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ARTICLE INFO ABSTRACT

Keywords: Pituitary Adenylate Cyclase-Activating Polypeptide (PACAP) plays an important role in cytoprotection, in-
Atherosclerosis flammation and cardiovascular regulation. Thus, we studied the involvement of PACAP in atherogenesis.
Atheroprotection Differentiated human THP-1 macrophages (M®) were stimulated with oxidized low-density lipoproteins (oxLDL)
Inflammation and the influence of PACAP38 treatment on lipid content and TNF release was determined. To test the effect of
I}\)/I:éer;)hages PACAP deficiency (PACAP~/7) on the development of atherosclerosis under standard chow (SC) or cholesterol-

enriched diet (CED) in vivo, PACAP ™/~ mice were crossbred with ApoE™/~ to generate PACAP ™/~ /ApoE /"~
mice. Blood cholesterol and triglyceride levels were quantified. Lumen stenosis in the brachiocephalic trunk,
cellularity and amounts of pro-inflammatory as well as autophagy-, apoptosis- and necroptosis-relevant proteins
were analysed in atherosclerotic plaques by quantitative immunohistochemistry. In vitro, PACAP38 inhibited
oxLDL-induced intracellular lipid storage as well as TNF release in M®. In vivo, after SC, but not under CED,
PACAP ™/~ /ApoE ™/~ mice showed an increased lumen stenosis compared to ApoE ™/~ mice. In atherosclerotic
plaques of PACAP ™/~ /ApoE ™/~ mice, the immunoreactive areas of TNF*, IL-1B*, autophagic, apoptotic and
necroptotic cells were increased. In contrast, the overall cell density was decreased compared to ApoE /™ under
SC, while no differences were seen under CED. Similar plasma cholesterol levels were observed in PACAP ™/
~/ApoE ™/~ and ApoE "/~ mice under the respective feeding regime. Thus, PACAP ~/"/ApoE ~/~ mice represent
a novel mouse model of accelerated atherosclerosis where CED is not required. Our data indicate that PACAP
acts as an endogenous atheroprotective neuropeptide. Thus, stable PACAP agonists may have potential as anti-
atherosclerotic therapeutics. The specific PACAP receptor(s) mediating atheroprotection remain(s) to be iden-
tified.

1. Introduction tissue and blood vessels (Nandha et al., 1991; Gasz et al., 2006), PACAP

signaling has been suggested to play an important role in the cardio-

Pituitary adenylate cyclase activating polypeptide (PACAP) is a
neuropeptide with multifunctional anti-inflammatory and cytoprotec-
tive properties (Vaudry et al., 2009; Miyata et al., 1989). PACAP has
been associated with a variety of physiological and pathophysiological
processes related to neuroprotection, control of energy metabolism and
impact on respiratory and cardiovascular system (Diané et al., 2014).
As PACAP and its specific PAC1 receptor have been found in cardiac

vascular system and to represent a potential target for future ther-
apeutic applications. PACAP exists as two a-amidated peptides of 38
(PACAP38) or 27 (PACAP27) amino acids (Harmar et al., 1998) and is a
key player in neuroendocrine circuits under stress by activating the
hypothalamic-pituitary adrenal and the splanchnic-adrenomedullary
axes (Hamelink et al., 2002; Holgert et al., 1996; Stroth et al., 2011).
Moreover, PACAP mediates inhibition of proliferation, cytoprotection
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of endothelial cells (EC) and smooth muscle cells (SMC) as well as re-
duction of lipid peroxides produced by EC and SMC under hyperlipi-
demia, suggesting possible anti-atherosclerotic potential (Chang, 1997).
Furthermore, the PACAP receptors (PAC1, VPAC1, VPAC2) have been
reported to be expressed by macrophages (M®) and various other cell
types (Delgado et al., 1999; Ganea and Delgado, 2001; Waschek, 2013),
suggesting immunomodulatory effects of PACAP signaling. All three
PACAP receptors are involved in the regulation of cAMP generation by
coupling to adenylyl cyclases (ACs) with effects on survival, prolifera-
tion, differentiation and remodelling (Holighaus et al., 2011; May and
Parsons, 2017).

