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Abstract: Background: Sodium valproate (VPA) is an antiepileptic drug (AED) licensed for epilepsy
and used during pregnancy in various indications. Alpha-lipoic acid (ALA) is a natural compound
inducing endogenous antioxidant production. Our study aimed to investigate the effect of prenatal
administration of VPA on the pancreas of rat offspring and assess the potential protective role of
ALA co-administration during pregnancy. Methods: Twenty-eight pregnant female albino rats were
divided into four groups: group I (negative control), group II (positive control, ALA treated), group
III (VPA-treated), and group IV (VPA-ALA-treated). The pancreases of the rat offspring were removed
at the fourth week postpartum and prepared for histological, immune-histochemical, morphometric,
molecular, and oxidative stress marker studies. Results: In group III, there were pyknotic nuclei,
vacuolated cytoplasm with ballooning of acinar, α, and β cells of the pancreas. Ultrastructural
degeneration of cytoplasmic organelles was detected. Additionally, there was a significant increase in
oxidative stress, a decrease in insulin-positive cell percentage, and an increase in glucagon positive
cells in comparison to control groups. Moreover, VPA increased the gene expression of an apoptotic
marker, caspase-3, with a decrease in anti-apoptotic Bcl2 and nuclear factor erythroid 2-related
factor 2 (Nrf2) transcriptional factor. Conversely, ALA improved oxidative stress and apoptosis in
group VI, and a consequent improvement of the histological and ultrastructure picture was detected.
Conclusion: ALA co-administration with VPA significantly improved the oxidative stress condition,
histological and morphometric picture of the pancreas, and restored normal expression of related
genes, including Nrf2, caspase-3, and Bcl-2. Administration of α-lipoic acid has a protective effect
against VPA-induced pancreatic oxidative damage via its cytoprotective antioxidant effect.

Keywords: valproic acid; alpha lipoic acid; pancreas; nrf2; bcl-2; caspase-3; oxidative damage;
antioxidants

1. Introduction

Antiepileptic drugs (AEDs) are commonly used during pregnancy and are prescribed in various
drug medication [1,2]. Sodium valproate (VPA) is a drug medication that was previously licensed
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for epilepsy and bipolar psychiatric disorders, as well as migraine prophylaxis [3,4]. Prenatal
administration of AED could be hazardous for the fetus because these drugs cross the placenta and
may be associated with adverse outcomes [5]. It is reported that valproate constitutes about 25% of
antiepileptic drugs prescribed in pregnancy despite its possible teratogenic effect [3,6].

Prenatal exposure of embryos to valproic acid, especially during the period of organogenesis,
can lead to abnormalities in the structure of the pancreas and, consequently, its function.
These abnormalities occur due to defects in proliferation and differentiation in pancreatic cells
during embryonic development [7,8]. Moreover, VPA is associated with the induction of oxidative
stress, inflammatory reactions including pancreatitis, and apoptosis [9–11].

Alpha-lipoic acid (ALA) is a naturally occurring dithiol compound. It is synthesized from octanoic
acid in the mitochondria. ALA has two forms: an oxidized form (lipoic acid) and reduced form
(dihydrolipoic acid, DHLA). DHLA acts as a potent antioxidant, and it is used as a readily available
dietary supplement. ALA improves endothelial function in patients with type-2 diabetes, Alzheimer’s
disease, and other conditions [12].

Besides the role of α-lipoic acid as a potent antioxidant, it also acts as an inducer of endogenous
antioxidant production. Moreover, it has a protective effect on hepatic and pancreatic injury [13].
It is safe to be administered during pregnancy, and no adverse effect was reported in mothers or
newborns [14].

The purpose of this study is to investigate, at ultrastructure, biochemical, and molecular levels,
the effect of prenatal administration of valproic acid on the pancreas of rat offspring, and to assess the
potential protective role of ALA co-administration during pregnancy.

2. Materials and Methods

2.1. Chemicals

• Sodium valproate (VPA): in the form of Depakine ampoule (4 mL) in a concentration of 100 mg/mL,
it was purchased from Sanofi Aventis France Company (Paris, France).

• Alpha-lipoic acid (ALA): purchased from Sigma-Aldrich (T5625: Sigma-Aldrich, St. Louis, MO,
USA) in the form of a faint yellow powder, 25 g.

2.2. Experimental Protocol

The experimental protocol of the study was approved by the Institutional Review Board (IRB) of
the Faculty of Medicine, Mansoura University (code number: R.19.12.695.R1.R2). Animals were used
per the Animal Welfare Act, and Guide for Care Use approved by Mansoura Experimental Research
Center. Female Sprague Dawley albino rats weighing 200–250 g were used. They were matched
with male rats overnight. Copulation was confirmed by plug control examination every morning.
The presence of a plug in the vagina was considered as day zero of gestation. After evident pregnancy,
a total of 28 pregnant females were housed in metal cages with meshes. They were maintained with
free access to commercial food consisting of standard laboratory rat chow and had free access to
drinking water. The pregnant rats were allocated equally into four groups, as follows.

Group I (negative control group): included seven rats received an intraperitoneal injection of
saline. Group II (positive control group): included seven rats received ALA by intraperitoneal injection
at a dose of 30 mg/kg body weight in Tris buffer (pH = 7.4) between gestational days 0 and 15 [15].
Group III (VPA-treated group): included seven pregnant rats; received valproic acid at a single dose of
600 mg/kg (6 mL/kg body weight) by intraperitoneal injection on day 13 of gestation [16]. Group IV
(VPA- and ALA-treated group): included seven pregnant rats; treated with VPA as in group III and
received ALA through intraperitoneal injection at a dose of 30 mg/kg body weight between gestational
days 0 and 15.



