to the occurrence of dia-
betes, as was observed in the current patient. In addi-
tion, the C-peptide/insulin molar ratio is considered to
be a useful index for identifying genetic insulin resis-
tance patients.
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Spontaneous Development of Endoplasmic Reticulum Stress
That Can Lead to Diabetes Mellitus Is Associated with Higher
Calcium-independent Phospholipase A, Expression

A ROLE FOR REGULATION BY SREBP-1*
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Our recent studies indicate that endoplasmic reticulum (ER)
stress causes INS-1 cell apoptosis by a Ca?*-independent phos-
pholipase A, (iPLA,)-mediated mechanism that promotes cer-
amide generation via sphingomyelin hydrolysis and subsequent
activation of the intrinsic pathway. To elucidate the association
between iPLA, B and ER stress, we compared g-cell lines gener-
ated from wild type (WT) and Akita mice. The Akita mouse is a
spontaneous model of ER stress that develops hyperglycemia/
diabetes due to ER stress-induced B-cell apoptosis. Consistent
with a predisposition to developing ER stress, basal phosphory-
lated PERK and activated caspase-3 are higher in the Akita cells
than WT cells. Interestingly, basal iPLA,f, mature SREBP-1
(mSREBP-1), phosphorylated Akt, and neutral sphingomyeli-
nase (NSMase) are higher, relative abundances of sphingomy-
elins are lower, and mitochondrial membrane potential (AW¥) is
compromised in Akita cells, in comparison with WT cells. Expo-
sure to thapsigargin accelerates AW loss and apoptosis of Akita
cells and is associated with increases in iPLA, 8, mSREBP-1, and
NSMase in both WT and Akita cells. Transfection of Akita cells
with iPLA,f small interfering RNA, however, suppresses
NSMase message, AW loss, and apoptosis. The iPLA, gene
contains a sterol-regulatory element, and transfection with a
dominant negative SREBP-1 reduces basal mSREBP-1 and
iPLA, B in the Akita cells and suppresses increases in mSREBP-1
and iPLA,f due to thapsigargin. These findings suggest that ER
stress leads to generation of mSREBP-1, which can bind to the
sterol-regulatory element in the iPLA,B gene to promote its
transcription. Consistent with this, SREBP-1, iPLA,8, and
NSMase messages in Akita mouse islets are higher than in W'T
islets.
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B-Cell loss due to apoptosis contributes to the progression
and development of Type 1 or Type 2 diabetes mellitus (T1DM?
or T2DM, respectively). This is supported by autopsy studies
that reveal reduced B-cell mass in obese T2DM subjects in
comparison with obese non-diabetic subjects (1, 2) and reveal
that the loss in B-cell function in non-obese T2DM is associated
with decreases in $-cell mass (3, 4). Other evidence suggests
that cytokines cause B-cell apoptosis during the development of
autoimmune T1DM (5-8). It is therefore important to under-
stand the mechanisms underlying B-cell apoptosis if this pro-
cess is to be prevented or delayed.

B-Cell mass is regulated by a balance between B-cell replica-
tion/neogenesis and B-cell death resulting from apoptosis (9,
10). Findings in rodent models of T2DM (10, 11) and in human
T2DM (3, 4) indicate that the decrease in -cell mass in T2DM
is not attributable to reduced B-cell proliferation or neogenesis
but to increased B-cell apoptosis (12). In addition to the intrin-
sic and extrinsic apoptotic pathways, apoptosis due to pro-
longed endoplasmic reticulum (ER) stress (12, 13) has been
reported in various diseases, including Alzheimer and Parkin-
son diseases (14).

Evidence from the Akita (15, 16) and NOD.k iHEL (17)
mouse models suggests that ER stress can also lead to the devel-
opment of diabetes mellitus as a consequence of B-cell apopto-
sis. Further, mutations in genes encoding the ER stress-trans-
ducing enzyme pancreatic ER kinase (PERK) (18) and the
ER-resident protein involved in degradation of malfolded ER
proteins have been clinically linked to diminished B-cell health
(19, 20). Other reports suggest that ER stress may also play a

