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AUCo-24n area under the plasma concentration-time curve up to 24 h
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h hour
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General introduction

Diabetes during pregnancy is one of the most common maternal disorders and its
prevalence is increasing *¥. Insulin is currently the only option for treating diabetes in
pregnant women according to several sets of practice guidelines 7). Because of its large
molecular size, insulin cannot pass the placental barrier by facilitated diffusion, so it rarely
affects fetuses directly 28D Meanwhile, almost all launched oral antidiabetic drugs,
which have a small molecular size and can reach the fetus through the placenta unlike insulin,
are contraindicated during pregnancy because they showed teratogenic potential and/or
embryo-fetal lethality when administered to animals in non-clinical study during
development #80) ,

When developing a new drug, nonclinical embryo-fetal developmental toxicity
(EFD) studies have to be conducted to support human clinical trials and marketing
authorization, in accordance with to the International Conference on Harmonisation (ICH)
guidelines *¥. To detect unexpected adverse effects on reproduction and embryo-fetal
development for human risk assessment during pregnancy, EFD studies in two experimental
animal species treated throughout the period of organogenesis are required. In EFD studies,
a dose level that is higher than the therapeutic dose should be tested to evaluate potential
adverse effects by investigating pregnant maintenance, fetal viability, fetal developmental
retardation, and teratogenicity.

Generally, there are two possible mechanisms underlying the teratogenicity of
drugs. One is a direct effect of drugs on fetuses by crossing the placenta from mother to
fetus. The other is an indirect effect of drugs on fetuses due to maternal conditions induced
by drugs. If the drug has a direct effect on fetuses, then it should be contraindicated in
pregnant woman due to its own teratogenic potential; however, if the drug shows an indirect
effect on fetuses, its use during pregnancy may be acceptable by controlling the maternal
conditions. Therefore, it is very important to elucidate the underlying mechanism when a
candidate drug shows teratogenicity in animal studies.

Antidiabetic drugs can cause maternal hypoglycemia due to their exacerbated
pharmacological action. Subsequently, these drugs may induce teratogenicity in fetuses via
maternal hypoglycemia, although it remains controversial whether maternal hypoglycemia
can cause teratogenicity in fetuses. Eriksson '? and Landauer *¥ reported that insulin caused

fetal teratogenicity due to maternal hypoglycemia without crossing the placental barrier. It



was also shown that the administration of insulin to pregnant animals from an early stage of
pregnancy caused eye anomalies in their fetuses in rats >33 or rabbits '¥ and axial skeleton
anomalies in their fetuses in rats 7® or mice 7> when examined at a late stage of pregnancy.
In addition to the aforementioned in vivo studies, Akazawa et al. >>) showed that insulin-
induced hypoglycemia interrupted neural embryogenesis in rats in early pregnancy period
by whole-embryo culture. However, some other in vivo studies demonstrated that insulin
did not show teratogenicity despite causing severe hypoglycemia lasting for 1 to 7 h or mild
hypoglycemia for 48 h 2%31:3365 The reason for this discrepancy has not yet been fully
elucidated and the detailed pathogenesis of the anomalies in fetuses caused by insulin also
remains unclear.

DS-7309 was developed for the treatment of type 2 diabetes mellitus (T2DM) by
Daiichi Sankyo Co., Ltd. (Tokyo, Japan). DS-7309 activates glucokinase (GK), which is
distributed primarily in the liver and beta cells of the pancreas and catalyzes the
phosphorylation of glucose to synthesize glucose-6-phosphate 7*. In response to a high
blood glucose level, GK promotes the secretion of insulin from beta cells and subsequent
glycogenesis in the liver, and induces reduction of the blood glucose level 4”*®). Therefore,
GK is an attractive target for treating T2DM 284979,

The teratogenic potential of DS-7309 has been recognized in EFD studies using
rats and rabbits. However, it is unclear how fetal anomalies developed and whether the
teratogenicity of DS-7309 is due to a direct effect on fetuses or an indirect effect caused via
maternal hypoglycemia. Therefore, in this work, comprehensive investigation of
teratogenicity induced by DS-7309 was conducted as follows: As described in Chapter 1,
the toxicological effects of DS-7309 on pregnancy and embryo-fetal development in rats
and rabbits and maternal blood glucose levels were examined. Then, as indicated in Chapter
2, four different types of insulin, which rarely affect fetuses directly, were used to cause
different types of maternal hypoglycemia (in terms of the severity and duration) in order to
characterize the teratogenicity induced by maternal hypoglycemia and to investigate the
relationship between the duration and severity of maternal hypoglycemia and teratogenicity
in detail. Finally, as shown in Chapter 3, the pathogenesis of and factors contributing to

hypoglycemia-induced eye anomalies were further investigated.



Chapter 1.

Effects of glucokinase activator, DS-7309, on embryo-fetal developmental
toxicity in rats and rabbits



1. Introduction

The oral antidiabetic agent DS-7309 (molecular formula: C22H24N4O6S - CH403S;
molecular weight: 568.62 [ Atomic weights of the elements 2007 (IUPAC2007, 2009)]) was
discovered and synthesized at Daiichi Sankyo Co, Ltd. (Tokyo, Japan). DS-7309 activates
GK, which is distributed primarily in the liver and beta cells of the pancreas and catalyzes
the phosphorylation of glucose to synthesize glucose-6-phosphate ’>. In response to a high
blood glucose level, GK promotes the secretion of insulin from beta cells and subsequent
glycogenesis in the liver, and induces reduction of the blood glucose level 4”*®). Therefore,
GK is an attractive target for treating T2DM %47 In a rat model of T2DM, DS-7309
significantly decreased plasma glucose level with increasing dose at doses from 0.83 to 25
mg/kg (unpublished data). This suggests that DS-7309 could have a glucose-lowering effect
in T2DM, patients.

The most important source of energy for normal fetal growth is glucose provided
from dams via the placenta because fetuses cannot produce adequate glucose until a late

39 Although it remained still controversial whether maternal

stage of pregnancy
hypoglycemia can cause teratogenicity in fetuses, several reports have described that
maternal hypoglycemia during pregnancy induces pregnancy failure and/or impaired
embryo-fetal development in chickens, mice, rats, and rabbits %1%,

Consequently, when investigating the effects of anti-T2DM drugs for pregnant
animals on embryo-fetal development, it is important to investigate whether the embryo-
fetal findings are due to direct effects of the drug on the pregnancy and fetus or indirect
effects caused via maternal hypoglycemia. Therefore, in the present study, the author
extended the examination of the effects of DS-7309 on reproduction and embryo-fetal
toxicity in rats and rabbits by measuring the time-course changes in blood glucose levels.
To the best of my knowledge, this is the first study using appropriate doses of GK activator

to assess fetuses in non-diabetic normoglycemic rats and rabbits.



2. Materials and methods
2.1 Test substance

DS-7309 was suspended in water for injection (Japanese Pharmacopoeia; Otsuka
Pharmaceutical Factory, Inc., Tokushima, Japan) at a dose level of 3, 10, or 100 mg/kg
(5 mL/kg) in rats, and 10, 30, or 100 mg/kg (5 mL/kg) in rabbits (doses are expressed as a
free form of DS-7309). The high dose level was selected to induce some minimal maternal
toxicities based on information from previous dose-finding (DF) studies. In these DF studies
(rats: 30, 100, and 300 mg/kg, 5 mL/kg; rabbits: 10, 30, 100, and 300 mg/kg, 5 mL/kg),
death and a moribund condition were observed in 2/8 and 1/8 pregnant rats, respectively, at
300 mg/kg, while premature delivery was observed in 4/7 pregnant rabbits at 300 mg/kg.
Additional findings included external eye and tail anomalies in rat fetuses at 300 mg/kg,
decreased fetal body weight in rats at 100 mg/kg or more, and significantly increased fetal
mortality in rats and rabbits at 300 mg/kg (In these DF studies, neither visceral nor skeleton
examinations were conducted). Water for injection was used as a vehicle control. The dosing

volume was based on the most recent individual body weight.

2.2 Animals

Eight-week-old female and 15-week-old male Sprague-Dawley (Crl:CD(SD)) rats
(n=108/sex) were obtained from Charles River Laboratories Japan, Inc. (Kanagawa, Japan).
After acclimation, female rats at 10 weeks of age were housed with males for mating, and
103 pregnant rats were obtained. Twenty to 21 pregnant rats per group were assigned to 4
toxicity groups and 5 pregnant rats per group were assigned to 4 toxicokinetic (TK) and
glucose measurement subgroups. Seventeen-week-old female (n = 134) and 24-week-old
male (n = 28) New Zealand White (Kbl:NZW) rabbits were obtained from Kitayama Labes
Co., Ltd. (Nagano, Japan). Females at 19 to 20 weeks of age and males were mated after
acclimation, and 87 pregnant females were obtained. Seventeen to 21 pregnant rabbits per
group were assigned to 4 toxicity groups and 3 pregnant rabbits per group were assigned to
4 TK and glucose measurement groups. The remaining 47 females were excluded from the
study and were used for other studies. The day of copulation was defined as Day 0 of
pregnancy. Apart from during the mating period, rats and rabbits were housed individually.
They were kept in a controlled environment at a room temperature from 20°C to 26°C for

rats or 18°C to 28°C for rabbits, humidity from 30% to 70%, and an illumination period of
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12 h per day (from 07:00 to 19:00). Certified pellet food sterilized by 60Co-y irradiation (30
kGy, CRF-1 for rats or LRC4 for rabbits; Oriental Yeast Co., Ltd., Tokyo, Japan) and tap
water were supplied ad libitum. All animal procedures were performed in accordance with
the guidelines of the Animal Care and Use Committee of Daiichi Sankyo Co., Ltd. The
experimental protocols were approved by the Institutional Animal Care Committee of
Daiichi Sankyo Co., Ltd.

2.3. Experimental protocol for rats
2.3.1. Reproductive and developmental toxicity evaluation

Pregnant rats were given DS-7309 orally by gavage once daily from Days 7 to 17
of pregnancy. The oral administration route was selected in accordance with the intended
clinical route. The dose regimen was determined to cover the period of organogenesis. Body
weights were measured on Days 0, 3, 7, 9, 11, 13, 15, 17, and 20 of pregnancy. Food
consumption was calculated from the amount supplied on Days 3, 7, 9, 11, 13, 15, 17, and
20 of pregnancy, and the amount remaining on the next day. Pregnant rats were euthanized
on Day 20 of pregnancy. After euthanasia, necropsy and Cesarean section were performed.
The number of corpora lutea was counted and the sex of the fetus was determined based on
the anogenital distance under a stereomicroscope. The numbers of implantations, live
fetuses, and embryo-fetal deaths were counted, and the placentae were observed
macroscopically. Embryo-fetal deaths were classified as implantation site, early resorption,
late resorption, or dead fetus. Live fetuses were weighed and examined externally under a
stereomicroscope. Live fetuses of each litter were allocated almost equally to visceral or
skeleton observation. The head observation was performed by Wilson’s method after
fixation in Bouin’s fluid %% and the thoracic and abdominal organs were examined by
Nishimura’s microdissection method under a stereomicroscope. Skeleton anomalies and

variations, and the degree of ossification were examined after staining by Dawson’s method
18)

2.3.2. TK analysis and blood glucose measurement
Blood samples (0.3 mL/time point) were taken from the jugular vein of
unanesthetized animals on Days 7 and 17 of pregnancy. TK analysis was performed using

samples prior to dosing (only on Day 17 of pregnancy) and 0.5, 2, 7, and 24 h after dosing.
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Blood glucose measurement was performed with samples at 0.5 and 7 h after dosing. Whole
blood was collected in a blood sampling tube containing heparin lithium (Microtainer;
Nippon Becton Dickinson Company, Ltd., Tokyo, Japan) and centrifuged at 8,000 x g and
4°C for 5 min to obtain plasma. Plasma concentrations of the free form of DS-7309 were
measured by tandem mass spectrometry (Prominence UFLC system, Shimadzu Corp.,
Kyoto, Japan; mass spectrometer, AB Sciex QTRAP5500, AB Sciex, Tokyo, Japan). The
quantitation range was 0.2 to 500 ng/mL. As TK parameters, maximum plasma
concentration (Cmax), time to reach maximum plasma concentration (Tmax), and area
under the plasma concentration-time curve up to 24 h (AUCo-24n) were calculated. Blood
glucose levels were measured using an autoanalyzer (TBA-200FR; Canon Medical Systems
Corporation, Tochigi, Japan). After the final blood collection, all rats were euthanized by
the inhalation of an excessive amount of carbon dioxide on Day 20 of pregnancy. Then, the

presence of implantation sites was checked to confirm pregnancy.

2.4. Experimental protocol for rabbits
2.4.1. Reproductive and developmental toxicity evaluation

Pregnant rabbits were given DS-7309 orally once daily from Days 6 to 18 of
pregnancy. The oral administration route was selected in accordance with the intended
clinical route. The dose regimen was determined to cover the period of organogenesis. Body
weights were measured on Days 0, 3, 6, 9, 12, 15, 18, 21, 24, and 28 of pregnancy. Food
consumption was calculated from the amount supplied on Days 1 to 28 of pregnancy in
rabbits, and the amount remaining on the next day. Pregnant rabbits were euthanized on Day
28 of pregnancy. The examinations after euthanasia were performed in the same way as in
rats except for the sex determination, and external, visceral, and skeleton observations.
External and visceral observations were performed macroscopically in all fetuses. Sex of
the fetus was determined by examination of the internal genital organs macroscopically.
Cerebral ventricles were examined macroscopically after fixation in 99.5% ethanol, and the
heart was examined by Nishimura’s microdissection method under fixation in 10 vol%
neutral buffered formalin. Skeleton observation was performed macroscopically for all

fetuses in the same way as in rats.

2.4.2. TK analysis and blood glucose measurement

12



Blood samples (0.3 mL/time point) were taken from the auricular vein of
unanesthetized animals prior to dosing (only on Day 18) and at 0.5, 2, 4, 7, and 24 h after
dosing on Days 6 and 18 of pregnancy for TK analysis and blood glucose measurement.
Collected whole blood was treated and used for TK analysis and determination of blood
glucose level as in rats. After the final blood collection, all rabbits were euthanized by the
injection of 1.3 mL/kg somnopentyl into the auricular vein on Day 28 of pregnancy. Then,

the presence of implantation sites was checked to confirm pregnancy.

2.5. Statistical analysis

After calculating group mean =+ standard deviation (SD) values, the difference of
mean values between the control and treatment groups was statistically analyzed as follows.
For body weight; food consumption; fetal body weight; and numbers of corpora lutea,
implantations, post-implantation losses, live fetuses, and sacrocaudal vertebrae (rabbits), the
homogeneity of variance between groups was analyzed by Bartlett’s test. If the variance was
homogeneous, Dunnett’s test was subsequently applied. If the variance was not
homogeneous, then nonparametric Dunnett’s test was applied. For the number of
sacrocaudal vertebrae in rats, F' test was applied to evaluate the homogeneity of variance
(significance level: 25%). Subsequently, Student’s #-test was used when the variance was
homogeneous or Welch’s #-test when it was not. For blood glucose levels, Dunnett’s test was
used. For pre- and post-implantation loss rates, sex ratio, and rates of fetuses with external
and visceral (rats), or skeleton anomalies and variations (rabbits), non-parametric Dunnett’s
test was used. For the rates of fetuses with visceral anomalies (rabbits), and skeleton
anomalies or variations (rats), Wilcoxon’s rank sum test was applied. A P-value less than
0.05 was considered to reflect a statistically significant difference. To take into account the
litter effect, the litter was used as the sample unit, and the average of pre- or post-
implantation loss rate, sex ratio, or the prevalence of anomalies in the fetal specimens from

each dam was averaged by the number of dams.
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3. Results
3.1 Rats
3.1.1. Clinical observation, food consumption, and body weight in pregnant rats

DS-7309 did not induce deaths or any treatment-related changes in clinical
observations. In the 100 mg/kg group, food consumption was higher during the treatment
period than in the control group, and then dropped after the end of treatment with a
significantly lower value on Day 20 of pregnancy (Figure 1-1). However, no treatment-
related changes were noted in body weight (Figure 1-2). There were no treatment-related

changes in food consumption or body weight with DS-7309 at doses up to 10 mg/kg.
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Figure 1-1 Food consumption values in DS-7309-treated pregnant rats.

Pregnant rats (n = 20 to 21) were administered DS-7309 at 0 (vehicle), 3, 10, or 100 mg/kg

from Days 7 to 17 of pregnancy. Food consumption was calculated from the amount

supplied on Days 3, 7,9, 11, 13, 15, 17, and 20 of pregnancy and the amount remaining on

the next day.

