
Azelnidipine Attenuates the Oxidative and NFκB Pathways in 
Amyloid-β-Stimulated Cerebral Endothelial Cells

Tao Teng†, Devin M. Ridgley†, Andrey Tsoy‡, Grace Y. Sun§, Sholpan Askarova‡, James C. 
Lee*,†

† Richard and Loan Hill Department of Bioengineering, University of Illinois at Chicago, 851 South 
Morgan Street, MC 063, Chicago, Illinois 60607, United States

‡ National Laboratory Astana, Nazarbayev University, Astana, Kazakhstan 010000

§ Department of Biochemistry, University of Missouri, Columbia, Missouri 65211, United States

Abstract

Cerebral amyloid angiopathy (CAA), a condition depicting cerebrovascular accumulation of 

amyloid β-peptide (Aβ), is a common pathological manifestation in Alzheimer’s disease (AD). In 

this study, we investigated the effects of Azelnidipine (ALP), a dihydropyridine calcium channel 

blocker known for its treatment of hypertension, on oligomeric Aβ (oAβ)-induced calcium influx 

and its downstream pathway in immortalized mouse cerebral endothelial cells (bEND3). We found 

that ALP attenuated oAβ-induced calcium influx, superoxide anion production, and 

phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/2) and calcium-dependent 

cytosolic phospholipase A2 (cPLA2). Both ALP and cPLA2 inhibitor, methylarachidonyl 

fluorophosphate (MAFP), suppressed oAβ-induced translocation of NFκB p65 subunit to nuclei, 

suggesting that cPLA2 activation and calcium influx are essential for oAβ-induced NFκB 

activation. In sum, our results suggest that calcium channel blocker could be a potential 

therapeutic strategy for suppressing oxidative stress and inflammatory responses in Aβ-stimulated 

microvasculature in AD.

Graphical Abstract

*Corresponding Author: Mailing address: UIC Bioengineering (MC 063), 835 S Wolcott Ave, W100, Chicago, Illinois 60612. 
Phone: 312-355-6102. LeeJam@uic.edu.
Author Contributions
S.A. and J.C.L. designed the research; T.T., D.R., and A.T. performed the experiments and data analysis; J.C.L., G.S., and T.T. drafted 
the manuscript. The manuscript was written through contributions of all authors, and all of the authors have given approval to the final 
version of the manuscript.

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
ACS Chem Neurosci. Author manuscript; available in PMC 2021 May 03.

Published in final edited form as:
ACS Chem Neurosci. 2019 January 16; 10(1): 209–215. doi:10.1021/acschemneuro.8b00368.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Amyloid-β peptide; Azelnidipine; cytosolic phospholipase A2; Alzheimer’s; endothelial cells; 
NFκB

Cerebral amyloid angiopathy (CAA) in Alzheimer’s disease (AD) is marked by deposition 

of amyloid-β peptide (Aβ) in cerebral vessels,1,2 and is associated with allocortical/

hippocampal microinfarcts and cognitive decline.3 Such deposition of Aβ in the 

cerebrovasculature can result in alterations of cerebral endothelial cell (CEC) and the blood-

brain barrier (BBB) function.

Over these years, there is accumulating evidence showing the ability for Aβ to alter CEC 

function including cell integrity,4 calcium, and redox homeostasis.5 For example, Aβ 
upregulates receptor for advanced glycation end-products (RAGE),4 and induce RAGE-

dependent endoplasmic reticulum (ER) stress.6 Aβ also triggers the oxidant pathway by 

increasing assembly of NADPH oxidase subunits leading to a subsequent increase in the 

production of reactive oxygen species (ROS), and activations of ERK1/2 and cytosolic 

phospholipase A2 (cPLA2).7 In terms of the role of Aβ-stimulated CECs in 

neuroinflammation, Aβ was found to promote monocyte adhesion to CECs,8 upregulate p-

selectin at the CEC surface, induce cytoskeleton reorganization, and decrease the force for 

membrane tether formation via sialyl-Lewisx (sLex)-selectin bonding.9 Therefore, there is 

increasing interest to research strategies to attenuate Aβ-induced toxicity and alterations of 

cell function in cerebrovascular cells.10–12

Aβ is known to affect Ca2+ homeostasis in CECs through the disruption of endoplasmic 

reticulum (ER) function,5 but it is also possible that it affects Ca2+ homeostasis through its 

action on the Ca2+-permeable channels.13,14 Calcium channel blockers have been reported to 

improve Aβ-impaired mouse cognitive function.15 However, the mechanism(s) underlying 

the beneficial effects of calcium channel blocker have yet to be fully understood. 