In this context, it is noteworthy that M® play a central role during
development and progression of atherosclerotic plaques. Thus, PACAP
and its receptors may be considered as important regulators of ather-
ogenesis. In this regard, atherosclerosis as a chronic inflammatory
disorder leads to plaque formation at distinct sites of the arterial tree
through intimal inflammation, necrosis, fibrosis, calcification and after
decades of unapparent progression, it might suddenly cause life-threa-
tening syndromes (Bentzon et al., 2014). Characteristic secondary dis-
eases, such as ischemic heart disease and stroke, are the main causes of
death worldwide (Libby et al., 2011; Moore and Tabas, 2011). Ather-
osclerosis is a multifocal disease, which reproducibly develops at dis-
tinct regions of the arterial tree (Bentzon et al., 2014). Progression of
disease is induced by a complex interaction of chemokines and pro-
inflammatory cytokines as well as subendothelial lipid deposition re-
sulting in hemodynamically relevant lumen stenosis (Bentzon et al.,
2014; Moore et al., 2013; Tabas et al., 2007). In this context, hy-
percholesterolemia and low-density lipoprotein (LDL) cholesterol, and
especially oxidized low-density lipoproteins (oxLDL), have been de-
scribed to play a key role during all stages of the disease.

In spite of extensive research, the precise mechanisms involved in
the development and progression of atherosclerotic lesions remain
largely unresolved. Therefore, it was the aim of the present study to
investigate in cell culture, whether PACAP alters atherosclerotic re-
sponses of M® stimulated with oxLDL and to test in vivo whether
PACAP deficiency alters the development and progression of athero-
sclerosis in ApoE /"~ mice fed with standard chow (SC) or cholesterol
enriched diet (CED).

2. Methods
2.1. Cell culture

The human leukemic monocyte cell line THP-1 (Leibniz Institute
DSMZ, Braunschweig, Germany) was used, being frequently deployed
as a model of monocyte/M® cell lineage (Tsuchiya et al., 1980). THP-1
cells were cultured in RPMI-1640 medium (Capricorn Scientific GmbH,
Ebsdorfergrund, Germany) supplemented with penicillin and strepto-
mycin (Capricorn Scientific GmbH) and 10% fetal bovine serum (Ca-
pricorn Scientific GmbH). Cells were cultured at 37 °C in a 5% CO,
environment with a medium change every 2-3 days. All experiments
were performed using cells at passage 9 and lower. THP-1 cells were
differentiated into M® using 160 nM phorbol 12-mystriate 13-acetate
[PMA (Sigma-Aldrich Chemie GmbH, Munich, Germany)] in RPMI
1640 medium for 24 h.

2.2. LDL oxidation

LDL (Cell sciences, Canton, USA) oxidation was performed as pre-
viously described by others (Galle and Wanner, 1998; Steinbrecher,
1987). Briefly, the nLDL (native LDL) was suspended in endotoxin-free
PBS without Ca®>* and Mg>* (LONZA, Ratingen, Germany) to a final
concentration of 1 mg protein/ml and dialyzed against PBS using Slide-
A-Lyzer Dialysis Cassettes 7K MWCO (Thermo Fisher Scientific Inc.,
Rockford, USA) and afterwards was oxidized with 50 pM CuSO, over-
night. The reaction was stopped by dialysis against PBS-EDTA. The

Immunobiology 224 (2019) 124-132

grade of oxidation was verified by spectrophotometric analysis (ab-
sorbance spectrum between 400 and 600 nm) using a SUNRISE ELISA
reader (Tecan, Salzburg, Austria). After oxidative modification, the
absorption peaks at 460 and 485 nm, which are characteristic for nLDL,
disappeared (Galle and Wanner, 1998). Additionally, oxLDL was ana-
lyzed by agarose gel electrophoresis (1% gel) to determine relative
electrophoretic mobility (REM). The protein concentrations were de-
termined spectrophotometrically using the Pierce BCA (bicinchoninic
acid) Protein Assay (Thermo Fisher Scientific Inc.).

2.3. 0Oil Red O (ORO) staining

The Oil Red O [ORO (Sigma-Aldrich)] working solution was pre-
pared by diluting the stock solution (3mg/ml ORO dissolved in 2-
propanol) with distilled water (3:2). Afterwards, PMA-differentiated
THP-1 M® were fixed in 10% PFA, and the ORO working solution was
added to the culture dishes. Stained droplets were extracted with 100%
isopropanol to quantify intracellular lipids and its absorbance was
measured spectrophotometrically at 510 nm. The ORO absorbance was
normalised against the crystal violet absorbance measured at 595 nm,
reference 660 nm.

2.4. TNF (tumor necrosis factor) release

TNF was determined in the supernatant using the DuoSet-ELISA kit
(R&D Systems Europe, Ltd., Abingdon, UK) according to the manu-
facturer’s instructions; 96-well NUNC MaxiSorp™ (Thermo Fisher
Scientific Inc.) plates were used. The amount of TNF was normalized
with the crystal violet absorbance as described above for ORO.