2 The abbreviations used are: TIDM, Type 1 diabetes mellitus; T2DM, Type 2
diabetes mellitus; AK, Akita; pAkt, phosphorylated Akt; PERK, pancreatic ER
kinase; pPERK, phosphorylated PERK; BEL, bromoenol lactone suicide
inhibitor of iPLA,8; DN, dominant negative; ER, endoplasmic reticulum;
ESI/MS/MS, electrospray ionization/tandem mass spectrometry; GPC, glyc-
erophosphocholine; iPLA,B, B-isoform of group VIA Ca?*-independent
phospholipase A,; NSMase, neutral sphingomyelinase; PBS, phosphate-
buffered saline; PLA,, phospholipase A,; mSREBP-1, mature (or processed)
SREBP-1; TUNEL, terminal deoxynucleotidyl transferase-mediated (fluores-
cein) dUTP nick end labeling; WT, wild type; siRNA, small interfering RNA;
DAP|, 4’ 6-diamidino-2-phenylindole; gRT-PCR, quantitative reverse tran-
scription-PCR; SRE, sterol-regulatory element; DiOC,(3), 3,3'-dihexylox-
acarbocyanine iodide.
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prominent role in the autoimmune destruction of S-cells dur-
ing the development of TIDM (6, 21, 22). Because the secretory
function of B-cells endows them with a highly developed ER
and the B-cell is one of the cells most sensitive to nitric oxide
(23), it is not unexpected that B-cells exhibit a heightened sus-
ceptibility to autoimmune-mediated ER stress (24, 25). In sup-
port of this, Wolfram syndrome, which is associated with juve-
nile onset diabetes mellitus, is recognized to be a consequence
of chronic ER stress in pancreatic B-cells (21, 26).

In view of the evidence suggesting that ER stress-induced
B-cell apoptosis may be a factor in the development of diabetes
mellitus, it was of interest to elucidate the mechanisms
involved. Recent work from our laboratory led to the identifi-
cation of a Ca®* -independent phospholipase A, (iPLA,B) as a
key participant in ER stress-mediated apoptosis of INS-1 insu-
linoma cells. The iPLA, S, classified as a Group VIA isoform of
iPLA,, is a member of a large family of PLA,s (27) that is cyto-
solic and does not require Ca*>" for activity (28 -30). It is acti-
vated by ATP, is inhibited by the bromoenol lactone suicide
substrate (BEL) inhibitor of iPLA,f (31), and is recognized to
have a role in signal transduction (28, 31-39). We found that
induction of ER stress with the sarcoendoplasmic reticulum
Ca®*-ATPase inhibitor thapsigargin causes INS-1 cell apopto-
sis that is amplified by overexpression of iPLA,f and is inhib-
ited by BEL (40).

Further work indicated that ER stress activates iPLA,8 in
INS-1 cells, leading to neutral sphingomyelinase (NSMase)
induction and generation of ceramides via hydrolysis of sphin-
gomyelins (41). Subsequently, the ceramides trigger mitochon-
drial apoptotic processes and cell death ensues. Consistent with
this proposed mechanism, inhibition of iPLA,f or NSMase
suppresses sphingomyelin hydrolysis and ceramide generation,
mitochondrial abnormalities, and apoptosis (42).

Although a link between iPLA, 8 and ER stress-induced apo-
ptotic pathway was gleaned from the above observations, it was
derived from studies in which a chemical agent was used to
induce ER stress and iPLA, 3 expression levels were genetically
manipulated in an insulinoma cell line. Of importance was to
determine whether a similar link existed under conditions
where ER stress developed in the 3-cell in the absence of chem-
ical intervention. Here, we present studies in a -cell line estab-
lished from Akita mice (43), which contain a spontaneous
mutation of the insulin 2 gene (/ns2) (C96Y) that results in
misfolding insulin in the ER leading to development of hyper-
glycemia/diabetes due to ER stress-induced B-cell apoptosis
(44, 45). Our findings reveal for the first time that predisposi-
tion to ER stress is associated with increased expression of
iPLA,fB and that its expression is modulated by activation of
SREBP-1 (sterol-regulatory element-binding protein-1). We
also present the first evidence in Akita mouse islet B-cells that
substantiates these findings.

EXPERIMENTAL PROCEDURES

Materials—The sources for the material used were as fol-
lows: 16:0/[**C]18:2-GPC (55 mCi/mmol), rainbow molecular
mass standards, and ECL reagent (Amersham Biosciences); low
melting agarose (Applied Biosystems Inc., Foster City, CA);
Coomassie reagent, SDS-PAGE supplies, and Triton X-100
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(Bio-Rad); mitochondrial membrane potential detection kit
(Cell Tech. Inc., Mountain View, CA); paraformaldehyde (Elec-
tron Microscopy Sciences, Ft. Washington, PA); xylene
(Fisher); secondary antibody goat anti-rabbit IgG Alexa Fluor
594 (Invitrogen); secondary antibody Cy3-affinipure bovine
anti-goat [gG(H + L) (Jackson ImmunoResearch Laboratories
Inc., West Grove, PA); DiOC¢(3) and Hoechst dye and Slow
Fade® light antifade kit (Molecular Probes, Inc., Eugene, OR);
peroxidase-conjugated goat anti-rabbit IgG antibody, TUNEL
kit (Roche Applied Science); Lipofectamine 2000 (Invitrogen);
siRNA kit (Qiagen, Valencia, CA); primary antibodies (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA); agarose, collagen-
ase, protease inhibitor mixture, thapsigargin, common
reagents, and salts (Sigma); tissue marking dye (Triangle Bio-
medical Sciences Inc. {Durham, NC) and Vector Laboratories,
Inc. (Burlingame, CA).