Significant difference from the control group: *: p <0.05, **: p <0.01 by Dunnett’s test.
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Figure 1-2 Body weight values in DS-7309-treated pregnant rats.
Pregnant rats (n = 20 to 21) were administered DS-7309 at 0 (vehicle), 3, 10, or 100 mg/kg

from Days 7 to 17 of pregnancy. Body weights were measured on Days 0, 3, 7, 9, 11, 13,

15, 17, and 20 of pregnancy.
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3.1.2. Cesarean section of pregnant rats

In the 100 mg/kg group, there was significantly lower fetal body weight than in the
control group (Table 1-1). Except for the above, there were no treatment-related changes in
the necropsy findings; the placentae findings; the numbers of corpora lutea, implantations,
and live fetuses; the rate of pre-implantation loss; the rate and number of post-implantation

losses; or the sex ratio.
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Table 1-1 Summary results of Cesarean section of DS-7309-treated pregnant rats.

Test article Control DS-7309

Dose (mg/kg) 0 3 10 100

No. of pregnant females 21 21 21 20

No. of dams with live fetuses 21 21 21 20

No. of corpora lutea 17.0+2.7° 16.7+21 171+21 16.7+2.3

No. of implantations 15.4 + 4.0 15.2+2.7 16.1+2.7 16.0+2.1

Pre-implantation loss rate (%) 11.0 +19.5° 8.8+10.7 5.6 £10.7 40+£44

Post-implantation loss rate (%) 48+7.1° 54+8.0 3.8+49 58+59

No. of post-implantation losses 17 . = 13 19

(0.8+1.29) (0.7£0.8) (0.6 £0.8) (1.0£1.0)

Implantation sites 0P 0 0 0
Early resorptions 15° 14 10 16
Late resorptions 1° 1 3 2
Dead fetuses 1° 0 0 1

No. of live fetuses 307b . 305 326 300

(14.6 £3.8) (145+3.1) (15.5+1.5) (15.0£2.0)

Male 156° 154 179 145
Female 151° 151 147 155

Sex ratio (male%) 48.2 +18.2° 51.4+15.2 545+ 141 476+ 11.3

Fetal body weight (g)
Male 4.07 +0.20° 4.23+0.19 413+0.27  3.68 £ 0.24**
Female 3.93 + 0.20° 4.03+0.21 3.89+0.22  347%0.21**

Necropsy findings - - - -

Placental findings - - - -

Pregnant rats (n = 20 to 21) were administered DS-7309 at 0 (vehicle), 3, 10, or 100 mg/kg from Days 7
to 17 of pregnancy. Cesarean section was performed on Day 20 of pregnancy. To take into account the
litter effect, the litter was used as the sample unit, and the average of pre- or post-implantation loss rate
or sex ratio from each dam was averaged by the number of dams.

Significant difference from the control group: **: p < 0.01 by Dunnett’s test.

a: Mean =+ standard deviation per litter, ®: Total number per group, -: No noteworthy findings.
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3.1.3. External, visceral, and skeleton observations in rat fetuses

In the control group, normal eye bulges were observed bilaterally (Table 1-2 and
Figure 1-3, A). In contrast, unilateral or bilateral eye anomalies such as absent or small eye
bulges were observed in the 100 mg/kg group (Table 1-2 and Figure 1-3, B). The prevalence
of absent eye bulge in the 100 mg/kg group was significantly higher than in the control
group (Table 1-2).

A summary of the results of visceral observation in rat fetuses is shown in Table 1-
3 and Figure 1-3. Normal eyes were observed in the control group (Figure 1-3, C), while
eye anomalies such as anophthalmia and microphthalmia were observed in the 100 mg/kg
group (Figure 1-3, D). Eye anomalies were seen unilaterally or bilaterally. The prevalence
of fetuses with anophthalmia significantly increased in the 100 mg/kg group (Table 1-3). In
the 100 mg/kg group, the prevalences of microphthalmia and coloboma of the optic nerve
also tended to increase compared with those in the control group.

No statistically significant increases were noted in the skeleton anomalies, skeleton
variations, or degree of ossification in the group with the highest dose of DS-7309 (100
mg/kg) in comparison with the levels in the control group (Table 1-4). Therefore, the

specimens in the groups with lower doses (3 and 10 mg/kg) were not examined.
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Table 1-2 Summary results of fetal external observation in fetuses from DS-7309-
treated pregnant rats.

Test article Control DS-7309

Dose (mg/kg) 0 3 10 100

No. of dams 21 21 21 20

No. of fetuses examined 307° 305 326 300

No. of fetuses with anomalies  3*(5.5+21.8) 1(04+17) 1(03+13) 11(3.8+8.1)
Domed head 1(4.8+21.8) 0(0.0+x0.0) 0(0.0+£00) 0(0.0+0.0)
Absent eye bulge* 0(0.0+0.0) 0(0.0+00) 0(.0£0.00 10(3.5+7.1)*
Small eye bulge® 0(0.0+0.0) 1(04+17) 0(0.0+0.0) 1(03+15)
Short snout 1(0.3+£15) 0(0.0+x0.0) 0(0.0+£00) 0(0.0+0.0)
Misshapen nose 1(4.8+21.8) 0(0.0£0.0) 0(.0+£00) 0(0.0£0.0
Cleft plate 1(0.3+1.5) 0(0.0+x0.0) 0(0.0+x00) 0(0.0+0.0)
Protruding tongue 1(4.8+21.8) 0(0.0£0.0) 0(.0+x00) 0(0.0£0.0
Narrowed tail 0(0.0+0.0) 0(0.0+x00) 1(03+13) 0(0.0£0.0)
Anal atresia 10417 0(0.0£00) 1(0.3x13) 0(0.0+£0.0

Pregnant rats (n = 20 to 21) were administered DS-7309 at 0 (vehicle), 3, 10, or 100 mg/kg from Days 7
to 17 of pregnancy. Cesarean section and the external observation were performed on Day 20 of
pregnancy. To take into account the litter effect, the litter was used as the sample unit and the prevalence
of anomalies in the fetal specimens from each dam was averaged by the number of dams.

Significant difference from the control group: *: p < 0.01 by the non-parametric Dunnett’s test (joint
ranking method).

a: Total number per group, ®: Mean incidence ratio (%, shown as mean =+ standard deviation),

¢: Absent and small eye bulges were observed unilaterally or bilaterally.
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Table 1-3 Summary results of fetal visceral observation in fetuses from DS-7309-

treated pregnant rats.

Test article Control DS-7309

Dose (mg/kg) 0 3 10 100

No. of dams 20° 21 21 20

No. of fetuses examined 148° 145 157 300

No. of fetuses with anomalies 1 . - ° 10

(7.4 £10.5) (8.9+£9.8) (3.9+£7.8) (7.3£19.0)

Misshapen cerebrum 1(48+32) 0(0.0£00) 0(0.0+0.0) 1(0.7+3.2)
Anophthalmia¢ 0(0.0+£0.0) 0(0.0+£0.0) 0(.0+£00) 323 5_6)#
Microphthalmia¢ 0(0.0+00) 1(0.8+36) 0(0.0£0.0)0 5(3.8+£11.8)
Coloboma of optic nerve 0(0.0+£00) 1(0.8+36) 0(0.0£0.00 7(54+£14.5)
Thymic remnant in neck 106+28) 2(22x76) 2(1.2+38) 1(0.6x25)
Membranous ventricular septum
defect 6(43x79) 3(25x66) 3(20+51) 2(14x6.4)
Supernumerary coronary ostium 1(0.5+2.2) 1(0.7+£31) 1(0.7+31) 0(0.0+0.0)
Persistent left umbilical artery 2(1.3+43) 4(28%+59) 0(0.0£0.00 0(0.0+0.0)

Pregnant rats (n = 20 to 21) were administered DS-7309 at 0 (vehicle), 3, 10, or 100 mg/kg from Days 7
to 17 of pregnancy. After Cesarean section on Day 20 of pregnancy, the visceral observation was
performed with half of the fetal specimens by Wilson’s method after fixation in Bouin’s fluid.

To take into account the litter effect, the litter was used as the sample unit and the prevalence of anomalies
in the fetal specimens from each dam was averaged by the number of dams.

Significant difference from the control group: #: p < 0.05 by the non-parametric Dunnett’s test (joint
ranking method).

2: Control group included 21 pregnant rats but one pregnant rat had only one fetus, which was allocated
to the skeleton observation, °: Total number per group, ¢: Mean incidence ratio (%, shown as mean +

standard deviation), ¢: Anophthalmia and microphthalmia were observed unilaterally or bilaterally.
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External
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Visceral
observation

Figure 1-3 External and visceral anomalies in fetuses from pregnant rats given
100 mg/kg DS-7309.

Pregnant rats (n = 20) were administered DS-7309 at 0 (vehicle) or 100 mg/kg from Days 7
to 17 of pregnancy. On Day 20 of pregnancy, Cesarean section in dams and external
observation in fetuses were performed (A, B). Half of the fetal specimens were observed by
Wilson’s method for visceral observation after fixation in Bouin’s fluid for more than 2
weeks (C, D). The thick arrow indicates absence of eye bulge. The thin arrow indicates

microphthalmia. The arrowhead indicates anophthalmia.
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Table 1-4 Summary results of fetal skeleton observation in fetuses from DS-7309-

treated pregnant rats.

Test article Control DS-7309

Dose (mg/kg) 0 100

No. of dams 21 20

No. of fetuses examined 1592 157

Anomalies

No. of fetuses with anomalies 32(6.3 £22.7)° 0(0.0+0.0)
Misshapen frontal 1(4.8+21.8) 0(0.0+0.0)
Bent scapula 2(1.6+7.3) 0(0.0+0.0)

Variation

No. of fetuses with variations 19° (11.7 + 15_0)b 23 (14.1 £ 22.0)
Cervical rib 1(05+24) 0(0.0+0.0)
Full supernumerary rib 0(0.0+0.0) 2(1.3+£5.6)
Short supernumerary rib 10 (5.5+9.2) 18 (11.0 £ 17.6)
Wavy rib 3(2.4+10.9) 2(1.3+£3.9)
Short 13" rib 0(0.0 £ 0.0) 1(0.6 £2.8)
Bipartite ossification of thoracic centrum 53.3+6.1) 0(0.0+ 0_())T
Bipartite ossification of lumbar centrum 1(0.7+£3.1) 0(0.0£0.0)
Sacralization 0(0.0£0.0) 1(0.6+0.4)

Ossifications
No. of sacrocaudal vertebrae 82+0.3 8204

Pregnant rats (n = 20 to 21) were administered DS-7309 at 0 (vehicle), 3, 10, or 100 mg/kg from Days 7
to 17 of pregnancy. After Cesarean section on Day 20 of pregnancy, the skeleton anomalies and variations,
and degree of ossification were examined with half of the fetal specimens.

The head was observed by Wilson’s method after fixation in Bouin’s fluid and the thoracic and abdominal
organs were examined by Nishimura’s microdissection method under a stereomicroscope.

To take into account the litter effect, the litter was used as the sample unit and the prevalence of anomalies
in the fetal specimens from each dam was averaged by the number of dams.

Significant difference from the control group: ™: p < 0.05 by the Wilcoxon’s rank sum test.

Since no differences were noted in the skeleton observation between control and 100 mg/kg groups, 3
and 10 mg/kg groups were not examined.

a: Total number per group, ®: Mean incidence ratio (%, shown as mean + standard deviation), ©: Mean +

standard deviation.
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3.1.4. TK and blood glucose level measurement in pregnant rats

On both Days 7 and 17 of pregnancy (the first and last days of dosing), Cmax and
AUC-24n increased with increasing dose (Table 1-5). There were no apparent changes in the
TK parameters after repeated dosing.

On Day 7 of pregnancy (the first day of dosing), blood glucose levels showed
decreases at 0.5 and 7 h after dosing in all DS-7309-treated groups with statistical
significance in the 100 mg/kg group at 7 h (Figure 1-4). On Day 17 of pregnancy (the last
day of dosing), the blood glucose level at 0.5 h after dosing fell to approximately 40 to
50 mg/dL in all DS-7309-treated groups. In the 100 mg/kg group, this severe hypoglycemia
remained at least 7 h after dosing. In the 3 and 10 mg/kg groups, severe hypoglycemia was
transient and reversible. The blood glucose levels at 7 h after dosing were considered to be

almost normal, although statistical significance was still shown in the 10 mg/kg group.
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Table 1-5 Toxicokinetic parameters in DS-7309-treated pregnant rats.

Test article DS-7309
Dose (mg/kg) 3 10 100
No. of dams 5 5 5
Cmax (ng/mL)
PD 72 400 £ 220°¢ 2460 + 250 17,800 + 3600
PD 17° 784 + 232 3030+ 1150 16,600 + 5900
Tmax (h)
PD7 0.5+0.0 0.5+0.0 0.5+0.0
PD 17 0.5+0.0 0.5+0.0 2.1+2.38

AUCo-24n (ng*h/mL)

PD 7 494 + 252 4380 + 720 142,000 + 43,000

PD 17 1060 £ 220 5560 £ 1290 147,000 + 48,000

Pregnant rats (n = 5) were administered DS-7309 at 3, 10, or 100 mg/kg from Days 7 to 17 of pregnancy.
Blood samples (0.3 mL/time point) were taken from the jugular vein of unanesthetized animals prior to
dosing (only on Day 17) and at 0.5, 2, 7, and 24 h after dosing on Days 7 and 17 of pregnancy for TK
analysis. Plasma concentrations of the free form of DS-7309 were measured by tandem mass
spectrometry.

Cmax: Maximum plasma concentration, PD: Days of pregnancy, Tmax: Time to reach maximum plasma
concentration, AUCy_24n: Area under the plasma concentration-time curve up to 24 h.

a: The first day of dosing, °: The last day of dosing, ¢: Mean = standard deviation.
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(A) PD 7 (the first day of dosing)

(B) PD 17 (the last day of dosing)
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Figure 1-4 Blood glucose levels in DS-7309-treated pregnant rats.

Pregnant rats (n = 5) were administered DS-7309 at 0 (vehicle), 3, 10, or 100 mg/kg from
Days 7 to 17 of pregnancy (PDs 7 to 17). Blood samples were taken from 5 rats at each time
point. The measurements were conducted on PD 7 (the first day of dosing, [A]) and on PD
17 (the last day of dosing, [B]). Blood was collected 0.5 and 7 h after the dosing. Significant

difference from the control group: *: p <0.05, **: p <0.01 by Dunnett’s test.
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3.2. Rabbits
3.2.1. Clinical observation, food consumption, and body weight in pregnant rabbits

One animal in the 10 mg/kg group was found dead on Day 20 of pregnancy. Before
death, it did not show any changes in clinical observations, food consumption, or body
weight. Furthermore, no abnormalities were noted in the macroscopic observation. Except
for this rabbit, no treatment-related changes in clinical observations were induced by DS-
73009.

In the 100 mg/kg group, food consumption values were higher than in the control
group in the latter half of the dosing period and then decreased to the control group level
after the dosing period (Figure 1-5). In the groups with doses up to 30 mg/kg, food
consumption was not affected by DS-7309 treatment. No difference in body weight was
detected in any DS-7309-treated groups compared with the level in the control group (Figure
1-6).
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Figure 1-5 Food consumption values in DS-7309-treated pregnant rabbits.

Pregnant rabbits (n = 17 to 21) were administered DS-7309 at 0 (vehicle), 10, 30, or 100 mg/kg from

Days 6 to 18 of pregnancy. Food consumption was calculated from the amount supplied on Days 1

through 28 of pregnancy and the amount remaining on the next day.

Significant difference from the control group: #: p < 0.05 by non-parametric Dunnett’s test (joint

ranking method).
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Figure 1-6 Body weight values in DS-7309-treated pregnant rabbits.

Pregnant rabbits (n = 17 to 21) were administered DS-7309 at 0 (vehicle), 10, 30, or 100 mg/kg from

Days 6 to 18 of pregnancy. Body weights were measured on Days 0, 3, 6, 9, 12, 15, 18, 21, 24, and

28 of pregnancy.
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3.2.2. Cesarean section of pregnant rabbits

In the 100 mg/kg group, statistically significant increases in the rate and number of
post-implantation losses, and a lower number of live fetuses were noted compared with
those in the control group (Table 1-6). Except for these changes, there were no treatment-
related changes in the necropsy findings; the placentae findings; the numbers of corpora
lutea, implantations, and live fetuses; the rate of pre-implantation loss; the rate and number

of post-implantation losses; or the sex ratio.
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Table 1-6 Summary results of Cesarean section of DS-7309-treated pregnant

rabbits.
Test article Control DS-7309
Dose (mg/kg) 0 10 30 100
No. of pregnant females 21 17 19 18
No. of dams with live fetuses 21 17 19 18
No. of corpora lutea 97+14" 99+17 102+1.9 9.7+1.6
No. of implantations 84+16 8.6+23 95+2.6 91+19
Pre-implantation loss rate (%) 11.9 + 16.3° 13.2+15.0 85+17.0 7.0+10.4
Post-implantation loss rate (%) 26+57 49+94 48+8.0 40.4 + 30_3##
No. of post-implantation losses Sb . ) ? o7 s
(0.2 £0.5) (0.5+11) (0.5+0.8) (3.7+2.7)
Implantation sites 0ob 0 0 0
Early resorptions 1° 8 5 63
Late resorptions 0P 1 2 2
Dead fetuses 4> 0 2 2
No. of live fetuses 172 . 138 i %
(8.2+15) (8.1+£19) (9.0 2.6) (5.3 +2.8)**
Male 93b 69 80 50
Female 79b 69 91 46
Sex ratio (male%) 54.6 + 15.9° 525+ 16.9 46.2+£19.5 53.4+22.2
Fetal body weight (g)
Male 36.2 +3.1° 36.7+3.4 37.5+£4.6 385+55
Female 35.2 + 3.4° 36.2+3.3 35.4+5.0 36.5+4.6
Necropsy findings - - - -
Placental findings - - - -

Pregnant rabbits (n = 17 to 21) were administered DS-7309 at 0 (vehicle), 10, 30, or 100 mg/kg from
Days 6 to 18 of pregnancy. Cesarean section was performed on Day 28 of pregnancy.