2.5. Animals

After deletion of PACAP from the PACAP gene locus in C57BL/6
mice (Hamelink et al, 2002), PACAP knockout (Adcyapl —/
~/PACAP ™/~ mice were crossbred with apoliporotein (apo)E knockout
(ApoE’/ ) mice (Charles River, Sulzfeld, Germany) to generate
PACAP "/~ /ApoE ™/~ mice. Male homozygous PACAP /'~ /ApoE ™/~
and ApoE~/~ mice were used for the study. At the age of 10 weeks,
PACAP ™/~ /ApoE™/~ and ApoE ™/~ mice were fed for 20 weeks either
with standard chow (SC, LASQCdiet” Rod16 Rad; LASvendi, Soest,
Germany) or with an adjusted-calories cholesterol-enriched diet [CED;
“Western type diet” (21% fat, 0.15% cholesterol and 19.5% casein),
Altromin GmbH, Lage, Germany]. All animals had ad libitum access to
food and water. The procedures were approved by the Regional Com-
mission Giel3en (V54-19 ¢ 2015h 01 MR 20/26 Nr. 21/2014) and were
performed in compliance with the regulations for animal experiments at
the Philipps-University Marburg.

2.6. Genotyping

Genomic DNA was isolated from the mouse ear using a commercial
kit (DNA Extraction Solution; PeqLab, VWR Company, Erlangen,
Germany) according to the manufacturer’s instructions (DirectPCR"
lysis reagent ear; Peqlab, VWR International; Darmstadt, Germany).
Subsequently, homozygous transgenic mice were detected by poly-
merase chain reaction (PCR) using intron-spanning oligonucleotides as
shown in Table 1. PCR analysis revealed characteristic single bands for
PACAP~/~ (310bp) (Hamelink et al., 2002) and ApoE "/~ (245 bp,
data not shown).

2.7. Dissection and tissue harvesting

At the age of 30 weeks, the mice were weighed and narcotized and
analgized with a combination of ketamine (150 mg/kg) and xylazine
(20 mg/kg), the thoracal cavity was opened, and the left ventricular
apex was incised and clamped with a cannula. After right atrial incision
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Table 1
Oligonucleotides used in the study.
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Primer name Sequence

Amplification Length Company

PACAP knockout
PACAP-neoOF 5'-CAC CGG CCT TTA GGG ACC CTT GTA-3'
PACAP-2R

PACAP-PNT1R

5-GCT ATT CGG CGT CCT TTG TTT TTA ACC C-3'
5'-TAG GGG AGG AGT AGA AGG TGG CGC-3'

ApoE knockout
oIMR180-F
oIMR182-R

5’-GCC TAG CCG AGG GAG AGC CG-3’
5’-GCC GCC CCG ACT GCA TCT-3’

520bp Eurofins Genomics, Ebersberg, Germany
(+/+)

520bp + 320bp (+/-) Eurofins Genomics, Ebersberg, Germany
310bp Eurofins Genomics, Ebersberg, Germany
/)

245 bp Eurofins Genomics, Ebersberg, Germany
245 bp Eurofins Genomics, Ebersberg, Germany

the vascular system was perfused with a solution consisting of 39 °C
warmed phosphate buffered saline (PBS) with 5 Ul/ml heparin
(Liquemin® 25000 Ul/5ml, Roche, Grenzach, Germany), with a de-
livery volume of 30ml and a rate of 100 ml/h using an automated
syringe-pump (Secura, B. Braun, Melsungen, Germany). Afterwards we
injected 250 pl filtered sodium chloride solution (0.9%) + methylene
blue (0.25%; Riedel-de Haén, Seelze-Hannover, Germany) into the
vascular system. Atherosclerotic processes analogously occurring in
advanced human lesions are also seen in the brachiocephalic trunk (BT)
of mice (Rosenfeld et al., 2000). The blue colored BT was excised under
direct observation through a binocular loupe, embedded in Tissue-Tek"
(Sakura Finetek, Stauffen, Germany) and shock-frozen in nitrogen-
cooled isopentane. The samples were stored at —80 °C.

2.8. Determination of plasma lipid levels

At the point of opening the right atrium, blood samples were taken,
the samples were heparinized (0.25 1.U./ml, Roche) and plasma, ob-
tained by centrifugation (10 min, 650g), was stored in a —80°C
freezer. Plasma cholesterol and triglyceride levels were analyzed
spectrophotometrically using a microplate reader (Sunrise, Tecan,
Ménnedorf, Switzerland) and commercially available kits (cholesterol/
cholesteryl ester quantitation kit ab65359, or triglyceride quantifica-
tion assay kit ab65336, Abcam, Cambridge, UK), according to the
manufacturer’s instructions.

