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Abstract

Recent studies revealed that folic acid deficiency (FD) increased the likelihood of
stroke and aggravated brain injury after focal cerebral ischaemia. The microglia-me-
diated inflammatory response plays a crucial role in the complicated pathologies that
lead to ischaemic brain injury. However, whether FD is involved in the activation
of microglia and the neuroinflammation after experimental stroke and the underly-
ing mechanism is still unclear. The aim of the present study was to assess whether
FD modulates the Notch1/nuclear factor kappa B (NF-kB) pathway and enhances
microglial immune response in a rat middle cerebral artery occlusion-reperfusion
(MCAQ) model and oxygen-glucose deprivation (OGD)-treated BV-2 cells. Our re-
sults exhibited that FD worsened neuronal cell death and exaggerated microglia
activation in the hippocampal CA1, CA3 and Dentate gyrus (DG) subregions after
cerebral ischaemia/reperfusion. The hippocampal CA1 region was more sensitive to
ischaemic injury and FD treatment. The protein expressions of proinflammatory cy-
tokines such as tumour necrosis factor-a, interleukin-1p and interleukin-6 were also
augmented by FD treatment in microglial cells of the post-ischaemic hippocampus
and in vitro OGD-stressed microglia model. Moreover, FD not only dramatically en-
hanced the protein expression levels of Notchl and NF-kB pé5 but also promoted
the phosphorylation of plkBa and the nuclear translocation of NF-kB p65. Blocking
of Notch1 with N-[N-(3, 5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester
partly attenuated the nuclear translocation of NF-xB p65 and the protein expression
of neuroinflammatory cytokines in FD-treated hypoxic BV-2 microglia. These results
suggested that Notchl/NF-kB p65 pathway-mediated microglial immune response
may be a molecular mechanism underlying cerebral ischaemia-reperfusion injury

worsened by FD treatment.
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1 | INTRODUCTION

Stroke is a type of acute cerebrovascular neuropathology with a
high rate of disability, mortality and morbidity. Ischaemic stroke
accounts for approximately 85% of all strokes.! Microglia are the
primary resident immune cells in the brain. Microglial activation
is an important component of the neuroinflammatory response to
ischaemic stroke.? It has been demonstrated that the activated mi-
croglia migrate to the infract area to perform phagocytic clearance
of cellular debris.® In this way, it can play a role in protecting neu-
rons following cerebral ischaemia. However, overactivated microg-
lia release amounts of proinflammatory cytokines and/or cytotoxic
factor such as nitric oxide (NO), tumour necrosis factor-o (TNF-a),
interleukin-1beta (IL-1p) and interleukin-6 (IL-6), which may cause
injury to healthy neurons and result in progressive neuronal dam-
age.*¢ Therefore, microglial activation has the dual role in promot-
ing beneficial and detrimental effects on neurons. Modulation of
microglial activation for therapeutic purposes might be realized via
suppressing the deleterious effects of these cells.

Folic acid, a member of the vitamin B complex, has been proven
to be tightly associated with central nervous system function and
development.” In adults, a compelling and extensive epidemiologi-
cal literature suggested a relationship between inadequate status of
folate and increased risk of neurodegenerative and cerebrovascular
diseases.® Folate deficiency and resultant hyperhomocysteinaemia
are not only associated with increased stroke risk but also increased
oxidative DNA damage and larger ischaemic injury volume after
MCA occlusion/reperfusion.>*° However, the exact mechanism of
the effect of FD on neurologic damage has not been fully elucidated
following cererbral ischaemia/prefusion.

The anti-inflammatory effect of folic acid has been widely re-
ported in various clinical conditions. For instance, folic acid supple-
mentation mitigated Alzheimer's disease and improved cognitive
function in Chinese elderly with MCI via lowering the levels of pe-
ripheral inflammatory cytokines.'* Guest et al observed an inverse
association between cerebro-spinal fluid (CSF) folate and CSF levels
of IL-6 in a healthy human cohort.*? Folic acid protects motor neu-
rons against the increased homocysteine, inflammation and apop-
tosis in SOD1 G93A transgenic mice.!® Therefore, it is possible that
folic acid deficiency (FD) would augment brain damage by influenc-
ing the inflammatory response in ischaemic brains.

Recent evidences indicated that Notch signalling participated
in inflammatory response of activated microglia in cerebral isch-
aemia. Indeed, inhibition of Notch signalling reduced the cell
numbers of activated microglia, decreased the expression of proin-
flammatory cytokines and the cerebral infarct size and improved
functional outcome in a model of focal ischaemic stroke.}*° In
addition, the transcriptional factor nuclear factor kappa B (NF-kB)
which is widely known as a key transcriptional factor is associated
with the activation of microglia and the subsequent inflamma-
tory responses following cerebral ischaemia.'® Cao et al showed
that Notch-1 and NF-kB p65 signalling pathways operated in syn-

ergy in regulating the production of proinflammatory mediators

in lipopolysaccharide (LPS)-activated microglia.l” More specifi-
cally, Notch signalling can amplify the proinflammatory response
of microglia by enhancing the NF-kB p65 signalling.18 Thus, we
hypothesized that folic acid modulates the production of proin-
flammatory cytokines in activated microglial cells by Notch-1 and
NF-xB/p65 signalling pathways.

In this study, both rat MCAO model and in vitro oxygen-glucose
deprivation (OGD) BV2 cells were used to observe the effect of FD
on activation of microglia, and investigate the impact of FD on the
Notch-1/NF-kB p65 pathway. Additionally, it is well known that the
CA1 region of hippocampus is unusually vulnerable to a variety of
insults, including hypoxia-ischaemia.'? Therefore, we examined the
regional hippocampal sensitivity to ischaemic injury combined with
FD.

2 | METHODS

2.1 | Animals

Thirty male Sprague-Dawley rats weighing 200-230 g (8 weeks old;
Grade SPF, Certificate Number SCXK (Jing) 2012-0001) were pur-
chased from Peking Weitong Lihua Experimental Animal Technology
Center (Beijing, China). The experimental protocols were approved
by the Tianjin Medical University Animal Ethics Committee and per-
formed in compliance with institutional guidelines under approved
protocols. Rats were stratified according to body weight and ran-
domized into three groups (20 per group): sham-operated control
group (SHAM), middle cerebral artery occlusion-reperfusion group
(MCAO), MCAO plus folic acid-deficient diet group (MCAO + FD). In
our previous study, compared with the concentration before inter-
vention the rats fed with folic acid deficient deits (0.2 mg folic acid/
kg; Keao Xieli Company, China) for 28 days significantly decreased in
the folic acid concentration in serum.?° Therefore, in this study, the
rats were pretreated with the normal (2.1 mg folic acid/kg) or folic
acid-deficient diets for 28 days prior to animal operation.