Cell Culture and Treatment—The Akita and wild type (WT)
cells were generated as follows. A transgenic mouse line that
harbored the modified human insulin promoter connected to
the SV40 T antigen coding region on C57BL/6 mice (IT3 line)
was kindly provided by Dr. Jun-Ichi Miyazaki (46). Male off-
spring were mated with female Akita mice (Ins27/X) (45) on a
C57BL/6 background. Insulinomas that developed in the pan-
creas of the progeny were removed and cultured in Dulbecco’s
modified Eagle’s medium containing high glucose and 15% fetal
bovine serum (43). Pancreatic B-cell lines were established
from the cells grown as monolayers on culture dishes. Several
cell lines were obtained for Ins2™ /¥ and for wild type Ins2*'™.

The cells were cultured in Dulbecco’s modified Eagle’s
medium (containing 10 ul of B-mercaptoethanol/200 ml) as
described (43). The medium was exchanged every 2 days, and
the cells were split, as required, once a week. Cells (~25-30
passages) were grown to 80% confluence in cell culture dishes
and harvested following treatment with vehicle (DMSO, 0.50
wl/ml) or thapsigargin (0.5 uM). The cells were harvested at
various times (2-16 h) and prepared for various analyses
described below. All incubations were done at 37 °C under an
atmosphere of 95% air, 5% CO,.

In Situ Detection of DNA Cleavage by TUNEL and DAPI
Staining—Cells were harvested and washed twice with ice-cold
PBS and then immobilized on slides by cytospin (40) and fixed
with 4% paraformaldehyde (in PBS, pH 7.4, 1 h, room temper-
ature). The cells were then processed for TUNEL staining anal-
yses as described (42). Incidence of apoptosis was assessed
under a fluorescence microscope (Nikon Eclipse TE300) using a
fluorescein isothiocyanate filter. Cells with TUNEL-positive
nuclei were considered apoptotic. DAPI staining was used to
determine the total number of cells in a field. A minimum of
three fields per slide was used to calculate the percentage of
apoptotic cells.

Assessment of Mitochondrial Membrane Potential (AV)—
Loss of AW is an important step in the induction of cellular
apoptosis (47). Akita and WT cell A¥ was initially measured
using a commercial kit by flow cytometry (BD Biosciences) as
described (42). Fluorescence in cells was monitored at an exci-
tation wavelength of 488 nm. Although these analyses yield
quantitative results, they were hampered by the tendency of
these cells to clump together, causing the fluorescence peaks to
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be broad. To address this issue, a second method to monitor
AV was established. Cells were plated in a 6-well plate with the
coverslips and cultured up to semiconfluence. After washing
with PBS twice at room temperature, the coverslips were incu-
bated with DiOC(3) solution (175 nm) for 15 min under an
atmosphere of 5% CO,, 95% air (37 °C). The Hoechst reagent (5
pg/ml) was then added to stain the nucleus. After 20 min, the
coverslips were rinsed with PBS, mounted on slides, and the
cells were immediately examined using a confocal laser-scan-
ning microscope (Zeiss) with a 488-nm argon laser and a
405-nm diode laser.

Immunoblotting Analyses—Cells were harvested and soni-
cated, and an aliquot (30 ug) of lysate protein was analyzed by
SDS-PAGE (8 or 15%), transferred onto Immobilon-P polyvi-
nylidene difluoride membranes, and processed for immuno-
blotting analyses as described (40). The targeted factors and the
primary antibody concentrations were as follows: phosphory-
lated PERK (pPERK) (1:1000), iPLA, (T-14) (1:500), caspase-3
(1:1000), SREBP-1 (1:1000), pAkt (1:1000), and tubulin
(1:2000). The secondary antibody concentration was 1:10,000.
Immunoreactive bands were visualized by ECL.