Biology 2020, 9, 239 3 of 17

2.3. Sampling and Preparation of the Specimen

The experiment started with a total number of 63 pups, 28 pups died during the course of
the experiment, 35 pups completed, so the pup mortality rate in the model was 44% (28 out of
63) and finally, we selected 28 pups for the statistical analysis. At the age of 4 weeks postpartum,
seven pups were selected from each experimental group. After 12 h overnight fasting, each rat was
anesthetized by ether, and a three milliliters blood sample was collected under the aseptic condition
from retro-orbital venous plexus using a disposable plastic syringe. Blood samples were withdrawn
and used for serum preparation, stored at −80 ◦C for biochemical analysis of catalase activity, reduced
glutathione (GSH) and superoxide dismutase (SOD). All pups of experimental rats from each group
(total 28) were sacrificed under diethyl ether anesthesia, and the pancreas was removed for histological,
immunohistochemical, biochemical, and molecular studies.

The pancreas was excised, weighed, divided, and immediately frozen in liquid nitrogen or fixed
in 10% buffered formalin. Paraffin sections (4–5 µm thick) were prepared and stained with H&E stains
(the first specimen). The second pancreatic tissue specimen was prepared for electron microscopic
examination. The liquid nitrogen frozen pancreatic tissue sample (the third specimen, 48 mg in weight)
was used for total RNA extraction and real-time qPCR analysis of expression of Nrf2, caspase-3,
and Bcl-2. Tissue homogenate for biochemical investigation was also prepared for MDA and total
antioxidant activity (TAC).

2.4. Histological Study

The histological study of our work started by the fixation of pancreatic specimens from experimental
rat offspring in Bouin solution followed by dehydration in ascending series of alcohol, clearing in
two changes of xylene and embedding in paraffin. After embedding, 5–6 µm thickness sections were
obtained, mounted on clean slides, and stained with hematoxylin and eosin (H&E) according to
Bancroft and Layton [17].

2.5. Electron Microscopic Study

The pancreas was cut into small parts and fixed in 2.5% glutaraldehyde with Sodium Cacodylat
buffer (0.1 M, pH 7.2) for about 2 h. After that, the samples were washed using the same buffer,
and then post-fixation was done by using osmium tetroxide with phosphate-buffer (1%) for 2 h at room
temperature. The samples were dehydrated in an increasing concentration of ethanol then immersed in
propylene oxide. Semithin sections were stained with toluidine blue and examined by light microscope.
Then the samples were sectioned (at 80–90 nm) and stained with uranyl acetate and lead citrate [18].
The examination was done with a transmission electron microscope (JEOL TEM CS 100) in the Electron
Microscopic Unit, Faculty of Science, El-Shatby, Alexandria University, Alexandria, Egypt.

2.6. Immunohistochemical (IHC) Study

Immunohistochemical procedures for insulin and glucagon were carried out by using the
streptavidin-biotin-peroxidase staining technique [19]. Sections were deparaffinized, rehydrated via
decreasing concentrations of alcohol. To quench the endogenous peroxidase and the non-specific
binding spots for antibodies, the sections were washed with hydrogen peroxide (0.3%) for 20 min and
normal bovine serum (1:5 diluted TRIS) for another 20 min at room temperature, respectively. Slides
were washed in phosphate-buffered saline and put in 10% normal goat serum for 30 min to reduce
non-specific binding. Then incubation of the specimen was done for 1 h with anti-sera containing
primary antibodies for insulin antibody (Pig polyclonal antibody, A0564; Dako, Carpentaria, CA, USA,
1:100) (No. P01315, Q9TSJ5) and for glucagon antibody (cat #PA5-13442) (rabbit polyclonal antibody,
supplied by Thermo Fisher Scientific, Cramlington, UK, 1:50). Then incubated again with biotinylated
secondary antibody (Dako-K0690; Dako Universal LSAB Kit, 1:100) and streptavidin horseradish
peroxidase (Dako-K0690) for 30 min, and then 3,3′-diaminobenzidine tetrahydrochloride (Sigma-D5905;
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Sigma-Aldrich Company Ltd., Gillingham, UK) substrate kit for 10 min for immunolabelling. Lastly,
the sections were counterstained by hematoxylin, dehydrated, cleared, and mounted in DPX. Negative
control sections were prepared in the same way after omitting the primary antibody.

For morphometric analysis of insulin and glucagon immunoreactivity, all of the
immunohistochemically stained sections were examined for the insulin and glucagon hormones.
For calculation of the percentage of the positive cells of each hormone in each islet, all islets (in at least
five high-power fields) were selected, and the whole number of nuclei in each of them was calculated.
The average percentage of the positive cells for each hormone was obtained. This morphometric
assessment was done via the Database Manual Cell Sens Life Science Imaging Software System
(Olympus Corporation, Tokyo, Japan).

2.7. Biochemical Analysis

Estimation of pancreatic tissue content of malondialdehyde (MDA) was done by using the
thiobarbituric acid reaction explained by Draper et al., and the result was stated in nmol/g tissue [20].
Total antioxidants were analyzed according to the method described by Koracevic et al. via the kit
(Cat. No. # TA 25 12) delivered from Bio-Diagnostics, Dokki, Giza, Egypt. The result was presented as
mmol/L [21].