2.2 | Surgical procedures

All rats were anaesthetized with 1% sodium pentobarbital (40 mg/
kg) via intraperitoneal injection. The MCAO rats were induced by in-
traluminal filament technique as described previously.?! A head-end
spherical nylon thread was advanced by the left common carotid ar-
tery (MCA), through the left internal carotid artery and into the ori-
gin of the middle cerebral artery. The thread was pulled out 1 cm and
cut off at 1 hour after the operation. Animals in SHAM group were
treated by all procedures, except that the thread was not advanced
to the origin of the MCA. The rats were then allowed to recover from
anaesthesia at 37°C and were sacrificed at 24 hours after reperfu-
sion for the following experiments.

A neurological score was assigned to each animal 10 minutes
after waking up according to the Longa method.?* No deficit = 0;
contralateral forelimb weakness = 1; circling to contralateral side = 2;
partial paralysis on contralateral side = 3; and no spontaneous motor
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activity = 4. MCAO rats with neurological deficit scores of 1-3 were
left for the following experiments. The rats subjected to MCAO with-
out any detectable neurological deficits or no spontaneous motor ac-

tivity were excluded from the following investigations and analyses.

2.3 | Haematoxylin and eosin staining

The brain tissues at 24 hours after the MCAO operation were pro-
cessed for paraffin embedding and serial 6 pm sections were pre-
pared (n = 4 per group). The sections were dewaxed in xylene and
rehydrated in graded alcohols, then stained with haematoxylin and
eosin (HE). Sequentially, the sections were dehydrated in alcohol
gradients and xylene, then blocked by neutral gum. The pathological
changes of brain tissues were observed by a light microscope (I1X81;

Olympus, Tokyo, Japan).

2.4 | Fluoro-Jade B staining

Fluoro-Jade B (FJ-B) staining was used to identify neuronal degen-
eration (n = 4 per group). The sections were dewaxed in xylene and
rehydrated in graded alcohols, and then were immersed in a solution
containing 1% sodium hydroxide in 80% alcohol for 5 minutes. This
was followed by 2 minutes in 70% alcohol and 2 minutes in distilled
water. The sections were then transferred to a solution of 0.06% po-
tassium permanganate for 10 minutes, preferably on a shaker table
to insure consistent background suppression between sections. The
staining solution of FJ-B (Millipore, Temecula, CA) was dropped onto
the brain tissue. After 20 minutes, the slides were rinsed for one
minute in each of three distilled water. Subsequently, the sections
were placed on a warmer at 55°C for 5 minutes, cleared in xylene

for 1 minute and examined with a light microscope (I1X81; Olympus).

2.5 | Cell culture and treatment

BV-2 microglial cells were obtained from Tianjin Neurological
Institute (Tianjin, China). The murine cell line BV2 was derived from
primary microglial cell cultures and immortalized by infection with
a v-raf/v-myc oncogene carrying retrovirus (J2).?2 The cells were
cultured in DMEM (4 mg folic acid/L; Sigma, St. Louis, MO) or folic
acid-deficient DMEM (0 mg folic acid/L; Sigma) supplemented with
10% foetal bovine serum (FBS) (Gibco, Gaithersburg, MD) for 7 days.
N-[N-(3, t-butyl

ester (DAPT; Sigma), a y-secretase enzyme inhibitor, was utilized to

5-difluorophenacetyl)-l-alanyl]-S-phenylglycine

suppress the activation of Notch signalling.

The cells were divided into the control group, OGD group, oxygen
glucose deprivation + DAPT (OGD + DAPT), oxygen glucose depri-
vation + folic acid deficiency (OGD + FD) and oxygen glucose depri-
vation + folic acid deficiency + DAPT group (OGD + FD + DAPT).
N-[N-(3, t-butyl
ester at a final concentration of 10 pumol/L was added in glucose-
free DMEM for OGD + DAPT group and OGD + FD + DAPT group
1 hour before hypoxia.22’24 The cells in the control group were

5-difluorophenacetyl)-1-alanyl]-S-phenylglycine

maintained in DMEM supplemented with 10% FBS in an incubator

with an atmosphere of 5% CO, and 95% air at 37°C. To imitate the
cerebral ischaemia/reperfusion model in vivo, the cells in the ODG
group, OGD + DAPT group, OGD + FD group and OGD + FD + DAPT
group were incubated in a three-gas incubator at 37°C containing
1.0% O, to initiate hypoxia, followed by 1 hour reoxygenation in a
normoxia incubator. Finally, the cell samples were collected and kept
in a -80°C freezer until further use.

2.6 | Western blot analysis

Western blot was used to analyse protein expression in the BV-2
cells and the hippocampus of the ipsilateral ischaemic hemisphere.
The brain tissues or cells (n = 4 per group) were homogenized in
RIPA buffer (20 mmol/L TRIS-HCI pH 7.5, 150 mmol/L NaCl,
1 mmol/L EDTA, 1% Triton-X100, 0.5% sodium deoxycholate,
1 mmol/L PMSF (Phenylmethanesulfonyl fluoride) and 10 pg/mL
leupeptin; Beyotime Institute of Biotechnology, Shanghai, China)
on ice for 30 minutes, then centrifuged at 15 000x g for 30 min-
utes at 4°C. The supernatants were collected and protein concen-
trations were determined by a Bicinchonininc acid (BCA) Protein
Assay kit (Beyotime). Equal amounts of protein were separated
by 10% sodium dodecyl sulphate-polyacrylamide gel electropho-
resis and transferred to polyvinyl indene difluoride membrane
(PVDF; Millipore, Billerica, MA) and blocked with 5% BSA (Sigma)
in 1x (Tris Buffered Saline-Tween (TBST)20; pH 8.0) for 1 hour at
room temperature. Subsequently, the membranes were incubated
with mouse anti-IL-6 (1:1000; Abcam, Cambridge, MA), rabbit anti-
TNF-a (1:1000; Abcam), rabbit anti-IL-1p (1:1000; Abcam), rabbit
anti-Notch1 (1:1000; Cell Signaling Technology [CST], Danvers,
MA\), rabbit anti-NF-kB p65 (1:1000; CST), rabbit anti-IkBa (1:1000;
CST), rabbit anti-plkBa (1:1000; CST) and mouse anti-B-actin
(1:2000; CST) primary antibodies overnight at 4°C. They were then
incubated with the secondary antibodies (Horseradish peroxidase
(HRP)-linked anti-rabbit 1gG; HRP-linked anti-mouse IgG; 1:2000;
CST) for 1 hour at room temperature. Then, the proteins were de-
tected by chemiluminescence reagents (Millipore) and observed
using a ChemiDocTM XRS + Imaging System (Bio-Rad, Hercules,
CA). The protein levels were quantified by densitometry using
Image J 1.4.3.67.

