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markedly decreasing peripheral adiposity, increasing ener-
gy expenditure, and improving systemic insulin sensitivity
[34]). Although there were no differences in peripheral
adiposity and energy expenditure between AANEU3 mice
and AdLacZ mice in this study, the ADNEU3 mice had a
phenotype of hepatic steatosis and improved systemic
insulin sensitivity with enhanced PPARy expression in
liver. Thus, hepatic PPARy plays important roles not only
in the development of liver steatosis but also systemic
insulin sensitivity. Increased PPARy expression in the
livers of ADNEU3 mice might be one of the mechanisms
underlying increased systemic insulin sensitivity in vivo.
This is the first report, to our knowledge, of hepatic NEU3
expression increasing hepatic PPARy expression. Further
investigation is needed to elucidate the molecular mech-
anism by which hepatic NEU3 expression increases
hepatic PPARy expression and triglyceride accumulation
in the liver,

Fetuin is a natural inhibitor of the insulin-stimulated
insulin receptor tyrosine kinase [35,36]. Fetuin KO mice
demonstrate increased basal and insulin-stimulated phos-
phorylation of insulin receptor and the downstream signal-
ing molecules mitogen-activated protein kinase and Akt in
liver and skeletal muscle {37). Glucose and insulin tolerance
tests in fetuin KO mice indicate significantly enhanced
glucose clearance and insulin sensitivity. Thus, fetuin is a
natural regulator of the insulin sensitivity in liver. Reduced
expression of fetuin in the AANEU3 mice fed standard diets
and KKAy mice might contribute to improved insulin
sensitivity in these mice.

We previously demonstrated NEU3 transgenic mice to
have an insulin-resistant, diabetic phenotype [16]. In
contrast, this study demonstrates that NEU3 overexpression
in the liver improves insulin sensitivity and glucose
tolerance in C57BL/6 mice fed standard diet and in 2 types
of insulin-resistant mice, C57BL/6 mice on a high-fat diet
and KKAy mice. Recent accumulating evidence provides
evidence that hepatic expression of PPARy regulates
systemic insulin sensitivity [30,32,34]. Increased hepatic
expression of PPARy in the AUNEU3 mice improves insulin
sensitivity and glucose tolerance. In contrast, decreased
PPARy expression in the liver might contribute to the
insulin resistance and glucose intolerance of the NEU3
transgenic mice.

The NEU3 transgene was expressed in a wide range of
tissues, but most prominently in muscles, pancreas, and
heart in the transgenic mice. Chronically elevated NEU3
expression in muscle was speculated to contribute to in vivo
insulin resistance because intracellular insulin signaling was
reduced in muscles of transgenic mice {16]. In contrast, this
study demonstrates that acute expression of NEU3 in the
liver improves insulin sensitivity. These discrepancies might
be partially explained by the time (acute or chronic) and
tissue (liver or skeletal muscle) differences in NEU3
overexpression. Further studies are needed to investigate
the difference in molecular mechanism to regulate systemic

insulin sensitivity between the AdNEU3 mice and the
NEU3 transgenic mice.

In conclusion, NEU3 overexpression in the liver
improves insulin sensitivity and glucose tolerance, possibly
through the expression of PPARy and fetuin, and the
modification of the ganglioside composition in healthy
mice and 2 types of insulin-resistant mice, mice on a high-
fat diet and KKAy mice. Our findings also provide further
evidence that NEU3 is an important regulator of insulin
sensitivity and glucose tolerance, making it a potential
therapeutic target in type 2 diabetes mellitus.
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Reliability and validity of the Japanese version of the
World Health Organization-Five Well-Being Index in the
context of detecting depression in diabetic patients

Abstract
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The present study had two aims. The first was to evaluate the reliability and the validity of the
Japanese version of the World Health Organization (WHO)-Five Well-Being Index (WHO-5-1) as
a brief well-being scale. The second was to examine the discriminatory validity of this test as a
screening tool for current depressive episodes in diabetic patients. A sample of 129 diabetic
patients completed the WHO-5-J. Of these, 65 were also interviewed by psychiatrists to assess
whether they had any current depressive episodes according to DSM-IV. The internal consistency
was evaluated using Cronbach’s alpha, the Loevinger coefficient of homogeneity, and factor anal-
ysis. The external concurrent validity was evaluated by correlations with the external scales poten-
tially related to subjective well-being. Discriminatory validity was evaluated using receiver
operating characteristic (ROC) analysis. Cronbach’s alpha and the Loevinger coefficient were esti-
mated to be 0.89 and 0.65, respectively. A factor analysis identified only one factor. The WHQ-5-
J was significantly correlated with a number of major diabetic complications, depression, anxiely,
and subjective quality of life. ROC analysis showed that the WHO-5-J can be used to detect a cur-
rent depressive episode (area under curve: 0.92; 95% confidence interval: 0.85-0.98). A cut-off of
<13 yielded the best sensitivity/specificity trade-off: sensitivity, 100%; specificity, 78%. The WHO-
5-] was thus found to have a sufficient reliability and validity, indicating that it is a useful instru-
ment for detecting current depressive episodes in diabetic patients.

depressive episode, diabetes, screening, validity, well-being.

INTRODUCTION

There is a high prevalence of depression among
patients with diabetes.! Recent studies suggest that
depression has a significantly adverse effect on diabe-
tes in terms of decreased glycemic control, a reduction
in the quality of life, and an increased health-care
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expenditure.” However, depression frequently goes
undetected and it remains untreated.® It has been dem-
onstrated that primary care patients with major or
minor depressive disorders respond well to psycho-
therapy and/or treatment with antidepressants.**
Therefore, a brief and rapid instrument for detecting
depression in primary care settings may play an impor-
tant role in the improvement of diabetes care.

One candidate for such an instrument is the World
Health Organization (WHO)-Five Well-Being Index
(WHO-5). It is a short version of the WHO Well-Being
Scale, which was initially developed to evaluate the
quality of care for diabetic patients.*” The WHO-5 is a
self-administered five-item scale. Each item assesses
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the degree of positive well-being during the past
2 weeks on a six-point Likert scale graded from 0 (at no
time) to S (al! of the time), and the total score ranges
from 0 to 25, with high scores thereby indicating an
increased sense of well-being. The scale has been trans-
lated into various languages (http://www.who-5.0rg/)
and, in the West, validation data have been published
in the context of various health conditions, including
depressive disorders®! anxiety disorders,? cognitive
impairment and dementia,’” and psychiatric disor-
ders,"? in addition to the health-related quality of life.'®
Discriminatory validity as a screening tool for depres-
sive disorders has also been examined.>" However, no
validation data have yet been published in the East,
including Japan.

The present study had two aims: to evaluate the reli-
ability and validity of the Japanese version of the
WHO-5 (WHO-5-J) as a brief well-being scale, and to
examine its discriminatory validity as a screening tool
for a current depressive episodes in diabetic patients.

METHODS
Adaptation of the WHO-5 for use in Japan

Using a state-of-the-art procedure for test transla-
tion,'"* the original English version of the WHO-5 was
adapted to Japanese in collaboration with the Euro-
pean WHO office as follows: two independent forward-
and two independent back-translations, linguistic
panels, pilot testing, and formal assessment of the reli-
ability and validity of the index.

The WHO-5 was translated into Japanese by two
bilingual translators who worked independently to
produce two different Japanese versions. These ver-
sions were then back-translated and discussed by a
panel of experts until agreement was reached on the
most suitable items to be included in the final version.
The final version was tested in a pilot study, which con-
firmed a high level of item acceptability and compre-
hension. The data regarding the reliability and validity
are shown in the present study. The WHO-5-J can be
obtained from the website http://www.who-5.org.

Subjects

The participants were recruited from 197 outpatients
with diabetes who received regular treatment at the
Diabetes and Metabolism Unit, Tohoku University
Hospital. All patients had been diagnosed to have
either type 1 or type 2 diabetes mellitus according to
the criteria of the American Diabetes Association.!’ Of
these patients, a total of 129 were regarded as eligible
for the study. These consisted of 71 men and 58 women
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who gave their written informed consent, had no
explicit dementia (Mini-Mental State > 20), and com-
pleted the WHO-5-J as well as a set of questionnaires
concerning demographic, social, and health-related
variables. The most recent clinical data regarding
diabetes were collected from the patients’ medical
records. All data collection was completed in Novem-
ber 2004. Subject characteristics are given in Table 1.