Dihydropyridine (DHP) drugs, such as Nimodipine and verapamil, are L-type calcium 

channel blockers commonly used to suppress blood pressure.16 Azelnidipine (ALP) belongs 

to the DHP family and is known for its slow delivery and long-lasting effects.17,18 There is 
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evidence for ALP along with other DHP drugs to exhibit anti-inflammatory effects and even 

facilitate clearance of Aβ across the BBB.19–24 However, its action on endothelial cells and 

its ability to mitigate cytotoxic effects of Aβ have not been investigated in detail. In this 

study, we demonstrated that ALP was able to attenuate superoxide-mediated cPLA2 and 

NFκB pathways in oAβ-stimulated mouse cerebral endothelial cells (bEND3). Our results 

further suggest that calcium channel blocker could be a potential therapeutic strategy for 

treating oxidative stress and inflammatory responses in Aβ-stimulated microvasculature in 

AD.

RESULTS AND DISCUSSION

Since neurovascular dysfunction is implicated in AD, our goal here is to investigate whether 

ALP, a calcium ion channel blocker, can mitigate the cytotoxic effects of oligomeric Aβ 
(oAβ) on immortalized cerebral endothelial cells (bEND3). To examine the effect of oAβ on 

Ca2+ content in CECs, Fluo-4 was applied to quantify the relative Ca2+ content in bEND3 

cells. Exposing cells to 5 μM oAβ for 15 min increased intracellular Ca2+, and the increase 

was partially suppressed by pretreatment of cells with 20 nM ALP for 4h (Figure 1a). 

Neither ALP alone nor 10 nM oAβ imposed any effect on intracellular Ca2+. For a positive 

control, calcium ionophore A-23187 (1 μM) also increased intracellular Ca2+ (Figure 1a). 

These results suggest that oAβ activated L-type calcium ion channel to induce Ca2+ influx in 

CECs, which was attenuated by ALP, a specific L-type calcium ion channel blocker.25 Since 

ALP and oAβ treatments did not impose any effect on the expression of L-type Ca2+ 

channel (Figure 1b), these results were unlikely driven by the expression level change of the 

L-type Ca2+ channel. The partial suppression of increased Ca2+ induced by oAβ by ALP is 

consistent with the notion that this form of Aβ can elevate Ca2+ content through other 

mechanisms, such as the formation of calcium-permeable amyloid pore channels as 

described previously,26–29 as well as disruption of ER function.5

oAβ has been shown to trigger many signaling cascades. In this study, we demonstrate that 

oAβ triggered phosphorylation of the ERK1/2 pathway (Figure 2a, b, and c), but not the p38 

pathway (Figure 2d and e) in bEND3 cells. Pretreatment of cells with 20 nM of ALP for 4 h 

significantly suppressed the oAβ-triggered ERK1/2 pathway (Figure 2a, b, and c). These 

treatments did not alter the expressions of total ERK 1/2 and p38 (Figure 2f and g). These 

results suggest that the activation of L-type calcium channel to produce Ca2+ influx is 

necessary for oAβ to trigger stimulation of the ERK1/2 pathway. In fact, similar 

observations have been demonstrated in other cell types. For example, in HEK cells, calcium 

influx was shown to induce ERK1/2 activation by pituitary adenylate cyclase activating 

polypeptide (PACAP).30

Aβ-triggered activations of MAP kinase pathways in endothelial cells are likely dependent 

on the types of endothelial cell lines and other factors, such as the concentration and 

treatment time of Aβ. Extracellular Aβ was found to decrease phosphorylations of ERK1/2 

and p38 in bovine aortic endothelial cells (BAECs), and human umbilical endothelial cells 

