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Aims: To elucidate the clinical factors affecting g-cell function, serum C-peptide immuner-
eactivity (CPR) levels of patients with type 2 diabetes were analyzed.
Methods: Seven hundred Japanese patients with type 2 diabetes were enrolled. p-Cell
function was evaluated by fasting CPR (FCPR), 6 min after intravenous injection of 1 mg
glucagon (CPR-6 min), and the increment of CPR (ACPR). Simple regression analysis between
FCPR, CPR-6 min, and ACPR and measures of variables and stepwise multiple regression
analysis were carried out.
Results: Years from diagnosis and BMI were the major independent variables predicting -
cell function, Years from diagnosis was negatively correlated with CPR-6 min (P < 0.0001,
r = -0.271), and decrease in CPR-6 min was 0.050 ng/(m] year). BMI was positively correlated
with CPR-6 min (P < 0.0001, r = 0.369). When subjects were divided according to BMI, the
decrease in CPR-6 min per year in the high-BMI group (0.068 ng/(ml year)) was greater than
that in the low-BMI group (0.035 ng/(ml year)).
Conclusion; A linear declinein endogenous insulin secretion over more than several decades
of diabetes was confirmed by this cross-sectional study. The duration of diabetes exposure
and BMI are thus major factors in fi-cell function in Japanese patients with type 2 diabetes.
i° 2008 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

with diet and exercise, Daily insulin injection is finally
indicated when patients are unable to achieve glycemic

Type 2 diabetes is a heterogeneous disease characterized by
insulin resistance and defective insulin secretion [1], and is
progressive in that therapy must be altered over time. Initially
upon diagnosis, diet and exercise are generally adequate to
achieve glycemic control. Oral hypoglycemic agents (OHA) are
later required when patients cannot achieve glycemic control

* Corresponding author. Tel.: +81 75 751 3560; fax: +81 75 751 4244,
E-mail address: fujimoto@metab kuhp.kyoto-u.ac.jp (S. Fujimota).

control with a combination of oral agents, diet, and exercise
[2,3]. These requirements may well be, at least in part, due to
progressive loss of pancreatic p-cell function. The results of
the United Kingdom Prospective Diabetes Study (UKPDS)
shows that pancreatic B-cell function (%p), assessed by
Homeostasis Model Assessment (HOMA) in patients allocated

0168-8227/$ - see front matter {* 2008 Elsevier Ireland Ltd. All rights reserved.
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to diet or OHA, decreased approximately 25% in 5 years [4].
However, the effect of more prolonged duration of diabetic
exposure on B-cell function including the insulin-requiring
stage has not been determined. It has been proposed that the
B-cell secrets additional insulin to compensate for increasing
insulin resistance to maintain normal glucose tolerance [5].
However, the effect of insulin resistance on p-cell function in
diabetes remains largely unknown.

In the present study, to evaluate the clinical factors
affecting p-cell function by cross-sectional study, serum C-
peptide immunoreactivity levels of patients with type 2
diabetes including insulin-requiring patients were analyzed.

2, Subjects and methods

2.1.  Study subjects

Seven hundred ninety-eight Japanese patients with type 2
diabetes admitted between 1997 and 2007 to Kyoto University
Hospital for poor glycemic control were enrolled in the study.
Type 2 diabetes mellitus was diagnosed based on the criteria
of the American Diabetes Association [6]. Patients with
pancreatic disease, liver disease, or those taking diabetogenic
medication were excluded. Patients with serum creatinine
>1.3 mg/dl were excluded, as serum C-peptide immunor-
eactivity (CPR) is elevated by decreased renal function [7).
Seven hundred patients were enrolled. Age and BMI (mean
= 5.E) were 62.2+0.5 years and 24.1 + 0.1kg/m’®, respec-
tively. Years from diagnosis was 11.1 +0.4; HbA,c at
admission was 9.3 £0.1%. Systolic and diastolic blood
pressure were 122.6 + 0.5 and 73.3 + 0.4 mmHg, respectively.
The number of patients treated with diet alone, oral
hypoglycemic agents (OHA), insulin, and insulin plus OHA
was 71, 225, 274, and 130, respectively.

2.2,  Methods

On the first or second day in hospital, medical history, physical
examination, and laboratory evaluation including glycosy-
lated hemoglobin were performed. p-Cell function was
examined within 1 week. g-Cell function was evaluated after
overnight fast by glucagon test measuring CPR before [fasting
CPR (FCPR)] and 6 min after intravenous injection of 1 mg
glucagon (CPR-6 min) [8], as the test is valid in patients taking

insulin therapy. Increment of CPR (ACPR) was obtained by
subtracting FCPR from CPR-6 min. Serum CPR was measured
by radicimmunoassay (RIA) (samples of 299 patients from 1997
to 2002 using Daiichi 111, Daiichi Radioisotope Laboratories,
Japan); by immuncenzymometric assay (EIA) (samples of 401
patients from 2003 to 2007 using ST AIA-PACK C-Peptide, Toso
corporation, Japan). The same samples were measured by two
kits, and a formula to convert the value (EIA value = 0.98 = RIA
value + 0.41, n = 161, r = 0.99) was obtained, In patients taking
OHA, medication was stopped for the glucagon test, but was
maintained until 1 day before to prevent hyperglycemia
during the test. Fasting plasma glucose was measured by
glucose oxidase method when the glucagon test was per-
formed. The date of diagnosis for patients was determined
from their medical record, medical history, and previous
clinical data by the criteria for the diagnosis of diabetes
proposed by the American Diabetes Association [6].

2.3.  Statistical analysis

Statistical analysis was performed with the StatView 5.0
system (SAS institute Inc., Cary, NC). Data are presented as
mean = S.E. The relationship between the parametric clinical
data and CPR values was investigated by Pearson analysis. The
relationship between the nonparametric clinical data and CPR
values was investigated by Spearman analysis. Stepwise
multiple regression analysis was performed. Clinical para-
meters among the three groups above were compared by
analysis of variance (ANOVA). For comparison of two groups,
Scheffe's test was performed as post hoc analysis. P values
<0.05 were considered statistically significant.

3. Results

Simple correlation coefficients between FCPR, CPR-6 min, and
ACPR and measures of variables (age, years from diagnosis,
BMI, HbA,r, systolic and diastolic blood pressure, serum
creatinine, sex, and fasting plasma glucose) were calculated
and are indicated in Table 1. Stepwise multiple regression
analysis was carried out using independent variables in
Table 1 to predict indexes of endogenous insulin secretion
as a dependent variable (Table 2). Stepwise multiple regression
analysis is indicated in Table 2. FCPR was independently
predicted by years from diagnosis, BMI, and serum creatinine,

» 1 - P value of simple correlation betv f endogenous insulin secretion and measures of variables.
FCPR (ng/ml) CPR-6 min (ng/ml) ACPR (ng/ml)
Age (year) 0.0326 <0.0001 <0.0001
Years from diagnosis <0.0001 <0.0001 <0.0001
BMI (kg/m?®) <0.0001 <0.0001 <0.0001
Systolic blood pressure (mmHg) 0.9481 0.2091 0.0593
Diastolic blood pressure (mmHg) 0.1139 0.0044 0.0016
FPG (mg/dl) 0.0783 0.0010 0.0002
HbAc (%) 0.0375 0.2152 0.7699
sCre (mg/dl) =0,0001 0.0836 0.3917
Sex 0.8978 0.7958 0.8206

FPG: fasting plasma glucose; sCre: serum creatinine.