Approval of the research protocol was obtained
from the Ethics Committee of Tohoku University
Graduate School of Medicine and Tohoku University
Hospital.

Table 1. Description of the 129 diabetic patients who com-
pleted the WHO-5-]

Variables Mean + SD Range
Age (years) 53.6+104 25-73
Sex (Female %) 45.0
Educational level (years) 19.81£3.2 15-34
Type of diabetes (Type 1%) 16.3
Use of insulin (%) 55.8
Duration of diabetes (years) 10.9£10.2 0.1-40
FBS (mg/dL) 149.3 £ 50.5 66.0-503.0
HbAlc (%) 70+14 4.0-12.0
BMI (g/cm?) 245144 17.0-47.2
Major complication (%) 43.4

Neuropathy (%) 24.8

Retinopathy (%) 30.2

Nephropathy (%) 132
No. complications

0 56.6

1 25.6

2 10.9

3 7.0
SDS score 376196 22-63

STAI score, state
STAI score, trait

39.6 +10.6 20-67
415119 21-74

MMSE score 28221 20-30
SF-36 subscale

Physical functioning 82.3+21.2 0-100
Social functioning 83.2+229 12.5-100
Role functioning, physical 76.8 £37.6 0-100
Role functioning, emotional 78.1 £38.4 0~-100
Mental health 702 £21.7 4-100
Vitality 6291229 5-100
Pain 71.8+258 0-100
General health perceptions 49.7+21.0 0-97
WHO-5-] score 155+6.1 0-25

BMI, body mass index; FBS, fasting blood sugar; HbAlc,
hemoglobin Alc; MMSE, Mini-Mental State Examination;
SDS, Zung’s Self-Rating Depression Scale; SF-39, Short-
Form 36 Health Survey questionnaire; STAI, State-Trait
Anxiety Inventory; WHO-5-J, Japanese version of the World
Health Organization-Five Well-Being Index.
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Measurements

Sociodemographic variables included sex, age, and
educational level. Educational levels were assessed by
determining the age when schooling was completed.
The assessed clinical variables regarding diabetes
included the type of diabetes, the duration of diabetes,
fasting blood sugar (FBS), glucosylated hemoglo-
bin (HbAlc), body mass index (BMI), and major
diabetic complications (retinopathy, neuropathy, and
nephropathy).

Zung’s Self-Rating Depression Scale (SDS),' the
State-Trait Anxiety Inventory (STAI),”” the Mini-Men-
tal State Examination (MMSE),® and the Short-Form
36 Health Survey questionnaire (SF-36)" were all used
as external scales that were potentially related to sub-
jective well-being.

The SDS is an internationally used 20-item self-
administered depression scale. Each item is rated on a
four-point Likert scale, with a total score ranging from
20 to 80 and high scores indicating increased depres-
sion. The Japanese version was developed by Fukuda
and Kobayashi® and has been well validated by
Kitamura et al.! The STAI comprises 20-item trait and
20-item state anxiety scales. Each item is rated on the
four-point Likert scale, with a total score ranging from
20 to 80 for each scale and high scores indicating
increased anxiety. The Japanese version was validated
by Nakazato and Mizuguchi.? The MMSE is a brief
test of several cognitive functions, with a total score
ranging from 0 to 30. A score of 23 or less indicates a
cognitive disorder and has a high degree of validity and
reliability in detecting cognitive impairment.'s The Jap-
anese version was validated by Mori et al.®* The SF-36
consists of eight subscales for subjective health-related
quality of life, with scores on each subscale ranging
from O to 100 and high scores indicating a high quality
of life. The Japanese version was developed and vali-
dated by Fukuhara eral*?* and is widely used in
studies on health-related quality of life among Japa-
nese populations.

Subjects with SDS scores 240 were selected to
undergo an interview with psychiatrists, who were
blind to the results of the questionnaires, in order to
diagnose any current major or minor depressive epi-
sodes using the Structured Clinical Interview for DSM-
IV Axis I Disorders (SCID-I).”® The Japanese version
of SCID-I was developed by Takahashi.” Minor
depressive episodes were defined as clinically relevant
depressive syndromes, not fulfilling the rigorous diag-
nostic criteria for major depressive episode, but con-
taining two—four symptoms of DSM-1V-defined major
depressive episode, one of which must be either a
depressed mood or anhedonia (loss of interest or plea-
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sure). Almost the same number of subjects who scored
<40 on the SDS were recruited to undergo the same
interview,

Statistics

For the evaluation of internal consistency, Cronbach’s
alpha, the Loevinger coefficient, and a factor analysis
were used. Cronbach’s alpha is a measure of how well
the subsets of the items can be substituted for each
other. A high alpha (>0.9) may suggest a high level of
item redundancy; therefore, alpha should fall within
the range 0.7-0.9. The Loevinger coefficient of homo-
geneity was used as part of the Mokken analysis.** The
Loevinger coefficient is an analysis of unidimensional-
ity that tests the extent to which an extra item fits into
the structure established by the other items of a scale.
According to the Mokken analysis, homogeneity and
unidimensionality are acceptable at a Loevinger cocf-
ficient of 20.40, while a coefficient of 0.30-0.39 is con-
sidered to be barely acceptable.®

The Loevinger coefficient is thought to be a better
indicator of internal consistency than Cronbach’s alpha
because, in contrast to Cronbach’s alpha, it is indepen-
dent of the number of items in the scale.”® A factor
analysis was performed as a standard principal compo-
nent analysis with orthogonal varimax rotation of the
components. If a substantial shift between the first and
the second eigenvalues could be observed, then unidi-
mensionality is indicated.” :

To evaluate the external concurrent validity, the
Spearman correlation coefficient was used to correlate
the WHO-5-] with health-related variables potentially
related to subjective well-being. For the evaluation of
discriminatory validity as a screening tool for current
depressive episodes, the area under the curve (AUC),
sensitivity, and specificity were calculated using a
receiver operating characteristic (ROC) analysis. To
evaluate the post-test probability, the positive predic-
tive value (PPV) and negative predictive value (NPV)
were calculated using a 2 x2 contingency table. For
group comparisons, Student’s t-test, the Wilcoxon U-
test, or ¢ test were used where applicable. All statisti-
cal analyses were performed using SPSS version 11.5
(SPSS, Chicago, IL, USA) and the SAS system, version
9.1.3 (SAS Institute, Cary, NC, USA). Statistical signif-
icance was established at P = 0.05.

RESULTS
Internal consistency

Cronbach’s alpha was found to be 0.89 and the Loev-
inger coefficient of homogeneity was 0.65. A factor

—43—
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Figure 1. Scree plot for the components of the Japanése
version of the World Health Organization-Five Well-Being
Index.

Table 2. Factor matrix of the Japanese version of the
WHO-5

Item Factor
Item 1 I have felt cheerful and in good spirits 091
Item 2 I have felt calm and relaxed 0.91
Item 3 I have felt active and vigorous 0.83
Item 4 I woke up feeling fresh and rested 0.80
Item S My daily life has been filled with things 0.74

that interest me

WHO, World Health Organization.
Principle component analysis was used.

analysis identified only one factor when considering
eigenvalues >1.0 (Fig.1, Table2). The first factor
explained 70.8% of the variance. These findings thus
indicate that the WHO-5-J has an adequate internal
consistency and that the total score has a sufficient
degree of statistical validity.

External concurrent validity

No significant differences in the WHO-5-J total scores
were observed between the male and female subjects
(male vs female [mean + SD], 15.8 £6.0 vs 15.1 £6.3,
t=0.59, P=0.57). Neither type of diabetes (type 1 vs
type 2, 13.9+5.1 vs 15.8%6.3, t=0.46, P=0.14) nor
status of insulin use (use vs no use, 15.9+6.0 vs
15.1+6.2, t=0.73, P=0.47) made differences in the
WHO-5-J. Table 3 shows correlations between the
WHO-5-J and the demographic and health-related
variables potentially related to subjective well-being.
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Table 3. Correlations between the WHO-5-J and external
scales related to subjective well-being

Spearman

correlation

coefficients P
Age 0.23 0.01
Education level 0.03 0.77
Duration of diabetes 0.10 0.24
FBS -0.01 0.88
HbAlc 0.03 0.78
BMI -0.10 0.25
Number of major complications -0.21 0.02
SDS score -0.68 0.00
STAI score, state -0.73 0.00
STAI score, trait -0.74 0.00
MMS score 0.11 0.21
SF-36 subscale

Physical functioning 0.43 0.00

Social functioning 0.40 0.00
Role functioning, physical 043 0.00
Role functioning, emotional 0.51 0.00
Mental health 0.70 0.00
Vitality 0.72 0.00
Pain 0.39 0.00
General health perceptions 0.43 - 0.00

BMI, body mass index; FBS, fasting blood sugar; HbAlc,
hemoglobin Alc; MMSE, Mini-Mental State Examination;
SDS, Zung’s Self-Rating Depression Scale; SF-36, Short-
Form 36 Health Survey questionnaire; STAI, State-Trait
Anxiety Inventory; WHO-5-J, Japanese version of the WHO-
Five Well-Being Index.