(HUVECs).31 However, it also increased phosphorylations of JNK and p38 in immortalized 

human brain endothelial cells (hCMEC/D3), leading to a downregulation of the tight 

junction protein, occludin, and an increase in paracellular permeability.32 In fact, increased 
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phosphorylations of p38, JNK, c-Jun, and ERK have been found in human microvessels 

isolated from AD brains.33 However, in the oxidative stress and neuroinflammation 

environment of AD brains, increased phosphorylations of MAPKs in CECs are likely 

triggered not only by Aβ, but also by other stressors and proinflammatory molecules. For 

example, we have reported that TNFα increased phosphorylations of p38 and occludin, 

leading to an increase in paracellular permeability in hCMEC/D3 cells.34

We have previous demonstrated that ERK1/2 is the upstream pathway of oAβ-triggered 

calcium-dependent cPLA2 activation in bEND3 cells.7 Therefore, it is reasonable to 

hypothesize that ALP suppressed oAβ-induced cPLA2 activation through the ERK1/2 

pathway. As shown in Figure 3a and b, exposing cells to 5 μM oAβ for 30 min resulted in 

increased phosphorylation of cPLA2, and the increase was suppressed by the pretreatment of 

cells with 20 nM ALP for 4 h (Figure 3a and b). These treatments did not alter the 

expressions of total cPLA2 (Figure 3c).

cPLA2 activity or its enzymatic product, arachidonic acid (AA) has been found to be 

required for translocation of NADPH oxidase cytosolic subunits, p67phox and p47phox, a 

crucial step of NADPH oxidase assembling, resulting in superoxide anion production.35 

Since ALP suppressed oAβ-induced cPLA2 activation (Figure 3a and b), it should also 

suppress oAβ-induced superoxide anion production. To quantify superoxide anion 

production, we measured the fluorescent intensity of dihydroethidium (DHE) in cells. 

Results in Figure 4 show that oAβ significantly increased superoxide anion production, and 

the increase was suppressed by the pretreatment of cells with 20 nM ALP.

To characterize the effects of ALP on oAβ-induced NFκB activation, we employed 

immunofluorescence microscopy to measure the relative intensity of NFκB p65 subunit in 

nuclei (i.e., the ratio of p65 intensity in nuclei to that in cytoplasm). We found that oAβ 
increased p65 intensity in nuclei, and the increase was suppressed by pretreatment of cells 

with ALP and methyl arachidonyl fluorophosphonate (MAFP), a cPLA2 inhibitor, but not 

with bromoenol lactone (BEL), a specific inhibitor for calcium-independent PLA2 (iPLA2) 

(Figure 5). For a positive control, we demonstrated that TNFα, a proinflammatory cytokine 

known to stimulate NFκB pathway, also increased p65 intensity in nuclei (Figure 5).36 

These results suggest that both calcium influx through calcium channels and cPLA2 

activation were essential for NFκB activation in oAβ-stimulted bEND3 cells. Our results are 

also consistent with prior studies reporting that ERK,37 cPLA2,38 and AA release39 was 

essential for NFκB activation.

In sum, this study demonstrated that oAβ activated NFκB through an oxidative pathway 

involving calcium influx, ERK, and cPLA2, and these events were suppressed by the L-type 

calcium channel blocker, ALP. These results provide new information for developing 

therapeutic strategies for AD that calcium channel blockers can be a remedy to counteract 

microvasculature dysfunction induced by oAβ.
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METHODS

bEND3Mouse Cerebral Endothelial Cells.