Assay for iPLA,B Activity—Cytosol fraction was prepared
from Akita and WT cells and harvested, and protein concen-
tration was determined using Coomassie reagent. Ca>*-inde-
pendent PLA, catalytic activity in an aliquot of cytosolic protein
(30 pg) was assayed under zero Ca’>* conditions (no added
Ca®* plus L0mm EGTA) in the presence of 16:0/[**C]18:2-GPC
(5 um) as the substrate, and specific enzymatic activity was
quantitated as described (40). To verify that the phospholipase
activity is manifested by iPLA, 3, activity was also assayed in the
presence of ATP (10 mMm) or BEL (1 um).

Sphingomyelin Analyses by ESI/MS/MS—Sphingomyelins
are formed by reaction of a ceramide with CDP-choline, and
similar to GPC lipids, they contain a phosphocholine as the
polar headgroup. This feature of sphingomyelins facilitates
identification of sphingomyelin molecular species by constant
neutral loss scanning of trimethylamine (M + H]* —
N(CHj,),) or constant neutral loss of 59 as described (41). The
prominent ions in the total ion current spectrum are those of
the even mass PC molecular species, and these mask the odd
mass sphingomyelin signals (41). Constant neutral loss of 59,
however, facilitates emergence of signals for sphingomyelin
species at odd m/z values, reflecting loss of nitrogen. Lipid
extracts were prepared as above in the presence of a 14:0/14:0-
GPC (m/z 684, 8 pg) internal standard, which is not an endog-
enous component of B-cell lipids, and analyzed by ESI/MS/MS.
Sphingomyelins content in the samples was determined based
on standard curves generated using commercially available
brain and egg sphingomyelins with a known percentage of each
fatty acid constituent and 14:0/14:0-GPC (m/z 684, 8 pg) as an
internal standard as described (41). Total (pmol) sphingomye-
lin species in each fraction was determined and normalized to
total phosphate (umol of PO,).

Transient Transfection of Dominant Negative (DN) SREBP-1—
A DN SREBP-1 vector (Addgene plasmid 8885) was obtained
from Addgene (Cambridge, MA). The plasmid developed by
Kim and Spiegelman (49) expresses truncated ADD1 with a
tyrosine to alanine mutation at amino acid 320. WT and Akita
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cells were cultured as described above and transfected 1 day
before 90 ~95% confluence using Lipofectamine 2000 (Invitro-
gen). Briefly, DN SREBP-1 was diluted in 50 ul of Opti-MEM I
reduced serum medium and mixed gently. After a 5-min incu-
bation, DN SREBP-1 was mixed with diluted Lipofectamine
2000 (total volume, 100 ul). The mixture was incubated for 20
min at room temperature and used to transfect WT and Akita
cells cultured in a 6-well plate. The cells were incubated at 37 °C
under an atmosphere of 95% air, 5% CO, for 48 h prior to
experimentation.

Suppression of iPLA B Expression—To knock down iPLA,8,
wild type and Akita cells were transfected with iPLA,B siRNA
according to the manufacturer’s instructions (Qiagen, Valen-
cia, CA). Cells were seeded in wells with culture medium con-
taining serum and antibiotics and allowed to reach 50-80%
confluence. The cells were then transfected with either control
siRNA (si* in Fig. 7) or iPLA, 3 siRNA (si in Fig. 7). The siRNAs
were prepared in dilution buffer and mixed gently with
RNAiFect transfection reagent. The mixture was then incu-
bated at room temperature for 1015 min to allow formation of
transfection complexes. The complexes were then gently added
to the cells. The cells were cultured with the transfection com-
plexes at 37 °C under an atmosphere of 95% air, 5% CO, for 72 h
prior to experimentation.

Islet Isolation—Male mice (4 -5 weeks of age) were anesthe-
tized with ketamine/xlyazine mixture (0.75 ul/g body weight)
prior to euthanization by cervical dislocation. The abdomen
was isolated, and pancreata were isolated as described (50). The
common bile duct was clamped at the duodenum-bile duct
junction, and collagenase/Krebs-Ringer buffer (5 ml) was
injected into the pancreas via the duct. Once the pancreas was
completely distended, it was removed and placed in a scintilla-
tion vial with collagenase/Krebs-Ringer buffer (2.5 ml) and
incubated in a 37 °C water bath for 13 min. The vial was then
vigorously shaken for 90 s, followed by washing (three times) of
the pancreas with Krebs-Ringer buffer containing 1 mm CaCl,
(50 ml). The pancreas was then resuspended in incomplete
RPMI 1640 (without FBS or penicillin/streptomycin, 25 ml) and
poured through a 70-um cell strainer into a Petri dish. The cells
were washed further with incomplete RPMI 1640 (75 ml). The
cell strainer was then inverted and rinsed with complete RPMI
1640 (10% fetal bovine serum, 2X penicillin/streptomycin, 25
ml) to collect the remaining islets in solution. The islets were
then hand-picked under a microscope, counted, and incubated
overnight in media under an atmosphere of 5% CQO,, 95% and
37 °C. Typical islet yields ranged from 25 to 50 from the Akita
mice and 150 from WT mice. The islets were used to prepare
total RNA for message and for immunostaining analyses, as
described below.