To take into account the litter effect, the litter was used as the sample unit, and the average of pre- or
post-implantation loss rate or sex ratio from each dam was averaged by the number of dams.

Significant difference from the control group: *: p < 0.01 by the non-parametric Dunnett’s test (joint
ranking method), **: p < 0.01 by Dunnett’s test.

a: Mean + standard deviation per litter, ®: Total number per group, -: No noteworthy findings.
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3.2.3. External, visceral, and skeleton observations in rabbit fetuses

Regarding the external observations, no statistically significant increases were
noted in any groups compared with the control group (Table 1-7). Since no statistically
significant increases in the visceral anomalies were induced in the group with the highest
dose of DS-7309 (100 mg/kg) compared with the control group (Table 1-8), the specimens
in the groups with lower doses (10 and 30 mg/kg) were not examined.

A summary of the results of skeleton observation in rabbit fetuses is shown in Table
1-9 and Figure 1-7. In the 100 mg/kg group, statistically significant increases in the
prevalences of fetuses with skeleton anomalies, fused rib, and fused thoracic arch were
noted compared with those in the control group (Table 1-9). Other axial skeleton anomalies
such as absent rib and thoracic hemivertebra were also observed in the 100 mg/kg group,
albeit without statistically significant differences compared with the control group. There
were no statistically significant differences in the prevalence of fetuses with skeleton
variations between the 100 mg/ kg and control groups; however, a statistically significant
increase was observed in the prevalence of fetuses with lumbarization in the 100 mg/ kg
group compared with that in the control group. There were no statistically significant
increases in the prevalence of skeleton anomalies and variations at up to 30 mg/kg. DS-7309

did not induce apparent changes in ossification of sacrocaudal vertebrae.
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Table 1-7 Summary results of fetal external observation in fetuses from DS-7309-
treated pregnant rabbits

Test article Control DS-7309

Dose (mg/kg) 0 10 30 100

No. of dams 21 17 19 18

No. of fetuses examined 1722 138 171 96

No. of fetuses with anomalies 12 (0.6 + 2_7)b 1(0.7+30) 0(.0+£00) 2(3.7x15.7)
Omphalocele 1(0.6+2.7) 10.7+£3.0) 0(0.0+0.0) 2(3.7+£15.7)

Pregnant rabbits (n = 17 to 21) were administered DS-7309 at 0 (vehicle), 10, 30, or 100 mg/kg from

Days 6 to 18 of pregnancy. Cesarean section and the external observation were performed on Day 28 of

pregnancy. To take into account the litter effect, the litter was used as the sample unit and the prevalence

of anomalies in the fetal specimens from each dam was averaged by the number of dams. There were no

statistically significant changes.

a: Total number per group, ®: Mean incidence ratio (%, shown as mean + standard deviation).
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Table 1-8 Summary results of fetal visceral observation in fetuses from DS-7309-

treated pregnant rabbits.

Test article Control DS-7309

Dose (mg/kg) 0 100

No. of dams 21 18

No. of fetuses examined 1722 96

No. of fetuses with anomalies 61° (33.0% 23_8)b 22 (27.4 £ 26.0)
Thymic remnant in neck 1(05+24) 1(1.9+£7.8)
Cor triloculare 1(0.6+2.7) 0(0.0+0.0)
Supernumerary coronary ostium 58 (31.4 £ 22.0) 16 (17.0 + 17_4)T
Dilated aorta 0(0.0£0.0) 1 (5.6 £ 23.6)
Narrowed pulmonary trunk 1(0.6+£2.7) 0(0.0+0.0)
Retroesophageal subclavian 2(1.1+438) 4(43+10.1)
Abnormal lung lobation 0(0.0£0.0) 1(1.9+7.8)
Absent gallbladder 0(0.0£0.0) 1(0.6+24)
Dilated renal pelvis 0(0.0£0.0) 1(1.9+7.8)

Pregnant rabbits (n = 17 to 21) were administered DS-7309 at 0 (vehicle), 10, 30, or 100 mg/kg from
Days 6 to 18 of pregnancy. After Cesarean section on Day 28 of pregnancy, the visceral observation was
performed with all fetal specimens. The thoracic and abdominal organs, and major vessels were examined
macroscopically, and then the heart was examined by Nishimura’s microdissection method under fixation
in 10 vol% neutral buffered formalin.

To take into account the litter effect, the litter was used as the sample unit and the prevalence of anomalies

in the fetal specimens from each dam was averaged by the number of dams.

Significant difference from the control group: T: p < 0.05 by the Wilcoxon’s rank sum test.

Since no toxicologically significant differences were noted in the visceral observation between control

and 100 mg/kg groups, 10 and 30 mg/kg groups were not examined.

a: Total number per group, *: Mean incidence ratio (%, shown as mean + standard deviation).
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Figure 1-7 Skeleton anomalies in fetuses from pregnant rabbits given 100 mg/kg DS-
7309.

(A) Control rabbits

(B) DS-7309-treated rabbits (100 mg/kg)

Pregnant rabbits (n= 17 to 21) were administered DS-7309 at 0 (vehicle) or 100 mg/kg from
Days 6 to 18 of pregnancy. Cesarean section was performed in dams on Day 28 of pregnancy.
Skeleton anomalies and variations, and the degree of ossification were examined in fetuses
after staining by Dawson’s method. (A): Control rabbits, (B): DS-7309-treated rabbits (100
mg/kg). th, thoracic hemivertebra; fr, fused rib; fta, fused thoracic arch; lh, lumbar

hemivertebra; flc, fused lumbar centrum.
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Table 1-9 Summary results of fetal skeleton observation in fetuses from DS-7309-

treated pregnant rabbits

Test article Control DS-7309

Dose (mg/kg) 0 10 30 100

No. of dams 21 17 19 18

No. of fetuses examined 1722 138 171 96

No. of fetuses with anomalies g 54+ 9_2)b 6(3.7+12.3) 2(15+£6.6) 33 (39.5+ 33_3)##
Extra sternebral ossification site 0(0.0+£00) 2(1.2+49) 0(0.0£0.0) 0(0.0+0.0)
Fused sternebra 1(08+36) 2(1.3+£3.8) 0(0.0+0.0) 0(0.0+0.0)
Misaligned sternebra 2(1.2+55) 1(0.6+24) 1(08£3.3) 0(0.0+0.0)
Absent rib 1(05+24) 0(0.0+00) 1(08%3.3) 5(5.2+12.7)
Branched rib 2(1.7+59) 0(.0£00) 1(0.8+£3.3) 2(2.8+8.6)
Fused rib 2(12+38) 0(0.0£0.0) 0(0.0£0.0) 28 (34.2 +33.0)"
Short rib 0(0.0+00) 0(.0£0.0) 0(0.0£0.0) 1(0.9+£3.9)
Fused cervical arch 0(0.0+00) 0(.0£0.0) 1(0.8£3.3) 0(0.0£0.0)
Fused cervical centrum 0(00+£00) 0(0.0£0.00 1(08x3.3) 0(0.0£0.0)
Hemicentric cervical centrum 0(0.0+00) 0(.0£0.0) 1(0.8£3.3) 0(0.0£0.0)
Fused thoracic arch 1(0.6+2.7) 0(0.0+£0.0) 0(0.0+£0.0) 18(25.8 34,8)##
Small thoracic arch 0(0.0£0.0) 0(0.0+0.0) 0(0.0+£0.0 2(3.2%£9.5)
Fused thoracic centrum 1(05+24) 0(0.0+0.0) 0(0.0+£0.0 1(0.8+£3.4)
Hemicentric thoracic centrum 2(1.2+3.8) 0(0.0+£0.0) 0(0.0+0.0 3(3.1x74)
Misaligned thoracic centrum 0(0.0£0.0) 0(0.0+£0.0) 0(0.0+0.0 3 (4.6 £16.0)
Split cartilage of thoracic centrum 0 (0.0+0.0) 0(0.0+£0.0) 0(0.0+0.0) 2(2.2+6.6)
Thoracic hemivertebra 1(05+24) 0(0.0+£00) 0(0.0+£0.0) 4(10.1+256)
Fused lumbar arch 0(0.0+00) 0(.0£0.0) 0(.0£0.0) 2(2.8+8.6)
Fused lumbar centrum 0(0.0£00) 0(0.0£0.00 0(0.0+0.0) 2(6.5+23.7)
Hemicentric lumbar centrum 0(0.0£0.0) 0(0.0+£0.0) 0(0.0+0.0 2(3.7x15.7)
Misaligned lumbar centrum 0(0.0£0.0) 0(0.0+£0.0) 0(0.0+0.0 1(1.9+£7.8)
Lumbar hemivertebra 0(0.0£0.0) 0(0.0+£0.0) 0(0.0+0.0 1 (5.6 £23.6)
Supernumerary lumbar vertebra 0(0.0£0.0) 1(0.6+£24) 0(0.0+£0.0 1(1.9+£7.8)
Fused sacral arch 0(0.0+00) 0(.0+0.0) 0(.0+£0.0) 2 (2.8+8.6)
Misaligned sacral centrum 0(0.0+00) 0(.0+£0.0) 0(.0£0.0 1(0.9+4.0)
Split cartilage of sacral centrum 0(0.0+£00) 0(0.0£0.00 0(0.0+0.0) 1(19+7.8)
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Test article Control DS-7309
Dose (mg/kg) 0 10 30 100
No. of dams 21 17 19 18
No. of fetuses examined 1722 138 171 96
Fused caudal centrum 2(1.3+43) 0(.0£0.0) 0(.0£0.0) 1(1.4+5.9)
Hemicentric caudal centrum 0(0.0+00) 0(.0+0.0) 0(0.0£0.0) 1(0.9£3.9)
Misaligned caudal centrum 0(0.0+00) 0(.0+0.0) 0(0.0£0.0) 2(2.8+8.6)
Misshapen caudal centrum 0(0.0+£00) 0(.0£0.0) 0(0.0£0.0 1(1.1x47)
No. of litters with variations 20 16 19 17
No. of fetuses with variations (75.2124;8.9)b (77.71i128.2) (79.012419.1) (81.7?_“428.0)
Cervical rib 3(L.7+56) 3(22+49) 5(33+%75) 1(0.9+3.9)
Full supernumerary rib 89 89 104 1
(50.4+33.3) (62.3+33.4) (60.8*26.6) (70.8 + 30.9)
Short supernumerary rib 40 19 24 1
(21.4+22.8) (13.2+14.6) (145+151) (8.6 +154)
Sacralization 2(16+73) 0(.0£0.0) 0(0.0£0.0) 0(0.0+0.0)
Lumbarization 2 44 33 59 #it
(15.1+19.4) (29.6+29.2) (20.8+21.8) (61.3+36.2)
Unossified pubis 2(1.2+38) 0(.0£0.0) 3(1.8%45) 1(0.5+21)
Ossifications
No. of sacrocaudal vertebrae 195+ 0.5° 19.6 £0.5 19.7+04 19.8+ 0.5

Pregnant rabbits (n = 17 to 21) were administered DS-7309 at 0 (vehicle), 10, 30, or 100 mg/kg from
Days 6 to 18 of pregnancy. After Cesarean section on Day 28 of pregnancy, the skeleton anomalies and
variations, and the degree of ossification were examined with all fetal specimens stained by Dawson’s
method. To take into account the litter effect, the litter was used as the sample unit and the prevalence of
anomalies in the fetal specimens from each dam was averaged by the number of dams.

Significant difference from the control group: *: p < 0.01 by the non-parametric Dunnett’s test (joint
ranking method).

a: Total number per group, ®: Mean incidence ratio (%, shown as mean + standard deviation),

¢: Mean =+ standard deviation.
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3.2.4. TK and blood glucose level measurement in pregnant rabbits

The Cmax and AUCy.24n values increased with increasing DS-7309 dose (Table 1-
10). There were no apparent changes in the TK parameters after repeated dosing.

Blood glucose levels after DS-7309 dosing in pregnant rabbits are shown in Figure
1-8. On Day 6 of pregnancy (the first day of dosing), the blood glucose levels decreased to
approximately 100 mg/dL 0.5 h after the dosing in all DS-7309-treated groups and the
duration of these low blood glucose levels was prolonged according to the dose increment.
In the 10 mg/kg group, the decreased blood glucose level recovered to almost the same level
as in the control group by 2 h after dosing. In the 30 mg/kg group, the lower glucose level
was sustained until 4 h after dosing, and then recovered to almost the same level as in the
control group at 7 h after dosing. Meanwhile, in the 100 mg/kg group, the decreased glucose
level (around 100 mg/dL) was sustained until 7 h after dosing and then returned to the
control level at 24 h after dosing. On Day 18 of pregnancy (the last day of dosing), the
decreases in blood glucose levels induced by DS-7309 were more pronounced. The blood
glucose level fell to approximately 90 mg/dL in the 10 mg/kg group or to approximately 60
mg/dL in the 30 and 100 mg/kg groups. The duration of these low blood glucose levels was
prolonged with a dose increment. The blood glucose level recovered to almost the same
level as in the control group by 4 h after dosing in the 10 mg/kg group, 7 h after dosing in
the 30 mg/kg group, but 24 h after dosing in the 100 mg/kg group.
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Table 1-10 Toxicokinetic parameters in DS-7309-treated pregnant rabbits.

Test article DS-7309

Dose (mg/kg) 10 30 100
No. of dams 3 3 3
Cmax (ng/mL)

PD 6° 52.5+28.1¢ 824 + 513 3100 + 1610
............ PD 18° 542+335 822+ 65 6370 £ 2790
Tmax (h)

PD6 0.5+0.0 0.5+£0.0 1.5+£09

PD 18 0.5+0.0 0.5+0.0 0.5+0.0
AUCy-24n (ng*h/mL)

PD6 90.1 £26.8 1130 +£580 6720+ 1810

PD 18 95.9+28.3 1190 + 180 9710 £+ 1650

Pregnant rabbits (n = 3) were administered DS-7309 at 10, 30, or 100 mg/kg from Days 6 to 18 of
pregnancy. Blood samples (0.3 mL/time point) were taken from the auricular vein of unanesthetized
animals prior to dosing (only on Day 18) and at 0.5, 2, 4, 7, and 24 h after dosing on Day 6 and 18 of
pregnancy for TK analysis.

Cmax: Maximum observed plasma concentration, PD: Days of pregnancy, Tmax: Time to reach
maximum plasma concentration, AUCo24n: Area under the plasma concentration-time curve up to 24 h.

a: The first day of dosing, °: The last day of dosing, ¢: Mean =+ standard deviation.
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Figure 1-8 Blood glucose levels in DS-7309-treated pregnant rabbits.

Pregnant rabbits (n = 3) were administered DS-7309 at 0 (vehicle), 10, 30, or 100 mg/kg
from Days 6 to 18 of pregnancy (PDs 6 to 18). Blood samples were taken from 3 rabbits at
each time point. The measurements were conducted on PD 6 (the first day of dosing, [A])
and on PD 18 (the last day of dosing, [B]). Blood was collected prior to dosing (only on PD
18) and at 0.5, 2, 4, 7, and 24 h after the dosing.

Significant difference from the control group: *: p <0.05, **: p <0.01 by Dunnett’s test.
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4. Discussion

DS-7309 is a GK activator that was expected to decrease the maternal blood
glucose level. Since it has been reported that maternal hypoglycemia during pregnancy can
induce pregnancy failure and/or impaired embryo-fetal development in animals *!**1), the
author measured maternal time-course changes in blood glucose levels and examined the
effects of DS-7309 on reproduction and embryo-fetal toxicity in rats and rabbits.

