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Abstract

Valproic acid (VPA) plays a role in histone modifications that eventually inhibit the activity of histone deacetyl-
ase (HDAC), and will affect the expressions of genes Pdx1, Nkx6.1, and Ngn3 during pancreatic organogenesis.
This experiment was designed to study the effect of VPA exposure in pregnant rats on the activity of HDAC that
controls the expression of genes regulating the development of beta cells in the pancreas to synthesize and secrete
insulin. This study used 30 pregnant Sprague-Dawley rats, divided into 4 groups, as follows: (1) a control group of
pregnant rats without VPA administration, (2) pregnant rats administered with 250 mg VPA on day 10 of preg-
nancy, (3) pregnant rats administered with 250 mg VPA on day 13 of pregnancy, and (4) pregnant rats adminis-
tered with 250 mg VPA on day 16 of pregnancy. Eighty-four newborn rats born to control rats and rats
administered with VPA on days 10, 13, and 16 of pregnancy were used to measure serum glucose, insulin, DNA,
RNA, and ratio of RNA/DNA concentrations in the pancreas and to observe the microscopical condition of the
pancreas at the ages of 4 to 32 weeks postpartum with 4-week intervals. The results showed that at the age of 32
weeks, the offspring of pregnant rats administered with 250 mg VPA on days 10, 13, and 16 of pregnancy had
higher serum glucose concentrations and lower serum insulin concentrations, followed by decreased concentra-
tions of RNA, and the ratio of RNA/DNA in the pancreas. Microscopical observations showed that the pancreas
of the rats born to pregnant rats administered with VPA during pregnancy had low immunoreaction to insulin. The
exposure of pregnant rats to VPA during pregnancy disturbs organogenesis of the pancreas of the embryos that
eventually disturb the insulin production in the beta cells indicated by the decreased insulin secretion during post-
natal life.
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INTRODUCTION

The beta cells are cells that play a role in the synthesis
and secretion of insulin (1). A defect in the development
of beta cells during organogenesis will affect the capacity
and ability of beta cells to synthesise and secrete insulin
(2). Insulin plays a role in facilitating glucose transport
from the circulation into the cells to maintain a normal
blood glucose concentration (3). A decrease in insulin
secretion, malfunction of insulin receptors, or a combina-
tion of both (4) can lead to hyperglycaemia, which is a
sign of diabetes mellitus, especially type 2 diabetes melli-
tus (5). Generally, when the diagnosis is made, the func-
tional capacity of beta cells has decreased to the level of
30% to 50% of the original capacity (6).

The growth and development of the pancreas are regu-
lated by a specific control molecule derived from the dif-
ferentiation of progenitor cells and are influenced by the
signalling and transcription pathways (2). The develop-
ment of the pancreas consists of two transitional regula-
tions that begin on day embryonic day 8.75 to day 12.5,
with the formation of buds on the endoderm layer and pro-
liferation of the cells followed by a quick cell growth that
eventually increases the size of the cells. In the growth of
the pancreas, there is a change in the morphogenesis of
tubular structures called the primary transition. In this pri-
mary transition, the epithelial cells have not yet under-
gone the process of differentiation (7). In the secondary
transition regulation, the epithelial cells of the pancreas
expand the branching followed by the process of differen-
tiation of endocrine cells, acinar cells, and ducts, which
occurs on embryonic day 12.5 to birth (8).

The exposure of embryos to valproic acid (VPA) during
this embryonic stage of pregnancy can interfere with the
expression of genes that play a role in the development of
the pancreas, such as the Pdx1, Nkx6.1, and Ngn3 genes
(9). The Pdx1 gene acts as the central onset of the signal-
ing complex and transcriptional regulation tissue that reg-
ulate the proliferation and differentiation of the pancreas
(9). The Nkx6.1 gene controls the branching of the tip and
trunk portion of the pancreas. The tip will develop into the
exocrine pancreas, whereas the trunk will develop into the
endocrine pancreas. The Ngn3 gene plays a role in express-
ing progenitor cells during the development of pancreatic
beta cells (10).