Passage 21 (P.21) bEND3 mouse cerebral endothelial cell line was purchased from ATCC 

(Manassas, VA). Cells were maintained in T25 flasks (Corning, Corning, NY) with 10 mL of 

cell culture medium (10% fetal bovine serum (FBS), GE Healthcare Life Sciences, 

Marlborough, MA, v/v), 1% penicillin-streptomycin (P/S, v/v), and Dulbecco’s modified 

Eagle’s medium (DMEM) with phenol red and high glucose (Life Technologies, Grand 

Island, NY) at 37 °C in a 5% CO2 humidified incubator. Cells at passages 22–29 were used 

for experiments. For experiments, cells were subcultured into dishes or 6-, 12-, or 96-well-

plates (Corning, Corning, NY). All experiments including the control group received the 

same concentration of DMSO and Ham’s F12 (DMSO and Ham’s F12 was used to dissolve 

Aβ).

Preparation of Aβ42 Oligomers.

Human Aβ42 was obtained from Anaspec (Fremont, CA), and the oligomeric form was 

prepared according to the protocol described by Dahlgren et al.40

Preparation of Azelnidipine.

Azelnidipine (ALP) (Sigma-Aldrich, St. Louis, MO) was weighted and sealed in Eppendorf 

tubes and stored at −20 °C in the dark. For cell treatments, ALP was dissolved in DMSO and 

further diluted with treating medium to reach the final concentration of 20 nM.

Measurement of Ca2+ in Cells.

bEND3 cells were seeded into 96-well plates and maintained at 37 °C in a 5% CO2 

humidified incubator. After reaching 70–80% confluence, cells were serum starved for 24 h. 

Cells were then treated with 20 nM ALP for 4 h, followed by loading with 2 μM Fluo-4, AM 

(Life Technologies, Grand Island, NY) in DMEM for 30 min at room temperature. Cells 

were then washed with DPBS twice and stabilized in DMEM without the fluorescent probe 

for 30 min at 37 °C in a 5% CO2 humidified incubator according to the manufacturer’s 

instructions. Next, cells were treated with 10 nM or 5 μM oAβ for 15 min or 1 μM A-23187 

(Life Technologies, Grand Island, NY).41 Fluorescent signals were acquired using a Synergy 

H1Multi-Mode Reader (BioTek, Winooski, VT).

Western Blot Analysis.

Western blot analysis was employed to measure ERK1/2, p38, or cPLA2 in both 

phosphorylated and total forms. Cells were subcultured into 6-well plates, and the 

experiment was carried out when cells reached 90% confluence. For treatments, cells were 

serum starved for 24 h before pretreatment with 20 nM ALP for 4 h and followed by 5 μM 

oAβ treatment for 15, 15, 15, and 30 min for respective L-type Ca2+ channel, ERK1/2, p38 

MAPK, and cPLA2 measurements. After treatments, cells were washed with ice-cold DPBS 

twice and lysed with blue loading buffer (Cell Signaling, Danvers, MA) mixed with 

protease/phosphatase inhibitor cocktail (Cell Signaling, Danvers, MA). Cells were scraped 

off and collected from the 6-well plates into Eppendorf tubes and immediately placed on ice. 
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Samples were then sonicated for 10 s three times, microcentrifuged for 10 s, and boiled for 5 

min at 95 °C. After cooling down, samples were stored at −20 °C for further experiments. 

Equivalent amounts of 40 μL samples together with protein standards were used for 

electrophoresis in 10% SDS-polyacrylamide gels. Proteins in the gel were transferred to 

0.45 μM nitrocellulose membranes. Membranes were blocked in 5% (w/v) nonfat milk in 

Tris-buffer saline (TBS) (Bio-Rad, Hercules, CA) containing 0.1% (v/v) Tween 20 (Fisher 

Scientific, Pittsburgh, PA; TBST) for 1 h and then incubated overnight at 4 °C with primary 

antibodies in 5% (w/v) BSA or 5% (w/v) nonfat milk in TBS-T with dilution ratio L-type 

Ca2+ channel (1:500, Abcam, Cambridge, MA), p-ERK1/2 (1:1000 dilution), or ERK 1/2 

(1:2000 dilution), p-p38 or p38 (1:500 dilution), p-cPLA2 or cPLA2 (1:1000 dilution, Cell 