Blood glucose levels decreased after dosing on Days 7 and 17 of pregnancy in all
DS-7309-treated pregnant rats with dose increment, consistent with the Cmax and AUCo-24n
values, which increased with increasing dose. In contrast to the transiently reduced glucose
levels in the groups treated at doses up to 10 mg/kg, the 100 mg/kg group showed severe
(approximately 40 mg/dL) and sustained hypoglycemia on Day 17 of pregnancy. Increased
food consumption during the dosing period was observed only in the 100 mg/kg group,
which suggested compensatory reactions to hypoglycemia and reflected a severe and
consistent hypoglycemic condition. Then, food consumption turned to decrease after the
dosing period as an adaptive response to the increased food consumption subsequent to
hypoglycemia during the dosing period.

In the fetal examinations, live fetal body weight was significantly decreased in
the 100 mg/kg group. In this group, DS-7309 also induced eye anomalies such as absent
and small eye bulge, anophthalmia, microphthalmia, and coloboma of the optic nerve.
Eriksson reported that maternal hypoglycemia during pregnancy induces clear fetal body
weight loss and fetal teratogenicity including the same eye anomalies as seen in the
present study '). In several reports, insulin was injected into pregnant animals in order to
investigate the effects of maternal hypoglycemia during pregnancy on their fetuses. This
approach was applied because insulin does not pass the placental barrier by facilitated
diffusion due to its large molecular size, so it does not affect fetuses directly. Even when
extremely small amounts of insulin-IgG immune complex were transferred via FcRn
during the late pregnancy period, any significant effects on fetuses were not observed
23.6381) Jensen et al. reported that maternal hypoglycemia induced by insulin caused
impairment of embryo-fetal development including decreased fetal body weight and fetal
eye anomalies such as microphthalmia in rats 3®. Miyamoto et al. and Chomette also
showed that insulin-induced maternal hypoglycemia caused similar fetal eye anomalies in

rats 3>°¥ and rabbits '¥. Accordingly, decreased fetal body weight and fetal eye anomalies
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induced by DS-7309 were considered to be a result of maternal hypoglycemia rather than
the direct effect of DS-7309 on the fetuses, although the possibility of DS-7309 having a
direct effect cannot be completely ruled out. While eye anomalies such as small eye bulge,
microphthalmia, and coloboma of the optic nerve were noted in the 3 mg/kg group, these
findings were not considered to be treatment-related due to the lack of dose dependence
and the prevalences generally being within the range of historical data of the test facility
(e.g., 0.0% to 0.4% for small eye bulge, 0.0% to 0.8% for microphthalmia).

In the rabbit study, one dam died in the 10 mg/kg group; however, this death was
not judged as treatment-related since no abnormalities in clinical signs, body weight, food
consumption, or necropsy were noted in this animal, and neither death nor any clinical signs
were observed at up to 300 mg/kg in a DF study. After dosing of DS-7309, the blood glucose
levels decreased to approximately 100 mg/dL in all DS-7309- treated groups, accompanied
by a remarkable reduction to approximately 60 mg/dL after repeat dosing in the 30 and 100
mg/kg groups. The duration of hypoglycemia was observed to be prolonged with dose
increment on both Day 6 and Day 18 of pregnancy. In the 100 mg/kg group, the longest
persistence of severe maternal hypoglycemia was observed up to 7 h after dosing and then
recovered at 24 h after dosing. In contrast, the blood glucose levels at up to 30 mg/kg were
almost comparable to that in the control group at 7 h after dosing. Similar to the findings in
the rat study, higher food consumption was seen in the 100 mg/kg rabbit group than in the
control group during the dosing period, which then decreased after the dosing period. This
i1s also considered to have been due to compensation for the severe and sustained
hypoglycemia.

In the Cesarean section of pregnant rabbits, there were statistically significant
increases in the number and rate of post-implantation losses, and a decrease in the number
of live fetuses in the 100 mg/kg group. These changes may also have been induced by severe
maternal hypoglycemia, which alters hormone levels and results in an inability to maintain
the decidua, as discussed by Hannah and Moore 2% Several reports have also described that
embryo-fetal death was caused by insulin-induced maternal hypoglycemia 23D,

In the fetal skeleton examination, axial skeleton anomalies were observed only in
the 100 mg/kg group. Eriksson also indicated that maternal hypoglycemia during pregnancy
induced fetal skeleton anomalies as well as eye anomalies in several experimental animals

19 Additionally, axial skeleton anomalies in the fetuses of dams with insulin-induced
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hypoglycemia were reported in rats by Tanigawa ’® and mice by Smithberg 7. Therefore,
the fetal skeleton anomalies observed in this study were considered to be attributable to
maternal hypoglycemia, although a direct effect of DS-7309 cannot be completely ruled out.

In conclusion, DS-7309 showed hypoglycemic effects with dose increment in both
rats and rabbits, and severe and sustained maternal hypoglycemia was noted only in the 100
mg/kg group. Although it cannot be completely clarified whether the fetal anomalies were
caused by maternal hypoglycemia or GK activation via a direct effect of DS-7309, the
author considered that the eye anomalies in rat fetuses and skeleton anomalies in rabbit
fetuses were attributable to maternal hypoglycemia, in turn leading to fetal hypoglycemia.
Decreased fetal body weight in rats and increases in the number and rate of post-
implantation losses, and decreases in the number of live fetuses in rabbits could also be
related to maternal hypoglycemia. These findings indicate that the treatment with DS-7309
could lead to embryo-fetal toxicity including teratogenicity in rats and rabbits. Severe and
continuous maternal hypoglycemia was considered to be an important factor for this
embryo-fetal toxicity, although the mechanism underlying the embryo-fetal toxicity from
maternal hypoglycemia remains incompletely understood. Investigating the relationship
between the severity/duration of hypoglycemia and fetal anomalies, and the process by
which eye and skeleton anomalies develop may provide novel insights into the mechanism

of embryo-fetal toxicity under maternal hypoglycemia.
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5. Summary

The toxicological effects of DS-7309, a glucokinase activator, on pregnancy and
embryo-fetal development in rats and rabbits and maternal blood glucose levels were
examined. DS-7309 was administered at 3, 10, or 100 mg/kg to rats from Days 7 to 17 of
pregnancy or at 10, 30, or 100 mg/kg to rabbits from Days 6 to 18 of pregnancy. In rats,
maternal hypoglycemia (approximately 50 mg/dL) was seen at 3 and 10 mg/kg, but it
recovered 7 h after dosing, leading to no toxic changes. In contrast, continuous severe
maternal hypoglycemia (approximately 40 mg/dL, >7 h), fetal eye anomalies, and decreased
fetal body weight were noted at 100 mg/kg. In rabbits, no fetal anomalies were seen at 10
and 30 mg/kg where maternal blood glucose level dropped to approximately 60 to 90 mg/dL,
but recovered by 7 h after dosing at the latest. In contrast, at 100 mg/kg, severe
hypoglycemia (around 60 mg/dL) was maintained and did not recover until 24 h after
dosing; it resulted in decreased fetal viability and increased fetal skeleton anomalies. These
findings indicate that DS-7309 could lead to embryo-fetal toxicity in rats and rabbits, with

such toxicity considered to be related to continuous severe maternal hypoglycemia.
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Chapter 2.

Effects of maternal hypoglycemia on fetal eye and skeleton development
in rats
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1. Introduction
As shown in Chapter 1, DS-7309 exhibited hypoglycemia and teratogenicity on

fetal eye and skeleton in rats and rabbits, respectively. Fetal toxicity caused by DS-7309
was considered to be related to the duration and severity of maternal hypoglycemia because
lower doses of DS-7309 induced mild to severe but rapidly recovered hypoglycemia without
accompanying teratogenicity, while teratogenicity on fetuses was recognized only at the
highest dose that induced continuous (>7 h) and severe (approximately 50 mg/dL) maternal
hypoglycemia. It has also been described that maternal hypoglycemia during pregnancy
induces pregnancy failure and/or impaired embryo-fetal development in chickens, mice, rats,
and rabbits '%1%3D; however, some other in vivo studies demonstrated that severe maternal
hypoglycemia did not show teratogenicity despite causing severe hypoglycemia 2313865,
The reason for this discrepancy has not been fully elucidated yet. Furthermore, it was still
unclear how fetal anomalies develop when the drug induces maternal hypoglycemia.

To investigate the effects of maternal hypoglycemia during pregnancy on fetuses,
the author conducted a further experiment using insulin because insulin does not pass the
placental barrier by facilitated diffusion due to its large molecular size, so it rarely affects
fetuses directly 226381 In this experiment, since fetal examination was conducted in late
pregnancy period, the author focused on eye and skeleton anomalies, which DS-7309 also
induced in rats and rabbits EFD studies. To compare the duration of maternal hypoglycemia,
the author used the following four different forms of insulin: insulin human and insulin
aspart, which are taken shortly before mealtimes and work quickly to control the rapid rise
in blood glucose level after a meal 7”-"®; and insulin glargine and insulin detemir, which are
taken once daily for 24 h insulin coverage and work longer to control blood glucose level

throughout the day.
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2. Materials and methods
2.1. Insulin

Four forms of insulin injection were used for this research. (1) Insulin human
[genetical recombination (Novolin R®, Novo Nordisk, Denmark)] at 200 [U/kg, qd, (2)
insulin aspart [genetical recombination (NovoRapid®, Novo Nordisk, Denmark)] at 200 or
400 TU/kg, bid (2™ dose was given 4 h after 1% administration), (3) insulin glargine
[genetical recombination (Lantus®, Sanofi, France)] at 100 or 200 1U/kg, qd, and (4) insulin
detemir [genetical recombination (Levemir®, Novo Nordisk, Denmark)] at 300 or 500 IU/kg,
qd. Physiological saline (Japanese Pharmacopoeia, Otsuka Pharmaceutical Factory, Inc.,
Japan) was used as a vehicle control. Dose levels and regimens were selected to induce
maternal hypoglycemia without lethality 3 °6576% and dose levels were approximately 9 to
12,000 times higher than human therapeutic dose levels when calculated as units/body

surface area assuming the human body weight was 60 kg '3).

2.2. Animals

Female and male Sprague-Dawley rats were obtained from Charles River
Laboratories Japan, Inc. (Kanagawa, Japan). After acclimatization, male and female rats
were housed together for mating at 10 to 12 weeks of age. The day on which copulation was
confirmed was referred to as Day 0 of pregnancy. Rats were housed individually in bracket
cages except for the mating period and kept in a controlled environment at a room
temperature from 20°C to 26°C, and humidity from 30% to 70% with an illumination period
of 12 h per day (6:00 to 18:00 or 18:00 to 6:00 in Experiment 1, 7:00 to 19:00 in Experiment
2). Certified pellet food sterilized by *°Co-y irradiation (30 kGy, CRF-1, Oriental Yeast Co.,
Ltd.) and tap water were supplied ad libitum. All animal procedures were performed in
accordance with the guidelines of the Animal Care and Use Committee of DAIICHI
SANKYO CO., LTD. (Tokyo, Japan). The experimental protocols were approved by the
Institutional Animal Care Committee of DAIICHI SANKYO CO., LTD.

2.3. Experimental protocol

2.3.1. Blood glucose level measurement:
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Six pregnant rats per group were given aforementioned insulin injections
subcutaneously from Days 6 to 11 of pregnancy 2 h after the lights came on. Dosing period
was determined since this period covered sensitive period of eye and axial skeleton
anomalies, and the previous reports 237 support the appropriateness of this dosing period.
Blood collection (0.2 mL/timepoint) for glucose level measurement was done from the
jugular vein of unanesthetized animals on Days 6 and 11 of pregnancy prior to dosing and
1,3,6,9,12, 15, 18, 21, and 24 h after dosing from 3 animals at each time point. Whole
blood samples were collected in blood sampling tubes containing heparin lithium
(Microtainer: Nippon Becton Dickinson Company, Ltd., Japan) and centrifuged at 8,000 x
g and 4°C for 5 minutes to obtain plasma. Blood glucose levels were measured using an
autoanalyzer (TBA-2000FR, Toshiba Medical Systems Corporation, Japan). After the final
blood collection, all rats were euthanized by inhalation of excessive amounts of carbon

dioxide on Day 12 or Day 13 of pregnancy.

2.3.2. Teratogenicity examination:

Six to 8 pregnant rats per group were given insulin injections in the same manner
as in Experiment 1. Food consumption was calculated from the amount supplied on Days 2,
6, 7,9, 11, 14, 16, and 19 of pregnancy and the amount remaining on the next day. Body
weights were measured on Days 0, 3, 6, 8, 10, 12, 15, 17, and 20 of pregnancy. On Day 20
of pregnancy, pregnant rats were euthanized by carbon dioxide inhalation, and necropsy and
Cesarean section was performed as done in Chapter 1. Each fetus was divided into 2 parts
(head and body), and the head was examined by Wilson’s method after fixation in Bouin’s
fluid 3. Skeleton anomalies, variations, and the degree of ossification were examined with

the trunk of the body stained by Dawson’s method '¥).

2.4. Statistical analysis

For blood glucose level, food consumption, body weight, fetal body weight, and
number of corpora lutea, implantations, post-implantation losses, live fetuses, and
sacrocaudal vertebrae, group mean + SD values were calculated at each time point. Then,
the difference of mean values between the control group and treatment groups were

statistically analyzed as follows. The homogeneity of the variance between groups was
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analyzed by Bartlett’s test. If the variance was homogeneous, Dunnett’s test was
subsequently applied. If the variance was not homogeneous, then nonparametric Dunnett’s
test was applied. For pre- and post-implantation loss rate, sex ratio, rate of fetuses with
external, head, or skeleton anomalies or variations, two-tailed Fisher’s exact test was applied.

A P-value less than 0.05 was classified as a statistically significant change.
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3. Results
3.1. Blood glucose level measurement:

The blood glucose levels after insulin injection to pregnant rats are shown in Figure
2-1. All four forms of insulin caused hypoglycemia. The duration of hypoglycemia was
different among groups, but it was induced in a dose-dependent manner within the same
forms of insulin.

3.1.1. Day 6 of pregnancy (the first day of dosing)

In insulin human or aspart groups, glucose levels decreased to approximately 50
mg/dL and the changes were sustained until 6 h after injection (Figure 2-1, A). Then, glucose
levels increased to almost the same level as in the control group by 9 h (insulin human or
aspart [low dose]) or 12 h after injection (aspart [high dose]). After injection of glargine or
detemir, glucose levels of pregnant rats also decreased to approximately 50 mg/dL and were
sustained at this level until 9 h after injection (Figure 2-1, A). Then, blood glucose levels
began to increase in both glargine and detemir groups; however, the levels remained lower
than those in the control group until 18 h after injection.

3.1.2. Day 11 of pregnancy (the final day of dosing)

Each insulin injection induced hypoglycemia as on Day 6 of pregnancy and its
severity of change was similar (Figure 2-1, B). On the other hand, the duration of
hypoglycemia in the glargine or detemir groups extended to 15 or 24 h, respectively, after

injection on Day 11 of pregnancy compared with 9 h after injection on Day 6 of pregnancy

3.2. Teratogenicity examination:

3.2.1. Clinical observation, food consumption, and body weight in pregnant rats after the

insulin injection

In the detemir (high dose) group, 1 dam died on Day 10 of pregnancy and 2 dams
showed abnormalities such as decreased activity and/or irregular respiration on Day 11 of
pregnancy. Other insulin injections did not cause any changes in general condition. The
mean food consumption and body weight values are shown in Figures 2-2 and 2-3,
respectively. During the treatment period, food consumption and body weight gain increased
in the glargine or detemir groups. Other insulin injections caused no treatment-related

changes in food consumption or body weight.
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Figure 2-1 Time course of blood glucose levels in 4 different forms of insulin-
treated groups.

Total of 6 pregnant rats were given insulin injections and blood samples were taken from 3
rats at each time point. The measurements were conducted on Day 6, the first day of dosing
(A) and on Day 11, the last day of dosing (B). Blood was collected prior to dosing and 1, 3,
6,9, 12, 15, 18, 21, 24 h after dosing. All values represent means.
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Figure 2-2 Food consumption values in 4 different forms of insulin-treated groups.
Food consumption was calculated from the amount supplied on Days 2, 6, 7, 9, 11, 14, 16,
and 19 of pregnancy and the amount remaining on the next day.
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Figure 2-3 Body weight values in 4 different forms of insulin-treated groups.
Body weights were measured on Days 0, 3, 6, 8, 10, 12, 15, 17, and 20 of pregnancy.
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3.2.2. Cesarean section of pregnant rats

Summary results of Cesarean section of pregnant rats treated with 4 different forms of
insulin are shown in Table 2-1. Increases in the number or rate of post implantations losses,
the number of early resorptions, and a decrease in the number of live fetuses were seen in
the high-dose of glargine or detemir groups with the statistical significances on the rate of
post-implantation losses (Table 2-1). Other insulin injections caused no treatment-related
changes in the necropsy findings; the placentae; the number of corpora lutea, implantations,
and live fetuses; the rate of pre-implantation loss; and the rate or number of post-
implantation losses; or sex ratio.
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Table 2-1 Summary results of Cesarean section of 4 different forms of insulin-treated groups.