Exposure of the embryos to VPA during pregnancy, espe-
cially during organogenesis, can cause abnormalities in the
structure and function of the pancreas that are expressed
after birth (11). The abnormalities occur because of spe-
cific factors that affect the proliferation and differentia-
tion of cells during embryonic development (12). VPA is
an antiepileptic drug that affects histone modifications
during cell proliferation and differentiation by affecting
the activity of histone deacetylase (HDAC) (13). Struc-

tural modifications of histones can be made by acetyla-
tion or de-acetylation, which are important in modulating
gene expression (14), and are activated or repressed by
histone acetyl transferase (HAT) and HDAC, respectively.
HAT enzymes loosen the DNA conformation, which causes
the facilitation of gene transcription (activation), whereas
HDAC tightens the DNA conformation, which causes
inactivation of gene transcription (repression) (15). The
purpose of this study is to investigate the ability of VPA to
inhibit organogenesis of the fetus, and the effects on the
development of pancreatic beta cells, which play a role in
the synthesis of insulin.

MATERIALS AND METHODS

Animals. Thirty female Sprague-Dawley rats were
obtained from the Animal Maintenance Unit of the Fac-
ulty of Veterinary Medicine, Bogor Agricultural Univer-
sity. The experimental rats used were aged 3 to 4 months
and had a body weight of 200 to 250 g. The experimental
rats were injected with PGF2a (Noroprost®, Hyperdrug
Pharmaceuticals Ltd, Durham, North East England) to
synchronise the estrous cycle. After synchronisation, the
experimental rats were mixed with male rats, and vaginal
swabs were used to detect sperm to determine day 0 of
pregnancy.

Treatment. During pregnancy, the experimental female
rats were separated from male rats and grouped into 4
treatment groups. The first group was the pregnant experi-
mental rats without administration of VPA (control group,
T0). The second group was the pregnant experimental rats
administered with VPA (Depakote, Abbott Laboratories)
in a single dose of 250 mg orally on day 10 of gestation,
coinciding with the Pdx1 gene expression (T1). The third
group was the pregnant experimental rats administered
with VPA in a single dose of 250 mg orally on day 13 of
gestation coinciding with the expression of the Nkx6.1
gene (T2). The fourth group was the pregnant experimen-
tal rats administered with VPA in a single dose of 250 mg
orally on day 16 of gestation coinciding with the expression
of the Ngn3 gene (T3). The rats were maintained during
pregnancy. After birth, the offspring were maintained with
their maternal rats for 4 weeks postpartum. At the age of 4
weeks, the offspring were separated from their maternal
rats. A total of 84 offspring rats were used in the experi-
ment. The offspring were euthanised at the ages of 4, 8§,
12, 16, 20, 24, and 32 weeks, respectively. The pancreas
was isolated for measurement of insulin secretion in the
islets of Langerhans of the pancreas (beta cells) by immu-
noreaction to insulin and glucagon. Concentrations of DNA,
RNA, and the ratio of RNA/DNA in the pancreas of the
offspring rats were also measured. Blood samples were
collected to measure serum concentrations of insulin and
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glucose in the offspring. The experiment was conducted
according to the Animal Ethics issued by the Department
of Pathology of Bogor Agricultural University (SKEH
Number: 031/KEH/SKE/IV/2015).

Preparation of specimens. Prior to organ harvesting,
84 experimental offspring rats were anaesthetised with a
combination of ketamine and xylazine. Once the rat was
deeply anaesthetised, the pancreatic organs were harvested,
and the organs were cleaned using physiological saline.

Measurements of DNA and RNA concentrations in
the pancreatic tissue. DNA and RNA from the pan-
creas of 84 offspring rats were measured using 0.5to 1 g
of pancreatic tissue. The samples were dried in an oven at
60°C for 3 days; then, the dried pancreas tissue was crushed
into powder. Concentrations of DNA and RNA in the pan-
creatic tissue were determined using the Genomic DNA
Mini Kit (tissue) and a total RNA Mini Kit (tissue), respec-
tively, by following the manufacturer’s instructions (Gene-
aid, PT Genetics Science, Jakarta, Indonesia).

Measurements of serum insulin and glucose concen-
trations. The serum glucose concentrations of the oft-
spring rats were measured by the enzymatic colorimetric
method using glucose/GOD-PAP kits (Human Co. Ltd.,
Wiesbaden, Germany). Serum insulin concentrations were
measured by enzyme-linked immunoassay (ELISA), using
RayBio Rat Insulin ELISA Kit Catalog #: ELR-Insulin
(RayBiotech, Inc., Norcross, Greece).