Signaling Technology, Danvers, MA), and β-actin (Sigma-Aldrich, St. Louis, MO, 1:50 000 

dilution). Membranes were washed for 5 min (3×) with TBST and incubated with 

horseradish peroxidase (HRP) conjugated anti-rabbit IgG (H&L) antibody (1:3000 dilution) 

or HRP conjugated anti-mouse IgG (H&L) antibody (1:5000 dilution, Cell Signaling 

Technology, Danvers, MA) in 5% (w/v) nonfat milk (AppliChem, Darmstadt, Germany) in 

TBST at room temperature for 1 h. After washing for 5 min three times with TBST, the 

membrane was subjected to Pico or Femto Chemiluminescent detection reagents (Thermo 

Fisher Scientific, Rockford, IL) to visualize bands. Bands were detected by using blue 

autoradiography film (BioExpress, Kaysville, UT), myECL imager (Thermo Fisher 

Scientific, Rockford, IL) or Fuji LAS-3000 image reader (GE Healthcare, Piscataway, NJ). 

Band intensity was quantified using a computer running Quantity One software v4.6.6 (Bio-

Rad, Hercules, CA). For reincubation with antibodies, membranes were stripped with 

Restore Western Blot Stripping Buffer for 20 min and washed for 5 min (6×) with TBST. 

After washing, membranes were reincubated with antibodies; each membrane was stripped 

no more than twice.

Measurement of Superoxide Anions.

Superoxide anion production in cells was measured using a fluorescent probe, 

dihydroethidium (DHE, Life Technology, Grand Island, NY). To quantify superoxide anion 

production induced by oAβ in bEND3 cells, cells were serum starved in DMEM, followed 

by pretreatment with 20 nM Azelnidipine for 4 h. After pretreatment, cells were treated with 

5 μM oAβ and 20 μM DHE for 30 min. DHE was first dissolved in DMSO and further 

diluted in phenol-red free DMEM to achieve the desired final concentration. Fluorescent 

intensity of DHE was measured at room temperature using a Synergy H1Multi-Mode Reader 

(BioTek, Winooski, VT).

Measurement of NFκB p65 in Nuclei.

For quantification of p65 subunit of NFκB in nuclei, cells were subcultured onto precoated 

coverslips (Neuvitro, Vancouver, WA) in 12-well plates. After reaching 50–60% confluence, 

cells were serum starved for 24 h and pretreated with 20 nM ALP for 4 h or 10 μM methyl 

arachidonyl fluorophosphonate (MAFP), 2 μM bromoenol lactone (BEL, Santa Cruz, Dallas, 

TX) for 30 min. Cells were then treated with 5 μM oAβ for 30 min or 100 ng/mL tumor 

necrosis factor alpha (TNFα, R&D Systems, Minneapolis, MN) for 2 h which was used as a 

positive control. After treatment, cells were fixed with 3.7% paraformaldehyde (PFA) (w/v) 

for 15 min, and then permeabilized with 0.1% Triton X-100 (Fisher Scientific, Pittsburgh, 
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PA). Cells were blocked with 5% BSA (w/v) in DPBS for 1 h and incubated with NFκB p65 

(C22B4) rabbit monoclonal primary antibody (Cell Signaling Technology, Danvers, MA, 

1:100 dilution, diluted in 1% BSA in DPBS) overnight at 4 °C. After 16 h, cells were 

incubated with anti-rabbit IgG (H+L), F(ab′)2 fragment (Alexa Fluor 488 conjugate) 

secondary antibody (Cell Signaling Technology, Danvers, MA, 1:1000 dilution, diluted in 

1% BSA in DPBS) for 1 h at room temperature. Between each step, cells were washed twice 

with ice-cold PBS for 5 min each time. After staining, coverslips were allowed to dry in the 

dark. Then each coverslip was mounted onto a glass slide with ProLong Diamond Antifade 

Mountant with DAPI (Life Technologies, Grand Island, NY) and allowed to cure for 24 h at 

room temperature. Images were taken with a Nikon TE-2000U fluorescence microscope 

(Nikon, Tokyo, Japan) or Olympus BX51 fluorescence microscope (Olympus, Tokyo, Japan) 

with a 60× objective lens. To quantify p65 intensity in nuclei (Inuclei) and cytoplasm 

(Icytoplasm), fluorescent images were taken using CellProfiler V2.1.1 with a pipeline 

designed by our lab.42 Inuclei/Icytoplasm was used as a measure for NFκB activation.