Catalase activity (Catalase Activity Assay Kit-ab83464, Abcam, Hong Kong, China) reduced
glutathione (Reduced Glutathione (GSH), Endogenous antioxidant ab142044, Abcam) and Superoxide
Dismutase (SOD) (Superoxide Dismutase Activity Assay Colorimetric Kit-ab65354, Abcam) were
determined according to the manufacturer’s instruction in serum samples [22–24]. The parameters
were represented as U/mL, µmol/mL, and U/mL, respectively.

2.8. Molecular Study

Real-Time qPCR (RT-qPCR): Total RNA from rat pancreatic tissue samples (≈25 mg) was extracted
using Trizol Reagent (Invitrogen) according to the manufacturer instructions. Reverse transcription
reaction for cDNA synthesis was performed with ≈250 ng total RNA using Maxima First Strand cDNA
Synthesis Kit (Thermo Scientific, Waltham, MA, USA, cat No. #K1641). The rat pancreatic mRNA
expression of Nrf2, caspase-3, and Bcl-2 were quantified by real-time PCR on the Applied Biosystem
7500, real-time PCR detection system (Life Technology, Carlsbad, CA, USA) with Applied Biosystem
SYBR® Green PCR Master Mix (2X) (Life Technology, USA, cat. No. 4344463). Reaction mixtures were
incubated for 10 min at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C, 1 min at 60 ◦C and, finally, 15 s at
95 ◦C, 1 min at 60 ◦C, and 15 s at 95 ◦C. The primer sequences used were rat Nrf2: forward, 5′-CAC ATC
CAG ACA GAC ACC AGT-3′; reverse, 5′-CTA CAA ATG GGA ATG TCT CTG C-3′ [25], rat caspase-3:
forward, 5′-GTG GAA CTG ACG ATG ATA TGG C-3′; reverse, 5′-CGC AAA GTG ACT GGA TGA
ACC-3′, rat Bcl-2: forward, 5′-TGT GGA TGA CTG ACT ACC TGA ACC-3′; reverse 5′-CAG CCA
GGA GAA ATC AAA CAG AGG-3′. The primers sequences for rat β-actin were 5′-AAG ATC CTG
ACC GAG CGT GG-3′ (Forward) and 5′-CAG CAC TGT GTT GGC ATA GAG G-3′ (Reverse) [26].
The expression of the analyzed genes was normalized to that of the internal control gene, the β-actin,
using the comparative ∆∆CT method.

2.9. Statistical Analysis

All the obtained data were presented as mean value ± SD. Comparisons were made via analysis
of variance followed by Tukey’s test, with SPSS for Windows (15.0 Version). Changes were considered
statistically significant when p < 0.05 and p < 0.01 highly significant.
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3. Results

3.1. Histological Results

3.1.1. Light Microscopic Results

Examination of H&E stained sections of the pancreas of the offspring of control groups (groups I
and II) revealed the normal histological exocrine and endocrine compartments of the pancreas.
The exocrine compartment was formed of several adjacent lobules of variable sizes and shapes
separated by thin, delicate fibrous connective tissue septa containing blood vessels. The endocrine
compartment (the islets of Langerhans) was observed among the exocrine one. (Figure 1a). The lobules
of the exocrine compartment exhibited many acini with narrow lumina occupied by small centroacinar
cells with oval nuclei. The acini were tightly packed and lined by pyramidal cells with basal, rounded
open face nuclei, and the cytoplasm appeared with basal basophilia and apical acidophilic zymogen
granules (Figure 1b). Islets of Langerhans were present among the acinar cells as pale pink oval or
rounded areas with no apparent capsule between them. It was formed of clusters of cells (peripheral α
cells and central β cells) with pale cytoplasm and rounded vesicular nuclei. These cells of islets were
disconnected by blood capillaries (Figure 1c).

In the pancreas of offspring of VPA exposed rats, hematoxylin and eosin-stained sections revealed
striking changes of both exocrine and endocrine compartments compared with that of control groups.
There was a widening of the interstitial tissue between the lobules (Figure 1d). Many acinar cells showed
pyknotic nuclei, vacuolated cytoplasm with ballooning of some cells. Acidophilic fibrillar cytoplasm
was detected in some acinar cells (Figure 1e). Pyknotic nuclei with ballooning and vacuolation of the
cytoplasm of α and β cells were also evident (Figure 1f). In group IV (VPA and ALA treated group) the
acini, exocrine, and endocrine compartments of the pancreas appeared as control groups apart from
vacuolation of the cytoplasm of some acinar cells (Figure 1g–i).

In the immunohistochemically stained sections of control groups, islets of Langerhans
demonstrated a strong positive cytoplasmic reaction in the form of brown granules when stained
with anti-insulin antibody (Figure 2a) and a mild reaction when stained with anti-glucagon antibody
(Figure 2b). The endocrine compartments of the offspring pancreas of group III (VPA treated group),
revealed a weak positive cytoplasmic reaction when stained with anti-insulin antibody (Figure 2c) and
a strong positive response when stained with anti-glucagon antibody (Figure 2d). In group IV (VPA
and ALA treated group), the immunohistochemically stained sections (anti-insulin and anti-glucagon)
were similar to control groups (Figure 2e,f).