Quantitative Reverse Transcription-PCR (qRT-PCR)—Total
RNA was prepared from cells and islets cells using the RNeasy
kit (Qiagen Inc.) as described (41, 42). cDNA was then gener-
ated using the SuperScriptll kit (Invitrogen) and heat-inacti-
vated (70 °C for 15 min). PCR amplifications were performed
using the SYBR Green PCR kit in an ABI 7000 detection system
(Applied Biosystems). The primers were designed based on
known mouse sequences for iPLA,B, SREBP-1, NSMase, and
control 18 S provided in the GenBank™™ data base with identi-
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A. Expression of ER Stress Factors
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response activation is pPERK (51).
Because the Akita PB-cells are
reported to be a spontaneous model
of ER stress, we compared pPERK
levels in these cells with those in
WT B-cells. As shown in Fig. 1, basal
pPERK is greater in the Akita rela-
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tive to wild type cells. Although
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pPERK expression in both the WT
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and remained higher in the Akita
cells (Fig. 1B). These observations
are consistent with the original find-
ings of increased ER molecular
chaperones and ER stress response
element-binding transcription fac-
tors in the Akita cells (43) and con-
firm that the Akita cells are predis-
posed to developing ER stress and

0 2 4 8 16 0
Thapsigargin (h)

FIGURE 1. Basal expression of ER stress factors and apoptotic factors. WT and AK p-cells were harvested at
various times after exposure to thapsigargin (0.50 um), and 30 ug of lysate protein was processed for immu-
noblotting analyses for PERK and pPERK. Tubulin was used as a loading control. These analyses were done
three separate times. A, immunoblot. A representative blot for PERK and pPERK is presented. B, densitometry.
The ratios of PERK- and pPERK-immunoreactive bands to the corresponding tubulin band were determined,
and means *+ S.E. of -fold change relative to WT at 0 h are presented. * and 1, significantly different from
corresponding WT, p < 0.001 and p < 0.05, respectively. #, significantly different from WT at 0 h, p < 0.05.

fication numbers 53357, 20787, 20598, and 19791, respectively.
The sense/antisense primer sets were as follows: iPLA,, gccc-
tggccattctacacagta/cacctcatccttcatacggaagt; SREBP-1, ccagag-
ggtgagcctgacaa/agectetgeaatttccagatet; NSMase, ctgagtacagec-
gacagaagga/gggccagttcccaagett; 18 S, gccgctagaggtga-
aattcttg/cattcttggcaaatgcetttcg.

Immunostaining—Islets were fixed in 10% formalin and 5 ul
of tissue marking dye, followed by the addition of 150 ul of low
melting agarose. The mixture was spun down quickly to settle
the islets at one surface of the agarose, which was then allowed
to solidify. The islet-containing blocks were then processed,
and paraffin sections (8 —10 um) were prepared for staining for
iPLA,B and SREBP-1. The sections were incubated overnight
with primary antibodies (1:25), washed with PBS (4 X 30 min),
incubated for 2—3 h with secondary antibodies (1:100 of Cy3 for
iPLA,B and Alexa Fluor 594 for SREBP-1), and washed with
PBS (three times for 10 min each). DAPI stain (20-30 ul) was
then added, and the sections were sealed with a coverslip using
nail polish.

Statistical Analyses—Data were converted to mean = S.E.
values, and Student’s ¢ test was applied to determine significant
differences between two samples (p < 0.05). The # value for
each analysis is indicted in the figure legends.

RESULTS

Expression of ER Stress Factors in Akita B-Cells—As part of
the unfolded protein response, various ER factors are induced
to alleviate ER stress. One such marker of unfolded protein
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Thapsigargin (h)

that they are a good model for the
study of underlying mechanisms
that contribute to B-cell apoptosis
due to ER stress.