44
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F value Partial regression Standard partial R* (IR])
coefficient regression coefficient
FCPR (ng/m)
Years from diagnosis 414 -0.020 -0.219 0.217 (0.469)
BMI (kg/m?) 1144 0.087 0.362
sCre (mg/dl) 27.7 0.877 0.179
CPR-6 min (ng/ml)
Years from diagnosis 458 —0.043 -0.233 0.198 (0.449)
BMI (kg/m’) 102.8 0.167 0.348
FPG (mg/dl) 108 0.004 0.113
ACPR (ng/ml)
Years from disgnosis 347 -0.025 -0.212 0.129 (0.365)
BMI (kg/m?) 479 0.077 0.248
FPG (mg/dl) 13.2 0.003 0.130
FPG: fasting plasma glucose; sCre: serum creatinine.
accounting for 21.7% of the variability of FCPR. CPR-6 min and
ACPR were independently predicted by years from diagnosis, 81 @ n=700
BMI, and fasting plasma glucose (FPG), accounting for 19.8% e r=0.395
and 12.9% of the variability of the dependent variables, § y=-0.367+0.085«
respectively. s P <0.0001
Scattered plots of linear regression, simple regression &
coefficient, and formula between indexes of endogenous e
insulin secretion and years from diagnosis, BMI, FPG, and
serum creatinine are shown in Figs. 1-4, respectively.
121 (b) n=700
8. (a) E 8 r=0.369
: & N y=-0.343+0.175x
£ 81 b L o 1 * P <0.0001
= B4 £
% 7 n=700 E
E a]rd = . r=0226 E 4
@« - y=2.151-0 021 g
o ; . (&} T
S, . P <0.0001 o4 s 2
-4 3 e 10 1 (C)
Oy T T T T < n=700
= 81 r=0.261
124 (b) % 6 o % wi y=0.024+0.080x
E |z - o
g B~ 3‘1':—’). . " . n=700 %
£ et 7, =0271 k=
13 Ta -7 .+ y=4.436.0050x
= 49 P <0.0001
o BMI (kg/im?)
e ' ' ' ' ' Fig. 2 - The relationship between BMI and FCPR (a), CPR-
109 (c) 6 min (b), and ACPR (c).
= &1 .
E : n=700 : " . :
3L AT r=-0 242 Years from diagnosis was negatively correlated with FCPR
= Ay b y=2.285-0 029x (P < 0.0001, r = -0.226), CPR-6 min (P < 0.0001, r = ~0.271), and
. 4 P <0.0001 ACPR (P < 0.0001, r = —0.242) (Fig. 1). The decrease in FCCP,
< 24 CPR-6 min, and ACPR was 0.021, 0.050, and 0.029 ng/(ml year),
X respectively (Fig. 1). BMI was positively correlated with FCPR
0- 3 +— : . T , i -6mi -
0 10 20 30 a0 50 6h (P < 0.0001, r=0.395), CPR l‘imm (P < 0.0001, r=0.369), and
Years from diagnosis ACPR (P < 0.0001, r = 0.261) (Fig. 2). FPG was weakly correlated

Fig. 1 - The relationship between years from diagnosis and
FCPR (a), CPR-6 min (b), and ACPR (c).

with CPR-6min (P=0.001, r=0.125) and ACPFR (P=0.0002,
r = 0.141) (Fig. 3). Serum creatinine was weakly correlated with
FCPR (P < 0.0001, r = 0.171) (Fig. 4).
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Fig. 4 - The relationship between serum creatinine (sCre)
and FCPR (a), CPR-6 min (b), and ACPR (c).

FPG (mg/dl)

Fig. 3 - The relationship between fasting plasma glucose
(FPG) and FCFPR (a), CPR-6 min (b), and ACPFR (c).

tively correlated with CPR-6 min in both groups (BMI < 25:
n=430, P<0.0001, r=-0.233, y=23876 - 0.035x; BMI > 25.0:

Because BMI is the other major independent variable n=270,P < 0.0001, r = —-0.309, y = 5.229 — 0.067x). The decrease
associated with indexes of endogenous insulin secretion, we in CPR-6 min per year in the high-BMI (27.9 + 0.2 kg/m?) group
compared the subjects divided at BMI 25.0. Single regression (0.067 ng/(ml year)) was greater than that in the low-BMI
analysis between CPR-6 min and years from diagnosis was (21.8 + 0.1kg/m?) group (0.035 ng/(ml year)). Comparison of
performed on each group. Years from diagnosis was nega- the clinical data among four groups of increasing years from

Table 3 - Comparison of clinical characteris and clinical profile among groups according to years from diagnosis.
Groups (years from diagnosis) 1(-9.9) 11 (10.0-19.9) 111 (20.0-29.9) IV (304) F
Years from diagnosis 36402 13.34+02° 234 4+ 03" 34.0 4 0.7%5F <0.0001
Number of subjects 355 204 94 47

Sex (M/F) 215/140 114/90 50/44 31/16

Age (year) 584+ 07 63.7 +0.8" 68.8+ 09" 709 + 1.2** <0.0001
BMI (kg/m?) 244402 240403 233+03 239405 0.0912
HbA. (%) 95+ 01 91+01 94102 89102 0.0823
SBP (mmHg) 1220407 1221409 1248+15 1248+£21 02163
DBP (mmHg) 753+£05 720+ 08" 69.9+09* 708+13* <0.0001
sCre (mg/dl) 0.70 + 0.01 0.72 + 0.01 0.73 + 0,02 0.76 + 0.03 0.0650
FPG (mg/dl) 1629+ 26 159.7 £ 34 154.6 £ 49 156.1+7.5 0.4498
FCPR (ng/ml) 212 +0.05 1.83 + 0.06* 1.46 + 0.08*" 1.73 + 0.14" <0.0001
CPR-6 min (ng/ml) 430+ 010 3.75+012* 2.87 + 0.4 329+ 024" <0.0001
ACPR (ng/ml) 2,18 4+ 0.07 1.93 + 0.08 1.42 4 0.09°° 1.56 + 0.15" <0.0001
FPG: fasting plasma glucose; sCre: serum creatinine; SBP: systolic blood pr DBP: diastolic blood pressure.

* P <0.05vs. group 1.
b P < 0.05 vs. group IL.
€ P<0.05 vs. group IIL

__16_
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Table 4 - Com n of indexes of endogenous insulin secretion between low-BMI and high-BMI subject cording to
years from diagnosi

Group (year) 1(-99) 11 (10,0-19.9) 111 (20.0-29.9) IV (30.0-)

BMI <25 225 <25 225 =25 25 <25 225
Number of subjects 202 153 130 74 66 28 32 15

FCPR (ng/ml) 1.82 £ 0.06 252 £ 0,07 166 + 0.06 212+012% 1.35+£009 1722014 167+ 015 1854027
CPR-6 min (ng/ml) 383:012 4.99 £ 0.15" 3411012 4334025 270+ 0.16 3151026 320£027 3484050
ACPR (ng/ml) 200+ 009 246 +0.11* 1.76 £ 0.08 221+ 016* 1.38+0.10 1.50+0.17 154+ 018 163+027
P values were analyzed by d Student t test.

* P <001 vs. low-BMI patients.

diagnosis (-9.9 years, 10.0-19.9 years, 20.0~29.9 years, and 30.0-
years) is shown in Table 3. Age, diastolic blood pressure, FCPR,
CPR-6 min, and ACPR were significantly different among the
groups. Comparison between the high-BMl and low-BMI
subjects in the four groups of increasing years from diagnosis
shows that FCPR, CPR-6 min, and ACPR were significantly
increased in high-BMI subjects with years from diagnosis less
than 19.9, while this was not the case when years from
diagnosis was more than 20.0 (Table 4).

4. Discussion

While the present study should be interpreted carefully since
it is a cross-sectional rather than a longitudinal study, we have
shown that endogenous insulin secretory capacity in Japanese
patients with type 2 diabetes is more closely associated with
variables including years from diagnosis which reflects longer
term diabetes exposure, than with variables including HbA;c
that reflect shorter term diabetes exposure. A decline of
indexes of endogenous insulin secretion during more than
several decades of diabetes was confirmed in this cross-
sectional study, as was found in the longitudinal 5-year UKPDS
study, although the decline became gradual. BMI is also an
important independent variable to predict CPR level in type 2
diabetes.

The key role of pancreatic g-cell function in the pathogen-
esis of type 2 diabetes is increasingly apparent. Weyer et al.
has established that impaired insulin secretion is associated
with conversion from normal glucose tolerance (NGT) to
impaired glucose tolerance (IGT) in a longitudinal study of
Pima Indians [5]. In other studies, it has been reported that
insulin secretory defect is the predominant abnormality even
at an early stage of decreasing glucose tolerance [9-13]. The
UKPDS findings show that pancreatic B-cell function (%p),
assessed by HOMA in patients with type 2 diabetes, decreased
approximately 25% in S years [4]. Thus, pancreatic p-cell
function may continue to deteriorate as glucose intolerance
progresses from NGT via IGT and non-insulin-requiring
diabetes progresses to insulin-requiring diabetes [14-16].