Immunohistochemistry. The preparation of histology
for pancreatic organs, photography, and the reading of the
preparations were conducted in the Pathology Laboratory
and the Histology Laboratory, Faculty of Veterinary Medi-
cine, Bogor Agricultural University. Preparations of paraf-
finised pancreatic tissue were deparaffinised with xylol and
rehydrated with graded alcohol and water. Most prepara-
tions were stained by immunohistochemistry (IHC) by fol-
lowing the manufacturer’s instructions (Biozatix, PTBiozatix,
Jakarta, Indonesia) for insulin and glucagon. Observation of
immunohistochemical preparation was conducted using a
light microscope (Olympus, Luzhou, Taipei).

Statistical analysis. The collected data on glucose,
insulin, DNA, RNA, and ratio of RNA/DNA concentra-
tions of the offspring rats were analysed using analysis of
variance (ANOVA). All of the data analysis was done by
the general linear model procedure in SPSS version 23.
Results were expressed as mean standard deviation (SD);
if there was a specific difference (p < 0.05) in the mean of
each group, the Duncan pos-hoc test was conducted (16).
Qualitative analysis of the microscopic feature of immu-
nohistochemistry staining was performed using a light

microscope (Olympus).
RESULTS

DNA concentrations. The exposure of embryos to
VPA during organogenesis affects the cell cycle process,
thereby inhibiting the proliferation and differentiation of
pancreatic cells, as shown by the low concentration of
pancreatic DNA of the offspring rats born to pregnant rats
administered with 250 mg VPA on days 10, 13, and 16 of
pregnancy. Concentrations of pancreatic DNA are summa-
rized in Table 1. The decrease in pancreatic DNA concen-
trations of offspring rats born to pregnant rats administered
with VPA on days 10, 13, and 16 of pregnancy was found
consistently at the ages of 4, 8, 12, 16, 20, and 24 weeks
postpartum. At the age of 32 weeks, even though it was
not significantly different, DNA concentration of the off-
spring rats born to pregnant rats administered with VPA
on days 10 (7.81 £ 0.39 ug/mg) and 16 (7.92 +0.06 pg/
mg) was numerically lower compared with those born to
pregnant rats without administration of VPA (8.11 £ 0.56
png/mg). The offspring rats born to pregnant rats adminis-
tered with VPA on day 13 of pregnancy (8.36 + 0.00 pg/
mg) was higher compared with those born to pregnant rats
without administration of VPA.

RNA concentrations. The decreased DNA concentra-
tion was followed by a decrease in RNA concentration in
the pancreas of the offspring rats born to pregnant rats
administered with VPA on days 10, 13, and 16 of preg-
nancy. At the ages of 4, 8, 12, 16, 20, 24, and 32 weeks
postpartum, pancreatic RNA concentrations of offspring
rats born to experimental pregnant rats administered with
VPA were lower compared with offspring rats born to con-
trol pregnant rats without VPA administration. The decrease
in pancreatic RNA concentrations in offspring rats born to
experimental pregnant rats administered with VPA on
days 10, 13, and 16 of pregnancy was evident during the
period of 32 weeks postpartum (9.43 + 0.11 pg/mg, 10.08 £
0.10 pg/mg, and 10.03 £ 0.55 pg/mg, respectively), com-
pared with control offspring rats (12.33 £ 0.79 pg/mg)
(Table 1).

Ratio of RNA/DNA concentrations. Ratio of RNA/
DNA concentrations. The ratios of RNA/DNA in the pan-
creas of offspring rats at the age of 4 weeks postpartum
were different (p <0.038), and the highest ratios were
found in the offspring rats born to the experimental preg-
nant rats administered with VPA on day 13 of pregnancy,
followed by those born to pregnant rats administered with
VPA on day 10, control offspring rats, and those born to
pregnant rats administered with VPA on day 16 of preg-
nancy. At the ages of 12 and 16 weeks postpartum, the
highest ratios of RNA/DNA were found in the offspring
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Table 1. Concentrations of DNA, RNA, and ratio of RNA/DNA in the pancreas of offspring

Parameter Time (weeks) Group (mean value + SD) ANOVA
(n=3) TO Tl T2 T3 ®)