3.1.2. Electron Microscopic Results

Electron microscopic examination of the pancreatic acini of control groups showed that the acinar
cells had basal, rounded, euchromatic nuclei. The basal part of the cytoplasm was occupied by parallel
cisternae of rough endoplasmic reticulum and mitochondria. In contrast, the apical region was occupied
by electron-dense spherical secretory (zymogen) granules (Figure 3a). The endocrine compartments of
the offspring pancreas of groups I and II was built chiefly ofβ cells that had euchromatic nuclei. Electron
dense secretory granules encircled by a clear space, mitochondria, rER, and Golgi apparatus were
detected in the cytoplasm of β cells (Figure 3b). α cells had euchromatic nuclei with prominent nucleoli,
and its cytoplasm showed mitochondria, rER, and electron-dense secretory granules (Figure 3c).
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Figure 1. Photomicrographs of H&E-stained pancreatic sections. Control sections (a–c). (a) The
pancreas of these groups consists of several adjacent lobules (L) of variable sizes and shapes separated
by thin septa (zigzag arrows) containing blood vessels (crossed arrow). Pale pink oval islets of
Langerhans (I) are also seen. (b) The lobules exhibit tightly packed acini (A) with narrow lumina
occupied by small centroacinar cells with oval nuclei (thick arrow). The cells of the acini are pyramidal
in shape with rounded, basal, and vesicular nuclei (arrow). The cytoplasm of them shows basal
basophilia (tailed arrow) and apical acidophilic zymogen granules (curved arrow). (c) The islets of
Langerhans (I) are present among the pancreatic acini (A) and formed of β cells (β) in the center of the
islets and peripheral α cells (α) with pale cytoplasm and rounded vesicular nuclei disconnected by blood
capillaries (crossed arrow). Sodium valproate (VPA) treated pancreatic sections (d–f). (d) Widening of
the interstitial tissue (asterisk) between the lobules (L) is noticed. (e) Many acinar cells show pyknotic
nuclei (arrows), vacuolated cytoplasm (V), and ballooning of some cells (B). Acidophilic fibrillar
cytoplasm is seen in some acinar cells (arrow head). (f) The islets of Langerhans (I) are present among
the pancreatic acini (A) and show pyknotic nuclei (arrows) with ballooning (B) and vacuolation (V) of
the cytoplasm of α (α) and β (β) cells. VPA and alpha-lipoic acid (ALA) treated pancreatic sections
(g–i). (g) The pancreas of this group consists of several adjacent lobules (L) separated by thin septa
(zigzag arrows) containing blood vessels (crossed arrow) and islets of Langerhans (I) (h) The lobules
exhibit many closely packed acini (A) with narrow lumina. The lumen of the acini is occupied by
centroacinar cells with oval nuclei (thick arrow). The cells of the acini are pyramidal in shape with
rounded, basal, vesicular nuclei (arrow) its cytoplasm has basal basophilia (tailed arrow) and apical
acidophilic zymogen granules (curved arrow). Vacuolated cytoplasm (V) is seen in some acinar cells.
(i) The islets of Langerhans (I) are present in between the pancreatic acini (A) and formed of β cells in
the center of the islets (β) and peripheral α cells (α) disconnected by blood capillaries (crossed arrow).
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Figure 2. Photomicrographs of immunohistochemically stained pancreatic sections. Control sections
(a,b). (a) An anti-insulin immune-reactivity of pancreatic islet showing brown-stained pancreatic β

cells with strong positive immune-reaction (arrowheads). (b) An anti-glucagon immune-reactivity
of pancreatic islet showing brown-stained pancreatic α cells with mild positive immune-reaction
(arrow). VPA treated pancreatic sections (c,d). (c) An anti-insulin immune-reactivity of pancreatic
islet showing brown-stained pancreatic β cells with mild positive immune-reaction (arrowheads).
(d) An anti-glucagon immune-reactivity of pancreatic islet showing brown-stained pancreatic α cells
with strong positive immune-reaction (arrow). VPA and ALA treated pancreatic sections (e,f). (e) An
anti-insulin immune-reactivity of pancreatic islet showing brown-stained pancreatic β cells with strong
positive immune-reaction (arrowheads). (f) An anti-glucagon immune-reactivity of pancreatic islet
showing brown-stained pancreatic α-cells with mild positive immune-reaction (arrow).Biology 2020, 9, x 8 of 18 
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Figure 3. Electron micrograph of control pancreatic sections. (a) The acinar cells have basal, rounded,
euchromatic nuclei (N), cytoplasm shows parallel cisternae of rough endoplasmic reticulum (R),
mitochondria (M), and electron-dense granules (G). (b) β cells of the islets of Langerhans have
euchromatic nuclei (N), and its cytoplasm is occupied by many electron-dense granules (G) encircled
by clear space, mitochondria (M), rER (R), and golgi apparatus (g). (c) α cells have euchromatic nuclei
(N) with prominent nucleoli (n), its cytoplasm is occupied by many electron-dense granules (G), rough
endoplasmic reticulum (R), and mitochondria (M).

Ultrastructural analysis of the offspring pancreas of group III (VPA treated group) revealed
noticeable changes in the acini, α cells, and β cells. Pancreatic acini appeared with small dense
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irregular heterochromatic nuclei, dilated disordered rough endoplasmic reticulum, and swollen
mitochondria. The apparent decrease in the secretory granules was noticed in some acini, and some
granules appeared degraded. Additionally, there were cytoplasmic vacuoles and autophagic vacuoles
(Figure 4a–d). Regarding β cells of the islets of this group, they appeared with small dense irregular
heterochromatic nuclei, and some nuclei appeared with perinuclear halos. Moreover, there were
dilated rough endoplasmic reticulum, swollen mitochondria, and increased clear space of many of
the secretory granules with a fusion of some granules (Figure 4e,f). α cells of the islets of this group
exhibited small irregular condensed nuclei with wide perinuclear space, vacuolated cytoplasm, dilated
disordered rough endoplasmic reticulum, and swollen mitochondria (Figure 4g).Biology 2020, 9, x 9 of 18 
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c). 