Progressive loss of pancreatic f-cell function in patients
with type 2 diabetes may be derived, at least in part, from
reduced pancreatic p-cell mass, which has been found in
examination of pancreatic tissue at autopsy [17-19]. One study
suggests that increased apoptosis is more important in
reduced p-cell mass than impaired neogenesis and prolifera-
tion in type 2 diabetes [17]. Factors in deteriorating pancreatic
B-cell function during diabetic exposure including hypergly-

cemia, hyperlipidemia, cytokines secreted by adipocytes,
immune response, and medication have been proposed based
mainly on in vitro studies [20-22], but clinical evidence of the
influence of these factors on fi-cell deterioration remains to be
elucidated. Assessment of insulin secretory function by HOMA
in UKPDS indicated that the rates of loss of insulin secretory
function were similar among groups of diet-treated, sulfony-
lurea-treated, and metformin-treated patients [4], which may
imply that progressive f-cell deterioration occurs indepen-
dent of the mode of therapy. Oxidative stress in islets of
patients with type 2 diabetes, which is related to hypergly-
cemia and causes tissue damage, is found to be increased at
autopsy [18], but clinical evidence of long-term concentration-
dependent effects of hyperglycemia on B-cell deterioration is
lacking.

p-Cell function increases to compensate for increased
insulin resistance in subjects yet maintaining normal glucose
tolerance [5). The increase in p-cell function is brought about,
at least in part, by expansion of p-cell mass, which is derived
from promotion of proliferation and neogenesis and from
prevention of apoptosis mediated by increased activity of
growth factor signaling pathways, glucose metabolism, GLP-1
signaling, and free fatty acid metabolism and signaling [22].
Since BMI is also correlated with insulin resistance estimated
by homeostasis model assessment (HOMA-IR) in Japanese
patients with type 2 diabetes [23], the relationship between
BMI and p-cell function is of special concern. In autopsy of
subjects with normal glucose tolerance, B-cell mass is found to
be greater in obese than in lean subjects [17]. These findings
suggest that increased BMI may be associated with increased
p-cell mass and function in subjects maintaining normal
glucose tolerance. The present study also suggests that BMl is
positively associated with p-cell function in patients with type
2 diabetes. This result is compatible with autopsy findings of
good correlation of i-cell mass with BMI [19]. Interestingly, the
time-dependent decline of CPR level was steeper in obese than
in lean subjects in the present study, which is compatible with
the autopsy finding that the difference in p-cell volume
between non-diabetic and type 2 diabetes subjects is greaterin
obese than in lean subjects [17]. While a decline of B-cell
function of about 5% (HOMA-p%)/year was observed in
subjects with average BMI of about 30 in UKPDS, the figure
might well be lower in Japanese patients whose average BMI is
under 25. However, direct comparison of our measure of g-cell
function using CPR in a cross-sectional study with B-cell
function assessed by HOMA-B in a longitudinal UKPDS studyis
problematic. In the present study, larger values of endogenous
insulin secretion in high-BMI subjects compared with low-BMI
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subjects were observed in groups with fewer years from
diagnosis, suggesting that the influence of BMI on p-cell
secretory function is more prominent in disease of shorter
duration. One possible explanation for this phenomenon is
that the compensatory B-cell mass increase with obesity is
gradually lessened by long-term diabetic exposure.

The mean of indexes of endogenous insulin secretion was
higher in patients with years from diagnosis more than 30
than in patients with years from diagnosis from 20 to 29.9
(Table 3), but the difference was not significant. This result
might be linked to the exclusion of patients with serum
creatinine above 1.3 mg/dl, who have diabetic nephropathy
with renal insufficiency most likely due to the more severe and
prolonged diabetic exposure.

FCPR, but not CPR-6 min and ACPR, is positively correlated
with serum creatinine (Fig. 4). These results indicate that in
the normal range of creatinine, the serum CPR level in the
fasting stable state, but not the stimulated CPR level in the
dynamic state, is affected by renal function, which determines
CPR clearance.

In conclusion, a linear decline in endogenous insulin
secretion over more than several decades of diabetes was
confirmed by this cross-sectional study. The duration of
diabetes exposure and BMI are major factors in g-cell function
in Japanese patients with type 2 diabetes.
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Gastric inhibitory polypeptide (GIP) is an incretin and directly promotes fat accumulation in adipocytes.
Inhibition of GIP signaling prevents onset of obesity and increases fat oxidation in peripheral tissues
under high-fat diet (HFD), but the mechanism is unknown. In the present study, we investigated the

effects of inhibition of GIP signaling on adiponectin levels after 3 weeks of HFD by comparing wild-type

— - (WT) mice and GIP receptor-deficient (Gipr™'" ) mice. In HFD-fed Gipr '

mice, far oxidation was signif-

Keywords: icantly increased and adiponectin mRNA levels in white adipose tissue and plasma adiponectin levels
?:fmmtian were significantly increased compared to those in HFD-fed WT mice. In addition, the PPAR2 mRNA level
Adiponectin was increased and the ACC mRNA level was decreaseq in skeletal must_ie of HFD-fed Gipr~'~ mice com-
PPAR pared with those in HFD-fed WT mice. These results indicate that inhibition of GIP signaling increases

adiponectin levels, resulting in increased fat oxidation in peripheral tissues under HFD.

Gastric inhibitory polypeptide (GIP) is a major incretin that
potentiates insulin secretion in pancreatic f-cells in the presence
of glucose [1,2]. GIP is released from duodenal endocrine K-cells
after meal ingestion, and acts by binding the GIP receptor through
increased intracellular cAMP [3]. The GIP receptor is expressed in
pancreas, stomach, small intestine, heart, adrenal cortex, brain,
lung, bone, vascular endothelium, and adipose tissue [4]. In addi-
tion to the insulinotropic effects on pancreatic fi-cells, GIP is an
obesity-promaoting factor that directly leads to the accumulation
of fat in adipocytes. In vitro studies show that GIP stimulates syn-
thesis and secretion of lipoprotein lipase (LPL) in cultured preadio-
cytes [5], and that GIP promotes LPL activity in fat tissue [6]. It also
has been shown that GIP stimulates glucose transport and in-
creases fatty-acid synthesis in fat tissue |7]. Studies of GIP recep-
tor-deficient mice (Gipr''~ mice) show that GIP also is an
important factor in the promotion of obesity in vivo 8], High-fat
diet (HFD)-fed wild-type (WT) mice exhibit body weight gain
and markedly increased visceral and subcutaneous fat mass and li-
ver steatosis. By contrast, Gipr '~ mice fed HFD exhibit neither
weight gain nor adiposity. Furthermore, measurement of the respi-
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ratory quotient reveals that fat is used as the preferred energy sub-
strate in Gipr~'~ mice. In addition, a study using IRS-1 ' [Gipr '/
double-deficient mice demonstrated that inhibition of GIP signal-
ing increases fatty-acid oxidation in peripheral tissues under
diminished insulin signaling [9]. Thus, GIP plays a critical role in
adiposity, but the mechanism of fat oxidation in peripheral tissues
in the absence of GIP signaling is unclear.

Adiponectin is one of the major adipokines secreted from adipo-
cytes, and stimulates fat oxidation in peripheral tissues. Adiponectin
promotes AMPK activation and PPARx expression and stimulates fat
oxidation in skeletal muscle and liver [10]. In the present study, we
investigated the effects of the inhibition of GIP signaling on adipo-
nectin levels and the stimulation of fat oxidation that averts obesity
by comparing WT mice and Gipr ' mice fed HFD. To clarify the early
response to HFD-induced obesity, we performed the experiments on
mice at 3 weeks of HFD and control-fat diet (CD).

Materials and methods

Animals. The generation of Gipr '~ mice (C57BL/6 background)
has been described previously [11]. At 7 weeks of age, WT and
Gipr'" mice were fed HFD or CD for 7 weeks. HFD supplied 45%
of calories as fat, 35% as carbohydrate, and 20% as protein, with en-
ergy density of 3.57 kcal/g. CD supplied 13% of calories as fat, 60%
as carbohydrate, and 27% as protein, with energy density of
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3.57 kcal/g. Animal care and procedures were approved by the Ani-
mal Care Committee of Kyoto University.

