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Abstract

Background—Maternal diabetes causes neural tube defects (NTDs) in the embryos via
activating protein kinase Cs (PKCs), which regulate programmed cell death (apoptosis). The aims
of this study are to investigate the role of proapoptotic PKC3 in NTD formation and the
underlying mechanisms.

Methods—PKCS heterozygous (pkcst~) female mice were diabetic (DM) induced by
intravenous injection of streptozotocin. Occurrence of NTDs was evaluated at embryonic day 11.5
and compared between wild type (WT) and PKC8 homozygous (pkcs™~) embryos. Changes in
oxidative and endoplasmic reticulum (ER) stress-associated factors and stress-response c-Jun N-
terminal kinases (JNKSs) were assessed using Western blot assay.

Results—Compared to DM/WT, the DM/PKC8~/~ embryos had significantly lower NTD rate
and lower levels of oxidative and ER stress factors and JNK activation. These values were similar
to those in the non-diabetic control group.

Conclusion—PKCS plays a critical role in diabetes-induced NTDs, potentially through
increasing oxidative and ER stress and JNK-associated stress-response pathways.

Keywords
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Introduction

Diabetes is a metabolic disease and causes neural tube defects (NTDs) in offspring of
mothers with the disease [1-3]. Maternal hyperglycemia disturbs intracellular signaling
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leading to increases in stress conditions which, in turn, trigger programmed cell death
(apoptosis) in the neural tube of the embryo [4,5].

Among the intracellular signaling factors, protein kinase C (PKC) isoforms have been
implicated in NTD formation in diabetic embryopathy [6-9]. PKC family of serine/
threonine kinases consists of 12 isoforms. Among them, PKCa, PKCp, and PKC8 have been
shown by our group to play important roles in neural tube malformations induced by
hyperglycemic condition [10,11]. PKCS has been demonstrated as a proapoptotic factor in
many pathological conditions [12-16]. Unlike PKCa and PKCp, PKCS is a novel PKC
isoform and activated via diacylglycerol-independent mechanism [17].

PKCS is closely associated with increases in reactive oxygen species (ROS) and apoptosis in
different models [18-20]. High levels of ROS in a low antioxidant condition results in
oxidative stress. This stress condition is associated with NTDs in diabetic embryopathy [21-
23].

In addition, hyperglycemia also perturbs the function of organelles, including the
endoplasmic reticulum (ER). When ER function is disturbed by hyperglycemia, protein
folding, maturation, and trafficking are impaired, leading to abnormal accumulation of
unfolded or misfolded polypeptides in the ER [24]. Under such ER stress, cells activate so-
called unfolded protein response, which is manifested by activation of a number of
associated factors, including immunoglobulin heavy chain-binding protein (BiP), C/EBP
homologous protein (CHOP), and eukaryotic translation initiation factor 2a (elF2a) [24].
ER stress-induced apoptosis is associated with a variety of diseases, including diabetes and
cardiovascular diseases [25]. Inhibition of ER stress protects cells from damage under
different pathological conditions [26]. Although the regulation of ER stress is not fully
understood, recent studies showed that PKCS plays an important role in ER stress-induced
apoptosis [27].

In response to stress conditions, a number of intracellular factors are activated. These
include c-Jun N-terminal kinases (JNKs), which are members of the mitogen-activated
protein kinase family [28]. Activation of JNKSs via phosphorylation has been observed in the
embryos of diabetic animals [29,30]. The role of INK2 in NTD formation in diabetic
embryopathy has been demonstrated using a jnk2 gene knockout model [30].

Previous observations suggest that PKCS is a potential key factor in triggering molecular
cascades leading to apoptosis in the embryonic neural tube in diabetic embryopathy [10].
The aims of this study are to address the role of PKCS in diabetes-induced NTDs and
delineate underlying mechanisms involving intracellular stress formation and responses,
using a gene-specific pked knockout animal model.