Figure 4. Electron micrographs of VPA treated pancreatic sections. (a–d) The pancreatic acini show
small dense irregular heterochromatic nuclei (N), dilated disordered rough endoplasmic reticulum (R),
swollen mitochondria (M), decreased secretory granules (G) some of them appear degraded (arrows),
many cytoplasmic vacuoles (V) and autophagic vacuoles (L). (e,f) β cells of the islets show small dense
irregular heterochromatic nuclei (N), some nuclei (N) show perinuclear halo (arrowhead), dilated
rough endoplasmic reticulum (R), swollen mitochondria (M), increased lucent halo of many of the
secretory granules (G) with the fusion of some of them (crossed arrows). (g) α cells of the islets show
small irregular condensed nuclei (N) with wide perinuclear space (arrowhead), vacuolated cytoplasm
(V), dilated disordered rER (R), swollen mitochondria (M), and secretory granules (G).
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In group IV (VPA and ALA treated group), the pancreatic acini and islets of Langerhans appeared
nearly as control groups except for the presence of small cytoplasmic vacuoles (Figure 5a–c).Biology 2020, 9, x 10 of 18 

 

 
Figure 5. Electron micrographs of VPA and ALA treated pancreatic sections. (a) The acinar cells have 
rounded euchromatic nuclei (N), the cytoplasm shows parallel cisternae of rER (R), mitochondria 
(M), electron-dense granules (G), and small vacuoles (V). (b) β cells of the islets of Langerhans have 
euchromatic nuclei (N), electron-dense granules encircled by halo (G), mitochondria (M), and rER 
(R). (c) α cells have euchromatic nuclei (N), many electron-dense granules (G), rER (R), and 
mitochondria (M). Note the endothelial cell (E) of the blood capillary. 

3.2. Immunohistochemical and Morphometric Results 

In groups I and II (control groups), there were non-significant changes in all morphometric 
parameters. In group III (VPA exposed rats), the percentage of insulin-positive cells was 
significantly decreased, and the percentage of glucagon positive cells was significantly increased in 
comparison to control groups (p < 0.001). In group IV (VPA and ALA treated rats), there was a 
significant increase in the percentage of insulin-positive cells and a significant decrease in the 
percentage glucagon positive cells in comparison to VPA exposed rats (p < 0.001). Non-significant 
changes in the percentage of both insulin and glucagon positive cells were detected in group IV 
compared to groups I and II (Table 1). 

Table 1. Insulin and glucagon positive cells (mean ± SD) of control and experimental groups. 

 
Group I (-ve 

Control)  
Group II (+ve 
Control, ALA)  

Group III 
(VPA 

Treated) 

Group IV (VPA 
+ ALA Treated) 

ANOVA p 
Value 

Tukey’s 
Test p Value 

Insulin positive 
cells (mean ± SD) 

83.6 ± 7.7 85.1 ± 2.1 57.3 ± 7.3 78.1 ± 4.6 ˂0.001 * 

P1 = 1.00 
P2 ˂ 0.001 * 

P3 = 0.37 

P4 ˂ 0.001 * 

Glucagon positive 
cells (mean ± SD) 29.9 ± 4.5 30.8 ± 6.9 41.2 ± 4.9 26.6 ± 7.5 ˂0.001 * 

P1 = 0.99 
P2 ˂ 0.001 * 

P3 = 0.79 

P4 ˂ 0.001 * 

P1: ALA treated group (II) versus control group (I), P2: VPA treated group (III) versus control group 
(I), P3: VPA plus ALA treated group (IV) versus control group (I), P4: VPA treated group (III) versus 
VPA plus ALA treated group (IV), * means significant. 

3.3. Biochemical and Molecular Results 

In the control groups, a non-significant alteration in the levels of MDA, TAC, GSH, catalase 
activity, and SOD activity was observed in ALA treated rats (positive controls) when compared to 
the negative controls (p = 0.34, 0.85, 0.27, 0.37, and 0.45, respectively). In comparison to the control 
groups, a statistically significant increase in the level of MDA and a decrease in the levels of TAC, 
GSH, catalase activity, and SOD activity in VPA exposed rats (p < 0.001) was observed. 
Co-administration of ALA and VPA results in a significant decrease in MDA level with an increase 

Figure 5. Electron micrographs of VPA and ALA treated pancreatic sections. (a) The acinar cells have
rounded euchromatic nuclei (N), the cytoplasm shows parallel cisternae of rER (R), mitochondria
(M), electron-dense granules (G), and small vacuoles (V). (b) β cells of the islets of Langerhans have
euchromatic nuclei (N), electron-dense granules encircled by halo (G), mitochondria (M), and rER (R).
(c) α cells have euchromatic nuclei (N), many electron-dense granules (G), rER (R), and mitochondria
(M). Note the endothelial cell (E) of the blood capillary.

3.2. Immunohistochemical and Morphometric Results

In groups I and II (control groups), there were non-significant changes in all morphometric
parameters. In group III (VPA exposed rats), the percentage of insulin-positive cells was significantly
decreased, and the percentage of glucagon positive cells was significantly increased in comparison to
control groups (p < 0.001). In group IV (VPA and ALA treated rats), there was a significant increase in
the percentage of insulin-positive cells and a significant decrease in the percentage glucagon positive
cells in comparison to VPA exposed rats (p < 0.001). Non-significant changes in the percentage of both
insulin and glucagon positive cells were detected in group IV compared to groups I and II (Table 1).