4 927+ 1.05 7.85+0.39 8.20+ 0.09 8.66 + 0.01 0.066
8 8.76 + 0.48" 8.39 + .09 8.09+0.28" 8.32 £ 0.00® 0.010
DNA 12 8.84 £ 0.54 8.10 + 0.49 8.27 £ 0.09 8.09+0.15 0.118
concentration 16 9.16 + 0.60° 8.39 +0.08" 8.19 £ 0.09° 8.09 £ 0.09" 0.011
(ug/mg) 20 8.69 + 0.36" 8.52+0.15% 7.45 +0.02° 8.18 +0.09° 0.000
24 8.43 +0.48° 7.64+0.33 8.13+0.13® 8.31 % 0.06" 0.051
32 8.11+0.56 7.81+0.39 8.36 + 0.00 7.92 +0.06 0.284
4 10.85+0.71° 10.06 + 0.00% 10.82 + 0.20° 9.83 +0.44° 0.041
8 10.66 + 0.39° 10.13+0.07° 10.25 +0.23%® 10.02 £ 0.12° 0.049
RNA 12 11.01+0.27° 9.48 +0.03¢ 10.29 + 0.05° 10.68 +0.13" 0.000
concentration 16 10.87 + 0.50° 9.50 + 0.00° 10.19+ 0.04° 10.73 £ 0.21° 0.001
(ug/mg) 20 11.16 £ 0.53" 9.41£0.16° 8.99 +0.17° 10.02 +0.12° 0.000
24 12.65 + 0.25° 9.44+0.11° 10.12 £ 0.09° 10.14 +0.31° 0.000
32 12.33+0.79° 9.43+0.11° 10.08 +0.10° 10.03 +0.55° 0.000
4 1.18+£0.11™ 1.28 +0.06™ 1.32£0.01° 1.14 £ 0.05° 0.038
Ratio 8 1.22 +0.06 1.21+0.01 1.27+0.04 1.21+0.01 0213
RNA/DNA 12 1.25+0.08 i 1.17+0.07 124 +0.01 i 1.32+0.03 0.078
concentration 16 1.19+0.13° 1.13+0.02° 124+ 0.012 133+ 0.042 0.047
20 1.28 +0.03° 1.10 + 0.04° 1.21+0.02 1.23+0.02 0.000
(ng/mg) 24 1.50 010" 1.24 +0.06" 1.25+0.02" 122 +0.04" 0.002
32 1.53+0.16" 1.21 £0.06° 1.21+0.01° 1.27 £0.07° 0.012

““Different superscripts in the same row indicate a significant difference (p < 0.05). Analysis of variance (ANOVA) was performed to verify
the differences between the average treatment and the control treatment obtained from the test results.

rats born to pregnant rats administered with VPA on day
16 of pregnancy followed by those born to control preg-
nant rats administered with VPA on day 13 of pregnancy.
At the ages of 20, 24, and 32 weeks postpartum, the high-
est RNA/DNA ratio was found in the experimental off-
spring rats born to pregnant rats without VPA administration.
At the age of 32 weeks postpartum, the ratio of RNA/DNA
in the pancreas of offspring rats born to control pregnant
rats without VPA administration, and those administered
with VPA on days 10, 13, and 16 of pregnancy, were 1.53 +
0.16 pg/mg, 1.21 +0.06 pg/mg, 1.21+0.01 pg/mg, and
1.27 +£ 0.07 png/mg, respectively (Table 1).

The ratio of RNA/DNA in the pancreas of offspring rats
at the age of 4 weeks postpartum were different (p < 0.038),
and the highest ratios were found in the offspring rats born
to the experimental pregnant rats administered with VPA
on day 13 of pregnancy, followed by those born to rats
administered with VPA on day 10 pregnancy, control oft-
spring rats, and those born to rats administered with VPA
on day 16 of pregnancy. At the ages of 12 and 16 weeks
postpartum, the highest ratio of RNA/DNA was found in
the offspring rats born to rats administered with VPA on
day 16 of pregnancy followed by those born to control rats
administered with VPA on day 13 of pregnancy. At the
ages of 20, 24, and 32 weeks postpartum, the lowest RNA/
DNA ratio was found in the offspring rats born to preg-
nant rats administered with VPA compared with offspring

rats born to control pregnant rats without VPA administra-
tion. At the age of 32 weeks postpartum, the ratio of RNA/
DNA in the pancreas of offspring rats born to control preg-
nant rats without VPA administration, and those adminis-
tered with VPA on days 10, 13, and 16 of pregnancy, were
1.53 £0.16 pg/mg, 1.21 £0.06 pg/mg, 1.21+£0.01 pg/mg,
and 1.27 + 0.07 png/mg, respectively (Table 1).