Materials and methods

Diabetic mouse model

The use of animals was approved by Institutional Animal Care and Use Committee of the
University of Maryland Baltimore. Female PKC$ heterozygous (pkcs*/™) mice in C57BL/6J
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background(31) were injected with streptozotocin (60 mg/kg; in 0.1 M citrate buffer, pH
4.5) intravenously for two days. Blood glucose level was monitored until it reached 250
mg/dl and higher. An insulin pellet was implanted to restore the blood glucose level to
normal range (80-150 mg/dl). The female mice were paired with normal male mice of the
same genotype. The day when a vaginal plug was present was designated as embryonic (E)
day 0.5. The insulin pellet was removed at E5.5 to make the mice hyperglycemic. Embryos
were collected at E11.5, genotyped using polymerase chain reaction [31], and examined
under a dissecting microscope. In each litter of diabetic mice (DM), embryos in three
genotypes, wild type (WT), PKCS heterozygous (PKC8*/~) and PKC8 homozygous
(PKC87/7), were exposed to the same condition of maternal diabetes. Comparisons were
made between DM/WT and DM/PKC&/~. Wild type female mice injected with the citrate
buffer alone served as non-diabetic control (CON).

Western blot

Neural tissues were isolated from the embryos using fine scissors under a dissecting
microscope and homogenized in a lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM Nacl,
0.25% deoxycholic acid, 1% NP-40, 1 mM EDTA,; Millipore Corporation, Bedford, MA)
containing protease and phosphatase inhibitor cocktail (Thermo Scientific Rockford, IL).
Samples were centrifuged at a speed of 14,000 rpm for 20 min to obtain supernatants.

Equal amounts of protein were electrophoretically separated in SDS-PAGE and
electroblotted onto an Immabilon-P nylon membrane (Millipore Corporation Bedford, MA).
The membranes were incubated with primary antibodies against BiP, CHOP, p-elF2a, and
p-JNK (Cell Signaling Technology Danvers, MA) overnight at 4°C after being blocked with
non-fat milk. The membrane was, then, incubated with a secondary antibody that is
conjugated with peroxidase (Santa Cruz Biotechnology Santa Cruz, CA) for two hours at
room temperature. Detection of specific proteins was carried out with an ECL
chemiluminescence system (Amersham Biosciences Piscataway, NJ). An antibody against
B-actin (Sigma-Aldrich St. Louis, MO) was used to re-probe the membranes after being
stripped to control sample loading. Images of fluorescent bands were captured using a UVP
Bioimaging System (Upland, CA) and converted into grayscale format. Density of the bands
was quantified using VisionWork software.

Statistical analysis

Results

NTD rate is calculated as a percentage of embryos with NTDs in total embryos. NTD rates
were analysed using two sided Fisher's exact test (StaXact) to compare between
experimental groups. Student's t-test was used to analyse the data of Western blot assays. p
< 0.05 was considered statistically significant in all tests.

NTDs in diabetic PKC8§ knockout model

NTDs were characterized as open neural tube in the dorsal midline in any region along the
neural axis (Figure 1). The NTD rates in the DM/PKC8~/~ (0%) and DM/PKC8*/~ (1.7%)
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groups were significantly lower than that in the DM/WT group (15.6%), but similar to that
in the CON group (0%; Table | and Figure 1).

Oxidative stress in PKC8 knockout model

The levels of oxidative stress markers, 3-NT and 4-HNE, in the DM/WT group were higher
than those in CON group (Figure 2). In the DM/PKC8~/~ embryos, the expression of these
factors was significantly lower than that in DM/WT group, but at the similar level to that in
the CON group (Figure 2).

ER stress in PKC8 knockout model

Expression of ER stress-associated factors was assessed in the embryos. The levels of
CHOP, BiP, and p-elF2a were increased significantly in the DM/WT group, compared with
the CON group (Figure 3). In the embryos of DM/PKC8~/~, the levels were significantly
lower than those in the DM group and similar to those in the CON group (Figure 3).

Stress-response factors in PKC8 knockout model

Stress-response JNKSs in the embryo are activated by maternal diabetes [29,30]. To
investigate if PKCS also influences JNK activation, the levels of p-JNK were quantified
using immunoblot assay. Significant increases in p-JNK were seen in the embryos of the
DM/WT group, compared with those in the CON group (Figure 4). In the DM/PKC& ™/~
embryos, the level of p-JNK was significantly reduced in comparison with that in the
DM/WT group, and in the similar level in the CON group (Figure 4).