Energy expenditure. Energy expenditure was evaluated by mea-
suring respiratory quotient and oxygen consumption by indirect
calorimetry every 13 min for 24 h in mice under the fed condition,
as described previously [8,9,12], Air from the room was pumped
through the chamber, and expired gas was dried in a cotton thin
column and subjected to gas analysis (Alco System model RL-
600, Chiba, Japan). O; and CO; concentrations were measured,
and oxygen consumption (VO,), carbon dioxide exhaustion
(VCO;). respiratory quotient (RQ), and far oxidation were calcu-
lated as described previously [12).

Computed tomography. Mice were anesthetized with pentobar-
bital and fixed in a chamber, and transaxially scanned using Lath-
eta (LCT-100M) experimental animal CT system (Aloka, Tokyo,
Japan). The whole body was scanned, and contiguous 1-mm slice
images of the trunk were used for quantitative assessment (Latheta
software, version 1.00). Weight of visceral fat mass and lean mass
were quantitatively evaluated.

Measurement of plasma adiponectin levels and Western blot anal-
ysis. Blood samples were collected from the tail vein at the end of
the dark phase and centrifuged (3000 rpm, 10 min, 4 “C). Levels of
plasma adiponectin were measured using an adiponectin ELISA kit
(Otsuka, Tokyo, Japan).

Plasma samples of HFD-fed mice were subjected to SDS-PAGE
using Laemmli's method [13). SDS-PAGE was performed under
non-reducing and non-heat-denaturing conditions, as previously
reported [14]. Western blot analysis was performed using anti-
mouse adiponectin antibody. Densities of corresponding bands
were quantified by NIH-Image,

Isolation of total RNA and quantitative RT-PCR. Total RNA was iso-
lated from muscle and white adipose tissue (epididymal fat pad,
(WAT)) using Trizol (Invitrogen, Grand Island, NY). mRNA levels
were measured by real-time quantitative RT-PCR using ABI PRISM
7000 Sequence Detection System (Applied Biosystems, Foster City,
CA). mRNA levels were corrected for GAPDH (Applied Biosystems)
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mRNA level. Sequences of PPAR% primers were 5'-CGACCTGAAAG
ATTCGGAAA-3' and 5'-CCTCTGCCTCTTTGTCTTC-3'; sequences of
ACC primers were 5'-CCTCCGAGGAACCCTCTGT-3' and 5'-CGGCTGT
CCAGTTGGTTTG-3'; sequences of adiponectin primers were 5'-G
GAACTTGTGCAGGTTGGAT-3' and 5'-GCTTCTCCAGGCTCTCCTTT-3';
and sequences of PPARy primers were 5-TGTCGGTTTCAGAAGT
GCCTT-3' and 5'-GCTCGCAGATCAGCAGACTCT-3'.

Statistical analysis. Data are expressed as means + SE. Statistical
analysis was performed by ANOVA and unpaired student’s test. P
values <0.05 were considered significant.

Results
Body weight and far mass in HFD-fed Gipr ' mice

WT mice exhibited significant weight gain after 3 weeks of HFD
feeding (Fig. 1A). By contrast, body weight of HFD-fed Gipr ' mice
was not increased compared with that of CD-fed Gipr -/~ mice after
3 weeks of study (Fig. 1B). The lesser body weight of Gipr '~ mice
continued through 7 weeks of HFD feeding.

At the early stage of 3 weeks of HFD feeding, CT analysis was
performed to estimate visceral fat mass in WT and Gipr '~ mice.
There was no significant difference in visceral fat mass between
WT and Gipr '~ mice under CD feeding. Visceral fat mass of HFD-
fed WT and Gipr /- mice were significantly increased compared
with those of CD-fed WT and Gipr /'~ mice by 100% and 52%,
respectively, In HFD-fed mice, visceral fat mass of WT mice was
significantly increased compared with that of Gipr'" mice
(Fig. 1C and D). There was no difference in lean body mass (data
not shown). There also was no difference in food intake between
WT and Gipr /- mice (data not shown).

Fat consumption in HFD-fed Gipr/~ mice

To evaluate energy consumption in the early stage of HFD feed-
ing. respiratory quotient and oxygen consumption were measured
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by indirect calorimetry. HFD-fed WT mice exhibited a significant
reduction of respiratory quotient only in part of the dark phase
compared with CD-fed WT mice (Fig. 1E). By contrast, HFD-fed
Gipr~'~ mice exhibited a significant reduction of respiratory quo-
tient throughout the day compared with CD-fed Gipr/~ mice
(Fig. 1F). At 3 weeks of HFD feeding, calculated fat oxidation was
significantly increased in Gipr~'~ mice compared with that in WT
mice (Fig. 1G). These results indicate that Gipr~/~ mice use fat as
preferred energy substrate in the early stage of HFD feeding.

Adiponectin levels of Gipr~— mice in the early stage of HFD feeding

We examined mRNA expression level of adiponectin in white
adipose tissue (WAT) and plasma adiponectin levels in Gipr~'-
mice. mRNA expression of adiponectin in WAT and plasma adipo-
nectin levels were significantly increased in HFD-fed Gipr~/~ mice
compared with those in HFD-fed WT mice (Fig. 2A and B). In addi-
tion, in Gipr~/~ mice, mRNA expression level of adiponectin in WAT
and plasma adiponectin levels were significantly increased in
HFD-fed mice compared with those in CD-fed mice, although
HFD feeding decreased mRNA expression of adiponectin and
plasma adiponectin levels in WT mice (Fig. 2A and B).

To determine qualitative differences in adiponectin, we per-
formed Western blot analysis. Levels of middle molecular weight
(MMW) and low molecular weight (LMW) multimers of adiponec-
tin were significantly higher in HFD-fed Gipr~/~ mice compared to
those in HFD-fed WT mice (Fig. 2C and Table 1), There were no sig-
nificant differences in high molecular weight multimers (HMW) of
adiponectin between HFD-fed WT and Gipr~'~ mice.

As PPARy (peroxisome proliferator-activated receptor-y) is
known to be involved in the regulation of adiponectin, we exam-
ined mRNA expression levels of PPARY in WAT. While HFD-fed
WT mice showed a tendency to decreased mRNA expression of
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PPARY, the mRNA expression level of PPARy was significantly in-
creased in HFD-fed Gipr~'~ mice compared with that in HFD-fed
WT mice (Fig. 2D). These results suggest that inhibition of GIP sig-
naling modulates adiponectin levels through PPARY.

Expression levels of PPARx and ACC mRNAs in skeletal muscle of
Gipr~'~ mice at the early stage of HFD feeding

To determine the effects of adiponectin on peripheral tissues in
the absence of GIP signaling, mRNA expression levels of PPARx
(peroxisome proliferator-activated receptor-) and ACC (acetyl-
CoA carboxylase) in skeletal muscle and liver were examined.
mRNA expression level of PPAR% mRNA was significantly increased
in HFD-fed Gipr~/~ mice compared with that in CD-fed Gipr/
mice in skeletal muscle (Fig. 3A). Although there was no significant
difference in phosphorylation of AMPK (AMP-activated protein ki-
nase) between HFD-fed WT and Gipr~/~ mice by western blot anal-
ysis (data not shown), mRNA expression level of ACC, which is
inactivated by AMPK, was significantly reduced in muscle of
HFD-fed Gipr/~ mice compared with that in CD-fed Gipr~/~ mice
(Fig. 3B). These results indicate that fat oxidation is increased in
skeletal muscle of Gipr~/~ mice in the early stage of HFD feeding.
We also examined mRNA expression levels of PPARx and ACC in li-
ver, but no significant differences were found among the groups of
mice (data not shown).

Discussion

In this study, we investigated the effects of GIP inhibition on fat
oxidation in the early stage (3 weeks) of HFD feeding, and found
that inhibition of GIP signaling increases the level of adiponectin,
which promotes fat oxidation in peripheral tissues.