The WHO-5-J total score was significantly correlated
with age, the number of major complications, and the
total scores on the SDS, the STAI, both the state and
trait scales, and each subscale of the SF-36. No signifi-
cant correlations were found between the WHO-5-]
total score and educational level, duration of diabeltes,
FBS, HbA1lc, BMI, or the total score on the MMSE.

External discriminatory validity

Table 4 shows the characteristics of the 65 diabetic
patients who were interviewed by psychiatrists in order
to assess whether they had a current major or minor
depressive episode according to the DSM-IV criteria.
Seven patients were diagnosed to have a current major
depressive episode, while three patients were diag-
nosed to have a current minor depressive episode. In
accordance with our expectations, the patients with
current major or minor depressive episodes had a
lower mean score on the WHO-5-J as well as higher
mean scores on the SDS and the STAI (both the state
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Table 4. Description of the 65 diabetic patients who were interviewed for psychiatric diagnosis of a major depressive episode

DE (-) DE (+) P

n 55 10
Age (years) 53.9+104 49.7 £ 14.0 0.39
Sex (Female, %) 47.3 60.0 0.51
Educational level (years) 19.8+£3.2 189122 0.29
Type of diabetes (Type 1%) 16.4 20.0 0.67
Use of insulin 50.9 50.0 1.00
Duration of diabetes (years) 99+10.0 58+175 0.15
FBS (mg/dL) 146.1 £ 38.5 179.0 + 1183 0.10
HbAlc (%) 68+1.2 6.8+2.1 0.95
BMI (g/cm?) 234135 246+43 0.40
Major complication 34.6 50.0 048
SDS score 37.8+9.3 5121£6.1 0.00
STAI, state 37.1£99 489+6.2 0.00
STAI, trait 39.5+10.6 57.4+9.3 0.00
MMSE 282+2.0 287+1.5 0.41
SF-36 subscale

Physical functioning 820214 71.5%£245 0.23
Social functioning 84.7+21.9 56.9 +24.3 ' 0.01
Role functioning, physical 79.7 £35.0 4721475 0.08
Role functioning, emotional 83.7+33.7 33.3+441 0.0t
Mental health 76.0+19.2 39.6+£17.7 0.00
Vitality 63.4+243 35.0£13.0 0.00
Pain 74.6 £25.3 56.3+£264 0.08
General health perceptions 50.8+21.3 34.6+215 0.06
WHO-5-J score 16.7+£5.8 69135 0.00

BMI, body mass index; DE, major or minor depressive episode; FBS, fasting blood sugar; HbA1lc, hemoglobin Alc; MMSE,
Mini-Mental State Examination; SDS, Zung’s Self-Rating Depression Scale; SF-39, Short-Form 36 Health Survey questionnaire;

STALI, State-Trait Anxiety Inventory; WHO-5-J, Japanese version of the World Health Organization-Five Well-Being Index.
Statistical analyses were performed using Student’s t-test, Wilcoxon U-test, or ¥ test.

and trait scales) and lower mean scores on several sub-
scales of the SF-36 (social functioning, emotional role
functioning, mental health, and vitality), than patients
without a current depressive episode.

Figure 2 shows the ROC curve for the detection of a
current major or minor depressive episode according
to the WHO-5-J total score. The AUC was estimated to
be 0.92 (95% confidence interval [95%CI], 0.85-0.98),
which was significantly different from 0.5 (P < 0.001).
A cut-off of <13 yielded the best sensitivity/specificity
trade-off: sensitivity, 100%; specificity, 78.2%; PPV,
45.5%; and NPV, 100%. When associated with a cur-
rent major depressive episode alone, similar results
were obtained: AUC, 0.90; 95%CI, 0.81-0.98; P<
0.001; sensitivity, 100%; specificity, 74.1%; PPV, 31.8%;
and NPV, 100%.

DISCUSSION

The present report is the first study to evaluate the
reliability and validity of the WHO-5 in an Asian

© 2007 The Authors
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region. Similar to the original version, evaluated in
Europe,*'**B the WHO-5-J was found to have
adequate reliability and validity for Japanese diabetic
patients.

In line with the findings of previous studies, the
scale showed a significant correlation with different
indicators of health-related variables including depres-
sion (SDS), anxiety (STAI), and subjective quality of
life (SF-36). It should also be noted that the WHO-5-]
score significantly decreased as the number of major
complications increased. Recent studies have indicated
that depression has an adverse effect on glycemic con-
trol, thus increasing the risk of major diabetic compli-
cations, and thereby leading to further reductions in
the quality of life among diabetic patients.** We have
reported elsewhere that the presence or absence of
major diabetic complications, particularly those of neu-
ropathy, is significantly associated with depression
after controlling for potential confounding factors (S.
Yoshida et. al., unpub. data). Therefore, the WHO-5-]
might be sensitive to decreased subjective well-being in

12,13
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Figure 2. Receiver operating characteristics curve for the
Japanese version of the World Health Organization-Five
Well-Being Index in association with a current depressive
episode as diagnosed according to DSM-IV criteria. The area
under the curve was estimated at 0.92 (95% confidential inter-
val: 0.85-0.98), which was significantly different from 0.5
(P <0.001).

patients with major diabetic complications who are
prone to develop depression and thus demonstrate a
reduction in the quality of life.

However, no significant correlation was observed
between the WHO-5-J and cognitive function. The
present subjects are comparatively younger and have a
higher cognitive functioning than those of a previous
study that showed the WHO-5 score to significantly de-
crease as the MMSE score decreased in a sample of 254
elderly from the general population.” This might yield
a ceiling effect and conceal the relationship between
the cognitive function and subjective well-being. In
contrast, the scores on the WHO-5-J significantly
decreased as age decreased. In the present study, a
decreased age was significantly associated with in-
creases in both state and trait anxiety (state, r =-0.22,
P = 0.013; trait, r =-0.25, P =0.005). Younger patients
with diabetes might be more likely to feel anxiety
regarding an image of his or her future than older
patients, and such anxiety might be reflected by the
WHO-5-1.

The results of an ROC analysis, in addition to those
of comparisons of WHO-5-J scores between the
patients with and without a current depressive episode,
indicate that the WHO-5-J has a sufficient discrimina-
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tory validity as a screening tool for the detection of a
current depressive episode. A standard cut-off point of
<13 (WHO)* had an excellent sensitivity/specificity
trade-off. Sensitivity of 100% means that all subjects
with depressive episodes were detected by this cut-off
criteria (NPV, 100%). However, the specificity of 78%
indicates that a considerable number of positive
screening subjects had no current depressive episodes
(PPV, 45%). Therefore, as Henkel ef al. suggested,™"
this scale might be recommended for use as the first-
step screening tool followed by the second-step screen-
ing tool such as the Major Depression Inventory to
confirm depressive episodes.

The present study had several limitations. First, our
sample population may not have been adequately
representative of diabetic patients within primary care
settings. Because the study population had relatively
good glycemic control, the prevalence of depressive
episodes in diabetic patients within primary care might
have been underestimated. Second, the sample size
was relatively smail and only 65 patients underwent a
diagnostic interview by psychiatrists. To generalize the
findings more appropriately, it is necessary to conduct a
collaborative multi-institutional study in a larger sam-
ple. Third, discriminatory validity for the detection of
psychiatric disorders other than depression was not
examined in the present study, although it is likely that
such psychiatric disorders would influence both the
subjective well-being and quality of care of diabetic
patients. However, it is evident that depression is
highly prevalent and it also has a significantly adverse
effect on diabetes. The present study indicates that the
WHO-5-] might therefore be a potentially useful
screening modality for detecting existing, but unrecog-
nized depression in diabetic patients.