2.7 | Immunofluorescence

The slides of brain sections (n = 4 per group) were fixed in 4% para-
formaldehyde, disposed in 3% H,o, for 10 minutes at room tem-
perature, repaired by citric acid antigen and then blocked with goat
serum for 1 hour at 37°C. The sections were incubated overnight
at 4°C with the primary antibodies (mouse anti-IL-6, rabbit anti-
TNF-a, rabbit anti-IL-1p, mouse anti-lba-1, 1:200, Abcam; rabbit
anti-Notch1, rabbit anti- NF-kB p65, 1:200, CST,; rabbit anti-1ba-1,
1:1000, Wako, Chuo-Ku, Japan). Thereafter, the sections were
washed in PBS and then incubated with the FITC (Fluorescein)-
conjugated goat anti-rabbit or TRITC (Rhodamine)-conjugated goat
anti-mouse secondary antibodies (1:100; Zhongshan Goldbridge
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Biotechnology, Beijing, China) for 1 hour at room temperature. BV-2 cells seeded on the cover slips were fixed in 4% para-
The nucleus was stained by 4, 6-diamidino-2-phenylindole (DAPI; formaldehyde for 30 minutes, and then blocked with goat serum
Solarbio, Beijing, China) before 10 minutes of mounting. for 1 hour at room temperature. The cover slips were incubated
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FIGURE 1 Folic acid deficiency (FD) induced neural cell injury in hippocampal subregions of the ipsilateral ischaemic hemisphere. A,
Histological outcomes of haematoxylin and eosin staining of hippocampus (CA1, CA3, and DG regions). B, Photomicrographs of neuronal
degeneration by Fluoro-Jade B (FJ-B) (green) assay. Each right-hand column depicts a magnified image of the rectangular region of the
corresponding image in the left column. C, The ratio of FJ-B-positive cells and 4, 6-diamidino-2-phenylindole (DAPI)-positive cells (total
cells) in hippocampus DG, CA1 and CA3 regions. The data are presented as the mean + SD (n = 4 per group, four sections and four fields per
section were chosen for analysis in each rat). *P < 0.05 vs the CA1 region, a P < 0.05 vs the sham-operated control group (SHAM), b P < 0.05
vs the MCAO group. Scale bars = 50 pm
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with the primary antibodies (rabbit anti-NF-xB pé5, 1:200, CST)
at 4°C overnight. After rinsing in PBS for three times, the cover
slips were incubated with the FITC-conjugated goat anti-rabbit
antibody (1:100) at 37°C for 1 hour. Finally, the cover slips were
incubated with DAPI for 10 minutes and mounted with a fluores-
cent mounting medium. The positive cells were observed with a
fluorescence microscope (IX81; Olympus) and analysed by Image
Pro Plus 6.0 software.

2.8 | Statistical analysis

All data were analysed by spss v. 20.0 and expressed as mean + SD

()_<iSD). Differences between means were determined by one-way

Alba—1/DAPI

WILEY--7

ANOVA followed by Student-Newman-Keuls multiple range tests.

P < 0.05 was considered statistically significant.

3 | RESULTS

3.1 | Folic acid deficiency induced neural cell injury
in hippocampal subregions of the ipsilateral ischaemic
hemisphere

The morphology of neural cells from the hippocampal CA1, CA3
and DG regions was observed by HE staining after 24 hours ischae-
mia-reperfusion. In the SHAM group, the neurons were observed

with clear round outline, well-preserved cytoplasm and distinct
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FIGURE 2 Folic acid deficiency (FD) induced activation of microglia in hippocampus following ischaemia-reperfusion. A,
Immunofluorescence analysis of Iba-1 (red, a microglia marker) in hippocampus CA1, CA3 and DG regions. Nuclei are stained with 4, 6-
diamidino-2-phenylindole (DAPI) (blue). Each right-hand column depicts a magnified image of the rectangular region of the corresponding
image in the left column. B, Quantification of Iba-1-positive cells/total number of DAPI-stained nuclei in hippocampus subregions. C,
Western Blot analysis of Iba-1 in the hippocampus extracts. g-actin protein was used here as an internal control. The data are presented
as the mean + SD (n = 4 each group). *P < 0.05 vs the CA1 region, a P < 0.05 vs the sham-operated control group (SHAM), b P < 0.05 vs the

MCAO group. Scale bars = 50 um
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integrated nucleus, while some neurons in the MCAO group were
arranged disorderly and appeared indistinct, lacking a clear cell
boundary, with a pyknotic or severely shrunken nucleus. Compared
with the MCAO group, the cell damage was further manifested in
MCAO + FD group (Figure 1A).

Next, neuronal degeneration in three subregions of hippocampus
was detected by the FJ-B staining after 24 hours ischaemia-reperfu-
sion. Compared to the SHAM group, the relative number of the FJ-B
positive cells (the ratio of FJ-B positive cells to DAPI-positive cells) in
CA1, CA3 and DG regions of hippocampus significantly increased in
MCAO group (P < 0.05). Moreover, a further increase in the relative
number of the degenerating cells was observed after FD treatment,
as evidenced by more positive cells of FJ-B staining than those of the
MCAO group (P < 0.05, Figure 1B).