Table 1. Insulin and glucagon positive cells (mean ± SD) of control and experimental groups.

Group I
(-ve Control)

Group II (+ve
Control, ALA)

Group III
(VPA

Treated)

Group IV
(VPA + ALA

Treated)

ANOVA p
Value

Tukey’s Test
p Value

Insulin positive
cells (mean ± SD) 83.6 ± 7.7 85.1 ± 2.1 57.3 ± 7.3 78.1 ± 4.6 <0.001 *

P1 = 1.00
P2 < 0.001 *

P3 = 0.37
P4 < 0.001 *

Glucagon
positive cells
(mean ± SD)

29.9 ± 4.5 30.8 ± 6.9 41.2 ± 4.9 26.6 ± 7.5 <0.001 *

P1 = 0.99
P2 < 0.001 *

P3 = 0.79
P4 < 0.001 *

P1: ALA treated group (II) versus control group (I), P2: VPA treated group (III) versus control group (I), P3: VPA
plus ALA treated group (IV) versus control group (I), P4: VPA treated group (III) versus VPA plus ALA treated
group (IV), * means significant.

3.3. Biochemical and Molecular Results

In the control groups, a non-significant alteration in the levels of MDA, TAC, GSH, catalase
activity, and SOD activity was observed in ALA treated rats (positive controls) when compared to
the negative controls (p = 0.34, 0.85, 0.27, 0.37, and 0.45, respectively). In comparison to the control
groups, a statistically significant increase in the level of MDA and a decrease in the levels of TAC, GSH,
catalase activity, and SOD activity in VPA exposed rats (p < 0.001) was observed. Co-administration of
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ALA and VPA results in a significant decrease in MDA level with an increase in the levels of TAC,
GSH, catalase activity, and SOD activity compared to VPA treated rats (p < 0.001) (Table 2).

Table 2. The biochemical and molecular parameters (mean ± SD) of control and experimental groups.

Group I
(-ve Control)

Group II (+ve
Control, ALA)

Group III
(VPA

Treated)

Group IV
(VPA + ALA

Treated)

ANOVA p
Value

Tukey’s Test
p Value

MDA (nmol/g tissue) 9.49 ± 1.04 7.78 ± 0.33 23.87 ± 3.29 10.47 ± 0.54 <0.001 *

P1 = 0.34,
P2 < 0.001 *,

P3 = 0.76,
P4 < 0.001 *

TAC (mmol/L) 978.5 ± 33.3 996.8 ± 24.2 355.9 ± 33.9 1030.3 ± 54.5 <0.001 *

P1 = 0.85,
P2 < 0.001 *,

P3 = 0.12,
P4 < 0.001 *

GSH (µmol/mL) 156.2 ± 20.2 174.1 ± 20.2 50.7 ± 12.2 169.4 ± 11.5 <0.001 *

P1 = 0.27,
P2 < 0.001 *,

P3 = 0.96,
P4 < 0.001 *

Catalase (U/mL) 552.6 ± 46.9 595.1 ± 55.6 403.2 ± 43.7 545.1 ± 25.4 <0.001 *

P1 = 0.37,
P2 < 0.001 *,

P3 = 0.24,
P4 < 0.001 *

SOD (U/mL) 86.8 ± 7.2 94.1 ± 5.3 68.4 ± 16.7 80.4 ± 10.7 <0.001 *

P1 = 0.45,
P2 < 0.001 *,

P3 = 0.55,
P4 < 0.001 *

Nrf2 gene expression
(2−∆∆CT) Mean ± SD 1.00 ± 0.10 1.00 ± 0.11 0.53 ± 0.08 0.85 ± 0.13 <0.001 *

P1 = 0.36,
P2 < 0.001 *,

P3 = 0.16,
P4 < 0.001 *

Caspase-3 gene
expression (2−∆∆CT)

Mean ± SD
1.00 ± 0.09 1.1 ± 0.21 2.8 ± 0.31 2.3 ± 0.16 <0.001 *

P1 = 0.54,
P2 < 0.001 *,
P3 = 0.05*,

P4 < 0.001 *

Bcl-2 gene expression
(2−∆∆CT) Mean ± SD 1.00 ± 0.10 1.08 ± 0.24 0.32 ± 0.07 0.87 ± 0.11 <0.001 *

P1 = 0.43,
P2 < 0.001 *,

P3 = 0.21,
P4 < 0.001 *

P1: ALA treated group (II) versus control group (I), P2: VPA treated group (III) versus control group (I), P3: VPA
plus ALA treated group (IV) versus control group (I), P4: VPA treated group (III) versus VPA plus ALA treated
group (IV), * means significant.

These observed results in biochemical oxidative stress condition were supported by the molecular
study as Nrf2 mRNA expression was significantly lower in VPA treated rat offspring pancreatic tissue
samples (0.53 ± 0.08, p < 0.001) and increased with co-administration of ALA and VPA (0.85 ± 0.13),
however did not return to its normal level (Table 2). Moreover, alterations in gene expression of
apoptosis-related genes (caspase-3 and Bcl-2) is in line with the histological results in pancreatic
samples. VPA affects cells by stimulating apoptosis, where apoptotic caspase-3 gene expression was
increased (2.8 ± 0.31), and anti-apoptotic BCL-2 expression decreased (0.32 ± 0.07). In contrast, ALA
gave potential protection against apoptosis as it reversed the effect of VPA on caspase-3 and Bcl-2 gene
expression (Table 2).