CONCLUSIONS

The WHO-5-J was found to have sufficient reliability
and validity as a brief well-being scale. This scale might
be a useful instrument for the detection of current
major or minor depressive episodes in diabetic
patients. A cut-off point of <13 might be recommended
for use in the screening of depression.
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Nonogaki K, Nozue K, Kuboki T, Oka Y. Milnacipran, a serotonin
and norepinephrine reuptake inhibitor, induces appetite-suppressing ef-
fects without inducing hypothalamic stress responses in mice. Am J
Physiol Regul Integr Comp Physiol 292: R1775-R1781, 2007. First
published January 11, 2007; doi:10.1152/ajpregu.00527.2006.—Milnaci-
pran, a selective serotonin (5-HT) and norepinephrine (NE) reuptake
inhibitor, increases extracellular 5-HT and NA levels equally in the
central nervous system. Here, we report that systemic administration of
milnacipran (20-60 mg/kg) significantly suppressed food intake after
fasting in C57BL6J mice. The appetite-suppressing effects of milnacipran
were sustained for 5 h. Neither SB242084, a selective 5-HT2C receptor
antagonist, nor SB224289, a selective 5-HT1B receptor antagonist, re-
versed the appetite-suppressing effects of milnacipran. Milnacipran sup-
pressed food intake and body weight in wild-type mice and in AY mice,
which have ectopic expression of the agouti protein. Moreover, milnaci-
pran significantly increased hypothalamic proopiomelanocortin (POMC)
and cocaine- and amphetamine-regulated transcript (CART) mRNA
levels, while having no effect on hypothalamic neuropeptide Y, ghrelin,
corticotropin-releasing hormone (CRH), and suppressor of cytokine sig-
naling-3 mRNA levels. Interestingly, milnacipran did not increase plasma
corticosterone and blood glucose levels, whereas fenfluramine, which
inhibits 5-HT reuptake and stimulates 5-HT release, significantly in-
creased plasma corticosterone and blood glucose levels in association
with increased hypothalamic CRH mRNA levels. The appetite-suppress-
ing effects of milnacipran had no effects on food intake in food-restricted,
wild-type mice and AY mice. On the other hand, fenfluramine suppressed
food intake in food-restricted wild-type mice, but it had no effects in
food-restricted A¥ mice. These results suggest that inhibition of 5-HT and
NA reuptake induces appetite-suppressing effects independent of
5-HT2C and 5-HT1B receptors, and increases hypothalamic POMC and
CART gene expression without increasing plasma corticosterone and
blood glucose levels in mice.

5-hydroxytryptamine; norepinephrine; food intake; corticosterone; glu-
cose

BRAIN SEROTONIN (S-HYDROXYTRYPTAMINE; 5-HT) Systems con-
tribute to regulate mood, feeding, autonomic outflow, and the
hypothalamic-pituitary-adrenal (HPA) axis through complex
neural mechanisms. 5-HT drugs, such as m-chlorophe-
nylpiperazine (mCPP), a 5-HT2C/1B receptor agonist, and
fenfluramine, which inhibits 5-HT reuptake and stimulates
5-HT release, suppress feeding via 5-HT2C receptors and/or
5-HT1B receptors and the central melanocortin (MC) pathway
(12, 16, 27, 28, 29). These drugs are also likely to stimulate the
HPA axis and the hypothalamic-sympathetic adrenal medullary
axis (3, 4, 9, 14, 19, 20, 26).

Milnacipran, a selective 5-HT and norepinephrine (NE)
reuptake inhibitor that increases extracellular 5-HT and NE
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Graduate School of Medicine, 2-1 Seiryo-machi, Aoba-ku, Sendai, 980-8575,
Japan (E-mail: knonogaki-tky @umin.ac.jp).
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levels equally in the central nervous system, was originally
prescribed to treat depression (1, 18, 24). Milnacipran has no
effect on dopamine reuptake and does not interact with any
known neurotransmitter receptors, especially noradrenergic,
muscarinic, and histaminergic receptors, unlike tricyclic anti-
depressants (1). Milnacipran is also recommended as a treat-
ment for binge eating in bulimia nervosa (6). The effects of
milnacipran on appetite, obesity, plasma corticosterone, and
glucose levels, and the expression of hypothalamic neuropep-
tide genes that are involved in regulating feeding and energy
homeostasis, however, are unknown.

To determine whether milnacipran suppresses appetite and
increases blood glucose and plasma corticosterone levels, we
investigated the effects of milnacipran on food intake in relu-
tion to 5-HT2C and 5-HT1B receptors and on blood glucose
and plasma corticosterone levels compared with fenfluraminc.
We also examined the effects of milnacipran on the genc
expression of hypothalamic neuropeptides that are involved in
regulating feeding and on food intake and body weight in A*
mice. AY mice display hyperphagia due to ectopic expression of
agouti protein, which interferes with the binding of endogenous
ligands to MC-4 and MC-3 receptors (5, 8, 17). Hyperphagic A’
mice are responsive to mCPP and fenfluramine (23).

MATERIALS AND METHODS

Animals and drug treatment. Four-week-old male CS7BL/GJ
mice, AY mice, and wild-type mice were purchased from Japan
CLEA. Mice were individually housed in cages with free access to
water and chow pellets in a light- (lights on: 0800, lights oft: 2000)
and temperature (20-22°C) -controlled environment. Animals
were acclimatized to the laboratory environment for 1 wk before
the experiment. Drugs were administered between 1000 and 1200,
as described previously (22, 23). Milnacipran was a kind gift from
Asahi Kasei Pharma, (Tokyo, Japan). SB242084 dihydrochloride,
SB22489 hydrochloride, and CP94253 hydrochloride were pur-
chased from Sigma Chemical (Tokyo, Japan). Milnacipran and
CP94253 hydrochloride were dissolved in saline. SB242084 was
dissolved in distilled water and suspended in saline. SB224289 was
suspended in saline.

In experiments 1 and 2, separate groups of S-wk-old C57BL6J mice
were deprived of food for 23 h. The following morning, the animals
were injected intraperitoneally with saline or milnacipran (3-60
mg/kg) 30 min before food presentation. Intake of chow pellets was
measured every hour for the next 1 h (experiment 1) or 6 h (experi-
ment 2).

In experiment 3, 5-wk-old C57BL6J mice were deprived of food
for 23 h. The following morning, animals were injected intraperito-
neally with saline, SB242084 (2 mg/kg), or SB224289 (5 mg/kg).
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Thirty minutes later, the animals were injected intraperitoneally with
saline or milnacipran (30 mg/kg) or CP94253 (5 mg/kg), a selective
5-HT1B receptor agonist or mCPP (5 mg/kg), a 5-HT2C/1B receptor
agonist. Thirty minutes later, they were given chow pellets, and pellet
intake was measured for the next 1 h.

In experiment 4, 5-wk-old male AY mice and wild-type littermates
were deprived of food for 23 h. The following morning, the animals
were intraperitoneally injected with saline or milnacipran (30 mg/kg)
30 min before food presentation. Intake of chow pellets was measured
for the next 1 h.

In experiment 5, 5-wk-old male AY mice and wild-type littermates
were intraperitoneally injected with saline or milnacipran (30 mg/kg)
30 min before the onset of the dark cycle. Intake of chow pellets was
measured for the next hour after onset of the dark cycle.

In experiment 6, 8-wk-old male AY mice and wild-type littermates
were intraperitoneally injected with saline or milnacipran (30 mg/kg)
twice daily (at 1000 and 1800) for 3 days. Daily food intake and body
weight were measured.

In experiment 7, 5-wk-old male AY mice and wild-type littermates,
which were provided 3.5 g of chow pellets daily for 5 days before the
experiment, were intraperitoneally injected with saline or milnacipran
(30 mg/kg) or fenfluramine (3 mg/kg). Chow pellets were provided 30
min later. Intake of chow pellets was measured for the next hour. The
experiment was performed between 1000 and 1200.

In experiment 8, 5-wk-old C57BL6J mice were intraperitoneally
injected with saline or milnacipran (30 mg/kg) in the light and dark
cycle. In the dark cycle, drugs were administered between 2000
and 2030. Animals were not fed chow pellets. After 30, 60, or 120
min, the separate groups of animals were decapitated, and blood
was collected for measurement of glucose and corticosterone levels
in the light cycle. In a separate group of animals, 60 and 120 min
later, the hypothalamus was removed for RNA extraction in the
light cycle. Moreover, after 60 or 120 min, the separate groups of
animals were decapitated and blood was collected for measurement
of corticosterone levels in the dark cycle. Whole blood was mixed
with EDTA-2Na (2 mg/ml) to determine plasma corticosterone
levels.