Reduced Sphingomyelins in Akita
B-Cells—We reported that ER
stress-induced ceramide generation
via NSMase-catalyzed sphingomye-
lin hydrolysis was a critical contrib-
utor to INS-1 cell apoptosis (41, 42).
If this pathway is activated by ER stress, this should be reflected
by reduced abundances of sphingomyelin molecular species in
the Akita cells. To examine this possibility, WT and Akita cells
were harvested under basal conditions and analyzed by ESI/
MS/MS. The spectra in Fig. 2 display tracings of Li" adducts of
sphingomyelin species in cell lysates after the addition of the
14:0/14:0-GPC internal standard, which is represented in the
spectrum by its (M + Li™)" ion (m/z 684). Similar to the INS-1
cells, the major sphingomyelin species endogenous to WT and
Akita B-cells are 16:0 (m/z 709), 18:0 (m/z 737), 22:0 (m/z 693),
24:1 (m/z 819), and 24:0 (m/z 821). The spectra were acquired
by monitoring constant neutral loss of 59, as described (52), in
WT (Fig. 2A) and Akita (Fig. 2B) cells. As reflected by the
decreases in the intensity of ions representing them, the relative
abundances of the sphingomyelin molecular species are
decreased in the Akita cells in comparison with WT cells. Nor-
malization of individual sphingomyelin molecular species to
lipid phosphorus revealed the 16:0, 18:0, 22:0, 24:0, and 24:1
species in the Akita cellstobe 47 = 9,22 = 2,75 *= 4,95 * 4,and
78 * 10% of WT cells, respectively. The total pool of sphingo-
myelins (pmol/wmol of PO,) revealed a 48% decrease in sphin-
gomyelin abundance in the Akita cells, relative to the WT cells
(Fig. 2C). These findings indicate that hydrolysis of sphingomy-
elins is ramped up in the Akita cells and suggest the possibility
of consequential triggering of mitochondrial abnormalities.

Compromised AW in Akita B-Cells—Loss of AW is an impor-
tant step in the induction of cellular apoptosis (47). Because
thapsigargin-induced ER stress caused a loss in INS-1 cell AW
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Basal Sphingomyelin Analyses by ESI/MS/MS
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FIGURE 2. Sphingomyelin analyses by ESI/MS/MS. Phospholipids were extracted from WT and AK B-cells, and the abundances of sphingomyelin molecular
species were analyzed by ESI/MS/MS in the presence of 14:0/14:0-GPC (m/z 684) internal standard. The WT (A) and AK (B) spectra were obtained by monitoring
constant neutral loss of 59. C, total sphingomyelin pool. Content of each sphingomyelin molecular species (pmol) was determined in each group and
normalized to total phosphate (umol of PO,). The means + SE. (n = 3) of the total (pmol/mol of PO,) sphingomyelin pools are presented. *, AK group

significantly different from WT, p < 0.05.

(42) in an NSMase-dependent manner, we examined whether
there was a similar compromising of A¥ in the Akita cells. Asin
the earlier study, we used a flow cytometry protocol to monitor
AW in a suspension of cells to which a fluorescent Mito Flow
reagent was added. This reagent concentrates in the mito-
chondria of healthy cells, but the mitochondria of cells
undergoing apoptosis become compromised and accumu-
late less of the reagent, and this is reflected by a decrease in
the fluorescence signal and the appearance of a second peak
that is left of the original. The spectra presented in Fig. 34
reflect fluorescence measurement in 10,000 cells, and the
percentage of cells (mean of four separate experiments) los-
ing AW was analyzed by the application software and is indi-
cated as M1. These analyses revealed that a higher percent-
age of Akita cells have compromised AW than WT cells
under basal conditions. However, unlike the INS-1 cells, the
Akita and corresponding WT cells were found to be prone to
clumping. This resulted in broader peaks in the spectra and
an unexpectedly higher M1 value, even in the WT cells. We
therefore established a second protocol in which mitochon-
dria-associated DiOC(3) staining (green) was monitored in
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live cells by confocal microscopy. As seen in Fig. 3B,
DiOCq(3) under basal conditions is more significantly
retained in the mitochondria of WT than in Akita cells, con-
firming compromised mitochondrial integrity in the Akita
cells. Further, Hoechst staining (blue) reveals that the nuclei
in Akita cells are irregular in shape and size, as compared
with the nuclei in WT cells, suggesting that the cell death
process is under way in the Akita cells. These findings sug-
gest that the spontaneous development of ER stress in B-cells
also triggers the mitochondrial apoptotic pathway.