2.9. Morphometry and immunohistology

For morphometrical and immunohistological investigations, cryro
cross-sectional series (7 um) of the BTs were performed. The extent of
atherosclerotic plaques in the BT and cell density was measured by
computer-assisted morphometry. Standard hematoxylin-eosin (HE),
Wallart-Houette (WH) and immunhistochemical stains were performed
according to methods described earlier (Kinscherf et al., 1997; Romeis,
1989) using antibodies as listed in Table 2. The extent of atherosclerotic
lesions was determined by tracing of lumen and plaque areas along the

internal elastic lamina (respectively luminal plaque circumference) and
computing [(plaque area [umz])/(lumen area [pmz]) X 100% =lumen
stenosis (%)]. Quantification of immunoreactive plaque areas was si-
milarly assessed [(immunoreactive plaque area [um2])/(tota1 plaque
area [umz]) x 100% = immunoreactive plaque area (%)]. The cell
density (no/mm?) of an atherosclerotic plaque was analyzed by
counting all cell nuclei per plaque.

2.10. Statistical analyses

All statistical analyses were performed with SigmaPlot 12 (Systat
Software Inc., San José, USA). The data were analyzed using
Shapiro-Wilk normality test and Brown-Forsythe equal variance test.
Statistical significance was determined by the unpaired 2-tailed
Students t-test. In case of data failed normality and/or equal variance
test, the Mann-Whitney U rank sum test was applied. When appro-
priate, statistical significance was determined by one-way analysis of
variance (ANOVA) with corresponding post-hoc tests. Results are pre-
sented as means + standard error of the mean (SEM). The results were
considered statistically significant when p < 0.05.

3. Results

3.1. PACAP inhibits oxLDL-induced foam cell formation from cultured
human M®s (THP-1 cells)

M® are able to internalize and process intracellular lipids to sub-
sequently differentiate into foam cells. By ORO-staining we analyzed in
human THP-1 M® the intracellular lipid-storage after exposure to
oxLDL and measured the effect of PACAP38 addition. We found that
lipid storage in human THP-1 M® increased 25% (p < 0.001) after
treatment with 50 pg/ml oxLDL compared to control (Figs. 1A).
Treatment of human THP-1 M® with 0.1 nM and 10 nM PACAP38 in-
hibited the oxLDL-induced (50 pug/ml) intracellular lipid storage by
13.6% (p < 0.01) and 17.6% (p < 0.001), respectively (Fig. 1A).

Table 2

Antibodies used in the study.
Name Number Company Dilution
Goat anti-rabbit IgG HRP ZRH1158 Linaris, Dossenheim, Germany 1:200-1:500
Goat anti-rat IgG HRP STAR72 ADD Serotec, Diisseldorf, Germany 1:100
Rabbit anti-mouse APG5L/ATG5 ab 64227 Abcam, Cambridge, UK 1:100
Rabbit anti-mouse cleaved caspase-3 (Asp175) 9661 Cell Signaling/NEB, Frankfurt, Germany 1:600
Rabbit anti-mouse cyclooxygenase 2 ab 15191 Abcam, Cambridge, UK 1:300
Rabbit anti-mouse IL-1-beta ab 9722 Abcam, Cambridge, UK 1:100
Rabbit anti-mouse IL-6 ab 6672 Abcam, Cambridge, UK 1:500
Rabbit anti-mouse Ki67 ab 15580 Abcam, Cambridge, UK 1:250
Rabbit anti-mouse RIP3 ab 56164 Abcam, Cambridge, UK 1:125
Rabbit anti-mouse smooth muscle a-actin ab 5694 Abcam, Cambridge, UK 1:500
Rabbit anti-mouse TNF ab 6671 Abcam, Cambridge, UK 1:50
Rat anti-mouse CD68 MCA 1957 AbD Serotec, Diisseldorf, Germany 1:100