Finally, 5-wk-old C57BL6J mice were intraperitoneally injected
with saline or fenfluramine (3 mg/kg). They were not fed chow
pellets. Sixty minutes later, the animals were decapitated, and the
hypothalamus was removed for RNA extraction. Blood was collected
for the measurement of glucose and corticosterone levels. Whole
blood was mixed with EDTA-2Na (2 mg/ml) to determine plasma
corticosterone levels.

The dose of fenfluramine (3 mg/kg) was based on the evidence that
fenfluramine-induced hypophagia is attenuated by a genetic blockade
of 5-HT2C receptors (28). The dose of SB242084 (2 mg/kg) elimi-
nates 5-HT2C receptor functions in vivo as described previously (13,
22). The dose of SB224289 dihydrochloride (5 mg/kg) eliminates
5-HT1B receptor functions in vivo (15, 16, 22).

The animal studies were conducted under protocols in accordance
with the institutional guidelines for animal experiments at Tohoku
University Graduate School of Medicine.

Real-time quantitative RT-PCR. Total RNA was isolated from
mouse hypothalamic tissue using the RNeasy Midi kit (Qiagen,
Hilden, Germany), according to the manufacturer’s directions, and
cDNA synthesis was performed using a Super Script III First-Strand
Synthesis System for RT-PCR Kit (Invitrogen, Rockville, MD) using
1 pg total RNA. cDNA synthesized from total RNA was evaluated in
a real-time PCR quantitative system (Light Cycler Quick System
350S; Roche Diagnostics, Mannheim, Germany). The primers used
were as follows. For mouse proopiomelanocortin (POMC), sense,
5'-ATA GAT GTG TGG AGC TGG TG-3', antisense, 5'-GGC TGT
TCA TCT CCG TTG-3'; for mouse cocaine- and amphetamine-
regulated transcript (CART), sense, 5'-CTG GACATC TAC TCT

SNRI, APPETITE, AND HPA AXIS

GCC GTG G-3', antisense, 5'-GTT CCT CGG GGA CAG TCA CAC
AGC-3’; for mouse neuropeptide Y (NPY), sense, 5'-GCT TGA AGA
CCC TTC CAT TGG TG-3', antisense, 5'-GGC GGA GTC CAG
CCT AGT GG-3’; for mouse ghrelin, sense, 5'-GAA AGG AAT CCA
AGA AGC CA-3’, antisense, 5'-GCT TGA TGC CAA CAT CGA
A-3’; for mouse corticotropin releasing hormone (CRH), sense, 5'-
CCG GGC AGA GCA GTT AGC-3’, antisense, 3'-CAA CAT TTC
ATT TCC CGA TAA TCT C-3’, for mouse suppressor of cytokine
signaling-3 (SOCS-3), sense, 5'-GCG GGC ACC TTT CTT ATC
C-3’, antisense, 5'-TCC CCG ACT GGG TCT TGA C-3', and for
mouse f3-actin, sense, 5'-TTG TAA CCA ACT GGG ACG ATA
TGG-3', antisense, 5'-GAT CTT GAT CTT CAT GGT GCT AGG-
3’. The relative amount of mRNA was calculated with $-actin mRNA
as the invariant control. The data are shown as the fold change of the
mean value of the control group, which received saline.

Blood chemistries. Blood glucose levels were measured by glucose
strips (Freestyle blood glucose monitoring system; Kasei, Tokyo.
Japan). Plasma active ghrelin levels were measured by ELISA (Active
ghrelin ELISA kit, Mitsubishi Kagaku latron, Tokyo, Japan). Plasma
corticosterone levels were measured by radioimmunoassay (Linco, St.
Louis, MO).

Statistical methods. Data are presented as the means * SE. Statis-
tical significance of differences between two groups was determined
using Student’s r-test. Comparisons among more than two groups
were done by analysis of variance using Bonferroni’s correction for
multiple comparisons. A P value of less than 0.05 was considered
statistically significant.

RESULTS

Dose-response effects and time course of the effects of

milnacipran on food intake. To determine the dose-response
effects of milnacipran on food intake, we examined food
intake after the administration of milnacipran (3-60 mg/kg)
or saline in C57BL6J mice. Administration of milnacipran
(20-60 mg/kg) significantly reduced food intake in
CS7BL6J mice (to ~67%-70% that of saline controls).
Lower doses of milnacipran (3—10 mg/kg) had no effect on
food intake during a 1-h feeding period after a 23-h fast in
CS7BL6J mice (Fig. 14). To further determine the timc
course of the effects of milnacipran on food intake, we
examined food intake after administration of milnacipran
(30 mg/kg) or saline in C57BL6J mice. The doses of
milnacipran to induce anorexic effects were within the range
to induce antidepressive effects in rodents (18, 25). In
addition, the anorexic effects of milnacipran (30 mg/kg)
were sustained for 5 h (Fig. 1B).

To determine the effects of selective 5-HT2C and 5-HTI1B
receptor antagonists on the anorexic effects of milnacipran, we
intraperitoneally injected SB242084 (2 mg/kg) or SB224289 (5
mg/kg) 30 min before administering the milnacipran (30 mg/
kg). Neither SB242084 nor SB224289 reversed the feeding
suppression induced by milnacipran (Fig. 1C). SB224289 (5
mg/kg) reversed the feeding suppression induced by CP94253
(5 mg/kg; Fig. 1D). SB242084 (2 mg/kg) partially but signif-
icantly reversed the feeding suppression induced by mCPP (5
mg/kg) (Fig. 1E). SB242084 and SB224289 alone had no
effects on food intake as described previously (22).

Effects of milnacipran on food intake and body weight in
AY mice. To determine the effects of milnacipran on food
intake on AY mice, we administered milnacipran to nono-
bese (5-wk-old) AY mice and wild-type mice. Milnacipran
(30 mg/kg) significantly reduced food intake in wild-type
mice and AY mice (to ~68% and 48% that of controls,
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Fig. 1. Dose-response effects of milnacipran on
food intake (A), time course of the effects of
milnacipran (30 mg/kg) on food intake (B), and
the effects of a selective 5-HT2C receptor antag-

] onist, SB242084, and a selective 5-HTIB recep-
tor antagonist, SB224289, on the feeding sup-
pression induced by milnacipran (C), the effects
of SB224289 on the feeding suppression induccd
by CP94253 (D), and the effects of SB242084
on the feeding suppression induced by m-chlo-
rophenylpiperazine (mCPP; £) in CS7BL6J
mice. After a 23-h fast, mice were intraperitone-

. ally injected with milnacipran, CP94253, mCPP.

or saline. Open bar, saline; solid bars, milnacip-

ran (3-60 mg/kg). SB1, SB242084 (2 mg/kg):

SB2, SB224289 (5 mg/kg); CP, CP94253 (5

mg/kg); mCPP (5 mg/kg). Values are expressed

as the means = SE of 7 or 8 animals. *P < 0.05
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respectively) during the first hour of the feeding period after
a 23-h fast (Fig. 24).

To further confirm these results, we determined the ef-
fects of milnacipran on food intake in AY mice and wild-type
mice for the first hour after onset of the dark cycle. Mil-
nacipran significantly reduced food intake in wild-type mice
(to ~70% and 44% that of controls, respectively) during the
first hour after onset of the dark cycle (Fig. 2B). These
results suggest that milnacipran suppresses food intake in
AY mice.

mPP SB1+mCPP

Moreover, we determined the chronic effects of milnuci-
pran on food intake and body weight in obese (8-wk-old) AY
mice and wild-type mice. Mice received milnacipran (30
mg/kg) or saline twice daily for three consecutive days. AY
mice had elevated baseline food intake and body weight
relative to levels in wild-type mice (food intake: WT 3.5 +

0.5g, AY37.5 £ 05g; P <0.05 n = 14-18). Milnacipran
administration reduced food intake and body weight in both
AY mice and wild-type mice (Fig. 3, A-D).
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Fig. 2. Effects of milnacipran on food intake in A #
5-wk-old male AY mice and wild-type mice. 12
Mice were intraperitoneally injected with mil- | [
nacipran or saline. Effects of milnacipran (30 |
mg/kg) on food intake in wild-type mice and AY
mice after a 23-h fast (A) and after onset of the
dark cycle (B). Each column and bar represent
the mean = SE of 7 or 8 mice. Basal body
weight: WT saline controls (open bars), 18.8 *
0.7 g (A) and 24.0 * 0.1 g (B); WT milnacipran
treatment group (solid bars), 18.7 £ 0.7 g (A)
and 23.8 = 0.2 g (B); AY saline controls (open 02
bars), 21.4 = 0.5 g (A) and 24.0 = 0.3 g (B); AY

milnacipran treatment group (solid bars), 21.4 * o
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Mil, milnacipran. *P < 0.05. wT