Additionally, we also investigated the regional differences of

neuronal vulnerability within the ischaemic hippocampus after FD
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treatment (Figure 1C). The results showed that the most heavily
damaged area was the subfield of CA1 after FD treatment. The CA3
and DG areas had also undergone degeneration, but to a lesser ex-
tent compared to CA1 subfield. No significant difference was ob-

served between the CA3 and DG hippocampal subregions.

3.2 | Folic acid deficiency raised MCAO-induced
microglial activation

To test whether neural cell injury caused by FD is associated with
microglial activity, the immunostaining for Iba-1, a microglia specific
marker, was performed to detect the effect of FD on microglia acti-
vation following cerebral ischaemia. As shown in Figure 2, there were
only few Iba-1-immunoreactive cells in the SHAM group. The strik-
ingly increased number of Iba-1 positive (Iba-1+) cells was observed
in the MCAO group, which was further raised by FD treatment in
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FIGURE 3 Folic acid deficiency (FD) induced neuroinflammatory cytokines accumulation in activated microglia following ischaemia
reperfusion. A, Dual-immunofluorescence of Iba-1(red) and IL-1p (blue) in hippocampal subregions. C, Dual-immunofluorescence of
Iba-1(blue) and IL-6 (red) in hippocampal subregions. E, Dualimmunofluorescence of Iba-1(red) and TNF-« (blue) in hippocampal subregions.
Each right-hand column depicts a magnified image of the rectangular region of the corresponding image in the left column. Nuclei were
stained for 4, 6-diamidino-2-phenylindole (DAPI) (blue). Quantification of Iba-1+/IL-18+(E), Iba-1+/IL-6+ (D) and Iba-1+/TNF-a+ (F) double-
stained cells/total number of DAPI-stained nuclei in hippocampal CA1, CA3 and DG regions. The data are presented as the mean + SD (n = 4
each group). *P < 0.05 vs the CA1 region, a P < 0.05 vs the sham-operated control group (SHAM), b P < 0.05 vs the MCAO group. Scale

bars = 50 pm. IL-1B, interleukin-1beta; IL-6, interleukin-6; TNF-a, tumour necrosis factor-a



CHENG ET AL.

all three hippocampus subregions. Additionally, compared with CA3
and DG regions, the change in the number of Iba-1 positive cells was
the greatest in CA1 from FD-treated ischaemic brains (P < 0.05).

Western blot analysis of hippocampus extracts further con-
firmed that the Iba-1 protein express was significantly increased in
FD + MCAO group, compared with that in MCAO group (Figure 2;
P < 0.05).

3.3 | Folic acid deficiency induced
neuroinflammatory responses in activated microglia
following ischaemia/reperfusion injury

To investigate whether neuroinflammatory cytokines located in mi-
croglia were capable of responding to FD, we assessed the colocali-
zation of IL-1B (IL-6 or TNF-«) immunoreactivity with the microglia
marker Iba-1 in hippocampal CA1, CA3 and DG regions at 24 hours
after cerebral ischaemia. As shown in Figure 3, most Iba-1+ cells
were also IL-1p, IL-6 or TNF-a-positive in all three regions of hip-
pocampus examined. Ischaemic stroke induced massive produc-
tion of TNF-a, IL-18 and IL-6 in Iba-1+ cells. After FD treatment,
the expression of three neuroinflammatroy cytokines was further
raised in Iba-1+ cells, compared to the levels in the MCAO group
(Figure 3A,C,E).

In addition, although the increase in co-expression of Iba-1
and TNF-«a (IL-1p or IL-6) was statistically significant in both CA3
and DG regions of the hippocampus in the MCAO + FD group,
compared with the MCAO group, the highest levels of the in-
flammatory cytokines were observed in hippocampal area CA1l
(Figure 3B,D,F).

3.4 | Folic acid deficiency increased
Notch-1 and NF-xB p65 protein expression following
ischaemic injury

Notch-1 and NF-kB p65 have been proven to synergistically modu-
late the proinflammatory function in activated microglia. More spe-
cifically, Notch signalling can amplify the proinflammatory response
of microglia by enhancing the NF-xB p65 signalling.?® To clarify the
molecular mechanism underlying FD-induced neuroinflammation re-
sponse in activated microglia, the protein expression of Notch1 was
investigated in Iba-1-labelled cells in three hippocampus subregions
24 hours after ischaemia reperfusion. The results from immunofluo-
rescence showed that Notch1 is expressed in microglia and up-regu-
lated after cerebral ischaemia. FD further raised the MCAO-induced
expression of Notchl protein in activated microglia in three hip-
pocampus subregions. Additionally, after FD treatment, the highest
level of Notch1 expression was observed in hippocampal area CA1.
However, moderate Notch1 expression was also observed in the DG
and CA3 region (Figure 4A,C). The same trend was also seen for NF-
kB p65 expression level in all experiment groups (Figure 4B,D).
Consistent with the immunohistochemistry, Western blot analy-

sis showed that the protein expression levels of Notch1l and NF-xB

WILEY-

p65 were significantly augmented in hippocampus protein extracts
after FD treatment (P < 0.05, Figure 4E,F).

3.5 | Folic acid deficiency promoted the
production of neuroinflammatory cytokines and
Notch1/NF-xB protein expression in BV-2 cells
exposed to oxygen-glucose deprivation

Next, we used BV-2 cells to further investigate whether FD pro-
moted OGD-induced production of proinflammatory cytokines in
microglia. Consistent with our in vivo results, western blot results
showed a similar increase in protein expression of IL-6, IL-1p and
TNF-a in OGD group, compared with the control group (P < 0.05;
Figure 5A). FD significantly raised the expression of three inflamma-
tory mediators in OGD-induced BV-2 cells. Furthermore, it has also
been validated in BV-2 cells that the protein expression of Notch1,
plkBa and NF-kB pé5 increased significantly after OGD, compared
with the control group, and FD exacerbated this trend (P < 0.05;
Figure 5B,C).