HRP indicates horseradish peroxidase; IL, interleukin; TNF, tumor necrosis factor.
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A 150 Table 3
Effect of PACAP deficiency on body weight, tibia length, plasma cholesterol and
triglyceride levels.
__ 140 &y
s ApoE ™/~ (n) PACAP /" /ApoE™’~ (n) p<
ST
€8 130 er Body weight (g)
e 30 wks SC 33.2 = 1.0(13) 29.0 = 0.9 (7) 0.05
=34 10 wks SC + 20 wks 33.8 = 0.8 (16) 39.0 = 1.9 (16) 0.05
2= 120
a8 CED
£ p < vs 30 wks SC N.S. 0.01
1.10 58§ 588 Tibia length (mm)
§§§ 30 wks SC 19.3 * 0.3 (12) 18.3 + 0.7 (7) N.S.
100 T 10 wks SC +20 wks 19.4 + 0.5 (16) 19.6 + 0.2 (16) N.S.
PACAP38 PACAP38 oxLDL  +PACAP38 +PACAP38 CED
0.1nM 10nM 50 pg/ml 0.1nM 10nM p < vs 30 wks SC N.S. N.S.
Cholesterol (mg/dl)
B 1200 30 wks SC 554.0 + 43 (13) 472.1 = 30 (12) N.S.
10 wks SC +20 wks 1019.7 + 133 (11) 893.3 = 86 (16) N.S.
3 000 CED
g1 p < vs 30 wks SC 0.01 0.001
[
= 800 Triglyceride (mg/dl)
% 30 wks SC 83.7 + 13 (9) 105.1 = 19 (7) N.S.
e 10 wks SC +20 wks 95.8 = 10 (10) 140.3 = 9 (15) 0.001
w 600 CED
=z
=
= p < vs 30 wks SC N.S. N.S.
S 400
E ApokE indicates apolipoprotein E; CED, cholesterol-enriched diet; SC, standard
S 200 55 rm chow; PACAP, pituitary adenylate cyclase activating polypeptide; wks, weeks.
0 ER PACAP ™/~ /ApoE™/~ mice showed a 9.8-fold (p < 0.001) increase in
control PACAP38 PACAP38 oxLDL +PACAP38+PACAP38 . . Z .
0.1nM 10nM 125 pgiml 0.1nM 10nM maximal lumen stenosis compared to the ApoE mice after 30 weeks

Fig. 1. Effect of exogenous pituitary adenylate cyclase activating polypeptide-
38 (PACAP38) on lipid storage (A) and TNF (B) release in cultured PMA-dif-
ferentiated THP-1 M®, treated with 0.1 nM or 10 nM PACAP38 and together
with oxLDL or left untreated (control) for 24 h. The intracellular lipid level was
determined by Oil Red O staining and TNF release by ELISA. One Way Analysis
of Variance (ANOVA). Bars represent means + SEM of 3-5 experiments.

##%p < 0.001 vs. control; ¥P < 0.01, ¥¥P < 0.001 vs. oxLDL.

3.2. PACAP inhibits oxLDL-induced TNF release of human M® in vitro

Stimulation of PMA-differentiated human THP-1 M® with 12.5ug/
ml oxLDL revealed a 6.9-fold increase in TNF release as compared to the
negative control (Fig. 1B). However, incubation of human THP-1 M®
with 12.5 pg/ml oxLDL and additional treatment with 0.1 nM or 10 nM
recombinant PACAP38 inhibited the oxLDL-induced TNF release by
19.3% (p < 0.001) and 22.5% (p < 0.001), respecively (Fig. 1B).
Treatment of unstimulated human THP-1 M® with PACAP38 alone
exhibited no significant effect on TNF release as compared to the ne-
gative control (Fig. 1B).

3.3. PACAP deficiency affects the body weight

After 30 weeks SC, PACAP ™/~ /ApoE ™/~ mice revealed a 12.7%
(p < 0.05) lower body weight than ApoE~/~ mice (Table 3). How-
ever, after CED, PACAP /~/ApoE /~ mice showed a 13.3%
(p < 0.05) higher body weight than ApoE ™/~ mice (Table 3). After
CED, PACAP ™/~ /ApoE ™/~ mice were 25.6% (p < 0.01) heavier than
the mice which received SC (Table 3). These differences observed in
body weight are not related to the size of the mice as indicated by the
similar tibia lengths among the different experimental groups (Table 3).

3.4. PACAP deficiency increases the development of atherosclerotic lesions
in the brachiocephalic trunk after SC but not after CED

A histopathologic hallmark of atherosclerotic disease is the ab-
normal narrowing of blood vessels caused by the development of le-
sions that occlude the vascular lumen. In this context, we found that

SC (Fig. 2A-E). However, after CED no difference in maximal lumen
stenosis was found between PACAP ™/~ /ApoE~/~ and ApoE /" mice
(Fig. 2A).

3.5. PACAP deficiency does not affect plasma cholesterol concentrations

To consider the possibility that the observed effects of PACAP de-
ficiency on atherosclerotic vascular remodelling are related to changes
in serum lipid signatures, plasma concentrations of total cholesterol and
triglycerides were determined. Neither after SC nor after CED, were
significant differences in total plasma cholesterol levels were observed
between PACAP ™/~ /ApoE ™/~ and ApoE /" mice (Table 3). In con-
trast, the comparison of CED vs. SC showed significantly increased
plasma cholesterol concentrations of 1.8-fold (p < 0.01) and 1.9-fold
(p < 0.001) in ApoE~/~ and PACAP~/~ /ApoE ~/~ mice, respectively.
After CED, plasma triglyceride levels were increased 1.5-fold
(p < 0.001) in PACAP ’/~/ApoE /" compared to ApoE /" mice,
whereas plasma triglyceride levels remained unchanged after SC
(Table 3).