Effects of restricted feeding on the responsiveness to mil-
nacipran or fenfluramine in 5-wk-old A¥ mice. We previously
reported that restricted feeding (3.5 g/days for 5 days)
decreased hypothalamic 5-HT2C and 5-HT1B receptor gene
expression and attenuated the responsiveness of mCPP, a
5-HT2C/1B receptor agonist in food-restricted AY mice
compared with wild-type mice (23). To determine whether
5-HT2C and 5-HT1B receptors contribute to the appetite-
suppressing effects of milnacipran, we examined the effects
of restricted feeding (3.5 g/days for 5 days) on the respon-
siveness to milnacipran or fenfluramine in 5-wk-old AY mice
and wild-type mice. Both AY mice and wild-type mice
consumed 3.5 g of food during the light cycle for 5 days and
were fasted during the dark cycle. After a 15-h fast, fenflu-
ramine (3 mg/kg) had no effect on food intake in food-
restricted AY mice, whereas it significantly suppressed food
intake in food-restricted wild-type mice (Fig. 4A). In con-
trast, milnacipran had no effects on food-restricted AY mice
and wild-type mice (Fig. 4B).

Effects of milnacipran on the expression of hypothalamic
genes involved in the regulation of feeding and energy ho-
meostasis. To determine the central mechanisms of the an-
orexic effects induced by milnacipran, we examined the ex-
pression of hypothalamic orexigenic peptides and anorexigenic
peptides, which have important roles in the regulation of
feeding (10). Milnacipran significantly increased hypothalamic
POMC and CART mRNA levels compared with saline controls
(1.6-fold and 1.3-fold compared with saline controls, respec-
tively) at 1 h and had no significant effects on hypothalamic
ghrelin, NPY, CRH, and SOCS-3 mRNA levels (Fig. 5).
Milnacipran had no significant effects on hypothalamic
POMC, CART, ghrelin, NPY, CRH, and SOCS-3 mRNA
levels at 2 h (data not shown).

Effects of milnacipran and fenfluramine on plasma cortico-
sterone and blood glucose levels. Milnacipran (30 mg/kg) had
no effect on blood glucose and plasma corticosterone levels
at 30 and 60 min after administration, while at 120 min, it
significantly reduced both compared with saline controls in
the light cycle (Fig. 6, A and B). In the dark cycle, milnaci-
pran significantly reduced plasma corticosterone levels at 60
min and 120 min (Fig. 6C). Fenfluramine (3 mg/kg) signif-
icantly increased plasma corticosterone and blood glucose
levels and increased hypothalamic CRH mRNA levels com-
pared with saline controls at 1 h (Fig. 7, A~C).

0
saline  Mil satine  Mil saline  Mil
AY WT A

DISCUSSION

The previous and present studies demonstrate that fenfluraminc
and milnacipran induce appetite-suppressing effects and increasc
hypothalamic POMC and CART gene expression in mice (21).
The effects of these drugs on plasma corticosterone and blood
glucose levels, however, differed. Activation of brain 5-HT sys-
tems increases plasma corticosterone levels associated with acti-
vation of hypothalamic CRH neurons, which induce anorexic
effects (4, 9, 14). The results of the present study demonstrate that
milnacipran did not increase plasma corticosterone levels and
hypothalamic CRH gene expression, whereas fenfluramine in-
creased both of them. Because milnacipran had no effect on
hypothalamic CRH gene expression, it is reasonable that milnaci-
pran did not increase plasma corticosterone levels. It might also be
due to the basic actions of milnacipran, which inhibits 5-HT and
NE reuptake but does not directly stimulate 5-HT receptors and
5-HT release.

The present results also demonstrate that milnacipran does
not increase blood glucose levels, whereas fenfluramine in-
creases blood glucose levels. At least three different neural
pathways, such as increased epinephrine, glucagon, and direct
innervation of the liver, are involved in acute hyperglycemia
mediated by the CNS (19, 20). Although the relative contribu-
tion of these pathways to acute hepatic glucose production can
be altered by changes in central neurotransmission, epineph-
rine secreted from the adrenal medulla has an essential role in
the CNS-mediated acute hyperglycemia in rodents (19, 20).
Fenfluramine or mCPP-induced hyperglycemia is mediated by
increased epinephrine secretion from the adrenal medulla (3. 4,
19, 20, 26). Milnacipran, however, does not seem to induce
sympathetic nervous system-mediated acute hyperglycemia,
Rather, milnacipran slightly reduced blood glucose levels ut
120 min after administration.

The central MC pathway is suggested to mediate saticly
signaling downstream of 5S-HT2C receptors (12). AY mice have
dominant alleles at the agouti locus (A), which produces
ectopic expression of the agouti peptide, an antagonist of the
hypothalamic MC4 receptors and MC3 receptors (8, 17) and
therefore display hyperphagia and obesity. AY mice are report-
edly resistant to the anorexic effects of fenfluramine (12) and
consumed more food and gained more weight compared with
age-matched wild-type mice. The results of the present study
demonstrate that AY mice are responsive to milnacipran-in-
duced feeding suppression and that chronic treatment with
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Fig. 3. Effects of chronic administered milnacipran on food intake (A and
B) and body weight (C and D) in wild-type mice and obese (8-wk-old) A?
mice. Each column and bar represent the mean * SE of 7-9 mice. Basal
body weight: WT saline controls (open bars), 29.0 + 0.7 g WT milnaci-
pran treatment group (solid bars), 29.8 + 0.3 g; A¥ saline controls (open
bars), 37.7 = 0.5 g; AY milnacipran treatment group (solid bars), 37.6 =
0.5 g. *P < 0.05.
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bars), 21.8 + 0.3 g; AY fenfluramine (3 mg/kg) treatment group (solid bars),
224 % 0.2 g Data are presented as the mean values * SE of 6 mice. *P < 0.05,

milnacipran suppresses hyperphagia and reduces body weight
in obese A¥ mice. These findings suggest that milnacipran
induces appetite-suppressing effects through different neuronal
mechanisms than fenfluramine.
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Fig. 5. Effects of milnacipran on hypothalamic ghrelin, neuropeptide Y
(NPY), proopiomelanocortin (POMC), cocaine- and amphetamine-regulated

transcript (CART), corticotropin-releasing hormone (CRH), and suppressor of

cytokine signaling-3 (SOCS-3) mRNA levels in C57BL6J mice. Mice were
intraperitoneally injected with milnacipran or saline. Open bar, saline; solid
bars, milnacipran (30 mg/kg). Each column and bar represent the mean * SE
of 5 or 6 mice. *P < 0.05.
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Milnacipran interacts with POMC neurons in the hypothal-
amus and could stimulate POMC neurons to release enough
alpha-melanocyte-stimulating hormone to overcome agouti
blockade of MC receptors, because A¥ mice are sensitive to
MC agonist-induced feeding suppression (8). In addition,
CART might contribute to the milnacipran-induced feeding
suppression in AY mice, possibly, because CART and MC

100
*
50
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30 60 120

min

neurons do not share a downstream pathway (2, 7). The present
study demonstrates that 5-HT2C and 5-HT1B receptors are
unlikely to mediate the appetite-suppressing effects of milnaci-
pran. Inhibition of NE reuptake reportedly suppresses food
intake and obesity in rats (11). Hypothalamic NE systems
might therefore contribute to the appetite-suppressing effects
and increased hypothalamic POMC and CART gene expres-
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described in the MATERIALS AND METHODS. Each
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*P < 0.05. =) "
o 200 F
E
A
¢ 150+
<]
12
E
o 100}
-]
e
L 50t
®
0
saline Fen

AJP-Regul Integr Comp Physiol - VOL 292 « MAY 2007 - Www.ajpregu.org

2 WOJ| P3PEOIUMO(]

9007 '9¢ Ateniga4 uo i




SNRI, APPETITE, AND HPA AXIS

sion of milnacipran without stimulating the HPA and sympa-
thetic-adrenal medullary axis.