Basal and ER Stress-induced Apoptosis Are Amplified in
Akita B-Cells—In view of the above findings, we next examined
if the Akita cells are more susceptible to apoptosis. TUNEL
analyses (Fig. 4A4) revealed a higher incidence of basal apoptosis
that was coincident with higher levels of activated caspase-3
(Fig. 4, Band C). Exposure to thapsigargin induced activation of
caspase-3 in both wild type and Akita with peak activation
achieved earlier in the Akita cells than in the wild type cells.
This is reflected by a greater -fold increase, relative to basal, in
Akita cell apoptosis at 8 h (WT, 1.59 * 0.09 versus Akita (AK),
2.26 = 0.16, p = 0.0175).

JOURNAL OF BIOLOGICAL CHEMISTRY 6697

- 336 -



iPLA, 3 Regulation by SREBP-1 in B-Cells during ER Stress

A. Basal AW Analyses by Flow Cytometry

iPLA,B protein was found to be

greater in the Akita than in the WT

o w1 - AK cells (Fig. 5A4), and this was reflected
= . by a 3-fold higher activity (16 * 1
25.1% Mt 36.7% M1 pmol/mg of protein/min for WT
4 : versus 54 * 3 pmol/mg of protein/
” min for Akita). Also, as shown in
% g Fig. 5B, exposure to thapsigargin
8 o promoted iPLA,B activity in both
WT and AK B-cells. Consistent with
manifestation of an iPLA, 3 activity,
basal and thapsigargin-treated activi-
o = — r O Heassadeg— — — J ties were suppressed by BEL and
o o ey " stimulated by ATP (~3-fold) in WT

d and AK B-cells.
B. Basal AW Analyses by DIOC Staining Because we previously reported
iPLA,B-mediated induction of
Hoechst DIOC Merged NSMase during ER stress, we com-
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FIGURE 3. Basal mitochondrial membrane potential (AW) monitoring. A¥ was monitored in WT and AK
B-cells by flow cytometry and DiOC4(3) staining. A, flow cytometry. The spectra reflect fluorescence measure-
ment in 10,000 cells, and the percentage of cells losing AW is indicated as M1. These analyses were done four
separate times. B, DiOC,(3) staining. Cells were loaded with the blue nuclear (Hoechst; left panels) and green
mitochondrial (DIOC4(3) (DIOC); middle panels) stain and examined by confocal microscopy. The merged

images are shown in the right panels.

ER Stress Amplifies AWV Loss in Akita B-Cells—Because
induction of ER stress led to mitochondrial abnormalities in the
INS-1 cells, we examined whether a similar affect was evident in
the Akita cells. Compared with basal conditions (Fig. 2B), expo-
sure to thapsigargin for 8 h resulted in dispersion of DiOCq(3)
staining and loss in nuclear uniformity in the WT cells (Fig. 4D).
These outcomes were accelerated in the Akita cells and suggest
that activation of the mitochondrial apoptotic pathway con-
tributes to ER stress-induced apoptosis of these cells also.

Expression and ER Stress-induced Activation of iPLA,B and
NSMase—Our collective observations (40-42) indicate that
ER stress-induced apoptosis occurs by an iPLA,B-dependent
mechanism involving induction of NSMase and activation of
the mitochondrial apoptotic pathway. The above findings sug-
gest participation of both NSMase and the mitochondria in
Akita B-cell death. We therefore examined the extent of the
iPLA,8 role in this process. Surprisingly, basal expression of

6698 JOURNAL OF BIOLOGICAL CHEMISTRY

pared its message levels in the WT
and Akita cells. As shown in Fig. 5C,
basal NSMase was higher in the
Akita than in the WT cells, and
exposure to thapsigargin induced
NSMase. The increase in NSMase
message occurred earlier and
reached a higher -fold increase in
the Akita cells, relative to WT cells.
Consistent with an iPLA,B-medi-
ated effect, NSMase induction in
both groups was inhibited by inacti-
vation of iPLA,B with BEL.

In contrast with the earlier obser-
vations in INS-1 cells, in which
iPLA,B was overexpressed (41, 42)
and the cells were treated with thap-
sigargin, the responses described
here in the Akita B-cells occurred in
a spontaneous ER stress model.
The present findings therefore
strengthen the likelihood that
iPLA,B plays a critical role in ER
stress-induced B-cell apoptosis.