Discussion

In humans, NTDs occur in about 6-10% in infants of diabetic pregnancies, which is higher
than that in the general population [1,3,32]. Although the underlying mechanism is not very
clear, we and others have shown that NTDs are closely related to increased apoptosis in the
neural epithelium [4,11,21,33]. It has been known that PKCS is critical in cell apoptosis [34—
36], and deletion of pkcd significantly reduced the apoptosis in different tissues and models.
For example, smooth muscle cell death was decreased in pkcd null mice [37]; and deletion
of pkcd protects against  cell death [38]. These observations imply that PKC8 may be also
involved in diabetic embryopathy. Our previous work has revealed that some PKC isoforms
including PKCS are activated in the embryos of diabetic rats [10]. Furthermore, inhibition of
PKCS in the embryos cultured in high glucose reduces NTD rate [10]. Here, using a gene
knockout model, we provide strong evidence that PKCS plays a critical in NTD formation in
diabetic embryopathy.

PKCS plays an important role in response to various pathological conditions. Our results
clearly demonstrate that PKCS responses to hyperglycemia by exacerbating oxidative and
ER stress. Deleting one of the pkcdalleles appears sufficiently to ameliorate the adverse
effects of hyperglycemia on embryonic development. The question of whether the effects of
pkcst’~ and pkcs™~ are in a gene dosage-dependent fashion remains to be addressed.
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It has been speculated that PKCs respond to the early events of aberrant glucose metabolism
by being activated [6,7]. Activated PKCs trigger phospholipid peroxidation to produce
isoprostanes, and subsequently increase ROS production [39]. It has been hypothesized that
PKCs activate cytosolic phopholipase A, to trigger lipoperoxidation in the embryonic neural
cells under hyperglycemic conditions, and further exacerbate oxidative stress [10]. Although
the mechanisms need to be further delineated, our data show that PKCS is responsible for
the manifestation of oxidative stress in the embryos of diabetic mice.

ER stress has been shown to be responsible for initiation of apoptosis, subsequently leading
to a variety of diseases including cardiovascular diseases, neural diseases, and diabetes [24].
Although the underlying mechanism of ER stress is not clear, recent studies have
demonstrated that PKCS is critical for ER stress-induced apoptosis [27,40,41]. Our data have
provided strong evidence that deletion of the pkcd gene significantly reduces the levels of
ER stress-associated factors, indicating that PKC8 mediates the effects of maternal
hyperglycemia on ER stress elevation. Interaction between oxidative stress and ER stress
has also been implicated in many systems [24,42]. Therefore, further studies are needed to
delineate the pathway involving PKCS, oxidative stress, and ER stress in diabetic
embryopathy.

JNK is well noted as a mediator of cell stress responses and is involved in mediating
apoptosis [43]. Previous studies by our group on malformed neural tubes of diabetic mice
showed that JNK activation is the critical pathway involved [29,30]. Consistent with these
findings, we further show in this report that JNK activation is increased in neural tube of
wild type diabetic mice, however, deletion of PKCS restored a level similar to that observed
in control mice. However, the mechanism by which PKC8 regulates JINKs in diabetic
embryopathy remains to be addressed.

In combination with previous findings on diabetic embryopathy, this study provides new
insight into the mechanism of hyperglycemia-induced NTDs. It further confirms that ER
stress is the downstream event of PKCS action because deletion of PKCS restored the ER
function and thus significantly reduced NTDs in diabetic mice. The present data clearly
show a relationship between ER stress and PKCS. These data also implicate a potential
therapeutic target in treatment or prevention of NTDs.
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Figure 1.
Neural tube development in the embryos. E11.5 embryos of DM/WT (A), DM/PKC8™~ (B),

and CON (C). The arrow indicates opened neural tube in the brain region. Scale bars = 200
um.
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Figure 2.
Western blot analysis of oxidative stress markers. (A) 3-NT; (B) 4-HNE. The bar charts

represent band densities normalized to -actin (Mean + SEM; *p < 0.05 vs. CON, #p < 0.05
vs. DM/WT; n = 4).
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Figure 3.
Alteration of ER stress in PKC8 knockout embryos. ER stress markers (A) CHOP; (B) BiP;

and (C) p-elF2a and elF2a. The bar charts represent band densities normalized to -actin
(Mean £ SEM; *p < 0.05 vs. CON, #p < 0.05 vs DM/WT; n = 4).
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normalized to B-actin (Mean = SEM; *p < 0.05 vs CON, #p < 0.05 vs. DM/WT; n = 4).
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Table |
NTD in embryos of diabetic PKC8 knockout mice.
CON DM/WT DM/PKC§~ DM/PKCS*-
Total embryos 42 32 35 59
Embryos with NTD 0 5 0 1
NTD rate (%) 0 15.6 0* 1.7#

*
p <0.05 vs. DM/WT group.

#p < 0.05 vs. DM/WT group
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