The GIP receptor is expressed in adipocytes as well as in pancre-
atic p-cells, and GIP signaling directly promotes energy accumula-
tion into adipocytes. Previously, Gipr~/~ mice were shown to
exhibit resistance to high-fat-induced obesity, and to use fat as
the preferred energy substrate [8]. In that study, mice were fed
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HFD for a long period of from 7 to 50 weeks of age. In the present
study, we investigated HFD-fed mice in the short, early period from
7 to 10 weeks of age, and found Gipr/~ mice to be resistant to
obesity as well as to accumulation of visceral fat, and that fat oxi-
dation was significantly increased, demonstrating that GIP plays a
critical role in promoting obesity even at 3 weeks on HFD feeding.

Leptin and adiponectin are major adipokines that activate fat
oxidarion for body weight control. They affect AMPK activation
and stimulate fat oxidation in skeletal muscle and liver [10,15]. It
has been reported that inhibition of GIP signaling decreases body
weight even in leptin-deficient ob/ob mice [8], indicating that fac-
tors other than leptin increase fat oxidation under conditions of
inhibited GIP signaling. Leptin suppresses food intake through
the central nervous system, and there were no differences in food
intake between WT and Gipr~/~ mice in CD-fed and HFD-fed mice
in the present study. Thus, we focused on adiponectin, and hypoth-
esized that inhibition of GIP signaling modulates adiponectin levels
and affects on fat oxidation in peripheral tissues. The mRNA
expression level of adiponectin in adipocytes and adiponectin con-
centrations in plasma are reduced in obese and insulin-resistant
states which increases visceral fat mass [16,17]. In the present
study, mRNA expression level of adiponectin in WAT and plasma
adiponectin levels were found to be decreased and visceral fat
mass was increased in HFD-fed WT mice compared with CD-fed
WT mice. The mRNA expression and plasma levels of adiponectin
were significantly increased in HFD-fed Gipr /" mice compared
with those in CD-fed Gipr~/~ mice, although visceral fat mass of
HFD-fed Gipr /- mice was significantly increased compared with
that of CD-fed Gipr~/~ mice. These results suggest that GIP may re-
duce adiponectin levels in adipocytes. It has been previously re-
ported that Gipr/~ mice show no difference in plasma
adiponectin levels between CD-fed and HFD-fed mice after a long
period of 20 weeks, when obesity is established [18]. On the other
hand, we measured adiponectin levels of mice fed HFD for a short
period of 3 weeks, and demonstrate that inhibition GIP signaling
modulates adiponectin even in the very early stage when obesity
first begins to appear in WT mice,

While skeletal muscle and liver are the major sites of body fat
oxidation, the GIP receptor is not expressed in these tissues. PPARx
and AMPK are the most important molecules in the control of fat
oxidation in muscle and liver. Adiponectin increases expression
levels of PPARx and induces phosphorylation of AMPK [16,19].
AMPK activated by adiponectin suppresses ACC activity, which
catalyses the formation of malonyl-CoA and stimulates fat oxida-
tion |20]. We found that the mRNA expression level of PPARx
was significantly increased and that of ACC was significantly re-
duced in skeletal muscle of HFD-fed Gipr~/~ mice compared to
those in CD-fed Gipr~/~ mice. These results indicate that fat oxida-
tion is increased in skeletal muscle of Gipr~/~ mice in the early
stage of HFD feeding, but there was no significant difference in li-
ver. Adiponectin has three forms: trimers (low molecular weight,
LMW), hexamers (middle molecular weight, MMW), and multi-
mers (high molecular weight, HMW), and differing tissue-specific
effects of these forms on AMPK phosphorylation have been re-
ported [21]. Only trimers activate AMPK in muscle; hexamers
and the high molecular isoform do not [22], It also has been re-
ported that trimers are the most potent isoform in skeletal muscle
[19,23]. The trimer isoform of adiponectin was found in the present
study to be significantly increased in HFD-fed Gipr /= mice. This
finding may explain the difference of PPARa and ACC expression
between skeletal muscle and liver in HFD-fed Gipr '~ mice,

In conclusion, we show that inhibition of GIP signaling upregu-
lates the adiponectin level and increases fat oxidation in skeletal
muscle. These findings suggest that the influence of GIP on adipos-
ity is, at least in part, mediated by modulation of adiponectin
expression in adipocytes in the early stage of HFD feeding.
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Matsumura Y, Ban N, Inagaki N. Aberrant catalytic cycle and
impaired lipid transport into intracellular vesicles in ABCA3 mutants
associaled with nonfatal pediatric interstitial lung disease. Am J
Physiol Lung Cell Mol Physiol 295: L698-L707, 2008. First pub-
lished August 1, 2008; doi:10.1152/ajplung.90352.2008.—The ATP-
binding cassette transporter ABCA3 mediates uptake of choline-
phospholipids into intracellular vesicles and is essential for surfactant
metabolism in lung alveolar type II cells. We have shown previously
that ABCAZ mutations in fatal surfactant deficiency impair intracel-
lular localization or ATP hydrolysis of ABCA3 protein. However, the
mechanisms underlying the less severe phenotype of patients with
ABCA3Z mutation are unclear. In this study, we characterized ABCA3
mutant proteins identified in pediatric interstitial lung disease (pILD).
E292V (intracellular loop 1), E690K (adjacent to Walker B motf in
nucleotide binding domain 1), and T1114M (8th putative transmem-
brane segment) mutant proteins are localized mainly in intracellular
vesicle membranes as wild-type protein, Lipid analysis and sucrose
gradient fractionation revealed that the transport function of E292V
mutant protein is moderately preserved, whereas those of EG90K and
T1114M mutant proteins are severely imy 1. Vanadate-induced
nueleotide trapping and photoaffinity labeling of wild-type and mutant
proteins using 8-azido-[**P]JATP revealed an aberrant catalytic cycle
in these mutant proteins. These results demonstrate the importance of
a functional catalytic cycle in lipid transport of ABCA3 and suggest
a pathophysiological mechanism of pILD due to ABCAZ mutation.

ATP-binding cassette A3 mutant; pediatric interstitial lung disease;
lamellar body: lipid transporter; phosphatidylcholine

THE FAMILY OF ATP-BINDING CASSETTE (ABC) transporters is
involved in ATP-dependent transport of various substrates
across membranes (14). ABCA3 is expressed predominantly at
the limiting membrane of the lamellar bodies in lung alveolar
type II cells and is proposed to be a surfactant lipid transporter
(20, 36). Exogenous expression of ABCA3 in cultured cells
promotes lipid uptake into intracellular vesicles that generate
lamellar body-like vesicles (7, 18, 21). ABCA3 deficiency in
human and mice leads to decreased phosphatidylcholine and
phosphatidylglycerol in surfactant, dysgenesis of lamellar bod-
ies, and respiratory distress (1, 3, 8, 11, 12, 27). Considered
together, these results indicate that ABCA3J is an essential lipid
transporter in surfactant metabolism.

In addition, ABCA3 mutations cause lung disease of differ-
ing severity. We previously found that ABCA3 mutations in
fatal surfactant deficiency can result in abnormal intracellular
localization (type 1) or impaired ATP hydrolysis of ABCA3
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protein (type II) (17). For example, patients with type I ho-
mozygous ABCAZ mutations such as W1142X/W1142X or
type ltype Il compound heterozygous ABCA3 mutations such
as L982P/G1221S die of surfactant deficiency within the neo-
natal period (27). On the other hand, patients with the common
missense mutation E292V and a second, specific mutation such
as E690K or T1114M develop pediatric interstitial lung disease
(pILD), the phenotype of which is milder than that of fatal
surfactant deficiency, suggesting that the E292V ABCAJ mu-
tation is responsible for the development of pILD (4). How-
ever, the mechanism underlying the phenotypic heterogeneity
of lung disease associated with ABCAJ mutation remains
unknown,

In this study, we characterized E292V, E690K, and T11 14M
mutant ABCA3 proteins identified in pILD. Analysis of these
ABCA3 mutants demonstrates the importance of a functional
catalytic cycle in the lipid transport function of ABCA3 and
suggests various therapeutic targets in lung disease due to
ABCA3J mutation,

MATERIALS AND METHODS

DNA construction. The plasmid pEGFPNI-ABCA3 (17), which
encodes ABCA3 protein fused with enhanced green fluorescent pro-
tein (GFP) at the COOH terminus (ABCA3-GFP), and its mutants
containing pILD mutations (E292V, E690K, and T1114M) and other
site-directed mutations (E292D, E292K, T1114S8, E690D, and E690R)
were generated as described previously and used for transient trans-
fection experiment. Plasmid pCAGIpuro-ABCA3-GFP (17). which
encodes ABCA3-GFP and its mutants described above, driven by a
CAG promoter containing an internal ribosomal entry site and puro-
mycin N-acetyliransferase gene cassette (22), was generated as de-
scribed previously and used for stable transfection experiments.