Test article Control  Insulin Human Insulin Aspart Insulin Glargine Insulin Detemir
Dose (IU/kg) 0 200 200 400 100 200 300 500
No. of pregnant females 6 8 7 7 8 8 7 6
No. of dams with live fetuses 6 8 7 7 8 8 7 6
No. of corpora lutea 15.82 14.8 16.0 15.7 16.0 14.8 14.1 15.7
No. of implantations 14.82 14.4 14.0 15.6 15.5 13.4 14.0 14.0
Pre-implantation loss rate (%) 6.3 2.5 12.5 0.9 3.1 9.3 1.0 10.6
Post-implantation loss rate (%) 2.2 4.3 7.1 4.6 4.8 14.0** 9.2 21.4%*
No. of post-implantation losses 25(0.3) 5(0.6) 7 (1.0) 5(0.7) 6 (0.8) 15(1.9) 9(1.3) 18 (3.0)
Implantation sites ob 0 0 0 0 0 0 0
Early resorptions 2° 4 6 5 6 15 7 18
Late resorptions ob 1 0 0 0 0 2 0
Dead fetuses 0ob 0 1 0 0 0 0 0
No. of live fetuses 87°(14.5)2 110 (13.8) 91 (13.0) 104 (14.9) 118 (14.8) 92 (11.5) 89 (12.7) 66 (11.0)
Male 45b 62 55 50 60 45 43 37
Female 42° 48 36 54 58 47 46 29
Sex ratio (Male%) 51.7 56.4 60.4 48.1 50.8 48.9 48.3 56.1
Fetal Body Weight (g)
Male 4.042 3.99 4.01 3.88 3.84 3.71 3.80 3.81
Female 3.832 3.81 3.69 3.71 3.69 3.53 3.61 3.54
Necropsy findings - - - - - - - -

Placental findings - - - - - - - -

Pregnant rats (n = 6 to 8) were administered insulin human at 200 IU/kg, insulin aspart at 200 or 400 IU/kg, insulin glargine at 100 or 200 IU/kg, or insulin
detemir at 300 or 500 IU/kg from Days 6 to 11 of pregnancy. Cesarean section was performed on Day 20 of pregnancy.

Significant difference from the control group: **:p < 0.01 by Fisher’s exact test.

a: Mean value, ®: Total number per group, -: No noteworthy findings.
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3.2.3. External, head and skeleton observations in fetuses

Summary results of external and head observation in fetuses are shown in Table 2-
2 and Figure 2-4. In the control group, both eye bulges were observed in external
observations (Figure 2-4, A), and normal eye were observed in head observations (Figure
2-4, C). In the glargine or detemir groups, absent eye bulges were observed in external
observations (Figure 2-4, B). Eye anomalies such as anophthalmia and microphthalmia, and
coloboma of optic nerve were observed in head observations (Figure 2-4, D). Eye anomalies
were seen unilaterally or bilaterally, and increases in the incidence of fetuses with eye
anomalies in the glargine (high dose) and detemir groups were statistically significant (Table
2-2). In insulin human and aspart groups, no external anomalies, including eye anomalies,
were observed.

Summary results of skeleton observation in fetuses are shown in Table 2-2 and
Figure 2-5. Normal axial skeleton were observed in the control group (Figure 2-5, A). Axial
skeleton anomalies (thoracic vertebrae and rib) were observed in the aspart (high dose),
glargine or detemir groups (Figure 2-5, B). A statistically significant increase in the
incidence of fetuses with axial skeleton anomalies was seen in the detemir (high dose) group
and an increase in the incidence of skeleton variations (thoracic vertebrae and rib) was
observed in all insulin treated groups (Table 2-2). Insulin human or aspart (low dose) did
not induce any skeleton anomalies or variations. There were no apparent changes in

ossifications of sacrocaudal vertebrae in any insulin treated group

54



- Control group Insulin treated groups

External
observation

Head
observation

Figure 2-4 Eye anomalies in fetuses from insulin-treated groups.
The external observation was performed on the day of necropsy (A, B). Head was observed

by Wilson’s method after fixation in Bouin’s fluid for more than 2 weeks (C, D). The large
arrow indicates absent of eye bulge. The small arrow indicates microphthalmia. The
arrowhead indicates anophthalmia.
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Figure 2-5 Skeleton anomalies in fetuses from insulin-treated groups.

Skeleton anomalies, variations, and the degree of ossification were examined with the trunk
of the body stained by Dawson’s method. (A): Control group, (B): Insulin treated group. ar,
absent rib; fr, fused rib; sa, small thoracic arch; hc, hemicentric thoracic centrum; ssr, short

supernumerary rib.
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Table 2-2  Summary results of fetal observation of 4 different forms of insulin-treated groups.

Test article Control Insulin Insulin Aspart Insulin Glargine Insulin Detemir
Human

Dose (IU/kg) 0 200 200 400 100 200 300 500

No. of dams 6 8 7 7 8 8 7 6

No. of fetuses examined 87 110 91 104 118 92 89 66

External observation

No. of fetuses with absent eye bulge 0°(0.0°  0(0.0) 0 (0.0) 0 (0.0) 4(34)  13(14.1%*  T(7.9%  6(9.1)**

Head observation

No. of fetuses with eye anomalies 0(0.0) 0(0.0) 0(0.0) 0(0.0) 4(3.4) 13(14.)**  T7(7.9)* 6 (9.1)**
Anophthalmia 0(0.0) 0(0.0) 0(0.0) 0(0.0) 1(0.8) 1(1.1) 1(1.1) 1(1.5)
Microphthalmia 0(0.0) 0(0.0) 0(0.0) 0(0.0) 3(25) 12(13.0)** 6 (6.7)* 5(7.6)*
Coloboma of optic nerve 0(0.0) 0(0.0) 0(0.0) 0(0.0) 434 13014.D**  T(7.9)* 6 (9.1)**

Skeleton observation

No. of fetuses with axial skeleton 000.0)  1(0.9)  1(L1) 329  2(1.7) 222 334 461

anomalies®

No. of fetuses with variations S(57) 21 (19.0y% 21 (23.1)** 15(14.4) 29 (24.6)* 29 BL.5)** 36 (40.4)** 22 (33.3)**
Full supernumerary rib 0(0.0)  0(00)  0(00)  0(00) 000 554 000 345
Short supernumerary rib 4(46) 19173 12(132) 12(11.5) 28 (23.7)% 22 (23.9)** 35(39.3)** 19 (28.8)**
Short 13th rib 0(0.0)  0(00)  1(L1)  0(00)  0(0.0)  0(0.0)  0(00)  0(0.0)
?;Ef‘rﬁf ossification of thoracic |y 1y 309y 1) 438 108 333  1(L1)  0(00)
Unossified thoracic centrum 000.0)  0(00) 777 170 217 333 000  0(0.0)
Lumbarization 000.0)  1(09)  1(L1) 0000 000  7(7.6* 1(.1)  2(3.0)
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Ossifications

Sacrocaudal vertebrae 8.1d 7.9 7.9 7.8 8.1 8.3 8.2 8.4

Pregnant rats (n = 6 to 8) were administered insulin human at 200 [U/kg, insulin aspart at 200 or 400 IU/kg, insulin glargine at 100 or 200 IU/kg, or insulin
detemir at 300 or 500 IU/kg from Days 6 to 11 of pregnancy. Cesarean section was performed on Day 20 of pregnancy. The external observation was
performed on the day of necropsy. Head was examined by Wilson’s method after fixation in Bouin’s fluid, and skeleton anomalies, variations, and the
degree of ossification were examined with the trunk of the body stained by Dawson’s method.

Significant difference from the control group: **:p < 0.01 , *:p < 0.05 by Fisher’s exact test

a: Total number per group, °: Mean incidence ratio (%), : Including absent rib, branched rib, fused rib, short rib, fused thoracic arch, small thoracic arch,
hemicentric thoracic centrum, and/or absent thoracic vertebra, 9: Mean value.
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4. Discussion
Insulin is widely used for investigating effects of maternal hypoglycemia during

pregnancy since it doesn’t pass the placental barrier by facilitated diffusion due to its large
molecular size. Although there have been several reports investigating the teratogenic
potential of insulin-induced maternal hypoglycemia, the definitive conclusion has not been
derived yet. Therefore, the purpose of this study was to investigate the insulin-induced
maternal hypoglycemic condition leading to teratogenicity in detail by focusing on eye and
skeleton anomalies.

In the present study, blood glucose levels in all pregnant rats given insulin
injections decreased quickly to approximately 50 mg/dL and this severe hypoglycemia
remained at least 6 h after injection. The longest persistence of maternal severe
hypoglycemia up to 15 h or more on Day 11 of pregnancy was observed in rats given
glargine and detemir, followed in order by aspart (high dose), aspart (low dose) and insulin
human. During the treatment period, increases in food consumption and body weight gain
were noted in glargine- and detemir-treated rats. Detemir-treated rats also showed some
abnormalities in clinical observation such as decreased activity and/or irregular respiration.
These were thought to be compensation reactions to hypoglycemia and reflect severe and
consistent hypoglycemic condition.

In the Cesarean section of pregnant rats, increases in the number or rate of post
implantations and the number of early resorptions, and a decrease in the number of live
fetuses were seen in high-dose of glargine or detemir groups. These changes may be caused
by maternal severe hypoglycemia, which alter hormone levels and result in breaking down
and nonmaintenance of the decidua, as Hannnah and Moore reported 2.

In the fetal examination, eye anomalies including anophthalmia and
microphthalmia accompanied with coloboma of the optic nerve were observed in the
glargine or detemir groups as in the DS-7309-treated rats. Axial skeleton anomalies, which
were also similar to fetal anomalies observed in the DS-7309-treated rabbits, were observed
in the aspart (high dose), glargine or detemir groups. In the present study, although the
incidence of eye or skeleton anomalies was limited, their occurrence was considered to be
related to insulin treatment for 2 reasons. First, the insulin-induced teratogenicity had same

site of origin which was considered to be matched to the treatment duration set in this study
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and in other studies %79, In the previous studies, Miyamoto et al. reported an increased
incidence of eye anomalies by 0.4 to 5.0% %), and Tanigawa et al. reported an increased
incidence of rib or costal cartilage anomalies by 8.2 or 24.7% 7®. Their increased incidence
of eye or skeleton anomalies was also limited. Second, eye or skeleton anomalies have been
rarely observed in our background data of Sprague-Dawley rats (only 2 among 4732 fetuses
[0.04%] or 6 of 2156 fetuses [0.28%], respectively). These facts indicate that the
teratogenicity seen in these experiments did not occur spontaneously, but was induced by
insulin-induced maternal hypoglycemia.

My experiment revealed that fetuses showing eye anomalies were taken from dams
only exhibiting severe (<50 mg/dL) and persistent hypoglycemia (up to 15 h on Day 11 of
pregnancy) in the glargine or detemir groups. By contrast, no eye anomalies were observed
in fetuses from insulin human or aspart groups and exhibiting relatively shorter duration (no
more than 6 or 9 h on Day 11 of pregnancy) of severe hypoglycemia. These results suggest
that continuous severe hypoglycemia for approximately 15 h as shown on Day 11 of
pregnancy in this study is necessary to induce eye anomalies in rats. Similar results were
also shown by Miyamoto et al. ¥, and it was reported that ultralente insulin induced severe
(<50 mg/dL) and persistent hypoglycemia for 24 h and caused fetal eye anomalies; however,
no eye anomalies were observed in fetuses from pregnant rats showing severe, but shorter
duration of severe hypoglycemia less than 12 h per day. Additionally, glargine-induced
severe hypoglycemia (—60% compared to the control group) lasting for 2 h per day didn’t
show teratogenicity either in rats or rabbits *". These reports support my suggestion that
long-lasting maternal severe hypoglycemia during the period of early organogenesis is
necessary to induce eye anomalies in fetuses.

In addition, in the present study, aspart (high dose), glargine, or detemir groups
showed severe hypoglycemia lasting for at least 9 h and their fetuses had axial skeleton
anomalies. On the other hand, no skeleton anomalies were observed in fetuses from insulin
human or aspart (low dose) groups and showing severe hypoglycemia lasting no more than
6 h. These results suggest that persistent severe hypoglycemia is also necessary to induce
skeleton anomalies as well as eye anomalies in rats. In addition, the author considered the
increased incidence of skeleton variation (thoracic vertebrae and rib) was related to the

insulin treatment; however, the author judged these changes were not toxicologically
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significant because the term variation is defined as indicating a divergence beyond the usual
range of structural constitution that may not adversely affect survival or health by U.S.
Environmental Protection Agency V.

Contrary to these results, Hannah and Moore 2’ and Hofman et al. *" reported that
skeleton anomalies were not recognized in fetuses from pregnant rats having insulin-
induced hypoglycemia. In the former article, although Hannah and Moore concluded fetal
anomalies like supernumerary ribs and duplicated vertebral centra were induced due to
hypoglycemia by insulin, observed changes were variations and therefore, the author judged
that insulin did not induce fetal anomalies under their experimental conditions. The author
supposed that the reason of failing to induce fetal anomalies is the mildness of hypoglycemia
(the lowest blood glucose level was 80 mg/dL in the insulin-treated group). In the case of
Hofman et al. 3V, glargine caused severe hypoglycemia (—60 % compared to the control
group), but the blood glucose level recovered to the control level within 2 h after
administration. In other reports, while skeleton observation was performed, blood glucose
levels were not fully measured, and it is considered to be difficult to evaluate any
relationship between blood glucose levels and skeleton anomalies 37276,

Although it is well recognized that insulin does not pass the placenta due to its large
molecular weight, there is no clear data indicating that 4 insulin formulations the author
used here does not pass the placenta during the early pregnancy period, when placenta is
relatively immature. However, the author strongly believes teratogenicity seen in this
experiment and in previous reports were the result of maternal hypoglycemia rather than
fetal hyperinsulinemia. Akazawa et al. demonstrated that teratogenicity and growth
retardation were induced in the embryo cultured in hypoglycemic serum, but these changes
disappeared when highly-concentrated glucose was supplied *. At the same time, no
teratogenicity was seen in the embryo cultured in control serum supplemented with highly-
concentrated insulin in the whole embryo culture system. Besides, Buchanan et al.
demonstrated that although fetal anomalies and growth retardation were seen in the Day
11.6 of embryo from hypoglycemic pregnant rats, neither fetal anomalies nor growth
retardation was induced in the embryo from euglycemic pregnant rats treated with insulin

and glucose in vivo ?).
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In conclusion, these results demonstrate that insulin administration to pregnant rats
induced fetal eye and axial skeleton anomalies, which were similar to fetal anomalies
observed in the DS-7309-treated rats or rabbits, due to maternal hypoglycemia. Duration
(>9 h) of maternal severe hypoglycemia (blood glucose levels reduced to approximately 50
mg/dL) were the key factors to induce fetal anomalies and much longer duration of

hypoglycemia is considered to be necessary to cause eye anomalies.
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5. Summary

The relationship between insulin-induced maternal hypoglycemia and
teratogenicity was investigated in detail. Four different forms of insulin (insulin human,
aspart, glargine, or detemir) were injected subcutaneously at 1 or 2 dose levels to Sprague-
Dawley rats from Days 6 to 11 of pregnancy, and measurement of blood glucose levels and
fetal examination were conducted. In the insulin human and aspart (low dose) groups, while
severe hypoglycemia (approximately 50 mg/dL) was seen, it lasted only 6 h and no fetal
anomalies were observed. Fetal axial skeleton anomalies were observed in the aspart (high
dose) group, which exhibited intermediate-duration of severe hypoglycemia (9 h). Eye and
axial skeleton anomalies were observed in the glargine and detemir groups, which exhibited
continuous severe hypoglycemia (15 h). These results revealed that insulin-induced
maternal hypoglycemia caused fetal eye and skeleton anomalies, which were similar to fetal
anomalies observed in the DS-7309-treated rats or rabbits, and the causative key factors

were duration and severity of maternal hypoglycemia.
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Graphical summary Maternal blood glucose levels and fetal anomalies in pregnant
rats treated with 4 forms of insulin

. Dose level Maternal blood Fetal anomalies (%)
Test article U/ka/d | level
(IU/kg/day) glucose leve Eye Axial skeleton
Control - - - -
mg/dL r
Insulin human 200 . *24 ! ; i
Time after injection (h)
200 mg/dL | ) i
Insulin aspart =
400 - 1(2.9)
100 1(3.4) 1(1.7)
Insulin glargine
200 1 (14.1) 1(2.2)
300 1(7.9) 1(34)
Insulin detemir
500 S WL 1(91) 1(6.1)

* Insulin-induced maternal hypoglycemia caused fetal eye and axial skeleton anomalies in rats.

* Duration (> 9 hours) of maternal severe hypoglycemia (blood glucose levels reduced to approximately
50 mg/dL) was the key factors to induce fetal anomalies.

* Much longer duration of hypoglycemia is necessary to cause eye anomalies than skeleton anomalies.
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Chapter 3.