Serum insulin and glucose concentrations. The abil-
ity of VPA to affect gene expression during organogenesis
results in a decrease in the ability of RNA to synthesise
proteins, which was seen in the low pancreatic insulin
concentrations. Serum insulin concentrations at the ages of
4 and 8 weeks postpartum were found to be lower in the
offspring rats born to rats administered with all doses of
VPA during pregnancy compared with control offspring
rats. The lower serum insulin concentrations in the off-
spring rats born to pregnant rats administered with VPA
were also associated with the lowest concentrations of
pancreatic DNA and RNA, and the highest serum glucose
concentration. Serum insulin and glucose concentrations
of the offspring rats are shown in Table 2. At the age of 12
weeks postpartum, there was an increase in insulin con-
centration in the experimental offspring rats born to rats
administered with VPA on day 13 of pregnancy (10.94 +
0.69 ulU/mL), resulting in a decrease in glucose levels
(108.80 + 5.14 mg/dL), which was almost equal to glu-
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Table 2. Concentrations of insulin and glucose in offspring
Time (weeks) Group (mean value + SD) ANOVA
Parameter s
(n=3) TO Tl T2 T3 ®)

4 16.42 +1.33° 5.18+0.55 4.59+0.05" 436+0.72° 0.000
8 8.15+ 1.96 539+ 1.01° 3.97 £0.43" 4.49 +0.41° 0.009
Insulin 12 7.03 +0.32° 7.06 +1.02° 10.94 % 0.69° 4.06 £ 1.06° 0.000
concentration 16 5.70 = 0.96° 8.39 +0.97® 973 +£2.14° 6.64 + 0.82" 0.025
(uIU/mL) 20 336+0.71° 423 +£0.50° 4.09+0.23° 20.55 + 0.36° 0.000
24 30.73 + 1.09° 3.94+0.82° 7.18 £0.45° 3.45£0.15° 0.000
32 791+0.17° 3.68 +0.05 2.77 + 0.64° 3.27+0.05° 0.000
4 101.00 = 7.81° 143.67 £ 17.21° 147.78 + 17.40° 130.10 = 15.19° 0.019
8 98.50 +9.34° 134.00 = 6.73° 157.00 +21.36° 141.02 + 13.22° 0.005
Glucose 12 107.98 +9.11° 126.76 + 0.58" 108.80 + 5.14° 135.33 + 12.85" 0.009
concentration 16 117.70 + 1.09° 125.67 +2.75° 143.00 + 11.36 144.69 + 11.91° 0.010
(mg/dL) 20 117.75 £ 0.25° 166.51 £25.06°  139.50 +13.81° 114.64 + 7.40° 0.009
24 105.50 = 14.30° 168.17 +3.15° 161.26 + 11.53° 151.40 + 6.52° 0.000
32 120.50 = 1.73¢ 186.10£20.65°  214.85+13.82° 178.93 +7.21° 0.000

~dDjfferent superscripts in the same row indicate a significant difference (p < 0.05). Analysis of variance (ANOVA) was performed to verify
the differences between the average treatment and the control treatment obtained from the test results.

cose concentrations in the offspring rats born to control
pregnant rats without VPA administration, but lower than
those born to rats administered with VPA on days 10 and
16 of pregnancy (126.76+0.58 ulU/mL and 13533 £
12.85 pIU/mL, respectively). At the age of 16 weeks post-
partum, a lower insulin concentration was found in the
offspring rats born to pregnant rats without administered
with VPA (5.70 = 0.96 ulU/mL). The serum insulin con-
centrations in the offspring rats born to rats administered
with VPA on day 13 of pregnancy decreased from 10.94 +
0.69 plU/mL to 9.73 £ 2.14 pIU/mL, resulting in increas-
ing blood glucose concentrations from 108.80 + 5.14 mg/
dL to 143.00 £+ 11.36 mg/dL. At the age of 20 weeks post-
partum, the offspring rats born to rats administered with
VPA on day 16 of pregnancy showed an increased insulin
concentration (p <0.00) (20.55+0.36 plU/mL) compared
with the offspring rats born to rats administered with VPA
on days 10 and 13 of pregnancy. The increase in serum
insulin concentrations in the offspring rats born to rats
administered with VPA on day 16 of pregnancy was asso-
ciated with a lower serum glucose concentration (114.64 +
7.40 mg/dL) compared with offspring rats born to rats admin-
istered with VPA on days 10 and 13 of pregnancy and those
born to control maternal rats without VPA administration.
At the age of 24 weeks postpartum, serum insulin con-
centrations increased significantly (p <0.00) in control
rats (30.73 £ 1.09 ulU/mL) compared with the other ages.
This significant increase in serum insulin concentration
was reflected in the decreased serum glucose concentra-
tions (105.50 + 14.30 mg/dL).Therefore, at the age of 24
weeks postpartum, the offspring rats born to rats adminis-
tered with VPA on days 10, 13, and 16 of pregnancy had
lower serum insulin concentrations with higher serum glu-

cose concentrations compared with the control offspring
rats. At the age of 32 weeks postpartum, insulin concen-
trations in control offspring rats born to pregnant rats
without VPA administration were decreased (7.91 £0.17
plU/mL) (p < 0.00). However, serum insulin concentration
of the offspring rats born to pregnant rats administered
with VPA were lower compared with those of control off-
spring rats (Table 2).