3.6. PACAP deficiency increases the expression of pro-inflammatory
cytokines TNF and IL-1f3

To test the hypothesis that inflammatory processes, occurring in
atherosclerotic lesions, are modulated by PACAP deficiency, in-
flammatory markers were analysed by immunohistochemistry as de-
picted in Fig. 3. In atherosclerotic lesions of PACAP ™/~ /ApoE™"~
mice, the percentage of immunoreactive areas of TNF (62.7%,
p < 0.05) and interleukin 1 beta (IL-1f; 74.7%, p < 0.05) are in-
creased after 30 weeks of SC in comparison with ApoE™/~ mice
(Fig. 3A and B). In PACAP ~/~ /ApoE ™/~ mice, the percentage of TNF
immunoreactive areas in atherosclerotic lesions was 55.4% (p < 0.05)
lower after 20 weeks CED than after 30 wks SC (Fig. 3A). In contrast,
the percentage of interleukin-6 (IL-6) and cyclooxygenase-2 (COX-2)
immunoreactive areas in atherosclerotic lesions were not affected by
PACAP deficiency, neither under SC nor under CED (Fig. 3D).
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Fig. 2. Effect of PACAP deficiency on lumen stenosis in brachiocephalic trunk (BT). Maximal lumen stenosis observed in ApoE ™/~ and PACAP "/~ /ApoE ™/~ mice
after 30 weeks SC or 10 weeks SC and afterwards 20 weeks CED (A). Representative images of the BT in situ of ApoE ™/~ (B) and PACAP /"~ /ApoE /" mice (C) after
30 weeks SC, atherosclerotic lesions are indicated with white arrows. Representative cross-sections after hematoxylin and eosin staining in ApoE~/~ (D) and
PACAP ™/~ /ApoE ™~/ (E) mice, black arrows indicate atherosclerotic plaques. Data given as mean + SEM (n = 5-8). 2-tailed Student’s t-test or Mann-Whitney U test
were performed as appropriate. Comparison within 30 weeks SC: PACAP ™/~ /ApoE ™"~ vs. ApoE™/~, ***P < 0.001. Comparison within ApoE ~/~: 30 weeks SC vs.
10 weeks SC + 20 weeks CED, " P < 0.01. SC indicates standard chow; CED, cholesterol-enriched diet. Scale bar, B, C = 1000 um; D, E = 100 um.

3.7. PACAP deficiency inhibits cell proliferation in atherosclerotic plaques
of ApoE™’~ mice after SC

After 30 weeks SC, the percentage of Ki67 immunoreactive cell
nuclei in atherosclerotic plaques of PACAP ~/~/ApoE~/~ mice has
been found to be decreased by —26.9% (p < 0.05) as compared to
ApoE™/~ mice (Fig. 4A) indicating reduction of proliferation due to
PACAP deficiency. After CED, the percentage of Ki67 immunoreactive
cell nuclei in atherosclerotic lesions of ApoE /™ mice has been found to
be —37.5% (p < 0.01) lower than in ApoE’/ ~ mice after SC (Fig. 4A)
indicating that CED might exert anti-proliferative effects in ApoE ™/~
mice.

3.8. PACAP deficiency increases expression of autophagy-, apoptosis-and
necroptosis-relevant proteins in atherosclerotic plaques after SC

After 30 weeks SC, we found a 87.0% (p < 0.05) increase of active
caspase-3 immunoreactivity in atherosclerotic plaques of PACAP ™/
~/ApoE~’~ mice in comparison with ApoE ~/~ mice (Fig. 4B). After 30
weeks SC, the immunoreactive areas of autophagy (ATG5) and ne-
croptosis (RIP3) relevant proteins in atherosclerotic lesions of PACAP =/
~/ApoE ™/~ mice revealed an increase of 90.2% (p < 0.01) and 97.2%
(p < 0.01), respectively, as compared to ApoE~/~ mice (Fig. 4C and
4D). After 30 weeks of CED, however, the immunoreactive areas of
ATG5 and RIP3 in atherosclerotic plaques of PACAP ™/~ /ApoE ™/~
mice were 60.6% (p < 0.01) and 60.1% lower than after SC, respec-
tively (Fig. 4C and 4D).