Disruption of fetal eye development caused by insulin-induced maternal
hypoglycemia in rats
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1. Introduction

As the author demonstrated in Chapter 2, the key factors behind the induction of
fetal eye and skeleton anomalies by insulin injection to pregnant rats were the duration (>9
h) and severity (around 50 mg/dL) of maternal hypoglycemia. It was also clearly shown that
continuous severe hypoglycemia (15 h in duration at around 50 mg/dL) induced fetal eye
anomalies such as anophthalmia, microphthalmia, and coloboma of the optic nerve.
However, it is still unclear whether maternal hypoglycemia-induced fetal eye anomalies
involved developmental retardation or disruption, and furthermore, when and how the eye
anomalies developed.

The process of eye development starts from embryonic day (E)9 and continues into

d 31516202125.2659) Fye formation begins with outgrowth from the

the postpartum perio
forebrain toward the head surface ectoderm for development of the optic vesicle from E9 to
E10. The lateral wall of the optic vesicle is then indented and forms the two-layered optic
cup by E11. The inner layer of the optic cup forms the sensory layer of the retina (neural
retina: NR) and the outer layer forms the retinal pigmented epithelium (RPE) from E12. In
the NR, the increased retinal progenitor cells emigrate to the inside of the NR and divide it
into two layers: the outer neuroblastic layer (ONL) and the inner neuroblastic layer (INL)
12.6467.71.84) The nerve fibers of retinal ganglion cells in the INL extend along the optic stalk
to the brain and are called optic nerve fibers. Additionally, anterior optic cup differentiates
into the iris and ciliary body by E20. During the development of the lens and retina, there
is close interaction between them. The optic vesicle induces the formation of the lens
placode in the overlying ectoderm, and the lens placode induces the formation of the NR
from E11. Then, the lens placode turns into the lens pit, and separates from the surface
ectoderm to develop the lens vesicle by E11 ', While the anterior cells of the lens vesicle
proliferate and form lens epithelium cells, the posterior cells of the lens vesicle are
denucleated and elongate to form lens fibers in the cavity of the lens vesicle, which
progressively diminishes and finally disappears completely by E14.

Several reports have shown that fetal eye anomalies such as microphthalmia and/or
anophthalmia were also induced by cyclophosphamide ®”, thalidomide *~%, the purine

74)

analog 2-chloro-2'-deoxyadenosine *, hypervitaminosis A 7, or methylmercury °%;

however the pathogenesis of microphthalmia and anophthalmia remains unclear. Against
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this background, the purpose of the present study was to clarify whether the fetal eye
anomalies due to maternal hypoglycemia involved developmental retardation or disruption,
and to elucidate when and how these anomalies develop by periodic histopathological
examination and immunostaining. In this study, insulin glargine was injected from Days 6
to 11 of pregnancy at 200 IU/kg to ensure the induction of anophthalmia or microphthalmia
by severe and long-lasting maternal hypoglycemia (15 h in duration at around 50 mg/dL),
in accordance with my previous study described in Chapter 2.

The present study featured periodic histopathological examination of fetal eyes
during E10 to E20 and immunostaining for the microphthalmia-associated transcription
factor (MITF); visual system homeobox 2 (chx10); anti-Neuronal Class III B-Tubulin (Tuj-
1); crystallin a, B, and y; E-cadherin; and paired box 6 (Pax6). The expression of MITF on
the optic cup is stimulated by t ransforming growth factor-p (TGF-B) around E11 and/or
activin released from the mesenchyme and essential for the acquisition and maintenance of
RPE cell identity, but not for the presumptive NR or optic stalk 3?2325 The expression of
chx10 is regulated by fibroblast growth factor (FGF) released from the surface ectoderm
and crucial for NR cell identity, but not for RPE around E11 to E12. Subsequently, chx10 is
retained in the ONL to identify retinal progenitor cells, but is downregulated in the INL and
optic stalk because that location includes only differentiated NR cells 811:32:3446.61.67) ‘Ty;_]
is expressed in the retinal ganglion cells and optic nerves. Crystallin o, 3, and y are the major
structural proteins in the vertebrate eye lens ¥. E-cadherin is a cell adhesion protein that
contributes to separation of the invaginated lens vesicle from the surface ectoderm and lens
cell polarity 2. Finally, Pax6 is a key regulator of eye and pancreatic development, and a
transcription factor that maintains glucose homeostasis by regulating insulin biosynthesis

and secretion 132479,
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2. Materials and methods
2.1 Insulin

Insulin glargine [genetical recombination (Lantus®)] was purchased from Sanofi
K.K. (Tokyo, Japan). Physiological saline (Japanese Pharmacopoeia, Otsuka

Pharmaceutical Factory, Inc., Japan) was used as a vehicle control.

2.2 Animals

Female and male Sprague-Dawley rats were obtained from Charles River
Laboratories Japan, Inc. (Kanagawa, Japan). After acclimation, female rats at 10 weeks of
age were housed together with male rats for mating. The day on which copulation was
confirmed was referred to as Day 0 of pregnancy. Rats were housed individually in bracket
cages except for during the mating period and kept in a controlled environment at a
temperature from 20°C to 26°C, and humidity from 30% to 70% with an illumination period
of 12 h (07:00 to 19:00) per day. Certified pellet food sterilized by °Co-y irradiation (30
kGy, CRF-1; Oriental Yeast Co., Ltd.) and chlorinated water were supplied ad /libitum. All
animal procedures were performed in accordance with the guidelines of the Animal Care
and Use Committee of Daiichi Sankyo Co., Ltd. (Tokyo, Japan). The experimental protocols
were approved by the Institutional Animal Care Committee of Daiichi Sankyo Co., Ltd.

2.3 Experimental design

The experimental groups were composed of 3 to 5 pregnant rats/group that were
given vehicle or insulin. The pregnant rats were euthanized periodically on E10 to E15, E17,
and E20. Fetal eyes were obtained, processed as shown in Section 2.5.1, and examined
microscopically. Immunohistochemical analysis of fetal eyes was also conducted as

described in Section 2.5.2.

2.4 Insulin treatment of dams and Cesarean section

The pregnant rats were given 200 [U/kg of insulin glargine to induce maternal
hypoglycemia (insulin-treated group) or physiological saline (control group)
subcutaneously once daily from Days 6 to 11 of pregnancy. The dose level and dosing period

were selected to induce maternal hypoglycemia without lethality and eye anomalies in
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fetuses, in accordance with previous reports 1419 The dose level of 200 IU/kg was
approximately 19 to 3,000 times higher than human therapeutic dose levels when calculated
as units/body surface area, assuming a human body weight of 60 kg '*. The dosing period
used in this study covered the period of susceptibility to eye anomalies, and matched those
in previous studies . On the day of necropsy, pregnant rats were euthanized by carbon

dioxide inhalation and Cesarean section was performed.

2.5. Pathological examinations
2.5.1. Histopathology

Each embryo or fetus was fixed in 4% paraformaldehyde solution (for E10 to E17)
or Bouin’s fluid (for E20) and embedded in paraffin by routine procedures. Serial sections
of 2 to 3 um thickness were stained with hematoxylin and eosin (HE) and examined

microscopically (more than 3 fetuses/group).

2.5.2. Immunohistochemistry

Immunostaining was performed for Ki-67 on E14; chx 10 and MITF on E11, E12,
and E15; Tuj-1, crystallin a, B, and v, and E-cadherin on E17; and Pax6 on E10, E11, and
E12.

2.5.2.1. Primary and secondary antibodies

Ready-to-use rabbit anti-Ki-67 (catalog No. 418071; Nichirei Biosciences Inc.,
Tokyo, Japan), sheep anti-chx10 (1:50, catalog No. X1180P; Exalpha Biologicals Inc., MA,
USA), mouse anti-MITF (1:1,000, catalog No. X1405M; Exalpha Biologicals Inc.), mouse
anti-Tuj-1 (1:2,000, catalog No. 801201; Biolegend, CA, USA), rabbit anti-crystallin a
(1:1,000, ab5595; Abcam plc, Cambridge, UK), rabbit anti-crystallin  (1:50, catalog No.
sc-22745; Santa Cruz Biotechnology, Inc., TX, USA), rabbit anti-crystallin y (1:50, catalog
No. sc-22746; Santa Cruz Biotechnology, Inc.), mouse anti-E-cadherin (1:50, catalog No.
M3612; Dako Japan Inc., Kyoto, Japan), and rabbit anti-Pax6 (1:600, catalog No. 901301;
BioLegend, Inc.) were used as primary antibodies. The secondary antibodies used were as
follows: MAX peroxidase-labeled anti-rabbit IgG (catalog No. 414181; Nichirei

Biosciences Inc.) for anti-Ki-67; Dako Envision system horseradish peroxidase (HRP)-
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labeled polymer anti-mouse (catalog No. K4001; Dako Japan Inc.) for anti-Tuj-1, MITF,
and E-cadherin; polyclonal rabbit anti-sheep HRP (catalog No. P0163; Dako Japan Inc.) for
anti-chx10; Dako Envision system HRP-labeled polymer anti-rabbit (catalog No. K4002;
Dako Japan Inc.) for anti-crystallin a, B, and y; and polyclonal goat anti-rabbit Biotin
(catalog No. E0432; Dako Japan Inc.) for Pax6.

2.5.2.2. Specimen preparation

Sections were autoclaved in Targeted Retrieval Solution (pH 6.1, catalog No.
S1699; Dako Japan Inc.) at 96°C for 50 min for anti-crystallin a, 3, and vy, or at 121°C for
15 min for the other targets. After the pretreatment, endogenous peroxidase activity was
quenched by incubation in 3 v/v% H20: at room temperature for 15 min (MITF, Tuj-1, E-
cadherin, chx10, Pax6). Then, incubation was performed in rabbit and goat serum at room
temperature for 15 min (chx10 and Pax6, respectively), and protein block (catalog No.
X0909; Dako Japan Inc.) for 30 min at room temperature. The sections were then incubated
with the primary antibody for 1 h at room temperature or 37°C (only for chx10), followed
by incubation with secondary antibodies as described in Section 4.5.2.1 and streptavidin at
room temperature for 30 min (only for Pax6, catalog No. P0397; Dako Japan Inc.). The
reacted products were visualized with a 3,3’-diaminobenzidine tetrahydrochloride substrate.

The sections were counterstained with Mayer’s hematoxylin.

2.5.3. TUNEL assay

The sections were subjected to TUNEL assay on E14 with an ApopTag®
Peroxidase In Situ Apoptosis Detection Kit (Chemicon International Inc., Temecula, CA,
USA), in accordance with the manufacturer’s instructions (n = 8 to 9/group). Semi-
quantitative analysis was performed to determine the rates of TUNEL-positive cells among

lens epithelial cells, nucleated lens fiber cells, or total lens cells.

2.6. Statistical analysis
To analyze the rate of TUNEL-positive cells in the rat fetus lens, group mean + SD
values were calculated by REDPOST/BI (SAS System Release 9.2; SAS Institute Inc.). The

significance of the difference of mean values between the control and insulin-treated groups
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was analyzed by Wilcoxon’s rank sum test. A P-value less than 0.05 was considered to

indicate a statistically significant change.
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3. Results
3.1. Microscopic examination of fetal eyes from E10 to E20

The results of microscopic examinations of fetal eyes on E10 to E15, E17, and E20
are shown in Figure 3-1. No difference was observed in the development of optic vesicles
between the control and insulin-treated groups on E10 (Figure 3-1, A-1, A-2, I-1, and I-2).

On E11, the optic vesicle folded inward, resulting in the optic cup and the inner
layer of optic cup, which was the presumptive NR, being thickened in the control group
(Figure 3-1, B-2). In contrast, in the insulin-treated group (Figure 3-1, J-2), neither
invagination of the optic vesicle nor thickening of the presumptive NR was observed, and
the optic vesicle was smaller than that in the control group. At the same time, while the
surface ectoderm in the control group was thickened, and the lens placode was formed, the
surface ectoderm was rarely or never thickened in the insulin-treated group.

On E12, whereas the shape of the eye field in the control group was circular or oval
(Figure 3-1, C-2), that in the insulin-treated group was an inverse triangle and small (Figure
3-1, K-2). In the control group, the stratified NR was further thickened and invaginated
toward the single-layered RPE without space between NR and RPE (Figure 3-1, C-2). In
contrast, in the insulin-treated group, the space between NR and RPE still remained,
although invagination of the NR towards RPE was observed (Figure 3-1, K-2). The RPE in
the insulin-treated group was thicker than that in the control group and it was difficult to
distinguish the outer layer of the optic cup from the optic stalk, which was also thicker than
that in the control group. Besides, the lens vesicle was formed by separating from the
overlying surface ectoderm in the control group; however, separation from the overlying
ectoderm was not fully completed and the lens pit was still observed in the insulin-treated
group.

By E12, basic ocular components including retina, lens, and optic stalk had formed,
and from E13, each structure further developed to achieve visual function in the control
group, as detailed below. On E13, lens fibers were elongated and lens vesicle with a thin
cavity was observed (Figure 3-1, D-2). On E14, lens fiber cells increasingly elongated and
the lumen of the lens vesicle was eventually completely obliterated (Figure 3-1, E-2). The
NR was divided into 2 layers (INL and ONL), optic nerve fiber (ONF) was layered along
INL, and the cornea appeared on E15 (Figure 3-1, F-2). Subsequently, from E15 through
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E17, each ocular component was enlarged (Figure 3-1, G-2). Finally, the eyelids closed
(Figure 3-1, H-1) and all ocular components including the retina, ciliary body, iris, lens, and
cornea had normally developed by E20 (Figure 3-1, H-1 and H-2).

By contrast, 4 major morphological defects were observed in the insulin-treated
group during E13 to E20 (Figure 3-1, L-2 to Q-2). (1) Hypoplasia of the retina, lens, and
cornea was seen during E13 to E20 (Figure 3-1, L-2 to Q-2). (2) Increased cell debris was
observed in the lens from E13 to E15 (Figure 3-1, L-2 to N-2) and in the retina from E14 to
E15 (Figure 3-1, M-2 and N-2). (3) Lens fiber cells failed to adequately elongate, and the
lumen of the lens vesicle remained even on E13 and E14 (Figure 3-1, L-2 and M-2). (4)
Degeneration of the lens fiber cells was seen and there was no connection between the lens
fiber cells and the anterior lens epithelial layer on E15, E17, and E20 (Figure 3-1, N-2 to Q-
2), resulting in the lumen being filled with degenerative lens fiber cells and eosinophilic
materials (marked with asterisks). On E20, dramatic eye disruption was observed in the
insulin-treated group (Figure 3-1, P-1, Q-1, P-2, and Q-2). The NR was composed of 2 layers
and overlaid the rear of the lens in the control group (Figure 3-1, H-1); however, NR in the
insulin-treated group was extremely small and consisted of only a single layer that could
not overlay the lens anymore (Figure 3-1, P-2 and Q-2). Besides, a lack of peripheral
structures of the eye such as ciliary body and iris was noted in the insulin-treated group
(Figure 3-1, P-2 and Q-2). Additionally, in the control group, lens epithelial cells were
highly polarized and only the anterior lens epithelial cells were nucleated; they were
cuboidal or columnar in shape, and the lens fiber cells in the posterior lens were elongated
and denucleated (Figure 3-1, H-2). In contrast, in the insulin-treated group, polarity of the
lens was lost; nucleated lens epithelial cells that were cuboidal or columnar in shape
localized along not only the anterior but also the posterior lens (Figure 3-1, P-2) or, in some
cases, no lens epithelial cells were observed anywhere (Figure 3-1, Q-2). Three eyes
showing anophthalmia macroscopically were classified as having anophthalmia (1 eye) and

microphthalmia (2 eyes) histopathologically.
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Figure 3-1 Effects of insulin-induced maternal hypoglycemia on fetal eye development from E10 through E20
Eye sections were stained with HE on E10 to E15, E17, and E20 in the control (A to H) and insulin-treated (I to Q) groups. OV, optic vesicle; OC,
optic cup; OS, optic stalk; pNR, presumptive neural retina; LPI, lens placode; SE, surface ectoderm; LPi, lens pit; RPE, retinal pigmented
epithelium; NR, neural retina; LF, lens fibers; ALE, anterior lens epithelium cells; pCO, presumptive cornea; PLE, posterior lens epithelium; LV,
lens vesicle; CO, cornea; INL, inner neuroblastic layer; ONL, outer neuroblastic layer; ONF, optic nerve fiber; CB, ciliary body; IR, iris; *, the
lumen filled with degenerative lens fiber cells and eosinophilic material. Scale bars = 250 um in A-1 to Q-1; 100 pm in A-2 to Q-2 (higher
magnification of A-1 to Q-1)
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3.2. Cell proliferation of fetal eyes on E14

To assess the cell proliferation activity of fetal eyes, Ki-67 immunohistochemistry
was performed on E14 (Figure 3-2, A and C). Ki-67-positive cells were observed among the
NR epithelial cells, RPE cells, lens epithelial cells, and presumptive corneal cells in the
control group (Figure 3-2, A). In the insulin-treated group, there were tendencies for the rate
of Ki-67-positive cells to decrease among the NR epithelial cells and RPE cells compared
with the levels in the control group (Figure 3-2, C). In addition, some nucleated lens fiber
cells in the insulin-treated group showed positivity for Ki-67 (indicated by black

arrowheads), which were not observed in the control group.