Increased serum insulin concentrations in all groups of
offspring rats occurred at different growth periods. At the
age of 12 weeks postpartum, the highest concentration of
insulin was found in the offspring rats born to rats admin-
istered with VPA on day 13 of pregnancy. At the age of 16
weeks postpartum, serum insulin concentrations in the off-
spring rats born to rats administered with VPA on day 10
of pregnancy were increased, whereas at the age of 20
weeks postpartum, the offspring rats born to rats adminis-
tered with VPA on day 16 of pregnancy showed the highest
serum insulin concentrations. Serum insulin concentrations
changed at different growth periods in each of the mater-
nal groups.

Serum glucose concentrations in the offspring rats had a
negative correlation with serum insulin concentrations.
The decreased insulin concentrations increased blood glu-
cose concentrations. At the age of 32 weeks postpartum,
serum glucose concentrations in the control offspring rats
born to pregnant rats without VPA administration and
those born to rats administered with VPA on days 10, 13,
and 16 of pregnancy were consistently higher (Table 2).

Immunohistochemical measurement. The observa-

tions of immunohistochemical staining of pancreatic tis-
sue in all experimental offspring rats were conducted by
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Fig. 1. Immunoreactivity on the islets of Langerhans of the pancreas of the offspring rat. (A) Represents the immunoreactivity to
insulin levels from the islets of Langerhans of the pancreas of offspring rat. Representative images of these levels of immunoreactiv-
ity to insulin from the control group (T0), and islets of Langerhans in the treatment group on day 10, day 13, and day 16 of gesta-
tion (T1, T2, and T3) showed a low immunoreactivity to insulin (red arrow). (B) Represents the immunoreactivity to glucagon levels
from the islets of Langerhans in the pancreas of an offspring rat. Representative images of these levels of immunoreactivity to glu-
cagon from the control group (T0), and islets of Langerhans in the treatment group on day 10, day 13, and day 16 of gestation,
(T2, and T3), showed a high immunoreactivity to glucagon (blue arrow) on day 16 of gestation (T3).

looking at the population of beta cells and alpha cells. The
results of immunoreactive observation showed that insu-
lin and glucagon concentrations in the beta and alpha cells
underwent dynamic changes during 32 weeks of postnatal
life. At the age of 32 weeks postpartum, the beta cells in
offspring rats born to rats administered with VPA on days
10, 13, and 16 of pregnancy, showed low immunoreac-
tions to insulin compared with the beta cells in offspring
rats born to pregnant rats without administration of VPA,
which showed a high immunoreactivity to insulin (Fig. 1).

In immunoreaction to insulin imaging, the insulin con-
centrations in the pancreas of offspring rats born to rats
administered with VPA on days 10 (T1) and 16 (T3) of
pregnancy had lower immunoreaction to insulin compared
with the controlled rats born to pregnant rats without VPA
administration (T0), but higher immunoreaction to insulin
compared with the offspring rats born to rats administered
with VPA on day 13 of pregnancy (T2) (Fig. 1A).

At the age of 32 weeks postpartum, with regard to immu-
noreaction to glucagon imaging, the glucagon concentra-
tions in the pancreas of offspring rats born to rats ad-
ministered with VPA on days 10 (T1) and 13 (T2) of preg-
nancy had higher immunoreaction to glucagon than the
control rats born to pregnant rats without VPA administra-
tion, but immunoreaction to glucagon was higher on day
16 gestation (T3) compared with the offspring rats born to

rats administered with VPA on day 10 (T1) and day 13
(T2) of pregnancy (Fig. 1B).

DISCUSSION

VPA is an anticonvulsant drug with a broad spectrum in
the treatment of epilepsy (17). The use of VPA during preg-
nancy is known to cause a congenital malformation (18).
This effect is due to the ability of VPA to bind plasma pro-
tein (approximately 80~94%) (19), and protein-bound VPA
can be transferred into the developing embryo through the
placenta, both in animals and humans (20). The organs
developing during the exposure of the embryo to VPA will
be the targets of disruption (21). In addition to the stage of
exposure, the dose, the route of delivery, as well as the
type of compound itself affects the susceptibility of the
organ to disorder (22). It was concluded that the embryo
damage is formed by multiple factors contributed to by
both environmental and genetic factors (23).