Under control conditions, inactive NF-kB is localized to the cy-
toplasm by its interaction with inhibitory IxkB proteins such as IkBa.
Dissociation from IkB and subsequent nuclear translocation of NF-
kB is initiated by the degradation of kB through cytokine-induced
IkB kinase activation.? Once activated, NF-kB acts as an important
transcription regulator for the expression of various genes involved
in inflammation, infection and immune response including the genes
for IL-1p, TNF-a and IL-6. Therefore, the occurrence of activated
nuclear NF-kB p65 was investigated by immunohistochemistry
(Figure 5D). We found that the OGD-exposed cells showed nuclear
localization of NF-kB p65. More intense NF-kB P65 label indicative
of cell activation localized to the nucleus of FD-treated OGD cells.
By contrast, only sparse and cytosolic (ie inactive) NF-xB pé5 label-

ling was visible in normal untreated cells.

3.6 | Inhibition of Notch signalling by DAPT
partly reversed FD-induced expression of
neuroinflammatory cytokines in BV-2 cells with
OGD exposure

To further clarify the role of Notch signalling in microglial activa-
tion by FD, BV-2 cell cultures were challenged with OGD and FD in
the presence or absence of DAPT. N-[N-(3, 5-difluorophenacetyl)-
[-alanyl]-S-phenylglycine t-butyl ester is a y-secretase enzyme in-
hibitor that inhibits Notchl protein expression. Compared with
OGD + FD group, the expression of Notchl, plkBa and NF-xB
p65 decreased significantly in OGD + FD + DAPT group (P < 0.05;
Figure 6A-C). In addition, FD-induced up-regulation of the pro-in-
flammatory cytokines IL-1p, IL-6 or TNF-a was markedly diminished
by DAPT (Figure 6C).

The immunostaining exhibited that DAPT reversed NF-«xB
p65 translocation from the cytoplasm to the nucleus induced
by FD (Figure 6D). It was suggested that DAPT may attenuate
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FIGURE 4 Folic acid deficiency (FD) increased Notch-1 and nuclear factor kappa B (NF-kB) p65 expression following ischaemia-
reperfusion. A, Co-staining of Iba-1 (red) and Notch1 (green) in hippocampal subregions by double immunofluorescence. B, Single stained of
NF-kB p65 (green) in hippocampal subregions by double immunofluorescence. C, Quantification of the number of Iba-1 and Notch1 double
positive cells/total number of 4, 6-diamidino-2-phenylindole (DAPI)-stained nuclei in hippocampus subregions. D, Quantification of the
number of NF-xB pé5-positive cells/total number of DAPI-stained nuclei in hippocampus subregions. E, Western blot analysis of Notch1
and NF-kB pé5 in hippocampus protein extracts. F, The levels of Notch1 and NF-xB p65 proteins were quantified and normalized to R-actin
levels. The data are presented as the mean + SD (n = 4 each group). *P < 0.05 vs the CA1 region, a P < 0.05 vs the sham-operated control
group (SHAM), b P < 0.05 vs the MCAO group
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FIGURE 5 Oxygen-glucose deprivation (OGD) activated Notch1/nuclear factor kappa B (NF-kB) and neuroinflammatory cytokines
protein expression in BV-2 cells. A, Western blot analysis of interleukin-1beta (IL-1p), interleukin-6 (IL-6) and tumour necrosis factor-a
(TNF-a); (B) Western blot analysis of Notch1 and NF-xB p65. C, Western Blot analysis of plkBa; B-actin protein was used here as an internal
control. D, Nuclear factor kappa B p65 immunostaining of the BV-2 cells. The data are presented as the mean + SD (n = 4 each group). a

P < 0.05 vs the control group, b P < 0.05 vs the OGD group
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FIGURE 6 N-[(3, 5-Difluorophenyl) acetyl]-L-alanyl-2- phenylglycine-1, 1-dimethylethyl ester (DAPT) inhibited the activation of

the Notch1/NF-xB and neuroinflammatory cytokines caused by folic acid deficiency (FD) and oxygen-glucose deprivation (OGD). A,
Western blot analysis of Notch1 and nuclear factor kappa B (NF-kB) p65. B, Western blot analysis of plkBa. C, Western blot analysis of
interleukin-1beta (IL-1p), interleukin-6 (IL-6) and tumour necrosis factor-a (TNF-«). B-actin protein was used here as an internal control. D,
Nuclear factor kappa B p65 immunostaining of the BV-2 cells. The data are presented as the mean + SD (n = 4 each group). a P < 0.05 vs the

OGD group, b P < 0.05 vs the OGD+FD group

microglia-mediated neuroinflammation by modulating the Notch1/

NF-xB pathway in the in vitro ischaemia condition.

4 | DISCUSSION

Stroke is a leading cause of death and permanent adult disability
all over the world and remains a major challenge to public health.?’
Folate deficiency increases brain damage following cerebral is-

chaemia-reperfusion.9 In this study, we showed that FD induced

significant cell injury and microglial activation in hippocampus after
cerebral ischaemia-reperfusion. It was for the first time validated
in microglial cultures exposed to OGD and rat MCAO model that
there was the relationship between FD and microglial-induced neu-
roinflammation, which may occur via Notch/NF-kB p65 pathway
regulation.

Folate is essential for brain development and function. A meta-
analysis demonstrated a significant benefit of folic acid supplement
in preventing stroke in countries without mandatory folic acid food

fortification.?® Furthermore, in a recent study on Chinese patients
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with hypertension, folic acid intervention could reduce the risk of
stroke.?? In animal studies, folic acid supplementation would reduce
brain injury and improve neurological outcome in a neonatal piglet
model of traumatic brain injury.30 Folate deficiency and elevated
homocysteine levels increase the vulnerability of cultured neurons
partly via mechanisms related to uracil misincorporation, oxida-
tive DNA damage and impaired DNA.3* Consistent with previous
studies, our present data showed that FD aggravated neuron dam-
age in hippocampal subregions following ischaemia-reperfusion. It
suggested that folate-rich dietary intervention may have beneficial
effects on functional recovery and therefore therapeutic potential
against ischaemic stroke.?