3.9. PACAP deficiency decreases the cell density and increases collagen
deposition in atherosclerotic lesions after SC

We next investigated the cellularity of the atherosclerotic lesions
(Fig. 5A). We found a 49.5% reduction (p < 0.05) of the cell density in
atherosclerotic lesions of PACAP ™/~ /ApoE ~/~ mice after 30 weeks SC
when compared with ApoE ™/~ mice (Fig. 5A). However, after CED, the
cell density in atherosclerotic plaques of ApoE /" mice was 45.0%
(p < 0.05) lower than in ApoE~/~ mice after 30 weeks SC (Fig. 5A).
After 30 weeks SC, the immunoreactive area of M® (CD68") in
atherosclerotic plaques of PACAP™/~/ApoE ™/~ mice was 66.4%
(p < 0.05) lower than in ApoE ™/~ mice (Fig. 5B). Moreover, the im-
munoreactive area of M® in atherosclerotic lesions of ApoE ™/~ mice,
was 76.7% (p < 0.05) lower after CED than that after SC (Fig. 5B).
Furthermore, after 30 weeks SC, we found a 93.2% increase (p < 0.05)
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of the collagen content in plaques of PACAP ™/~ /ApoE™/~ mice when
compared to ApoE~/~ mice (Fig. 5C). However, after CED, the amount
of collagen in atherosclerotic plaques of PACAP™/~/ApoE /" mice
was 86.3% (p < 0.01) higher than that in ApoE ™/~ mice (Fig. 5C).
Additionally, after CED, in atherosclerotic plaques of PACAP ™/
~/ApoE™/~ mice the amount of collagen was significantly 61.0%
(p < 0.05) higher than in atherosclerotic lesions of PACAP
_/ApoE’/ ~ after SC (Fig. 5C). Yet, the amount of vascular SMC in the
atherosclerotic plaques is neither affected by PACAP deficiency nor by
different feeding conditions (Fig. 5D).

4. Discussion

The presence of PACAP and its receptor PACI in cardiac tissue and
blood vessels (Chang, 1997; Gasz et al., 2006; Merriam et al., 2013)
implies the possibility that PACAP signaling may play a yet un-
recognized and potentially crucial role in atherogenesis. Indeed, we
provide in our present study strong evidence for this working hypoth-
esis through both mechanistic experiments in cell culture and in vivo.
Related to this topic, other authors using mouse models of myocarditis
and atherosclerosis have most recently demonstrated that VIP, a neu-
ropeptide closely related to PACAP, attenuated heart hypertrophy,
myocardial inflammation and injury as well as ameliorated athero-
sclerotic plaque formation leading to the conclusion that VIP protects
from inflammatory cardiovascular diseases (Benitez et al., 2018).

We found that treatment of PMA-differentiated human THP-1 M®s
with oxLDL induced an increase in lipid internalization and TNF re-
lease, whereby both effects of oxLDL were shown to be significantly
attenuated by treatment with PACAP38. Thus, we demonstrate for the
first time, that PACAP38 is able to inhibit the internalization of cho-
lesterol and TNF release by macrophages. These results are in line with
and extend most recent data of others, showing that VIP regulates
cholesterol efflux in macrophages and inhibits foam cell formation in
atherosclerotic plaques (Benitez et al., 2018); thus, these common ef-
fects of VIP and PACAP are likely to be mediated by VPAC1-R and/or
VPAC2-R. Unlike VIP, PACAP could in addition interact with PAC1-R
(Moody et al., 2011). Our results suggest that PACAP, whether gener-
ated at the sight of M® inflammation or provided pharmacologically,
has anti-atherosclerotic properties which might be associated with an
anti-inflammatory effect. PACAP has been shown to significantly in-
crease the production of anti-atherosclerotic substances and to inhibit
the production of lipid peroxides by EC and SMC in culture under hy-
perlipidemic circumstances, consistent with the cytoprotective, anti-
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inflammatory and anti-atherosclerotic effects of PACAP demonstrated
here (Diané et al., 2014; Chang, 1997). Recent findings showing that
PACAP exerts a cytoprotective effect on EC exposed to TNF (Bian et al.,
2017) lend support to a general anti-inflammatory role of PACAP in
vascular diseases.

To demonstrate that PACAP has effects on plaque development as
well as on generally accepted inflammatory and plaque stability para-
meters in vivo, a standard atherosclerosis ApoE "/~ mouse model has
been used in combination with PACAP gene deficiency. The principal
new finding of this study was that PACAP deficiency in ApoE ™~ mice
promotes atherosclerotic plaque development under SC (30 weeks).
However, CED does not enhance atherosclerosis progression in
PACAP ~/~ /ApoE™/~ mice, neither in comparison with ApoE ™/~
(after 20 weeks CED) nor with PACAP ™/~ /ApoE ™/~ mice (after SC).
Interestingly, the plasma cholesterol levels were not different between
PACAP ™/~ /ApoE ™/~ and ApoE~/~ mice, neither after (i) SC nor (ii)
CED, whereas the cholesterol levels within the respective genotype
were significantly higher after CED than after SC. An explanation of the
mentioned unexpected lack of difference in the percentage of lumen
stenosis between PACAP /" /ApoE~/~ compared to ApoE /" mice
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after CED may be due to the lack of difference between the amount of
TNF, IL1-B, Ki67, caspase-3, ATG5 and RIP3 immunoreactive areas in
atherosclerotic plaques of the two mouse genotypes after CED in-
dicating that these factors may be crucially involved in regulation of the
development and progression of atherosclerotic plaques.