The administration of VPA and the exposure of embryos
to VPA can interfere with cell cycle processes during
organogenesis that can affect cell proliferation and differ-
entiation (24), which is shown by the low concentrations
of DNA and RNA in the experimental offspring rats born
to pregnant rats administered with VPA, compared with
the control experimental offspring rats born to rats with-
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out exposure to VPA during pregnancy. The results of
DNA analysis in the offspring rats born to pregnant rats
administered with VPA on days 10, 13, and 16 of preg-
nancy showed a disruption in the cell cycle, through the
G1 checkpoint, so that the cell could not proceed to phase
S for DNA synthesis, resulting in the inhibition of organo-
genesis or uncontrolled cell proliferation that eventually
induced oncogenesis (25).

VPA works by inhibiting the activity of HDAC (26),
one of the histone modifications that play a role in epigen-
esis (27). VPA initiated by hyper-acetylation of histone
DNA (13,28,29) leads to hyper-acetylation in H4K16 (30).
Hyper-acetylation also occurs in H3K9, H3K14, H4KS5,
and H4K12 (31). Hyper-acetylation is one of the responses
to DNA damage (32). When DNA damage is detected, it
will generate cell sensors, such as ATM and ATR, and
activate various pathways. The main pathway is kinase,
which phosphorylates several targets including p53, which
is previously in an inactive state that binds to MDM2 (p53
inhibitor) at the time of phosphorylation. The binding of
MDM?2 to phosphate makes this molecule inactive. How-
ever, the binding of p53 to phosphate causes this mole-
cule to be activated (33), and induces transactivation of
p21 (Cipl/Wafl), which binds Gl-specific cyclin-CDK
complex and acts as a CDK inhibitor causing pRB to
remain bound to the E2F transcription factor; thus, there is
no transition of the cell cycle from G1 to S phase, and no
cell proliferation and differentiation (34).

The damage of DNA leads to the instability of RNA
synthesis (35), leading to a decrease in the ability of RNA
to synthesise proteins. The high concentration of RNA
indicates the high activity of genetic transcription of DNA
into RNA synthesis. If RNA is synthesised actively, then
the cells will grow faster. Therefore, the cell growth rate is
strongly associated with the ratio of RNA/DNA, which is
a form of expression of cell growth character in tissues.

At the age of 4 weeks postpartum, the ratios of RNA/
DNA in the offspring rats born to rats administered with
VPA on days 10 and 13 of pregnancy were high compared
with those of control offspring rats without exposure to
VPA during pregnancy. This result illustrates the ability of
the experimental rats to grow well by increasing their abil-
ity to synthesise RNA at low DNA concentrations, com-
pared with control animals, which have a balance of DNA
concentration with high RNA synthesis capability. The
RNA/DNA ratio is used to measure growth based on the
assumption that the amount of DNA, the main carrier of
genetic information, is stable under the changing environ-
mental condition in somatic cells of a species. However,
the amount of RNA is directly involved in protein synthe-
sis, which varies according to the life stages and sizes of
the organism in response to changes in environmental con-
ditions. At the age of 4 weeks postpartum, the offspring
rats born to rats administered with VPA on days 10 and 13

of pregnancy had good growth capabilities in environmen-
tal changes due to the administration of VPA during preg-
nancy by increasing RNA synthesis (36).

At the ages of 20, 24, and 32 weeks postpartum, it was
found that the ratio of RNA/DNA in the offspring rats
born to control pregnant rats without VPA administration
during pregnancy were higher compared with those of the
offspring rats born to rats administered with VPA on days
10, 13, and 16 of pregnancy. The results showed that the
offspring rats born to control pregnant rats without VPA
administration during pregnancy had good pancreas devel-
opment during embryonic growth. Growth is demonstrated
by the intensive protein synthesis during the active cell
growth and enlargement (37), indicated by constant con-
centrations of DNA. However, an increase in the RNA/
DNA ratio in the organ or tissue is an indicator of the pro-
tein-synthesis potential of a cell (38).