Microglia are regarded as the first responders and the principal
immune cells in the central nervous system that mediate neuroin-
flammation following cerebral ischaemia.®® Increasing evidences
suggest that activated microglial cells can act as double-edged
swords in ischaemic stroke. The mild or moderate activation of
microglial cells migrate to the ischaemic area to clear the harmful
agents and maintain tissue homoeostasis.>* However, uncontrolled
or over-activated microglia may exacerbate tissue damage and
neuronal death by producing excessive inflammatory cytokines,
chemokines and oxygen/nitrogen-free radicals, such as NO, TNF-q,
IL-1, IL-6 and reactive oxygen species (ROS).%>3¢ Lambertsen et al
proved that microglia macrophages, especially activated microglia,
were the predominant source of TNF-a after induction of pMCAO.%’
The cells that expressed IL-1p had the morphologic features of mi-
croglia and macrophages in permanent unilateral occlusion of the
middle cerebral artery.®® Meanwhile, in the permanent rat MCAO
model, the activated microglia were thought of an important source
of IL-6.%7 Taken together, regulating the microglia activity may be
helpful for recovery from ischaemic stroke. In our models, FD treat-
ment resulted in the over-activation of microglial cells and the high
expression of neuroinflammatory factors, which may further induce
cell injury. So the hyperactivation of microglial cells caused by FD
appeared to be harmful for the ischaemic brain. Thus, our results
also suggested that appropriate activation of microglial cells may be
key to promote stroke recovery.

Recent evidence indicated that classical Notch signalling was
activated in microglial cells in vitro and vivo following hypoxic
exposure.*® Activated Notch pathway promotes microglial pro-
duction of proinflammatory mediators that contribute to neuronal
damage.** Notch signalling was further identified to regulate mi-
croglial activation via NF-xB pathway after hypoxic exposure.*? In
the cytosol, the canonical mechanism of NF-xB activation involves
phosphorylation of the inhibitory IxB subunit by the IkB kinase
complex, especially the inhibitory protein IkBa.*® Some studies
suggested that the basal IxBa expression was under the control
of the various components of the CBF1/Notch signal transduction
pathway.***> This further demonstrated that the Notch and NF-
kB pathways operate synergistically in regulating the production
of proinflammatory mediators in activated microglia. Antisense
Notch mice, when injected with LPS or subjected to MCAO, pro-
duced less IL-1p and TNF-a and also had attenuated NF-kB p65
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activity, indicating that Notch signalling may play a role in microg-
lia toxicity after ischaemia.*®*” Pretreatment of microglia with
GSl (a y- secretase inhibitors) substantially reduces NF-kB p65
nuclear translocation, coupled with a decrease in microglia prolif-
eration and inflammation-related cytokines that play a crucial role
in mediating neurotoxicity.*® In our study, we found that Notchl
and NF-xB p65 protein expression increased after FD combined
with ischaemia-reperfusion injury. In vitro, blocking of Notchl
with DAPT in activated BV-2 microglia not only markedly sup-
pressed Notchl protein expression but also inhibited the NF-xB
p65 nuclear translocation and the expression of the phosphoryla-
tion of IkBa. Meanwhile, FD-induced increase in the expression of
IL-1B, IL-6 and TNF-a was also sensitive to the Notch1 inhibition by
DAPT. These data provided evidence that the Notch1/NF-kB p65
pathway might be a molecular mechanism underlying FD-induced
microglial activation and neuroinflammatory injury in MCAO rats.

We previously reported that folic acid supplementation stimu-
lated neural stem cell proliferation by Notch signalling after rat ex-
perimental stroke:** however, this study showed that FD enhanced
Notchl expression in activated microglia. This suggested that folic
acid regulated Notchl expression in a different way in two types of
neural cells types in rat ischaemic brain.

The hippocampus is well known to be one of the brain regions
most vulnerable to hypoxia/ischaemia. Studies have shown that the
vulnerability of neurons to cerebral ischaemia varies widely among
different subregions in the hippocampus. CA1 pyramidal neurons
in hippocampus are particularly vulnerable to ischaemic insult,
whereas CA3 neurons are relatively resistant.’°>? Similar with hy-
poxia stimuli, the present study showed that the CA1 region of the
hippocampus was also most vulnerable to FD stress. However, re-
gional susceptibility of hippocampus may be different to different
external stimuli or stress. For instance, CA3 was found to be more
vulnerable than CA1 in experimental models of controlled cortical
impact-induced brain injury.”®

Furthermore, our study exhibited that the inflammatory factors
were induced not only in microglia of the CA1 region in the ischaemic
hippocampus but also of the CA3 and DG regions. DG and CA3 rat
expressed similar levels of the inflammatory factors, while CA1 rat
expressed much more. It suggested that the inflammatory response
of the CA1 region of the hippocampus was particularly vulnerable
to ischaemic injury and FD treatment. Differential responses of mi-
croglial neuroinflammation caused by FD and MCAO may underlie
differential vulnerability of neural cells among CA1, CA3 and DG.

In conclusion, the present study showed that combination of hy-
poxia-ischaemia and FD caused more severe neural cell injury and
microglial inflammatory response in different hippocampus subre-
gions, compared to hypoxia-ischaemia alone. Inflammatory factor
activation and up-regulated expression of Notch1, plkBax and NF-xB
p65 were attenuated by DAPT in FD microglial cell cultures exposed
to hypoxia. FD may worsen neural cell injury and enhance the ex-
pression of inflammatory mediators following brain hypoxia-isch-
aemia through the Notch signalling which operates synergistically
with NF-xB pathway in activated microglia. The results of this study
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suggested that folic acid supplementation might be a therapeutic
strategy to alleviate various microglia-mediated neuroinflammation
by inhibition of microglial overactivation or targeting Notch1/NF-xB
p65 pathway.

ACKNOWLEDGEMENTS

This work was financially supported by the National Natural Science
Foundation of China (grant no. 81373003 and 81874262).

CONFLICT OF INTEREST

The authors declare that they have no competing interests.

AUTHOR CONTRIBUTIONS

The authors' responsibilities were as follows. Xumei Zhang, Guowei
Huang and Man Cheng designed the research; Man Cheng, Liu Yang,
Zhiping Dong, Mengying Wang, Yan Sun, Huan Liu, Xuan Wang and
Na Sai conducted the experiments and analysed the data; Xumei
Zhang and Man Cheng wrote the manuscript; and all authors read
and approved the final manuscript.

ORCID

Xumei Zhang https://orcid.org/0000-0002-0944-6397

REFERENCES

1. Dirnagl U, ladecola C, Moskowitz MA. Pathobiology of ischaemic
stroke: an integrated view. Trends Neurosic. 1999;22(9):391-397.