3.3. Cell death of fetal eyes on E14

Cell death of fetal eyes was assessed by TUNEL assay on E14 (Figure 3-2, B-1, B-
2, D-1, and D-2). In the control group, TUNEL-positive cells were mainly observed around
the optic nerve head (Figure 3-2, B-1 and B-2, indicated by white arrowheads). In the
insulin-treated group, TUNEL-positive cells slightly increased among the epithelial cells of
the retina (Figure 3-2, D-1 and D-2), except for the optic nerve head, compared with the
level in the control group (data not shown). Additionally, TUNEL-positive cells increased
among both lens epithelial cells and nucleated lens fiber cells (indicated by a black arrow)
in the insulin-treated group. In semi-quantitative analysis, the rates of TUNEL-positive cells
among the lens epithelial cells, nucleated lens fiber cells, and total lens cells were markedly
increased in the insulin-treated group compared with those in the control group (Figure 3-

3).
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Figure 3-2 Immunohistochemical evaluation of the expression of Ki-67 and TUNEL
assay in the rat fetal eye on E14.

Immunostaining for Ki-67 (A and C) and TUNEL assay (B and D) were conducted for the
rat fetal eyes in the control and insulin-treated groups on E14. RPE, retinal pigmented
epithelium; NR, neural retina; LF, lens fiber cells; LE, lens epithelium cells; LV, lens vesicle;
pCO, presumptive cornea; black arrowhead, Ki-67-positive lens fiber cells; white
arrowhead or black arrow, TUNEL-positive lens epithelium cells. Scale bars = 100 um in

A, B-1, C, and D-1; 250 pm in B-2 and D-2 (higher magnification of B-1 and D-1).

The rate of TUNEL-positive cells in the rat fetus lens (E14)
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Figure 3-3 The rate of TUNEL-positive cells in the rat fetus lens on E14.
Data are expressed as the mean = SD (n = 8 to 9/group). *P < 0.05, **P < 0.01 vs. control
group by Wilcoxon rank sum test.
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3.4. Expression of retinal markers on E15 or E17

To investigate the effects of maternal hypoglycemia on the differentiation of fetal
retina, the expression levels of MITF (an RPE marker) in the retina on E15, chx10 (a marker
of cells in the ONL) on E15, and Tuj-1 (a marker of retinal ganglion cells) on E17 were
assessed (Figure 3-4). There was no clear difference in the expression level of MITF
between the control and insulin-treated groups (Figure 3-4, A-1, A-2, D-1, and D-2). In
contrast, notable differences in the expression levels of chx10 (Figure 3-4, B-1, B-2, E-1,
and E-2) and Tuj-1 (Figure 3-4, C and F) were noted. In the control group, chx10 was
strongly expressed in the cells in the ONL, but rarely in the INL (Figure 3-4, B-1 and B-2);
however, unclear polarity of chx10 across the whole of the NR was observed in the insulin-
treated group (Figure 3-4, E-1 and E-2). Moreover, while Tuj-1-positive cells were noted in
the ganglion cell layer and optic nerve in the control group, they were rarely noted in the

insulin-treated group (Figure 3-4, C and F).
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Figure 3-4 Immunohistochemical evaluation of the expression of MITF and chx10 on
E15, and of Tuj-1 on E17 in the rat fetal eye.

Rat fetuses were immunostained for MITF (A and D) and chx10 (B and E) on E15, and for
Tuj-1 (C and F) on E17 in the control and insulin-treated groups. RPE, retinal pigmented
epithelium; INL, inner neuroblastic layer; ONL, outer nuclear layer; NR, neural retina; GCL,
ganglion cell layer; ON, optic nerve. All scale bars = 100 um (A-2, B-2, D-2, and E-2 are
the same photographs as A-1, B-1, D-1, and E-1 with higher magnification).
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3.5. Expression of transcription factors required for early eye development on E10, Ell,
and/or E12

To further investigate the cause of the defects in eye development in the insulin-
treated group, the expression level of Pax6, a master control gene for eye development;
MITF, a transcription factor for inducing RPE; and chx10, a transcription factor for the
development of the NR during early eye development, were examined on E10, E11, and/or
E12 (Figure 3-5). There were no differences in the expression level and cell types expressing
Pax6 between the control and insulin-treated groups (Figure 3-5, A to C and H to J). All
fetuses both in the control and insulin-treated groups expressed Pax6 in the optic vesicle,
optic cup, retina including RPE and NR, optic stalk, lens placode, and lens vesicle. The cells
positive for MITF were detected only in the presumptive RPE in the control group on E11
and E12 (Figure 3-5, D and E). Interestingly, in the insulin-treated group, the cells positive
for MITF were detected not only in the presumptive RPE but also in the presumptive NR at
low frequency on El11 (Figure 3-5, K); however, they were confined to the RPE on E12
(Figure 3-5, L) as in the control group. A high expression level of chx10 was observed in
the presumptive NR in the control group, but not in the insulin-treated group on E11 (Figure
3-5, F and M). On E12, chx10-positive cells were observed in the NR in both the control
and insulin-treated groups (Figure 3-5, G and N).
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Control group
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Figure 3-5 Immunohistochemical evaluation of the expression of Pax6, MITF, and
chx10 on E10 to E12 in the rat fetal eye.
Rat fetuses were immunostained for Pax6 on E10 to E12 (Ato C, Hto J), MITF on E11 and

E12 (D, E,K,and L), and chx10 on E11 and E12 (F, G, M, and N) in the control and insulin-
treated groups. All scale bars = 100 pm.
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3.6. Expression of crystallin a, p, and y and E-cadherin on E17

To elucidate the mechanism underlying the defects during eye development in the
insulin-treated group, the expression levels of crystallin a, B, and vy, and E-cadherin were
also examined. Lens fibers were strongly positive for crystallin a, , and y immunostaining
both in the control and insulin-treated groups (Figure 3-6, A to C and E to G). Lens
epithelium cells were also strongly positive for crystallin o, and equivocal to moderately
positive for crystallin f and y both in the control and insulin-treated groups. The lumen filled
with degenerative lens fiber cells and eosinophilic materials (Figure 3-6, E, F and G, marked
with asterisks) in the insulin-treated group was positive for crystallin o, 3, and y. E-cadherin-
positive cells were equally observed among the lens epithelium cells and corneal cells both

in the control and insulin-treated groups (Figure 3-6, D and H).
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Figure 3-6 Immunohistochemical evaluation of the expression of crystallin a, B, and
v, and E-cadherin on E17 in the rat fetal eye.

Rat fetuses were immunostained for crystallin a (A and E), B (B and F), and y (C and G),
and MITF (D and H) on E17 in the control and insulin-treated groups. *, the lumen filled
with degenerative lens fiber cells and eosinophilic material. All scale bars = 200 um.
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4. Discussion

The author previously elucidated that the key factors for insulin to induce fetal eye
anomalies such as anophthalmia and microphthalmia, and coloboma of optic nerve were the
severity and continuousness of maternal hypoglycemia in Chapter 2; however, it had
remained unclear whether fetal eye anomalies induced by insulin-induced maternal
hypoglycemia were developmental retardation or disruption. Hence, the author conducted
the present study to clarify the nature of the fetal eye anomalies due to maternal
hypoglycemia. In our experiments, all ocular components including the retina, lens, and
cornea developed normally by E20 in the control group. In contrast, in the insulin-treated
group, the eyes were smaller than those in the control group and histopathological
abnormalities including defects, hypoplasia, and/or degeneration of the retina, lens, and
cornca were observed. Therefore, it was considered that hypoglycemia-induced
microphthalmia and anophthalmia were caused not by simple developmental retardation,
but by developmental disruption with structural anomalies, suggesting a difference from
nanophthalmia, which is defined as small eyes without structural anomalies. In contrast, the
eyelids developed normally in the insulin-treated group. It is well known that the eyelids

develop independently from other eye components >V

, despite there being close
collaboration among the retina, lens, and cornea in their own differentiation via the
transmission and receipt of inductive signals from each other '>?%. Taken together, these
results provide evidence that hypoglycemia due to the injection of insulin in pregnant rats
caused developmental impairment of any of the retina, lens, or cornea, which in turn led to
disruption of the interaction among these components; induced defects, hypoplasia, and/or
degeneration of all of them; and resulted in microphthalmia or anophthalmia on E20.

In addition, time-course histopathological examinations of fetal eyes from E10 to
E20 revealed when and how these eye anomalies were induced. In the control group, all
ocular components including the retina, lens, and cornea developed normally and became
larger over the studied period, as previously reported >'62%. In contrast, there was disruption
of eye development, including hypoplasia, increased cell debris, morphological defects, lost
polarization, and degeneration, from EI11 in the insulin-treated group. These findings
corresponded to the results reported in a previous review *®; namely, disruptions of earlier

eye developmental steps caused microphthalmia, anophthalmia, or coloboma with defects
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in multiple ocular components, while disruption of later eye developmental steps induced
defects in the differentiation of specialized tissues/cells resulting in retinal dystrophies,
cataract, or corneal opacification.

Immunostaining for Ki-67 and TUNEL assay were performed for the fetal eyes in
the insulin-treated group on E14, which revealed cell debris in the lens and retina,
suggesting changes in the rates of cell proliferation and cell death in the lens and retina.
Although lens epithelium cells and retinal cells were positive for Ki-67 both in the control
and insulin-treated groups, a trend for a decrease in Ki-67-positive cells was noted in the
insulin-treated group. TUNEL assay showed increased cell death among the epithelial cells
of the retina and lens in the insulin-treated group. These findings indicated that decreases in
cell proliferation and increases in cell death resulted in the small eye in the insulin-treated
group. In the control group, the lens fiber cells in the posterior lens were elongated and
mostly denucleated and were negative for Ki-67 and TUNEL assay on E17; however, in the
insulin-treated group, the lens fiber cells were positive for Ki-67 and TUNEL assay,
indicating a failure of enucleation resulting in abnormal differentiation and maturation of
lens.

Interestingly, there was no clear difference in the expression of MITF, a marker of
RPE, between the control and insulin-treated groups on E15. In contrast, the expression of
chx10, an ONL marker, differed between the insulin-treated group and the control group on
E15. Specifically, in the control group, chx10 was expressed mainly in the ONL and rarely
in the INL. This difference in expression resulted in a clear border between the ONL and
INL, whereas in the insulin-treated group its expression was high throughout the entire NR,
which looked like a single layer. Previous reports showed that chx10 was expressed
throughout the entire NR region before E14, and then retained only in the ONL but
downregulated in the INL and optic stalk on E15 %149 This is because retinal progenitor
cells, which are positive for chx10, remain only in the ONL, while differentiated NR cells,

,11,32,34,46,61,67) Moreover.
M 5

which are negative for chx10, migrate to the INL and optic stalk
although Tuj-1-positive cells were seen in the INL in the control group on E17, indicating
the appropriate differentiation of the retinal ganglion cells, they were rarely seen in the
insulin-treated group. This suggested the disruption of differentiation into retinal ganglion

cells in the insulin-treated group. Therefore, my results indicated that insulin-induced
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maternal hypoglycemia disrupts fetal eye differentiation and the emigration of retinal
progenitor cells, resulting in the failure of NR to divide into the two-layered NR (ONL and
INL).

Pax6 is one of the most essential transcription factors in the initial stage of eye
development and is responsible for forming optic vesicle and subsequent eye development
15,17.26,7082) Pax6 mutations are well known to induce eye anomalies such as small eye,
cataract, aniridia, and Peter’s anomaly in fruit flies, mice, rats, and humans. Pax6 is also a
key transcription factor for developing pancreas during the fetal period and regulating the
production of insulin after birth "->*4282) suggesting that Pax6 is a glucose-sensitive factor.
Tan et al. showed that hyperglycemia in the chick embryo eye induced eye malformation,
but this was rescued by restoring Pax6 expression using proanthocyanidins 7. Nevertheless,
my results demonstrated that there was no difference in the expression of Pax6 and optic
vesicle formation between the control and insulin-treated groups, indicating that insulin-
induced maternal hypoglycemia caused fetal eye anomalies by a different mechanism from
that in Pax6 mutants.

Histopathological examination revealed that hypoplasia and degeneration of optic
vesicle/optic cup and lens placode/lens vesicle on E11 through E12 would be a trigger of
eye anomalies. The expression of MITF and chx10 on E11 in the insulin-treated group was
ectopic and suppressed. The expression of MITF, which is regulated by TGF released from
surrounding extraocular tissues, has been reported to induce RPE around E11 22, Meanwhile,
the expression of chx10, which is regulated by FGF released from surface ectoderm (lens
placode), was found to induce NR around E11 3D While the author did not evaluate the
expression of MITF and chx10 on E10, since optic vesicle on E10 did not contact with the
surface ectoderm due to mesenchyme between optic vesicle and surface ectoderm in my
experiment, it was considered too early to evaluate MITF and chx10 expression on E10.
Taken together, insulin-induced maternal hypoglycemia triggered morphological changes in
the presumptive NR/RPE and lens, resulting in an abnormal interaction between
presumptive RPE and surrounding extraocular area or presumptive NR and surface
ectoderm (lens placode) on E11. Consequently, the abnormal expression of MITF and chx10
were induced and then further abnormalities in the retina and lens were developed on E11

through E12.

84



Immunostaining for crystallin a, [3, and y on E17 revealed that lens fiber and lens
epithelium were positive both in the control and insulin-treated groups and that the
eosinophilic material in the lumen of the insulin-treated group was crystallin that had leaked
from lens fibers. While the significance of this crystallin findings remains unclear, it was
shown that insulin-induced maternal hypoglycemia did not intensely disrupt crystallin
production of fetal eyes. Hence, a different mechanism not involving JNK (c-Jun NH2-
terminal kinase) inhibition or hyperglycemia 4**®) that modulated crystallin production and
resulted in cataract was thought to have contributed to the induction of eye anomalies in the
insulin-treated group. Moreover, E-cadherin was not affected by insulin-induced maternal
hypoglycemia, suggesting that fetal eye anomalies due to insulin-induced maternal
hypoglycemia were caused by a different mechanism from that in Ras transgenic mice
showing abnormal crystallin and E-cadherin localization '),

In conclusion, my results proved that maternal hypoglycemia by injecting insulin
into pregnant rats from days 6 to 11 of pregnancy induced developmental disruption, but
not simple developmental retardation (nanophthalmia), in fetal eyes. The insulin-induced
maternal hypoglycemia-induced developmental disruption in fetal eyes was characterized
by defects, hypoplasia, and degeneration in the retina and lens and was observed from E11
during formation of the optic cup. Although the mechanism underlying the abnormal eye
development has not been fully elucidated in this study, these results revealed the possible
trigger of developmental abnormalities under maternal severe hypoglycemia. Further
investigation on the mechanism may help to understand a primary point of action and give
a novel insight in prevention of hypoglycemia-induced eye anomalies. My study also
indicated that fetal eye anomalies might be triggered by a failure of the presumptive retina
and lens to interact. Furthermore, my study demonstrated the importance of maternal blood
glucose monitoring and its control to prevent fetuses from eye developmental disruption,
but not eye developmental retardation, under the treatment with anti-diabetic drugs such as

insulin for pregnant patients.
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5. Summary

The author previously revealed that insulin-induced severe and long-lasting
maternal hypoglycemia in rats caused anophthalmia and microphthalmia in fetuses;
however, it remained unclear whether hypoglycemia-induced eye anomalies were
developmental retardation or disruption, and when and how they developed. Hence, the
author induced hypoglycemia in pregnant Sprague-Dawley rats by injecting insulin from
Days 6 to 11 of pregnancy and performed periodic histopathological examination of fetal
eyes from embryonic days (E)10 to 20.

On E10, optic vesicle had developed normally both in the control and insulin-
treated group; however, on E11, optic cup (OC) had developed in the control group but not
in the insulin-treated group. On E12, neural retina (NR), retinal pigmented epithelium (RPE),
lens, and presumptive cornea had been observed in the control group. In contrast, lens pit
and OC with remaining space between RPE and NR had developed in the insulin-treated
group. From E13 to E15, developmental disruption characterized by defects, hypoplasia,
and degeneration in the retina, lens, and cornea was observed in the insulin-treated group,
resulting in anophthalmia or microphthalmia on E20. Moreover, the expression of MITF
and chx 10, which are essential for early eye development by expressing in the presumptive
retina and lens and regulating each other’s expression level, was ectopic and suppressed on
El1.