4. Discussion

Our study aimed to investigate the effect of prenatal administration of valproic acid on the
pancreas of the rat offspring at the histological, immunohistochemical, ultrastructural, biochemical,
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and molecular levels. Moreover, it aimed to evaluate the potential protective role of prenatal
administration of α-lipoic acid against VPA-induced pancreatic changes.

The use of harmless antiepileptic drugs (AEDs) during pregnancy is mandatory for two major
purposes: to obtain a seizure-free period during pregnancy for the mother as well as to avoid teratogenic
side effects of AEDs in the baby. There is a debate about the use of valproic acid (VPA) during pregnancy.
Despite its possible teratogenic effect, it is prescribed for pregnant women with epilepsy, as reported
by Macfarlane and Greenhalgh [3].

The pancreas is one of the organs most affected when the embryos are exposed to VPA, particularly
throughout organ development [27]. At the developmental level, it could be explained as follows:
prenatal administration of VPA during the organogenesis stage of pregnancy affects the gene expression
of Pdx1, Nkx6.1, and Ngn3 genes [28]. Pdx1 has a significant role in the initial steps of the development
of the pancreas [29]. Nkx6.1 mediates the branching of the pancreatic tip (which will form the
exocrine compartment) and trunk segment (which will form the endocrine compartment) [8,30,31].
Ngn3 shares in the development of the endocrine part of the pancreas [32], its differentiation and
insulin production [33]. Each of these genes are affected by VPA administration during embryogenesis.

Generally, the teratogenic effect of VPA could be explained by the ability of VPA to form
a protein-bound VPA complex that can reach the embryo through the placenta in both humans
and animals [34,35]. Exposure of the embryos to VPA coincides with the development of the
targeted organs, including the pancreas [36]. Genetic as well as environmental factors shape the
potential for VPA-induced pancreatic damage [37]. Inhibition of organogenesis and uncontrolled
cell proliferation is explained by the ability of VPA to interfere with cell cycle processes, induce
DNA damage, and cause epigenetic dysregulation via inhibition of histone deacetylase (HDAC)
activity [38,39]. VPA-induced DNA damage leads to the instability of RNA synthesis and, therefore,
protein synthesis [40]. VPA-induced endoplasmic reticulum stress is an additional mechanism of
damage [41].

An important finding of the present study is that VPA-treated rats displayed higher markers of
oxidative stress compared to the controls. This was characterized by an increased MDA level, diminished
total antioxidant capacity (TAC), reduced expression of antioxidant enzyme activity (catalase and
superoxide dismutase), and a lowered level of reduced glutathione. These biochemical findings were
supported by decreased expression of the Nrf2 gene, which encodes a transcriptional factor regulating
cellular antioxidant mechanisms, within pancreatic tissue samples from the VPA-treated rat offspring.

VPA-induced oxidative stress was previously documented by [41–45]. VPA stimulates intracellular
reactive oxygen species (ROS) with the activation of redox-sensitive transcription factors that inhibit
antioxidant response element-driven gene expression [14,43]. This oxidative stress was reported not
only in animal studies but also in human studies [46].

Decreased Nrf2 gene expression is the proposed mechanism for VPA-induced oxidative
stress [41,43,47]. Nrf2 is the transcription factor NF-E2-related factor 2. It enhances antioxidant
production in response to the state of oxidative stress through a mechanism called the Nrf2/ARE
pathway. Nrf2 binds to the antioxidant response element (ARE) that initiates expression of antioxidant
genes (superoxide dismutase, glutathione reductase, and catalase) [48]. Moreover, it regulates the
synthesis and maintenance of the normal level of reduced glutathione [49]. These molecular mechanisms
could explain the relationship between the decreased biochemical level of these antioxidant enzymes
and the decreased expression of Nrf2 in the current study.

The suppressor effect of VPA on Nrf2 gene expression in the current study is explained as
follows: Nrf2 expression levels are directly sensitive to histone deacetylase (HDAC) enzymatic activity
as histone deacetylase inhibitors induce hyperacetylation of chromatin proteins and, consequently,
alter the gene expression of Nrf2 [49]. As a class I/II histone deacetylase inhibitor, VPA modulates
Nrf2/ARE signaling pathway-regulated oxidative stress mechanisms through the inhibition of HDAC
enzymatic activity [47]. This inhibition culminates in decreased Nrf2 gene expression and decreased
Nrf2-dependent antioxidant capacity, as found in our study. In the current study, the decreased
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caspase-3 gene expression with an increase in Bcl-2 gene expression proved the previously documented
role of VPA as an inducer of the intrinsic apoptotic pathway [50]. Both are linked to the mechanism
involved in decreased expression of the Nrf2 gene [51].

This study revealed a decrease in the quantity of insulin-positive cells and an increase in the
quantity of glucagon positive cells in the pancreas of VPA-treated rats. These results are in agreement
with Komariah et al. [8]. They explained their findings by the effects of VPA on the production and
development of insulin-producing β cells as well as glucagon-producing α cells in pups of VPA-treated
mothers. The developmental disorders of both β and α cells are associated with disturbed function
caused by a decrease in protein synthesis as a result of decreased RNA concentrations [52].

Examination of the pancreas by light microscope in our study revealed that VPA treatment led to
vacuolated and eosinophilic fibrillar cytoplasm in some acinar cells. These findings coincide with that
reported by [53]. They stated that vacuolization and eosinophilic fibrillar patterns in the acinar cell
cytoplasm might be potential factors for cellular digestion. Additionally, there was ballooning of cells
and pyknotic nuclei. Vacuolar degenerative changes and pyknotic nuclei were observed in the liver of
mice treated with valproic acid [54].