2. Chen S, Dong Z, Cheng M, et al. Homocysteine exaggerates
microglia activation and neuroinflammation through microg-
lia localized STAT3 overactivation following ischemic stroke. J
Neuroinflammation. 2017;14:187.

3. Neher JJ, Emmrich JV, Fricker M, Mander PK, Théry C, Brown GC.
Phagocytosis executes delayed neuronal death after focal brain
ischemia. Proc Natl Acad Sci USA. 2013;110(43):E4098-E4107.

4. Wang JY, Gualco E, Peruzzi F, et al. Interaction between serine
phosphorylated irs-1 and betal-integrin affects the stability of neu-
ronal processes. J Neurosci Res. 2007;85(11):2360-2373.

5. Patel AR, Ritzel R, McCullough LD, Liu F. Microglia and ischemic
stroke: a double-edged sword. Int J Physiol Pathophysiol Pharmacol.
2013;5(2):73-90.

6. Olah M, Biber K, Vinet J, Boddeke HW. Microglia phenotype diver-
sity. CNS Neurol Disord Drug Targets. 2011;10(1):108-118.

7. Reynolds E. Vitamin By folic acid, and the nervous system. Lancet
Neurol. 2006;5(11):949-960.

8. Kronenberg G, Colla M, Endres M. Folic acid, neurodegenerative
and neuropsychiatric disease. Curr Mol Med. 2009;9(3):315-323.

9. Endres M, Ahmadi M, Kruman |, Biniszkiewicz D, Meisel A, Gertz
K. Folate deficiency increases postischemic brain injury. Stroke.
2005;36(2):321-325.

10. Kwon HM, Lee YS, Bae HJ, Kang DW. Homocysteine as a predictor
of early neurological deterioration in acute ischemic stroke. Stroke.
2014;45(3):871-873.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Chen H, Liu S, Ji LU, et al. Folic acid supplementation mitigates
alzheimer’s disease by reducing inflammation: a randomized con-
trolled trial. Mediators Inflamm. 2016;,2016:5912146.

Guest J, Bilgin A, Hokin B, Mori TA, Croft KD, Grant R. Novel re-
lationships between B,,, folate and markers of inflammation, oxi-
dative stress and NAD(H) levels, systemically and in the CNS of a
healthy human cohort. Nutr Neurosci. 2015;18(8):355-364.

Zhang X, Chen S, Li L, Wang Q, Le W. Folic acid protects motor
neurons against the increased homocysteine, inflammation and
apoptosis in SOD1 G93A transgenic mice. Neuropharmacology.
2008;54(7):1112-1119.

Grandbarbe L, Michelucci A, Heurtaux T, Hemmer K, Morga E,
Heuschling P. Notch signaling modulates the activation of microglial
cells. Glia. 2007;55(15):1519-1530.

Arumugam TV, Chan SL, Jo DG, et al. Gamma secretase-mediated
Notch signaling worsens brain damage and functional outcome in
ischemic stroke. Nat Med. 2006;12(6):621-623.

Gu J,Su S, Guo J, Zhu Y, Zhao M, Duan JA. Anti-inflammatory and
anti-apoptotic effects of the combination of Ligusticum chuanx-
iong and Radix Paeoniae against focal cerebral ischaemia via TLR4/
MyD88/MAPK/NF-kB signalling pathway in MCAO rats. J Pharm
Pharmacol. 2018;70(2):268-277.

Cao Q, Kaur C, Wu CY, Lu J, Ling EA. Nuclear factor-kappa p reg-
ulates Notch signaling in production of proinflammatory cyto-
kines and nitric oxide in murine BV-2 microglial cells. Neuroscience.
2011;192:140-154.

LiS, Zhang X, Wang, JiH, Du Y, Liu H. DAPT protects brain against
cerebral ischemia by down-regulating the expression of Notch 1 and
Nuclear factor kappa B in rats. Neurol Sci. 2012;33(6):1257-1264.
Rojas JJ, Deniz BF, Miguel PM, et al. Effects of daily environmen-
tal enrichment on behavior and dendritic spine density in hippo-
campus following neonatal hypoxia-ischemia in the rat. Exp Neurol.
2013;241:25-33.

Zhao Y, Huang G, Chen S, Gou Y, Dong Z, Zhang X. Folic acid defi-
ciency increases brain cell injury via autophagy enhancement after
focal cerebral ischemia. J Nutr Biochem. 2016;38:41-49.

Purdy PD, Devous MD Sr, White CL 3rd, et al. Reversible middle
cerebral artery embolization in dogs without intracranial surgery.
Stroke. 1989;20(10):1368-1376.

Zeng WX, Han YL, Zhu GF, et al. Hypertonic saline attenuates ex-
pression of Notch signaling and proinflammatory mediators in ac-
tivated microglia in experimentally induced cerebral ischemia and
hypoxic BV-2 microglia. BMC Neurosci. 2017;18(1):32.

Luo X, Tan H, Zhou Y, Xiao T, Wang C, Li Y. Notch1 signaling is
involved in regulating Foxp3 expression in T-ALL. Cancer Cell Int.
2013;13(1):34.

Li LC, Peng Y, Liu YM, Wang LL, Wu XL. Gastric cancer cell growth
and epithelial-mesenchymal transition are inhibited by y-secretase
inhibitor DAPT. Oncol Lett. 2014;7(6):2160-2164.

Osipo C, Golde TE, Osborne BA, Miele LA. Off the beaten pathway:
the complex cross talk between Notch and NF-kappaB. Lab Invest.
2008;88(1):11-17.

Hayden MS, Ghosh S. Shared principles in NF-kappaB signaling.
Cell. 2008;132(3):344-362.

Benjamin EJ, Virani SS, Callaway CW, et al. Heart disease and
stroke statistics-2018 update: a report from the American Heart
Association. Circulation. 2018;137(12):e67-e492.

Hsu CY, Chiu SW, Hong KS, et al. Folic acid in stroke prevention in
countries without mandatory folic acid food fortification: a meta-
analysis of randomized controlled trials. J Stroke. 2018;20(1):99-109.
Zhao M, Wang X, He M, et al. Homocysteine and stroke risk: mod-
ifying effect of methylenetetrahydrofolate reductase C677T poly-
morphism and folic acid intervention. Stroke. 2017;48(5):1183-1190.


https://orcid.org/0000-0002-0944-6397
https://orcid.org/0000-0002-0944-6397

WILEY-—%7

injury? J Neurotrauma.