In conclusion, insulin-induced maternal hypoglycemia caused developmental
disruption, but not simple developmental retardation of fetal eyes, and its trigger might be

a failure of presumptive retina and lens to interact on E11.
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Graphical Summary
Schematic overview of eye development from embryonic day (E)10 through E20 in the control and hypoglycemia groups.

E10 E12 El3 E20

Control group

\

LID

Hypoglycemia group

SE

Control group: E10, eye formation began with development of the optic vesicle (OV). E11, OV folded inward and formed the optic cup (OC) with
presumptive neural retina (pNR) inducing the lens placode (LP) in the overlying surface ectoderm (SE) and the optic stalk (OS) developed. E12, eye field
was oval, and neural retina (NR) and retinal pigmented epithelium (RPE) developed. Lens vesicle (LV) consisted of posterior lens epithelium (PLE) and
anterior lens epithelium (ALE), which was covered by the presumptive cornea (pCO). E13 to E14, PLE elongated the lens fiber (LF) to dismiss the cavity
of the LV and denucleated. E15, cornea (CO) formed and NR divided into 3 layers: the outer neuroblastic layer (ONL), the inner neuroblastic layer (INL),
and the optic nerve fibers (ONF). E15 to E20, iris (IR), ciliary body (CB), and eyelid (LID) developed.

Hypoglycemia group: E10, eye formation began with development of the OV as in the control group; however, eye formation from E11 in the hypoglycemia
group differed from that in the control group. E12, the eye field was shaped as a small triangle, and the lens pit (LPi) and OC developed; however, a space
between RPE and NR remained. E13 to E15, LF failed to denucleate and did not adequately elongate, so the lumen of the LV remained and was then filled
with eosinophilic materials (*). E17 to E20, hypoplasia and degeneration of the retina and lens were noted, and neither ciliary body nor iris developed,
indicating that the anophthalmia or microphthalmia was caused by developmental disruption.
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Conclusion

Insulin is currently the only option for the treatment of diabetes in pregnant women.
Although some reports describing that insulin is teratogenic during pregnancy in animals
have been published, insulin cannot pass the placental barrier by facilitated diffusion due to
its large molecular size, so it rarely affects fetuses directly and can be prescribed during
pregnancy. Conversely, almost all launched oral antidiabetic drugs, whose molecular size is
small and can reach fetuses, are contraindicated during pregnancy because of their potential
for teratogenicity and/or embryo-fetal lethality in animal studies. The teratogenic potential
of DS-7309, a glucokinase activator that was developed as an oral antidiabetic drug, has
been recognized in embryo-fetal developmental toxicity studies using rats and rabbits.
However, it was unclear how fetal anomalies developed and whether the teratogenicity of
DS-73009 is due to direct effects of the drug on fetuses or indirect effects caused by maternal
hypoglycemia. Therefore, comprehensive investigation of the teratogenicity induced by DS-
7309 was conducted as follows:

In Chapter 1, the toxicological effects of DS-7309 on pregnancy and embryo-fetal
development in rats and rabbits and maternal blood glucose levels were examined. DS-7309
was administered at 0, 3, 10, or 100 mg/kg to Sprague-Dawley rats from Days 7 to 17 of
pregnancy or at 0, 10, 30, or 100 mg/kg to New Zealand White rabbits from Days 6 to 18
of pregnancy. Necropsy and fetal examination were performed on Day 20 of pregnancy in
rats or Day 28 of pregnancy in rabbits. In rats, maternal severe hypoglycemia
(approximately 50 mg/dL) was seen at 3 and 10 mg/kg, but it recovered by 7 h after dosing
without any toxic changes in fetuses. In contrast, continuous severe maternal hypoglycemia
(=7 h), fetal eye anomalies, and decreased fetal body weight were noted at 100 mg/kg. In
rabbits, no fetal anomalies were seen at 10 and 30 mg/kg where maternal blood glucose
level dropped to approximately 60 to 90 mg/dL, but recovered by 7 h after dosing at the
latest. Meanwhile, at 100 mg/kg, severe hypoglycemia (around 60 mg/dL) was maintained
and did not recover until 24 h after dosing; it resulted in decreased fetal viability and
increased fetal skeleton anomalies. These findings indicate that DS-7309 could lead to
teratogenicity in rats and rabbits, which was considered to be related to continuous severe

maternal hypoglycemia.
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In Chapter 2, the relationship between the duration and severity of maternal
hypoglycemia and teratogenicity was investigated in detail by the administration of insulin,
which rarely affects fetuses directly, to pregnant rats. Four different forms of insulin (insulin
human, insulin aspart, insulin glargine, and insulin detemir) or physiological saline were
subcutaneously injected at 1 or 2 dose levels to Sprague-Dawley rats from Days 6 to 11 of
pregnancy. Time-course measurement of blood glucose levels, and fetal examination were
conducted. In the insulin human and insulin aspart (low dose) groups, while severe
hypoglycemia (approximately 50 mg/dL) was seen, it lasted only 6 h and no fetal anomalies
were observed. In contrast, fetal axial skeleton anomalies were observed in the insulin aspart
(high dose) group, which exhibited severe hypoglycemia of an intermediate duration (9 h).
Eye and axial skeleton anomalies were observed in the insulin glargine and insulin detemir
groups, which exhibited continuous severe hypoglycemia (>15 h). These results revealed
that insulin-induced maternal hypoglycemia caused fetal eye and skeleton anomalies, which
were similar to fetal anomalies observed in the DS-7309-treated rats or rabbits. In addition,
the key causative factors for this teratogenicity were the duration and severity of maternal
hypoglycemia.

In Chapter 3, the pathogenesis of and factors contributing to hypoglycemia-induced
eye anomalies were further investigated in pregnant Sprague-Dawley rats given insulin
glargine from Days 6 to 11 of pregnancy at the same dose level as the study described in
Chapter 2 or physiological saline as a control group. Periodic histopathological examination
of fetal eyes from embryonic days (E)10 to 20 revealed that the optic vesicle had developed
normally in both the control and the insulin-treated group on E10. However, on E11, optic
cup (OC) had developed in the control group but not in the insulin-treated group. On E12,
neural retina (NR), retinal pigmented epithelium (RPE), lens, and presumptive cornea had
differentiated in the control group, while incomplete differentiation in the insulin-treated
group up to the lens pit and OC was observed. In addition, whereas the space between RPE
and NR had disappeared as development progressed, that space had remained in the insulin-
treated group. From E13 to E15, developmental disruption characterized by defects,
hypoplasia, and degeneration in the retina, lens, and cornea was observed in the insulin-
treated group, resulting in anophthalmia or microphthalmia on E20. Moreover, the

expression of MITF and chx10, which are essential for early eye development by being
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expressed in the presumptive retina and lens and regulating each other’s expression level,
was ectopic and suppressed on E11. These results indicated that insulin-induced maternal
hypoglycemia caused developmental disruption, but not simple developmental retardation
of fetal eyes. In addition, its trigger might be morphological changes in the presumptive
retina and lens on E11, resulting in a failure of presumptive retina and lens to interact on
E11, leading to subsequent hypoplasia of optic vesicle/cup and lens vesicle placode/vesicle.

In conclusion, a glucokinase activator, DS-7309, induced fetal eye and skeleton
anomalies in rats and rabbits, which were similar to the fetal anomalies observed in the
insulin-treated rats and rabbits. Insulin was suggested to induce fetal anomalies via severe
and continuous maternal hypoglycemia without direct effects on fetuses. Therefore, it was
considered that DS-7309-induced fetal anomalies were caused by an indirect effect due to
maternal hypoglycemia as in case of insulin. Furthermore, the author demonstrated that the
eye anomalies induced by maternal hypoglycemia were developmental disruption, but not
simple developmental retardation, the trigger for which might be a failure of presumptive
retina and lens to interact on E11. My work provides additional insights into the risks of
maternal hypoglycemia to fetuses and demonstrates the importance of monitoring maternal
blood glucose and its control to prevent fetuses from suffering eye developmental disruption

and skeleton anomalies under the treatment of pregnant patients with antidiabetic drugs.
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Summary in Japanese

A ARV E, BRI T & DM — DR RIFTERIE TH D, A A
U, HREM~DORE T 1EEE R T EORERH D LOD, I FEPK
5800 & HLHGHYR 2 W2 OB 2 T EILH Tl 5 Z &N TE T, B EREE
HaklEE7neB 2 60, i THARENRAIREE SN TWD, —F, TOMODRE
OAERIGIRIRIED L 1T T ENV/ NS A EE L TR HICESEEEL 52 5
AIREMER & 0 | BN FEBR CHREATNE SUEIR « B T ESEER 2R LTz iR O
RFEITEEZ E SN TS, BAFERKFEREE LTS ATV rax ) —
BT 7 FX—=2—ThH% DS-7309 ZMEiT v b R OUER Y I 535 LIEF
TR SN, LU, DS-7309 N ED L I ITHFEE 25T 0N, £
UL DS-7309 DI « fEF~DEHEEH R OD & D WITREMW) OIS % L7z
MHER 72O X ST, £ 2T, AFZETIE, DS-7309 (12X »> THl il
ZENDFICHONWT, AR i 217 o 72,

H—ETIE, DS-7309 # HW\ T, T v b & UHXOIIRKOWR - 51 D%
B KAE 580 NS BBV o MBS HERS 230 ~7-, DS-7309 % 0. 3. 10. 100
mg/kg T Sprague-Dawley 7 v FNOULIR 7 725 17 BIZ 1 B 1 B O#EG L, 44 20
BICHIB AR OR TBIE 21T 7o, TORER. 3 LT 10 mg/kg # CREMW) O FEEE D
KA G 50 mg/dL) A HALTzAs, #5 7 FERZICIEEE L, Br@Ettbid
SRR oT=, —J5. 100 mg/kg BETIE 7 BB LL_E#e < Bifee B9 B EE O R o
IRIHE S 2 B, JE T OIREBAE K MG T RE O DR b/, 72, New
Zealand White 7 % X DR 6 7>5 18 HIZ 0, 10, 30, 100 mg/kg TR O#&5- L, 4
Bz 28 HICHIRR L O T8l 21T 572, U X2 HW 23R i, 10 & 30 mg/kg
BECREEN O MUFEE Y 60~90 mg/dL F TIX T L7223 7 BEf %2818 L, W13tk
IXRO B o T2, —F, 100 mg/kg TIZEE OMKIMEE (K 60 mg/dL) 238¢5- 24
REf#% & CRlkle L. G TR ORD K O TERRE SR N, ko Z &
26, DS-7309 1L 7 v FE U TR FICHRZSIESEITZ &, THITILRE)
W) D EFE DO FFGE R A2 AR MLAE A3 B L TV 5 RTREMER B 2 BTz,

B R TIE, REAEE LW OR FICEBEHE RS A R Y v
FALIR T v MZEE L, BEW OIS & G 1 O B IZ OV TEEMICRET L7z, 4
FRORRDA LAY VBHF (e ARV A AY T ANV R AR
TINK A VAV T T V) IEBEREK HRE) 24 1~2 HE T
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W% 6 725 11 H % T Sprague-Dawley 7 v MZ 1 H 1~2 [ T#e5- L, 414 20 HIZ
HI L BB 21T-o 72, $EWOR % MEHEOHER 2 M8 L=, & hA
VAR, LAY T AL MEAERETIE, A 50 mg/dL @ B 7oK pE
S 6 REEIRRE L7228, IR T RFITFRO ooz, —FH . A VA Y T A0 |k
m BRI, EEARRMEEDY 9 BFefilFroe L. I FEEE P BO bz, 1A
VU T INXUBROA A T 7 IVEETIL, EERICMBEA 15 BREfLL_EEF
L, IR T BIECIREOBKICBEE DB bz, U EOERENL, A 2 ) T
&5 BEM RIS ZE F OIRE OVERICEFEZ5 SR L, Z0OREEIX DS-7309
BETHFICREOLNZRE LFRETHDL Z ERERINT, SBIL,. A AT
2 L DA IR X R O AR S O B E K N O RN EE THH 2 &
VNN <V g

oI, BRI X0 A LSBT ORO B IZ OV TREEZR
A2 FEh L, RE AR ZFEMICHET L. S IR ERAEICEALEST SR F 0
RIREAT -T2, WEHE 6 775 11 H @ Sprague-Dawley 7 v MZ, 2 L RHED A
YA LTI NFSOTABERK G 2 1 H 1R G L, Il 10 2
520 ISR DR E M 21T o 72, T ORI, fhlis 10 B Tl BRE L O
A VA R AR E IIERD Do 723, RHIREETIIEE 11 B CIRFRAS
FELTWDIZHEDLLT, A R Y VEETIZIRMRRD i o7z, I 12
HIZHUN T, s FEOHE Clamhieman, M B, KR, AR EEs sk L7
— . A AY UEETCOMUTIRHR R QKRB E T Th o7, S HIT, XREET
(XA DIE AR RS M VSR L RE R D 22BN H R L7 DIz L, A &Y
UEECIIE AT TERIFEL TV, JBIB 13 5 15 BIZT T, A AU VBT
M, KA, MOV O RAR, ZBM, K OMETERE EIRE T 53 A RFE RO 5
Fu. BEE 20 I3/ NMRERIESCHEIREKIE N A vz, X512, M T KK T E
BUCRHL L, VORI ZHET 2 2 & COMIRESRE A MWEOEE & ik
BIKF MITF & chx10 OFBAEFH7= & 2 A, IRl 11 B THRILO ST & O
MWABRDHNT=, LTIDi> T, BEW~DA AU U FHAZ K B IE 1 O MARERIE /)
ARERKIEIL, B2 DR ABIE CTIT RS BAERFICIVAELTWDL EE X b, Tz
T, MBlEe 11 BIZRT 2T E B & KR T EM ORI R LI L0 AT
MM ik & KR T E O AAEHEE N ZORAERFEO N T—THY | #i
W TR AR AR S AR K AR R D ZE M % S IRFE P B &l Z Shviz &R
e X7,
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b, AREICED, I rax)h—8T 7 F_—¥—Th D DS-7309 DT
WRZ > MR X ~OE G THOLNTB T OIRKOER ORI, bz iE
WLARNA LAY AN K VFERSINDRTFAREREDOLDOTHY | S HITRE)
W) DFFGEI D> OB AR BE DB 53R S 7z, D F U | DS-7309 [3A 7 IS B
EALCHEEZERL L TOWDHDTIERL, A A > & RIBRICRENM O IE %2
LTI A2 EEZ LTWD LEX bz, 2. RE O ik
IZE DAL DM - NRERIE 3R AERIE I BRAERTE TH O, MGl 11 BIZER
O DM T Bk & KSR T B O BEAEHEED N U —Td D At mg
ETz, Uik, R LY . BEMWOMKMBER G 12525 VU A 712 o0WTHiT-
PRAVRLMG B A, IR 3R PBE R IR TR R SE & IR S D BRI, b E oY) 72€ =
Z—RkRary he— ULV EFOIREBOFREZS ZENEETHDL EE X
bz,
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SRERE - M5 10 H CHRAE (OV) D3RR S AVIRFE A3 BHAA L7z, Jrlkn 11 H CIRXIRRIEMA LIRAR (OC) 2k L., MfMEE T &k (pNR)
DRZAREIAEH LKEER (LP) 2% Lz, F7o, IRZE (0S) XA L7, MBln 12 BIZITIREIEMAE & 20 MM (NR) &
O sE B2 (RPE) 233848 L7z, KdnfBin (LV) I3REEOKAAE LM (PLE) & RiBEOKERAE LM (ALE) 2> DAKY | ATREES
AT ER (pCO) IZHEL Tz, RS 13 705 14 H Tld, BEEOKEMA ERHIEED S K S ARERHERAD (LF) 23R L TR IARIIZEDS
R L. KSR AHRRHERI I DEE U COKBIHERIE L 7r o 72, IRl 15 H CIXARE (CO) MRk Siv, i L, shebikiEiiafg (ONL),
AR EEREIEE (INL) . S OMEARESHERE O 3 Jglz o iz, BRle 15 206 20 BIZ2NT T, 1% (IR), B (CB). IRiE (LID) 23%
ELT,

A LAY URE BB 10 B CIIHREE & FIERICIRI S TE R S A= 23, Ialin 11 B AR O IRIFS AT HRAE & 70 > Tuhe, fGlln 11 B TIZARAR
DRDO LAY, JalE 12 H TIRAM K OUKERARE (LP1) 23384 L7o2s, Fhidaes & Mt 32 F R o ZEmiiskfs LTl v IR/ =14
a2 Uic, Bl 13 5 15 BT T COREBMERMERIIZIINAEE L T 63, T RIT AR+ TKBIRIEN AT U, B E N ERE LT (),
Jaln 17 725 20 HIZHNT T, MK EIR DRI A OVEMER A B i, TR BREITGRD b o7, UL bEDZ Lt /NREREER
HERRERE (3R AR ITRK T 5 Z &R S T,
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