Our results provide the first evidence that endogenous PACAP plays
a direct role in the development of atherosclerosis. However, because
after CED there were no significant differences in maximal lumen ste-
nosis between PACAP "/~ /ApoE /~ and ApoE~’~ mice, it is worth
noting that the morphological parameters of almost all im-
munohistologically investigated parameters (e.g. proliferation, apop-
tosis, autophagy, necroptosis, cell density, SMC a-actin, macrophages)
of atherosclerotic plaques were not different between PACAP ™/
~/ApoE~’~ and ApoE~/" mice after CED.

In relation to this morphological aspect, our findings that PACAP
deficiency results in increased proliferation of cells in the vascular wall
correspond to previous observations that the proliferation of gut myo-
cytes and aortic SMCs is inhibited by PACAP (Van Assche et al., 1999;
Oiso et al., 1993). Consistently, we found in atherosclerotic plaques of
PACAP /" /ApoE™’/~ mice a decrease in the percentage of nuclei
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immunopositive for the proliferation marker Ki67 in conjunction with a
significant increase of apoptotic cells. In this regard, we show an in-
crease of ATG5 (autophagy) expression in PACAP ™/~ /ApoE ™/~ mice
compared with the ApoE ™/~ mice after SC (30 weeks). Additionally,
we observed in most of the atherosclerotic lesions of PACAP ™/
~/ApoE™/~ mice characteristic structures of an unstable plaque in-
cluding necrotic cores. Our data indicate that PACAP obviously is only
able to mitigate plaque development up to a distinct plasma cholesterol
level, e.g. about 500 mg/dl in mice (as suggested according to our ex-
periments). Doubling of these cholesterol concentrations, i.e. up to
about 1000 mg/dl seems to overwhelm the protective effects of PACAP.
Alternatively, CED may not potentiate the pro-atherogenic effects under
conditions of PACAP deficiency. In this context, it has recently been
noted that high-fat and calorie rich-diets trigger an innate immune in-
flammatory response similar to that of pathogens, resulting in a sys-
temic, long-term pro-inflammatory effect (Christ et al., 2018). Given
the causal relationship between high fat diet, inflammation and ather-
osclerosis development, the enhanced pro-inflammatory as well as pro-
atherogenic effect of CED may be sufficiently robust so that the pro-
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atherogenic effect of PACAP-deficiency observed under SC is obscured
under CED with maximal atherosclerotic lesioning occurring despite the
presence of PACAP.

In agreement with a previous report that PACAP influences in-
flammatory processes by modulating the function of various cells re-
sulting in anti-inflammatory and neuroprotective effects (Waschek,
2013), we report here, that PACAP deficiency in ApoE~/~ mice in-
creased the expression of the pro-inflammatory cytokines TNF and IL-
1P coincidently with increased lumen stenosis under SC. We have
shown that in the absence of endogenous PACAP the ApoE knockout
mice develop atherosclerosis without Western -type diet whereas the
Western type diet-induced aggravation of atherosclerosis is unaffected
by the lack of PACAP in the ApoE knockout mice. We conclude that not
enough endogenous PACAP is produced to counteract Western-type
diet-induced aggravation of atherogenesis. Thus, our experiments de-
monstrate the unexpected finding that PACAP-deficient ApoE knockout
mice develop an atherogenic phenotype without Western-type diet.
Therefore, we propose that these PACAP/ApoE double knockout mice
represent a new genetic model of atherogenesis without Western-type
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diet.

Taken together, our present data demonstrate that PACAP defi-
ciency in ApoE~/~ mice aggravates the development and progression
of atherosclerotic plaques up to a distinct plasma cholesterol level or
lumen stenosis. ThusPACAP is suggested to act as an endogenous
atheroprotectant. The postulated atheroprotective effects of PACAP
may involve inhibition of proatherogenic increases of TNF-a, IL-1f3,
autophagy (ATG5), apoptosis (active caspase-3), necroptosis (RIP3) and
fibrosis (collagen). Therefore, stable PACAP agonists may have trans-
lational potential as a novel class of atheroprotective therapeutics.
However, it remains to be determined, which of the three PACAP re-
ceptors (VPAC1, VPAC2, PAC1) alone or in combination mediates the
atheroprotection (Arimura and Shioda, 2018).
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