CHENG ET AL.

30. Naim MY, Friess S, Smith C, et al. Folic acid enhances early func- 44, Oakley F, Mann J, Ruddell RG, Pickford J, Weinmaster G, Mann DA.
tional recovery in a piglet model of pediatric head injury. Dev Basal expression of lkappaBalpha is controlled by the mammalian
Neurosci. 2011;32(5-6):466-479. transcriptional repressor RBP-J (CBF1) and its activator Notch1. J

31. Kruman Il, Kumaravel TS, Lohani A, et al. Folic acid deficiency Biol Chem. 2003;278(27):24359-24370.
and homocysteine impair DNA repair in hippocampal neurons 45. Shin HM, Tilahun ME, Cho OH, et al. NOTCH1 can initiate NF-xB
and sensitize them to amyloid toxicity in experimental models of activation via cytosolic interactions with components of the T cell
Alzheimer's disease. J Neurosci. 2002;22(5):1752-1762. signalosome. Front Immunol. 2014;5:249.

32. Jadavji NM, Emmerson JT, Macfarlane AJ, Willmore WG, Smith PD. 46. Yuan Y, Rangarajan P, Kan EM, Wu Y, Wu C, Ling EA. Scutellarin
B-vitamin and choline supplementation increases neuroplasticity regulates the Notch pathway and affects the migration and mor-
and recovery after stroke. Neurobiol Dis. 2017;103:89-100. phological transformation of activated microglia in experimentally

33. Lee, Lee SR, Choi SS, Yeo HG, Chang KT, Lee HJ. Therapeutically induced cerebral ischemia in rats and in activated BV-2 microglia. J
targeting neuroinflammation and microglia after acute ischemic Neuroinflammation. 2015;12:11.
stroke. Biomed Res Int. 2014;,2014:297241. 47. CaoQ,LiP,LulJ,Dheen ST, Kaur C, Ling EA. Nuclear factor-kappaB/

34. Michell-Robinson MA, Touil H, Healy LM, et al. Roles of microg- p65 responds to changes in the Notch signaling pathway in mu-
lia in brain development, tissue maintenance and repair. Brain. rine BV-2 cells and in amoeboid microglia in postnatal rats treated
2015;138(5):1138-1159. with the gamma-secretase complex blocker DAPT. J Neurosci Res.

35. Spencer NG, Schilling T, Miralles F, Eder C. Mechanisms underlying 2010;88(12):2701-2714.
interferon-y-induced priming of microglial reactive oxygen species 48. Wei Z, Chigurupati S, Arumugam TV, Jo DG, Li H, Chan SL.
production. PLoS ONE. 2016;11(9):e0162497. Notch activation enhances the microglia-mediated inflamma-

36. Kraft AD, Harry GJ. Features of microglia and neuroinflammation tory response associated with focal cerebral ischemia. Stroke.
relevant to environmental exposure and neurotoxicity. Int J Environ 2011;42(9):2589-2594.

Res Public Health. 2011;8(7):2980-3018. 49. Zhang X, Huang G, Liu H, Chang H, Wilson JX. Folic acid enhances

37. Lambertsen KL, Meldgaard M, Ladeby R, Finsen B. A quantitative Notch signaling, hippocampal neurogenesis, and cognitive function
study of microglial-macrophage synthesis of tumor necrosis factor in arat model of cerebral ischemia. Nutr Neurosci. 2012;15(2):55-61.
during acute and late focal cerebral ischemia in mice. J Cereb Blood 50. Pellegrini-Giampietro DE, Zukin RS, Bennett MV, Cho S, Pulsinelli
Flow Metab. 2005;25(1):119-135. WA. Switch in glutamate receptor subunit gene expression in CA1

38. Davies CA, Loddick SA, Toulmond S, Stroemer RP, Hunt J, Rothwell subfield of hippocampus following global ischemia in rats. Proc Natl
NJ. The progression and topographic distribution of interleu- Acad Sci USA. 1992;89(21):10499-10503.
kin-1beta expression after permanent middle cerebral artery occlu- 51. Kirino T. Delayed neuronal death in the gerbil hippocampus follow-
sion in the rat. J Cereb Blood Flow Metab. 1999;19(1):87-98. ing ischemia. Brain Res. 1982;239(1):57-69.

39. Suzuki S, Tanaka K, Nogawa S, et al. Temporal profile and cellular 52. Schmidt-Kastner R, Freund TF. Selective vulnerability of the hippo-
localization of interleukin-6 protein after focal cerebral ischemia in campus in brain ischemia. Neuroscience. 1991;40:599-636.
rats. J Cereb Blood Flow Metab. 1999;19(11):1256-2162. 53. Mao H, Elkin BS, Genthikatti VV, Morrison B, Yang KH. Why is

40. Yao L, Kan EM, Kaur C, et al. Notch-1 signaling regulates microglia CA3 more vulnerable than CA1 in experimental models of con-
activation via NF-xB pathway after hypoxic exposure in vivo and in trolled cortical impact-induced brain
vitro. PLoS ONE. 2013;8(11):e78439. 2013;30(17):1521-1530.

41. Clausen BH, Lambertsen KL, Babcock AA, Holm TH, Dagnaes-

Hansen F, Finsen B. Interleukin-1beta and tumor necrosis fac-

tor-alpha are expressed by different subsets of microglia and How to cite this article: Cheng M, Yang L, Dong Z, et al. Folic
macrophages after ischemic stroke in mice. J Neuroinflammation. . . . L .
2008:5:46. acid deficiency enhanced microglial immune response via the

42. Perego C, Fumagalli S, De Simoni MG. Temporal pattern of expres- Notch1/nuclear factor kappa B p65 pathway in hippocampus
sion and colocalization of microglia/macrophage phenotype mark- following rat brain I/R injury and BV2 cells. J Cell Mol Med.
ers following brain ischemic injury in mice. J Neuroinflammation. 2019:23:4795-4807. https://doi.org/10.1111/jcmm.14368
2011;8:174.

43. Mattson MP, Meffert MK. Roles for NF-kappaB in nerve cell sur-

vival, plasticity, and disease. Cell Death Differ. 2006;13(5):852-860.


https://doi.org/10.1111/jcmm.14368