Confocal microscopy. Human embryonic kidney (HEK-293) cells
were grown at 37°C under 5% CO. in Dulbecco’s modified Eagle’s
medium (Sigma) supplemented with 10% fetal calf serum and peni-
cillin/streptomycin, HEK-293 cells (3 % 10%) were seeded into 35-mm
dishes with a poly-v-lysine-coated cover glass. After 24 h, HEK-293
cells were transfected with wild-type or mutant pEGFP plasmid (1 pg)
using FuGENE transfection reagent (Roche Applied Science). The
transfected cells were cultured for 48 h, fixed with 4% paraformalde-
hyde, and viewed with a Zeiss confocal microscope LSM510-META.

Glveosylation of ABCA3-GFP and mutant proteins. HEK-293 cells
(3 = 107) were seeded into 100-mm dishes 24 h before transfection.
Forty-eight hours after transfection with pEGFP vectors (6.25 pg)
using FuGENE reagent, the cells were homogenized in 50 mM
Tris-HCI buffer (pH 7.5) containing Complete protease inhibitor
mixture (Roche Applied Science), and the total membrane fraction
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(100,000-g pellet) was obtained as described previously (17). Ten
micrograms of total membrane fraction were treated with | unit of
peptide N-glycosidase F (PNGase F) or 5 milliunits of endoglycosi-
dase H (Endo H) for 30 min at 37°C. The deglycosylated proteins
were separated by SDS-PAGE and analyzed by immunoblot analysis
using anti-GFP monoclonal antibody (Santa Cruz Biotechnology).

Establishment of HEK-293 cells stably expressing ABCA3-GFP
and mutant proteins, HEK-293 cells (3 X 10°) were seeded into 35-mm
dishes and, after 24 h, transfected with linearized pCAGlpuro plasmids (1
pg) with Pyul using FuGENE reagent. Forty-eight hours after transfec-
tion, the cells were trypsinized, sceded into 100-mm dishes, and selected
by 2.5 pg/ml puromycin for 7 days. Resistant colonies were combined
and used for lipid analysis, whereas single colonies were isolated and
used for nucleotide trapping and photoaffinity labeling experiments. The
expression of ABCA3-GFP, LAMP3, and GRP78 was examined by
immunoblot analysis using anti-GFP, anti-LAMP3 (Chemicon), and
anti-GRP78 (Santa Cruz Biotechnology) antibodies, respectively.

Sucrose gradient fractionation. Confluent cells (five 100-mm
dishes) were harvested and disrupted in 20 mM Tris+ HCI buffer (pH
7.3) containing 1 M sucrose and Complete protease inhibitor mixture
by Nz cavitation, followed by centrifugation at 1,000 g for 10 min to
obtain postnuclear supernatant (PNS). A sucrose gradient consisting of
1 ml each of 0.8, 0.7, 0.6, 0.5, 0.4, and 0.3 M sucrose and 0.5 ml of 0.2
M sucrose was layered successively above 3.5 ml of PNS (4 mg of
protein). The gradient was spun in a P40ST rotor (Hitachi) at 125 g for
15 min and then at 80,000 g for 3 h. After centrifugation, | ml of each
fraction was collected from the top.

Lipids analysis. Total lipids in PNS and sucrose gradient fractions
were extracted using the method of Bligh and Dyer (2). The amount
of total cholesterol and choline-phospholipids was measured using an
enzymatic assay kit (Kyowa Medex and Wako, respectively). Data
normalized by the protein content are represented as means = SD, and
statistical analysis was performed using the Bonferroni/Dunn proce-
dure for post hoc testing.

Vanadate-induced nucleotide trapping of ABCA3-GFP and mutant
proteins. A 20,000-g membrane fraction was obtained from HEK-293
cells stably expressing wild-type ABCA3-GFP or mutants as de-
scribed previously (17). A 20,000-g membrane fraction (18-24 pg of
protein) was incubated with 10 pM 8-azido-[a-**PJATP, 2 mM
ouabain, 0.1 mM EGTA, 3 mM MgCl,, and 40 mM Tris-HCI (pH 7.5)
in a total volume of 12 pl for 10 min at 37°C in the presence or
absence of 0.4 mM orthovanadate. In some experiments, 8-azido-|a-
2P|ATP was replaced with 8-azido-[y-"*PJATP. The reaction was
stopped by adding 400 pl of ice-cold TEM buffer [40 mM Tris-HCl
buffer (pH 7.5) containing 0.1 mM EGTA and | mM MgCls]. The
supernatant containing unbound nucleotides was removed from the mem-
brane pellet after centrifugation (20,000 g, 10 min, 2°C), and the proce-
dure was repeated once. In the release experiment, following the initial
removal of unbound nucleotides, the pellets were suspended in 100 pl
of TEM buffer and incubated for 0-15 min at 37°C to release trapped
nucleotides. After incubation, 300 ul of TEM buffer were added and
supernatant containing released nucleotides was removed from the
membrane pellet after centrifugation (20,000 g. 10 min, 2°C), The
pellets were resuspended in 10 pl of TEM buffer and irradiated for 5
min (254 nm, 8.2 mW/cm?) on ice. The samples were then electro-
phoresed on a 5% SDS-polyacrylamide gel and transferred to a
polyvinylidene difluoride (PVDF) membrane (Millipore). The radio-
activities of photoaffinity-labeled protein (total 220-kDa noncleaved
form plus 180-kDa cleaved form) were quantified using FLA-5000
(Fujifilm). Radioactivities in the absence of orthovanadate were sub-
tracted from radioactivities in the presence of orthovanadate and
presented as means = SD after normalization to the level of ABCA3-
GFP protein (total 220-kDa noncleaved form plus 180-kDa cleaved
form). Statistical analysis was performed as described above.

Photoaffinity labeling of ABCA3-GFP and mutant proteins with
8-azido-[y-"*PJATP or 8-azido-[a-**PJADP. A 20,000-g membrane
fraction was incubated with 40 uM 8-azido-[y-**PJATP or B-azido-
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[a-"*PJADP, 2 mM ouabain, 0.1 mM EGTA, 3 mM MgCls, and 40
mM Tris-HC1 (pH 7.5) in a total volume of 12 pl for 10 min at 0°C.
After irradiation for 5 min (254 nm, 8.2 mW/cm?) on ice, 400 pl of
TEM buffer were added and supernatant containing unbound nucle-
otides was removed from the membrane pellet after centrifugation
(20,000 g, 10 min, 2°C). The pellets were solubilized in RIPA buffer
[50 mM Tris+HCI (pH 7.5), 150 mM NaCl, | mM EDTA, 1% Nonidet
P-40, 0.1% SDS, and 0.5% sodium deoxycholate] containing protease
inhibitor mixture for 30 min at 4°C. After centrifugation (20,000 g, 20
min, 2°C), proteins were immunoprecipitated from the supernatant
with the anti-human ABCA3 antibody (38). Samples were electro-
phoresed on a 5% SDS-polyacrylamide gel and wransferred 1o a PVDF
membrane. The radioactivities of photoaffinity-labeled protein (total
220-kDa noncleaved form plus 180-kDa cleaved form) were quanti-
fied using FLA-5000. To confirm the expression level of ABCA3-
GFP proteins, the membrane was further analyzed by immunoblotting
using anti-GFP antibody. Data normalized to the level of ABCA3-
GFP proteins (total 220-kDa noncleaved form plus 180-kDa cleaved
form) are presented as means = SD. Statistical analysis was per-
formed as described above,

Homology modeling of nucleotide binding domain | of ABCA3.
The secondary structures of nucleotide binding domains (NBDs) of
ABCA3 and other ABC transporters were predicted using the PSIPRED
program (19). Amino acids sequences were aligned using the ClustalW
program (15) and manually corrected based on the predicted secondary
structures, The amino acids residues 545-766 in NBD-1 of ABCA3 share
29.7%, 25.7%, and 23.4% sequence identities with Escherichia coli
maltose transporter MalK, Staphylococcus aureus Sav1866, and E. coli
hemolysin transporter HlyB, respectively (6, 9, 39). The structure of
NBD-1 of ABCA3 was modeled based on the ATP-bound closed form of
E. coli MalK (Protein Data Bank entry 1Q12; Rel. 6) using SWISS-
MODEL (26). Amino acid substitution was performed on Swiss-PDB
Viewer, considering the best rotamer conformation.