Other investigators previously reported that AY mice are resis-
tant to the anorexic effects of fenfluramine (12). Our previous and
present studies, however, demonstrated that hyperphagic AY mice
are responsive to mCPP and fenfluramine-induced appetite sup-
pression, whereas food-restricted AY mice are resistant to them
(23). We previously reported that hypothalamic 5-HT2C and
5-HT1B receptor gene expression was increased in nonobese
hyperphagic AY mice, whereas it was decreased by food restric-
tion (23). Accordingly, the discrepancy between our results and
previous results by other investigators might be due to the differ-
ences in feeding states of AY mice.

In addition, our present study demonstrate that hyperphagic
AY mice are responsive to milnacipran-induced appetite sup-
pression, whereas food restricted AY mice are resistant to them
(23). Moreover, food restricted wild-type mice are resistant to
milnacipran-induced appetite suppression, whereas they are
responsive to fenfluramine-induced appetite suppression.

These results support that 5-HT2C and 5-HT1B receptors
are unlikely to contribute to the appetite-suppressing effects of
milnacipran. The appetite-suppressing effects of milnacipran
are also different than those of fluvoxamine, a selective 5-HT
reuptake inhibitor, because fluvoxamine alone had no effects
on feeding, and fluvoxamine and 5-HT2C receptor inactivation
exert appetite-suppressing effects via 5-HT1B receptors (22).

In summary, these results suggest that inhibition of 5-HT
and NA reuptake induces appetite-suppressing effects indepen-
dent of 5-HT2C and 5-HTIB receptors and increases hypotha-
lamic POMC and CART gene expression without stimulating
the HPA axis or increasing blood glucose levels in mice.
Restricted feeding can attenuate the milnacipran-induced ap-
petite-suppressing effects.
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Bone Marrow (BM) Transplantation Promotes B-Cell
Regeneration after Acute Injury through BM Cell
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There is controversy regarding the roles of bone marrow
(BM)-derived cells in pancreatic B-cell regeneration. To ex-
amine these roles in vivo, mice were treated with streptozo-
tocin (STZ), followed by bone marrow transplantation (BMT;
lethal irradiation and subsequent BM cell infusion) from
green fluorescence protein transgenic mice. BMT improved
STZ-induced hyperglycemia, nearly normalizing glucose lev-
els, with partially restored pancreatic islet number and size,
whereas simple BM cell infusion without preirradiation had
no effects. In post-BMT mice, most islets were located near
pancreatic ducts and substantial numbers of bromodeoxyuri-
dine-positive cells were detected in islets and ducts. Impor-
tantly, green fluorescence protein-positive, i.e. BM-derived,
cells were detected around islets and were CD45 positive but
not insulin positive. Then to examine whether BM-derived cell
mobilization contributes to this process, we used Nos3™/~ mice

as a model of impaired BM-derived cell mobilization. In strep-
tozotocin-treated Nos3~'~ mice, the effects of BMT on blood
glucose, islet number, bromodeoxyuridine-positive cells in is-
lets, and CD45-positive cells around islets were much smalicr
than those in streptozotocin-treated Nos3*'* controls. A series
of BMT experiments using Nos3*'* and Nos3~'~ mice showed
hyperglycemia-improving effects of BMT to correlate in-
versely with the severity of myelosuppression and delay of
peripheral white blood cell recovery. Thus, mobilization of
BM-derived cells is critical for BMT-induced p-cell regenera-
tion after injury. The present results suggest that homing of
donor BM-derived cells in BM and subsequent mobilization
into the injured periphery are required for BMT-induced re-
generation of recipient pancreatic g-cells. (Endocrinology 148:
2006-2015, 2007)

EVERAL LINES OF evidence indicate that bone marrow
(BM)-derived cells are capable of transdifferentiating
into various cell types, including endothelial cells, arterial
smooth muscle cells, myoblasts, myocardium, and epithelia
of the gastrointestinal tract (1-6). In the field of regenerative
medicine for diabetes treatment, BM cells are seen as prom-
ising pancreatic B-cell sources (7-9). However, whether BM
cells can transdifferentiate into B-cells and/or stimulate
B-cell differentiation is controversial.

A previous study (10) showed that BM-derived cells can
directly transdifferentiate into B-cells. In that report, 4-6 wk
after BM transplantation (BMT; i.e. lethal irradiation of re-
cipient mice and subsequent BM cell infusion from other
mice), donor BM-derived insulin-positive cells were detected
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in 1.7-3% of pancreatic islet cells. However, in subsequent
similar studies (11-13), very few or no donor BM-derived
insulin-positive cells were detected in recipient islets, sug-
gesting that if direct transdifferentiation from BM-derived
cells into B-cells occurs, it would involve only a very small
percentage of cells. BM-derived cells also reportedly initiatc
recipient B-cell regeneration rather than directly transdiffer-
entiating into B-cells (14). In that study, BMT increased re-
cipient -cells with the appearance of donor-derived endo-
thelial cells in the pancreas, resulting in improvement of
hyperglycemia in streptozotocin (STZ)-induced diabetic
mice. Other studies also demonstrated that BMT improves
hyperglycemia in diabetic animals such as STZ-treated mice
(15) and rats (16), E2f1/E2f2 mutant mice (17), and KKAy
mice (18). However, several studies obtained contradictory
results, i.e. no improvement in hyperglycemia after BMT (12,
19). Whether BMT promotes p-cell regeneration and im-
proves hyperglycemia in diabetic mice and, if so, how B-cells
are regenerated remains essentially unknown. Herein wc
attempted to address these questions.

First, we observed that BMT, but not simple BM cell in-
fusion without preirradiation, restored islet numbers and
improved hyperglycemia in STZ-treated mice. Donor-de-
rived cells were detected around post-BMT islets and were
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CD45 (pan-hematopoietic marker) positive, suggesting that
mobilization of BM-derived cells to the pancreas induces
B-cell regeneration. To examine this hypothesis, we per-
formed BMT experiments using endothelial nitric oxide syn-
thase (eNOS)-deficient (Nos37/~) mice, in which mobiliza-
tion of BM-derived cells after myelosuppression is impaired
(20). In STZ-treated Nos3™/~ mice, BMT effects on B-cell
regeneration and improvement of hyperglycemia were very
limited. Thus, BM-derived cell mobilization is apparently
involved in BMT-induced B-cell regeneration after acute

injury.
Materials and Methods
Animals

C57BL./ 6] mice were purchased from Clea Japan, Inc. (Tokyo, Japan).
Green fluorescent protein (GFP) transgenic mice with the C57BL/6]
background were kindly provided by Dr. M. Okabe (Osaka University,
Osaka, Japan) (21). Enhanced GFP is under transcriptional control of the
chicken B-actin promoter and the cytomegalovirus enhancer in this
strain, resulting in high-level expression in most tissues. Nos3™/~ mice
were purchased from Jackson Laboratories (Bar Harbor, ME). Age-and
sex-matched wild-type (Nos3*/*) littermates served as controls. These
animals were generated and have been maintained with a C57BL/6]
background by backcrossing of hemizygous carriers to C57BL/6] for
more than six generations. Mice were housed in an air-conditioned
environment, with a 12-h light, 12-h dark cycle, and fed a regular un-
restricted diet. Hyperglycemia was induced by ip infusion of 35 mg/kg
body weight STZ (Sigma-Aldrich, St. Louis, MO) daily for 8 d [modi-
fication of method reported by Wang et al. (22)]. STZ was solubilized in
citrate sodium buffer (pH 4.5) and injected, within 15 min after prep-
aration, into 6-wk-old mice. All animal experiment procedures were
approved by our Institutional Review Board, Tohoku University School
of Medicine, and conducted according to institutional guidelines for
animal experiments.

Measurements

Blood glucose was measured after a 10-h fast and assayed using
Antsense I (Horiba Industry, Kyoto, Japan). Plasma insulin was deter-
mined with an ELISA kit (Morinaga Institute of Biological Science,
Yokohama, Japan). Insulin content was measured as described previ-
ously (23).

BMT

BM cells were flushed in bulk from the medullary cavities of femurs
and tibias. BM donors were young (6 wk old) sex-matched GFP trans-
genic mice and Nos3™~ or Nos3*/~ mice. Recipient mice were lethally
irradiated (10 Gy) and reconstituted a single iv infusion of 2 X 10° BM
cells, from donor mice through the tail vein. Tissues were analyzed
30-40 d after BMT. The percentage of GFP-positive cells among recip-
ient BM cells was determined by fluorescence-activated cell sorting
(FACS), using a FACS Caliber with CellQuest software (BD PharMingen,
Franklin Lakes, NJ).