The ability of VPA to influence organogenesis of insu-
lin-producing beta cells is shown by the decreased RNA
concentrations, which directly illustrates the decrease in
protein synthesis (39). This condition was demonstrated
by the low insulin concentrations in the offspring rats born
to rats administered with VPA on days 10, 13, and 16 of
pregnancy at the age of 32 weeks postpartum compared
with the control offspring rats born to pregnant rats with-
out VPA administration during pregnancy.

The increased insulin concentrations in each treatment
occur in different growth periods, indicating the ability of
beta cells to increase insulin secretion by releasing pro-
insulin to decrease glucose concentrations. The increase in
pro-insulin secretion is associated with the dysfunction
and loss of beta cells of the pancreas (40). Hyper-pro-insu-
linaemia is expressed as an effect of beta cell breakdown,
which is indicated by hyperglycaemia. In long-term stud-
ies, the measurements of insulin and pro-insulin secretions
and concentrations could be used as independent predic-
tors of type 2 diabetes (41).

Blood glucose concentrations are regulated by insulin
through the mechanism of glucose transport or absorption
capacity from circulating blood into the using tissues,
thereby lowering blood glucose concentrations (42). Low
or reduced insulin concentration in the circulation could
be caused by the dysfunction of pancreatic beta cells or
high glucose uptake in peripheral tissue, or both, leading
to early abnormalities in peripheral tissue (insulin resis-
tance) and subsequently followed by pancreatic beta cell
dysfunction (43). The increased blood glucose concentra-
tion is a major factor that stimulates beta cells to synthe-
sise and secrete insulin.

Immunoreaction observation of glucagon in alpha cells
showed that the distribution of alpha cells in the pancreas
was higher in the offspring rats born to control pregnant
rats without VPA administration during pregnancy, indi-
cated by the presence of alpha cells in the peripheral part

pISSN: 1976-8257  elSSN: 2234-2753



180 K. Komariah et al.

of the islets of Langerhans. In the offspring rats born to rats
administered with VPA on days 10, 13, and 16 of preg-
nancy, the number of immunoreactive cells to glucagon
and the number of alpha cells were higher compared with
the control group. These increased parameters can be cor-
related with the increased DNA concentrations at the ages
of 16, 20, and 32 weeks postpartum in the offspring rats
born to rats administered with VPA on days 10 and 13 of
pregnancy, that were supposed to be due to the disruption
of transitional development from alpha cells to beta cells
(6).

The presence of impaired insulin concentrations indi-
cates that the enlargement of beta cell diameter is caused
by a compensatory mechanism due to insulin resistance
conditions (44), with immunohistochemical features show-
ing relatively less dense and smaller beta cells as an indi-
cator of decreased density of beta cells. The interspersed
nature of beta cells within the other, non-beta cells further
demonstrates the expansive and intrusive conditions of
alpha cells toward the central part, suggesting an increase
in the number of alpha cells (45,46). The expansive and
intrusive conditions of alpha cells were observed in the
microscopic photo of the pancreas in the offspring rats
born to rats administered with VPA on day 16 of pregnancy.

The administration of VPA on days 10, 13, and 16 of
pregnancy is associated with gene expression that plays a
role in the development of the pancreas, especially pancre-
atic beta cells. The administration of VPA on day 10 of
pregnancy is associated with the expression of the Pdx1
gene, which plays an important role in the early steps of
pancreatic development (47). The day 13 of pregnancy is
associated with the expression of the Nkx6.1 gene, which
plays a role in beta cell neogenesis through trans-differen-
tiation of pancreatic progenitor cells; and, this process
determines the number of beta cells at birth (48). Day 16
of pregnancy is associated with the expression of the
Ngn3 gene that plays a role in the formation of the islets
of Langerhans (49), and the differentiation of the pancre-
atic endocrine region associated with the production of
insulin (50). Pdxland Nkx6.1 gene expressions occur in
the critical period of organogenesis, causing a greater dam-
age than was expressed by the Ngn3 gene after a critical
period.

The inhibitory activity of HDAC by VPA may affect the
process of pancreatic organogenesis of offspring during
pregnancy. VPA works by inhibiting the activity of HDAC,
one of the histone modifications that plays a role in epi-
genesis. VPA initiated by hyper-acetylation of histone DNA,
which is demonstrated by decreased RNA, RNA/DNA
ratio, and insulin in rats whose mothers were given VPA at
10, 13, and 16 days of pregnancies, results in increased
glucose levels, supported by microscopic observations
using immunohistochemical staining showing low immu-
noreactivities of insulin of pancreatic beta cells of experi-

mental offspring rats born to experimental pregnant rats.
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