RESULTS

Subcellular localization and glycosylation of ABCA3-GFP
and pILD mutant proteins. We previously found that GFP-
tagged wild-type ABCA3 protein (ABCA3-GFP) expressed in
cultured cells is localized mainly at the limiting membrane of
LAMP3-positive vesicles, whereas type | mutant protein (e.g.,
LI101P) in fatal surfactant deficiency remains localized in the
endoplasmic reticulum, accompanied by impaired processing
of oligosaccharide (17). The E292V, E690K, and T1114M
mutations identified in pILD (4) are located at intracellular loop
1 (ICL-1), adjacent to the Walker B motif in NBD-1 and the 8th
putative transmembrane segment (TM-8), respectively (Fig. 14).
When E292V, E690K, and T1114M mutant ABCA3-GFP pro-
teins were transiently expressed in HEK-293 cells, most of the
GFP fluorescence was located at intracellular vesicles, as with the
wild-type protein (Fig. 1B). ABCA3 is expressed as 190- and
150-kDa forms, with the latter suggested to be produced by
proteolytic cleavage at extracellular domain 1 (ECDI) within
lysosomal vesicles (21, 36). In native lung tissue, the cleaved
form is predominant, whereas both forms are detected when
overexpressed in cultured cells. Immunoblot analysis of total
membrane fraction from transiently transfected HEK-293 cells
using anti-GFP antibody showed two bands at -220 kDa
(noncleaved form) and 180 kDa (cleaved form) in wild-type
and three mutant ABCA3-GFP proteins (Fig. 1C). In E690K
mutant protein, the amount of the 180-kDa cleaved form was
increased compared with that of wild-type protein. PNGase F
digestion of total membrane fraction showed that the 220-kDa
forms of all three mutants are N-glycosylated, as is wild-type
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Fig. 1. Structural model of ATP-binding cassette transporter ABCA3 protein and intracellular localization and glycosylation of wild-type ABCA3-green
fluorescent protein (GFP) and pediatric interstitial lung disease (pILD) mutant proteins. A: locations of pILD mutations characterized in this study are indicated.
ABCA3 is constituted by 2 ransmembrane domains (TMD), each of which contains 6 putative transmembrane segments (TM), 2 extracellular domains (ECD),
and 2 nucleotide binding domains (NBD). There are 3 asparagine residues (Asp33, Aspl24, and Asp140) with a consensus N-glycosylation motif (NXS/T) in
ECD1 but not in ECD2. B: intracellular localization of GFP, wild-type ABCA3-GFP protein (WT), and its mutants (E292V, E690K, and T1114M) transiently
expressed in human embryonic kidney HEK-293 cells were determined by confocal microscopy. Scale bar, 2 pum. C: total membrane fractions from HEK-293
cells transiently transfected with GFP, WT ABCA3-GFP, or mutants were subjected to SDS-PAGE, transferred to polyvinylidene difluoride (PVDF) membranes,
and analyzed using anti-GFP monoclonal antibody. The positions of noncleaved (220 kDa) and cleaved (180 kDa) ABCA3-GFP proteins are indicated. D: total
membrane fraction with (+) or without (=) treatment of peptide N-glycosidase F (PNGase F) was subjected to SDS-PAGE and analyzed by immunoblotting.
ABCA3-GFP proteins modified with oligosaccharide (220 kDa) were deglycosylated by PNGase F, producing 210-kDa proteins. E: total membrane fraction with
or without treatment of endoglycosidase H (Endo H) was subjected to SDS-PAGE and analyzed by immunoblotting. Band / shows Endo H-insensitive 220-kDa
ABCA3-GFP proteins containing complex-type sugar chains, whereas band [/ shows Endo H-sensitive 210-kDa proteins modified with high-mannose-type sugar
chains.

ABCA3-GFP protein (Fig. 1D). In the E292V, E690K, and  pILD mutant ABCA3-GFP proteins that can be used 1o analyze

T1114M mutant proteins, 50-60% of the 220-kDa protein
remained as Endo H-insensitive complex-type protein (Fig.
1E), indicating that intracellular trafficking and processing of
oligosaccharide of these mutant proteins are largely preserved
and that these mutations are not type I mutations.

Lipid transport function of ABCA3-GFP and pILD mutant
proteins. The lipid transport function of ABCA3 protein has
been investigated using non-lung HEK-293 cells or lung ade-
nocarcinoma A549 cells transfected with ABCA3 (7, 18). In
this study, we established HEK-293 cells stably expressing

both lipid transport function and nucleotide trapping of
ABCA3 proteins. ABCA3 mediates uptake of choline-phos-
pholipids into LAMP3-positive vesicles to convert lysosomal
organelles into lamellar body-like organelles (7, 18). The lipid
transport function of ABCA3 protein can therefore be evaluated
by comparing endogenous content of choline-phospholipid-rich
vesicles and the level of LAMP3, a marker of lysosomal
organelles such as multivesicular bodies and lamellar bodies
(34, 35). Expression of wild-type ABCA3-GFP in HEK-293
cells was found to increase the level of LAMP3, as well as the

AJP-Lung Cell Mol Physiol « VOL 295 « OCTOBER 2008 - www.gjplung.org

600Z '8l Aenuga4 uo Bio ABojoisAyd Bunidie wolj papeojumog




CHARACTERIZATION OF ABCA3 MUTANTS ASSOCIATED WITH plIL.D

choline-phospholipid level and low-density and choline-phos-
pholipid-rich vesicle contents (Fig. 2, A, B, and D), as we
previously found in AS549 cells (18). Immunoblot analysis
using anti-GFP antibody revealed that three mutant ABCA3-
GFP proteins were expressed at a level similar to that in
wild-type protein (Fig. 24). The level of LAMP3 in E292V
transfectant was comparable to that in wild-type transfectant,
whereas those in E690K and T1114M transfectants were lower
than in wild-type transfectant (Fig. 24 and Supplemental Fig.
1A). (Supplemental data for this article is available online at
the American Journal of Physiology-Lung Cellular and Mo-
lecular Physiology website.) The smeared appearance of the
immunoblot signal reflects high glycosylation states of LAMP3
protein (16). On the other hand, the levels of GRP78, a marker
of endoplasmic reticulum, were similar in the five cell lines.
These results indicate that expression of pILD mutant ABCA3-
GFP proteins affects lysosomal organelles in differing degrees.

To investigate the effect of ABCA3 expression on the
endogenous lipid level, we analyzed the contents of choline-
phospholipids and total cholesterol in these cell lines. The
levels of choline-phospholipids were significantly increased
1.38- and 1.13-fold in wild-type and E292V transfectants,
respectively, compared with the level in HEK-293 cells,
whereas levels in E690K and T1114M transfectants were
similar to that in HEK-293 cells (Fig. 2B). On the other hand,
the levels of total cholesterol were similar in the five cell lines
(Fig. 20).