Evidence for Induction of iPLA,B by SREBP-1 during ER
Stress—The finding of increased iPLA,B expression in the
Akita cells suggests that the B-cell iPLA,B may be subject to
regulation, but the mechanism for its induction remains to
be elucidated. One potential possibility is suggested by the
recent report identifying a sterol-regulatory element (SRE)
in the iPLA,B gene (53). That study performed in Chinese
hamster ovary cells revealed that binding of SREBPs to SRE
leads to iPLA, B transcription. Of relevance to our interests is
that SREBPs are known to be induced under stressful condi-
tions and processed to the mature form of SREBPs
(mSREBP) in B-cells experiencing ER stress due to glucoli-
potoxicity and thapsigargin (54). Consistent with these
observations, we find that basal expression of mSREBP-1
protein is greater in Akita than in WT cells (Fig. 6A). Further,
Akt phosphorylation, which promotes SREBP-1 processing
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A. Quantitation of Akita B-Cell Apoptosis
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FIGURE 4. Assessment of apoptosis and mitochondrial membrane potential (AW) in Akita SB-cells. WT and AK B-cells were exposed to DMSO (control) or
thapsigargin (7) (0.50 um) and harvested at various times for analyses. A, apoptosis quantitation. Total cell number was determined using DAPI nuclear stain,
and the mean =+ S.E. (n = 3) percentages of TUNEL-positive apoptotic cells are presented. ¥, AK group significantly different from WT, p < 0.05. #, WT treated
group significantly different from WT control group, p < 0.05. B, caspase-3 activation. Cell lysates were prepared and processed for full-length and activated
caspase-3 (Casp-3 and aCasp-3, respectively) immunoblotting analyses. Tubulin was used as a loading control. These analyses were done three separate times.
C, activated caspase-3 densitometry. The ratio of the activated caspase-3-immunoreactive band to the corresponding tubulin band was determined, and
means * S.E. of -fold change relative to WT at 0 h are presented. * and #, significantly different from corresponding WT; p < 0.01 and p < 0.05, respectively.
D, AW analyses. Following exposure to DMSO or thapsigargin for 8 h, the WT and AK -cells were loaded with the blue nuclear (Hoechst) (left panels) and green

mitochondrial (DIOCg(3)) (DIOC) (middle panels) stains and examined by confocal microscopy. The merged images are shown in the right panels.

and nuclear accumulation of the mSREBP-1 (55-57), is also
increased.

To determine if there is a link between SREBP-1 and iPLA,3
expression, cells were treated with thapsigargin and harvested
at various times for immunoblotting analyses. Exposure to
thapsigargin promoted a temporal increase in iPLA,[3 expres-
sion in both WT and Akita cells (Fig. 6B), with a more pro-
nounced and earlier increase apparent in the Akita cells. Also,
as seen in Fig. 6C, corresponding increases in mSREBP-1 and
pAkt are also evident. These findings reveal a correlation
between iPLA,$ and generation of SREBP-1; however, they do
not indicate whether the increase in iPLA,S expression is due
to SREBP-1 processing.

To address a direct role of SREBP-1 on iPLA, 8 induction, we
expressed a DN form of SREBP-1 in the W'T and Akita cells. It
has been reported that although the DN form itself is unable to
activate transcription, it interferes with the processing of
endogenous SREBP-1 and its binding to the SRE element (49).
Asseenin Fig. 6D, expression of the DN SREBP-1 reduced basal
levels of the mSREBP-1 form and its increase following expo-
sure to thapsigargin. In association with the reduction in
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mSREBP-1, both basal and thapsigargin-induced increases in
iPLA, 3 were suppressed in cells expressing the DN SREBP-1
(Fig. 6E). As expected by the upstream role of pAkt in SREBP-1
activation, phosphorylation of Akt was unaffected by DN
SREBP-1 (data not shown). These findings are taken to indicate
that SREBP-1 activation can promote iPLA, 3 expression.
Effects of iPLA,B Knockdown in the Akita Cells—Because
basal iPLA, 3 is increased in the Akita cells that are predisposed
to developing ER stress and is induced in both WT and Akita
cells following exposure to thapsigargin, we next examined
whether suppression of iPLA,B expression prevents the
observed outcomes. To address this issue, we used siRNA pro-
tocols to knockdown iPLA,B in the WT and Akita cells. The
cells were harvested under basal conditions or following an 8-h
exposure to thapsigargin. As illustrated in Fig. 7A, both basal
and thapsigargin-induced iPLA,B protein expression are
reduced in the W'T and Akita cells transfected with the iPLA, 3
siRNA (si), relative to cells transfected with the control siRNA
(si*). Comparison of iPLA,B message in the control siRNA-
transfected WT and Akita cells revealed nearly 2.5-fold higher
basal iPLA, B message in the Akita cells (Fig. 7B). Transfection
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