Statistical Analysis.

Data are presented as the mean ± standard deviation (SD) or standard error of mean (SEM) 

from at least three independent experiments. Statistical analysis was carried out with one-

way ANOVA and Bonferroni post hoc tests in GraphPad Prism (version 6.01). P-values less 

than 0.05 are considered statistically significant.
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Figure 1. 
ALP attenuated oAβ-induced calcium influx. (a) bEND3 cells were incubated with the 

calcium indicator (2 μM Fluo-4, AM), pretreated with or without 20 nM ALP for 4 h, and 

then incubated with 5 μM oAβ or 1 μM A-23187 (a positive control) for 15 min. Normalized 

data are expressed as mean ± SE (***p < 0.001, comparing with control group; ○○○p < 

0.001, comparing with 5 μM oAβ treatment only group) from four independent experiments 

(N = 4). (b) Representative Western blot images of L-type Ca2+ channel and β-actin in cells 

with different treatments.
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Figure 2. 
ALP attenuated oAβ-induced phosphorylation of ERK p42 and p44. bEND3 cells were 

treated with 20 nM ALP for 4 h, and followed by treatment with or without 5 μM oAβ for 15 

min. (a–c) Phospho- and total ERK p42/p44 and (d, e) phospho- and total p38 were 

quantified with Western blot analysis and expressed as ratio of phospho to total and as 

fraction percentages of the control group with the mean ± SD from four independent 

experiments (N = 4) (***p < 0.001, **p < 0.01, *p < 0.05 comparing with control group; 
○○p < 0.01, ○p < 0.05 comparing with 5 μM oAβ treatment only group). (f, g) 

Representative Western blot images of total ERK p44/p42, p38, and β-actin.
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Figure 3. 
Azelnidipine attenuated oAβ-induced phosphorylation of cPLA2. bEND3 cells were treated 

with 20 nM ALP for 4 h, followed by treatment with or without 5 μM oAβ for 30 min. (a, b) 

Phospho- and total cPLA2 were quantified by Western blot analysis. Data are expressed as a 

ratio of phospho- to total protein and normalized by the control group with the mean ± SD 

from three independent experiments (N = 3) (***p < 0.001, comparing with control group; 
○○○p < 0.001, comparing with 5 μM oAβ treatment only group). (c) Representative 

Western blot images of total cPLA2 and β-actin.
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Figure 4. 
Azelnidipine attenuated oAβ-induced superoxide anion production. bEND3 cells were 

treated with 20 nM ALP for 4 h, followed by treatment with or without 5 μM oAβ for 30 

min. Superoxide anion production was quantified by measuring the DHE intensity within 

each sample. Data are normalized by the control group with the mean ± SD from three 

independent experiments (N = 3) (***p < 0.001, comparing with control group; ○○p < 0.01 

comparing with 5 μM oAβ treatment only group).
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Figure 5. 
Azelnidipine attenuated oAβ-induced NFκB activation. bEND3 cells were treated with 20 

nM ALP, 5 μM Aβ, both ALP and Aβ, 10 μM MAFP, both MAFP and Aβ, 2 μM BEL, and 

both BEL and Aβ or 100 ng/mL TNFα (positive control) to yield a total of nine datasets. (a) 

Nucleus staining is represented in red, and NFκB p65 subunit in green immunofluorescence. 

The merged images were obtained by superposing the nucleus staining and NFκB p65 

subunit in the same field acquired using different filter sets. (b) NFκB activation was 

quantified by the ratio of NFκB p65 subunit intensity in nuclei to that in cytoplasm. Data are 
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expressed with the mean ± SD from four independent experiments reported (N = 4) (*p < 

0.05, **p < 0.01, comparing with control group; ○p < 0.05, comparing with 5 μM oAβ 
treatment only group).
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