Regarding α and β cells, we observed pyknotic nuclei with ballooning and vacuolation of the
cytoplasm following VPA treatment. These endocrine cellular effects are partially explained by
VPA-induced oxidative stress damage and partly due to VPA-dysregulated expression of Pdx1, Nkx6.1,
and Ngn3 genes as mentioned before [8,28,29,31–33]. Oxidative stress could explain the light and
electron microscopic changes of beta and alpha cells. These cells are very sensitive to ROS-related
signaling and, after that, susceptible to oxidative and cytotoxicity stress due to the minimal antioxidant
activity of the islets. This renders them in particular at risk for ROS-induced structural and functional
damage [28].

On electron microscopic examination of the present work, the pancreatic acini showed small dense
irregular heterochromatic nuclei, dilated disordered rER, swollen mitochondria, an apparent decrease in
the secretory granules in some acini, and many cytoplasmic vacuoles and autophagy vacuoles. Similar
findings were reported in another study on oxidative stress-induced pancreatic changes [55]. They
studied the effect of sodium fluoride-triggered oxidative stress on the pancreas in the adult male albino
rat, and found shrunken nuclei, dilated rER, cytoplasmic vacuoles, autophagosomes, and diminished
zymogen granules. Stimulated autophagy of pancreatic acinar cells in response to VPA administration
is considered as a defense mechanism by which the body tries to maintain pancreatic acinar cell
homeostasis, normal protein synthesis activity for proper secretion of its secretions, and to prevent
the occurrence of ER stress [56]. The link between VPA, oxidative stress, and enhanced autophagy is
reported by Chen et al. [47] and was confirmed in our study at the ultrastructure level. β cells of the
islets showed small, dense, irregular heterochromatic nuclei, with expanded (and, occasionally, fused)
lucent halos of many of the secretory granules. α cells exhibited small, irregular, condensed nuclei with
wide perinuclear space, vacuolated cytoplasm, dilated rough endoplasmic reticulum, and distorted
mitochondria. Abdul-Hamid and Moustafa observed similar oxidative stress effects [57].

Alpha-lipoic acid (ALA) is a sulfur-containing organic compound produced by plants, animals,
and humans. It acts as a cofactor for some enzymatic complexes involved in cellular energy production.
It has promising therapeutic potential [58].

ALA is a naturally occurring antioxidant molecule. It improves and restores the intrinsic
antioxidant systems, and stimulates endogenous antioxidant production [59]. It can sequester and
remove oxidative stress-inducing heavy metals from the bloodstream. ALA can chelate ionic metals
and neutralize their oxidizing effects, which gives it immense antioxidant capacity [60,61]. In addition
to its antioxidant effect, ALA has an anti-inflammatory effect. A marked decrease in inflammatory
markers (INF-γ, TGF-β, ICAM-1, and IL-4) was observed in ALA-treated animals in a study published
by Khalili et al. [62]. Moreover, ALA has anti-apoptotic activity as proved by decreased caspase-3 and
enhanced Bcl-2 gene expression in ALA-treated groups in the present study [63]. The cytoprotective
roles of ALA were recently confirmed by Grandi et al., Castro et al., and Salehi et al. [58,64,65].



Biology 2020, 9, 239 13 of 17

Improvement of oxidative stress parameters in the ALA-treated group of rats that receive VPA
validates its role in counteracting VPA-induced oxidative stress. This improvement includes lowered
MDA and increased TAC with increased levels of catalase and superoxide dismutase activity, and a
higher level of reduced glutathione than the VPA-treated group. There is also increased Nrf2 gene
expression in the pancreatic tissue of the offspring of the ALA treated rats. This finding coincides with
that reported by Xia et al. [66]. The anti-apoptotic mechanism of ALA that is observed in our study
(specifically, decreased caspase-3 with coordinated increased Bcl-2 genes expression) is reported by
Marsh et al. and Park et al. [67,68].

Moreover, histological examination of the pancreas of offspring of VPA and ALA treated rats
showed marked improvement at the light and electron microscopic levels. Immunoreactivity of ß cells
and α cells also gave pictures nearly similar to the controls.

The cellular protective effect of ALA is in agreement with Go and Jones, whom propose that the
role of ALA in modulating cell proliferation and inhibition of apoptosis antagonizes VPA action [69].
Moreover, ALA increases intracellular reduced glutathione levels and provides redox regulation of
proteins and transcription factors that may have a stimulatory role in cell cycle progression [70]. The
protective role of ALA on insulin-secreting cells was also documented in an animal study by Bruin
et al. [71] and a human study by Cappellani et al. [72]. Decreased immunoreactivity of glucagon
producing cells was previously confirmed by Topsakal et al. [63].

Co-administration of ALA and VPA in the current study was previously advised by Kulakli in
his study with non-reported side effects and minimal drug–drug interaction between ALA and VA in
microsomal metabolism and protein binding [73].

5. Conclusions

Prenatal valproic acid administration induces pancreatic oxidative stress, followed by cellular
changes in the exocrine and endocrine compartments of the pancreas. These changes may affect the
pancreatic function in the offspring of valproic acid-treated mothers, as proved by immunohistochemical
examination of alpha and beta cells through a mechanism that involved oxidative stress and induction
of apoptosis. α-lipoic acid co-administration with VPA significantly improved the oxidative stress
condition and the histological and morphometric picture of the pancreas, and restored normal
expression of some related genes, including Nrf2, caspase-3, and Bcl-2. Thus, the administration
of the cytoprotective antioxidant α-lipoic acid might have a protective effect against VPA-induced
pancreatic damage.
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