We then investigated sucrose gradient fractionation to iden-
tify low-density and choline-phospholipid-rich vesicle forma-
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tion in mutant transfectants. In this gradient system, choline-
phospholipid-rich vesicles generated by ABCA3-mediated
lipid transport migrate to the lower fractions in a manner
similar to lamellar bodies from native lung tissue (18). In
wild-type transfectant, endogenous choline-phospholipid con-
tent in the lower fractions (fractions 2-4) was higher than in
HEK-293 cells (Fig. 2D). In addition, in wild-type transfectant,
LAMP3 was detected mainly in fractions 2-4 and 10, whereas
LAMP3 was detected mainly in fraction 10 and panly in
fractions 4—6 in HEK-293 cells (Supplemental Fig. 1B). Thus
the increased choline-phospholipid content in the lower frac-
tions and the shift of LAMP3 distribution into lower fractions
reflect ABCA3-mediated uptake of choline-phospholipids into
LAMP3-positive vesicles to convert lysosomal organelles into
lower density and lipid-rich vesicles (7, 18). In E292V trans-
fectant, choline-phospholipid content in fractions 2-4 was
higher than that in HEK-293 cells and lower than that in
wild-type transfectant. In E690K transfectant, the distribution
of choline-phospholipid content was similar to that in HEK-
293 cells. In T1114M transfectant, choline-phospholipid con-
tent in fractions 2—4 was somewhat higher than that in HEK-
293 cells, but the difference was not statistically significant
(n = 4, Supplemental Fig. 1C). Considered together, these
results suggest that although the lipid transport function of the
E292V mutant protein is moderate, those of the E690K and
T1114M mutant proteins are severely impaired.
Abnormalities of ATP binding and/or hydrolysis in pILD
mutant proteins. To clarify the mechanism of impaired lipid
transport in the pILD mutant proteins, we compared ATP
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Fig. 2. Lipids transport function of wild-type ABCA3-GFP and pILD mutant proteins. A: Immunoblot analysis of the level of ABCA3-GFP, LAMP3, and GRP78
in HEK-293 cells subly expressing WT ABCA3-GFP, E292V, E690K, T1114M, or untransfected HEK-293 cells. B and C: the contents of endogenous
choline-phospholipids (B) and total cholesterol (C) in postnuclear supernatant (PNS) of each cell type, Data are means = SD (n = 6-9). *P < 0.05; **F < 0.01
vs. HEK-293 cells. N.S.. not significant. D: sucrose gradient fractionation of intracellular compartments from cach cell type. PNS (4 mg of protein) was

fractionated in a sucrose gradient. Fracrions | and 10 are the lowest and higt

density fi
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are shown. For comparison, the lipid content of HEK-293 cells stably expressing wild-type ABCA3 (solid line) and untransfected HEK-293 cells (broken line)

are shown. Exy

were perf

d 4 times, and representative data are shown,
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hydrolysis of these mutants by using a vanadate-induced nu-
cleotide trapping technique (28, 32). ABCA3 protein effi-
ciently traps Mg-ADP in the presence of orthovanadate, an
analog of phosphate, and forms a stable inhibitory intermediate
during the ATP hydrolysis cycle (17, 21). This intermediate
can be specifically photoaffinity labeled in the membrane after
ATP hydrolysis when 8-azido-[c-**P]JATP is used as an ATP
analog, allowing assessment of ATP hydrolysis with produc-
tion of a stable intermediate based on the intensity of photoaf-
finity labeling.

As previously reported (17), among 20,000-g membrane
fractions of cells expressing wild-type ABCA3-GFP, 220-kDa
(noncleaved form) and 180-kDa (cleaved form) proteins were
slightly photoaffinity labeled with 8-azido-[a-**PJATP in the
absence of orthovanadate (Fig. 3A, lane 3), and photoaffinity
labeling was further induced in the presence of orthovanadate
(Fig. 3A, lane 4). In vanadate-induced nucleotide trapping by
the E292V and T1114M mutant proteins, ATP hydrolysis with
production of a photoaffinity-labeled intermediate was de-
creased to 40 and 52% of that of wild-type protein, respectively
(Fig. 3A, lanes 5,6, 9, and 10, and B). On the other hand, in the
E690K mutant protein, it was increased to 200% of that of
wild-type protein (Fig. 3A, lanes 7 and 8, and B).

To investigate the altered ATP hydrolysis with production of a
photoaffinity-labeled intermediate in the mutant proteins, we ex-
amined ATP binding of ABCA3-GFP proteins by photoaffinity
labeling with 8-azido-[y-*?PJATP at 0°C. In this nonhydrolytic
condition, ABCA3-GFP proteins are labeled only with nucleo-
tides before hydrolysis, allowing determination of ATP binding
based on the intensity of photoaffinity labeling. Among the
20,000-g membrane fractions of cells expressing wild-type
ABCA3-GFP, 220- and 180-kDa proteins were photoaffinity
labeled with 8-azido-[y-*?P]ATP, whereas membrane fractions of
untransfected cells were not photoaffinity labeled (Fig. 3C). ATP
binding of the E292V and T1114M mutant proteins determined
by photoatfinity labeling with 8-azido-[y-**PJATP was similar to
that of wild-type ABCA3-GFP protein (Fig. 3, C and D). How-
ever, in E690K mutant protein, photoaffinity labeling of the
220-kDa protein was similar to that of wild type protein
regardless of decreased noncleaved form protein, and photoaf-
finity labeling of the 180-kDa protein was dramatically en-
hanced even when the increased levels of the cleaved form of
the protein were taken into consideration. When normalized to
the level of ABCA3-GFP proteins (total 220-kDa noncleaved
form plus 180-kDa cleaved form), photoaffinity labeling of the
E690K mutant protein was increased to 250% of that of
wild-type protein. These results show that the catalytic cycles
of these mutant proteins differ from that of wild-type protein
and that these mutations in pILD are type Il mutations.

Mutational analysis of Glu292 in ICL-1 and Thrll14 in
putative TM-8. To investigate the mechanism of loss of ATP
hydrolysis with production of a photoaffinity-labeled interme-
diate in E292V and T1114M mutant proteins, we performed
mutational analyses of Glu292 residue in ICL-1 and Thrl114
in putative TM-8. The Glu or Asp residue in ICL-1 is con-
served in members of the ABCA subfamily (Fig, 4A), suggest-
ing the importance of negatively charged amino acids in ICL-1
for ATP hydrolysis. To clarify this, we substituted Glu292 with
Asp and Lys, which are negatively and positively charged,
respectively. In  vanadate-induced nucleotide trapping by
E292D mutant protein, production of a photoaffinity- 1abcled

CHARACTERIZATION OF ABCA3 MUTANTS ASSOCIATED WITH pILD
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Fig. 3. Vanadate-induced nucleotide trapping and photoaffinity labeling of
ABCA3-GFP and pILD mutant proteins using 8-azido-[*P]JATP. A: 20,000-g

b fraction prepared from HEK-293 cells stably expressing the WT
ABCA3-GFP (lanes 3 and 4), E292V (lanes 5 and 6), E690K (lanes 7 and §),
T1114M (lanes 9 and 10), or untransfected HEK-293 cells (lanes | and 2) was
incubated with 10 uM 8-uzido-[a-**PJATP in the absence (—) or presence (+)
of 0.4 mM orthovanadate (Vi) and 3 mM MgCls for 10 min at 37°C. Protein
was photoaffinity labeled with UV irradiation after removal of unbound ATP,
electrophoresed on SDS-PAGE, and transferred to a PYDF membrane. Mem-
brane was analyzed by autoradiography (tep) and immunoblotting (IB) using
anti-GFP antibody (bottem). B: radioactivity of photoaffinity-labeled protein
(total 220-kDa noncleaved form plus 180-kDa cleaved form) was quantified by
FLA-5000. Radioactivity in the absence of orthovanadate was subtracted from
that in the p e of ortho date and is exp d after normalization to
the level of ABCA3-GFP protein (total 220-kDa noncleaved form plus 180-
kD cleaved form). Data are means * SD (n = 4). *P < 0.05: **P < 0.0] vs.
WT. €: 20,000-¢g membrane fraction prepared from HEK-293 cells stably
expressing the WT ABCA3-GFP, E292V, E690K, T1114M, or untransfected
HEK-293 cells was incubated with 40 pM 8-azido-[y-"*P] and 3 mM MgCl,
for 10 min at 0°C. Protein was photoaffinity labeled with UV irradiation,
immunoprecipitated with anti-human ABCA3 antibody, electrophoresed on
SDS-PAGE, and transferred 1o a PYDF membrane. Membrane was analyzed
by FLA-5000 (rop) and IB using anti-GFP antibody (bottom). D: radioactivity
of photoaffinity-labeled protein (total 220-kDa noncleaved form plus 180-kDa
cleaved form) was quantified by FLA-5000 and is expressed afler normaliza-
tion to the level of ABCA3-GFP protein (total 220-kDa noncleaved form plus
180-kDa cleaved form). Data are means = SD (n = 3). *P < 0.0] vs. WT.
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