Bromodeoxyuridine (BrdU) in situ detection

To identify proliferating cells in the pancreas, BrdU was injected
according to the BrdU in situ detection kit protocol (BD Bioscience, San
Jose, CA). Mice were injected ip with 1 mg BrdU 24 h before pancreas
extraction at 0, 3, 7, 10, 15, or 25 d after BMT. The labeled cells were
immunostained with anti-BrdU antibody. To calculate numbers of islets
and cells per islet and the percentage of BrdU-positive cells among islet
cells, we microscopically examined the whole pancreas in 30-um sec-
tions and counted the numbers of islets, islet cells, and BrdU-positive
nuclei in islets.

Immunohistochemistry

Mouse pancreases were excised and fixed overnight in 10% parafor-
maldehyde. Fixed tissues were processed for paraffin embedding and
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3-pm sections were prepared. The streptavidin-biotin method was per-
formed with a Histofine streptavidin-biotin-PO kit (Nichirei, Tokyo,
Japan) for immunostaining using antibody against insulin (Sigma-Al-
drich) or GFP (Santa Cruz Biotechnology, Santa Cruz, CA). Slides werc
deparaffinized and immediately exposed to the blocking solution.
Sections were incubated for 18 h at 4 C with antibody against human
insulin or GFP diluted 1:1000 in PBS. Slides were incubated with the
biotinylated IgG for 1 h and then peroxidase-conjugated streptavidin
for 30 min at room temperature. Finally, immunoreactivity was vi-
sualized by incubation with a substrate solution containing 3,3'-
diaminobenzidine tetrahydrochloride. For double staining of insulin
and BrdU, the streptavidin-peroxidase method was applied, followed
by incubation with Simple stain 3-amino-9-ethyl carboxazole solution
(Nichirei).

Fluorescent immunohistochemistry

For double staining of insulin with glucagon, keratin/cytokeratin, or
CD45, the 3-um sections of paraffin-embedded pancreases were incu-
bated overnight with the respective antibodies at 4 C. Antibodies against
insulin, glucagon (Dako Corp., Carpinteria, CA), keratin/cytokeratin
(Nichirei, and CD45 (Santa Cruz Biotechnology) were diluted 1:1000 in
PBS. For platelet endothelial cell adhesion molecule (PECAM)-1 stain-
ing, sections were immunostained with rat anti-CD31 (1:10; BD Bio-
sciences). Labeled cells were visualized with a biotin-conjugated scc-
ondary antibody with streptavidin, TX red conjugate (Vector
Laboratories, Burlingame, CA). For double staining of insulin with glu-
cagon or keratin/cytokeratin, the sections were incubated for 1 h at room
temperature in a mixture of Alexa Fluor 488 goat chicken antimouse IgG
(Molecular Probes, Eugene, OR) diluted 1:100 and Alexa Fluor 594
donkey antirabbit diluted 1:50 in PBS. For double staining of insulin and
CD45, the sections were incubated in a mixture of Alexa Fluor 488
chicken antimouse IgG and Alexa Fluor 546 goat antirabbit IgG diluted
1:1000 in PBS. Sections were observed under a fluorescence microscope,
LSM 5 PASCAL (Carl Zeiss, Oberkochen, Germany) and the imagc was
analyzed using the PASCAL system.

Statistical analysis

Data are expressed as means * sk. Differences between experimental
groups were evaluated using the unpaired Student’s ¢ test for several
independent observations. P < (.05 was considered significant.

Results

Recipient BM was replaced with donor cells after
irradiation followed by BM cell infusion but not after
simple BM cell infusion without preirradiation

Six-week-old C57BL/6] mice were given STZ daily for 8 d,
followed by lethal irradiation and subsequent infusion of BM
cells (STZ+BMT mice). In these experiments, BM cells werc
obtained from GFP transgenic mice (Fig. 1A). A group of
STZ-treated mice was simply infused with the same number
(2 X 10°) of BM cells without preirradiation (STZ+BM-in-
fused mice). First, we confirmed replacement of recipient BM
with that of donor mice using fluorescence microscopy and
FACS analysis. As shown in Fig. 1B, there were no GFP-
positive cells in the BM of C57BL/6] mice, whereas nearly all
BM cells from GFP mice were GFP positive. BM cells of
STZ+BMT mice showed high donor chimerism, indicating
the recipient BM to have essentially been replaced with do-
nor BM cells. In contrast, STZ+BM-infused mice had no
donor-derived GFP cells in their BM, suggesting that preir-
radiation is necessary for BM replacement. ‘
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A STZInjection 10Gy Bone marrow cell (2x10* cells)
(35 mgrkg BW « § days Irradiation infusion (from GFP mice)
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8 BM cells FITC and cell counts

Fic. 1. BMT in STZ-treated mice. A, Experi-
mental protocol. B, Bone marrow chimerism.
Bright field (left upper panels), FITC (left lower
panels), and representative FACS analyses of
bone marrow chimerism from C57BL/6J mice
(a), GFP transgenic mice (b), STZ-treated mice
receiving lethal irradiation and BMT from GFP
transgenic mice (c), and STZ-treated mice in-
fused with BM cells of GFP transgenic mice,
without preirradiation (d) (right panels) are
shown. C, Fasting blood glucose of STZ-treated
mice with or without BMT. A, STZ-treated mice
without BMT (hyperglycemic control); B, STZ-
treated mice receiving BMT (lethal irradiation C
and subsequent BM cell infusion from GFP
transgenic mice); ®, STZ-treated mice infused
with BM cells of GFP transgenic mice, without
preirradiation; O, mice with neither STZ nor
BMT (normoglycemic control). *, P < 0.05 for B,
compared with A group (n = 5-6 in each group).
D, Fasting plasma insulin on d 40. Cont, Mice
with neither STZ nor BMT (normoglycemic con-
trol); STZ, STZ-treated mice without BMT (hy-

58888

Fasting blood glucose (mg/di)
g

Mt: 88.97%
M2: 1.03%

(Control

M1:10.98%
M2: 89.02%

GFP transgenic mi mncql

[s1zBMT]

M1: 26.01%
M2: 73.99%

M1: 98.85%
M2: 1.15%

perglycemic control); STZ+BMT, STZ-treated
mice receiving BMT. *, P < 0.05 for STZ+BMT,

}ﬂ"nf 1? 15 20 30 40 . 50.

compared with STZ group (n = 5-6 in each
group).

Q

Plasma insufin (ng/mi)

°Z5EEEEEE

BMT, but not simple BM cell infusion without
preirradiation, improved hyperglycemia in STZ-treated
mice

As shown in Fig. 1C, STZ-treated mice receiving neither
irradiation nor BM cell infusion (hyperglycemic controls)
showed markedly higher fasting blood glucose than mice
without STZ treatment (normoglycemic controls). Notably,
blood gtucose levels of STZ+BMT mice were significantly
lower than those of hyperglycemic controls. Forty days after
the first STZ administration, blood glucose levels of
STZ+BMT mice were similar to those of normoglycemic
controls. However, blood glucose levels of STZ+BM-infused
mice did not decrease, instead remaining similar to those of
hyperglycemic controls for 50 d after STZ administration. We
additionally examined the effects of BMT, performed 30 d
after STZ treatment. This late BMT did not significantly de-
crease blood glucose levels (supplemental Fig. 1, published

: Days after STZ administration
i:“l’g’o&mﬁmto Gyhuﬂhﬂm

Cont STZ 872
+BMT

as supplemental data on The Endocrine Society’s Journals
Online web site at http://endo.endojournals.org). Together,
these findings suggest that BMT improves hyperglycemia
after acute injury of pancreatic -cells with STZ treatment.

Next, we measured fasting plasma insulin levels on d 40
(Fig. 1D) in STZ+BMT mice. STZ administration markedly
decreased plasma insulin levels, whereas BMT partially but
significantly restored these levels by d 40.

STZ administration followed by BMT increased pancreatic
islets in the vicinity of pancreatic ducts

We histologically analyzed pancreatic islets in the four
groups. With hematoxylin-eosin staining on d 35, islet num-
ber and size were markedly decreased in hyperglycemic (Fig.
2A, b and f), as compared with normoglycemic (Fig. 2A, a
and e), controls. Whereas simple BM infusion without preir-
radiation did not reverse the diminished number and sizc of
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