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Aims Abdominal aortic aneurysm (AAA) is a common cardiovascular disease with a strong correlation to smoking, although underlying
mechanisms have been minimally explored. Electronic cigarettes (e-cigs) have gained recent broad popularity and can deliver nico-
tine at comparable levels to tobacco cigarettes, but effects on AAA development are unknown.

Methods We evaluated the impact of daily e-cig vaping with nicotine on AAA using two complementary murine models and found that ex-
and results posure enhanced aneurysm development in both models and genders. E-cigs induced changes in key mediators of AAA develop-
ment including cytokine chitinase-3-like protein 1 (CHI3L1/Chil1) and its targeting microRNA-24 (miR-24). We show that nicotine
triggers inflammatory signalling and reactive oxygen species while modulating miR-24 and CHI3L1/Chil1 in vitro and that Chil1 is

crucial to e-cig-augmented aneurysm formation using a knockout model.

Conclusions In conclusion our work shows increased aneurysm formation along with augmented vascular inflammation in response to e-cig
exposure with nicotine. Further, we identify Chil1 as a key mediator in this context. Our data raise concerns regarding the poten-
tially harmful long-term effects of e-cig nicotine vaping.
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1. Introduction

Abdominal aortic aneurysms (AAA) cause significant morbidity and mor-
tality. AAA prevalence remains high in recent reports,’ and although im-
proved endovascular and open surgical repair techniques have led to
reduced mor‘tality,2 deaths due to ruptured AAA and its complications
are still common.?

The most important known modifiable risk factor for AAA is a history of
tobacco use. Only lung cancer displays a stronger disease association with
smoking.* Over 90% of AAA patients relate a history of smoking,® and the
augmenting effects of conventional cigarettes on AAA are well established
from clinical trials and animal models.®~'® Indeed, smoking cessation is a top
clinical priority for AAA patients."" While traditional cigarette use has been
declining in Western countries, alternative forms of nicotine delivery have
become more common. Introduced in 2003, electronic cigarettes (e-cigs)
and e-cig vaping have gained popularity as potentially ‘healthier’ substitutes
for smoking, while still delivering nicotine at sufficient levels to satisfy
addiction."

Understanding the potential dangers of e-cigs has become increasingly
urgent, as several recent studies have suggested elevated cardiovascular
risk associated with their use.">™"> Current e-cigs and similar devices re-
lease ‘vapour’ produced by heating a solution (‘e-liquid’ or ‘e-juice’), usually
containing nicotine as its active ingredient along with propylene glycol, gly-
cerol, and sometimes flavouring chemicals.”®'” While the health effects of
inhaling e-cig vapour are not yet known in detail, it has been reported that
vaping increases circulating levels of cotinine, the main nicotine metabolite,
to comparable levels reached with tobacco cigarettes.'® Importantly, no
published study has addressed the potential effects of e-cigs in the context
of AAA.

We and others have previously shown that subcutaneous infusion of
nicotine accelerates expansion of AAA in murine models, in large part
by affecting vascular smooth muscle cells (VSMC) and triggering inflamma-
tion."”2" Secondarily, we also found that chronic nicotine infusion induces
murine aortic remodelling and regional vascular stiffness, elements predis-
posing to AAA?2?® However, these studies utilized continuous nicotine
exposure, rather than repeated daily respiratory exposure.

MicroRNAs (miRs) are important regulators of transcriptional path-
walys,24 and subcutaneous nicotine treatment has been shown to alter
miR expression.”***?¢ We have previously shown that miRs play a key
role in aneurysm development, and can be modulated in vivo, thereby

altering disease progression.””’~2* This suggests that e-cig vaping might
also regulate cardiovascular miRs and influence AAA formation.

We now show for the first time that e-cig exposure (for purposes of this
study, ‘e-cig’ refers to e-cig-generated vapour containing nicotine but no
flavourings) affects murine vascular inflammation in the context of AAA
development. We find that e-cigs accelerate experimental aneurysm pro-
gression and explore the mechanisms behind these effects in vitro and in
vivo, with particular focus on the anti-inflammatory miR-24 and its target
cytokine CHI3L1(human)/Chil1(mouse), a 18-glycosyl hydrolase family
member. (Note that the human and murine orthologs have different
names.)

We have previously shown that miR-24 directly modulates CHI3L1/
Chil1 expression levels and through that mechanism can regulate cytokine
synthesis, alter macrophage cell survival, and promote cytokine production
and migration in aortic SMC.*? CHI3L1 is an inflammatory biomarker can-
didate in cardiovascular disease. It has been found to be elevated in patients
with coronary artery disease, with disease progression corresponding to
augmented CHI3L1 levels.° Moreover, we observed that human AAA
size correlated with higher CHI3L1 levels and that Chil1 expression in-
creased during periods of murine model AAA grovvth.29

2. Methods
2.1 Mice

All animal protocols were approved by the Administrative Panel on
Laboratory =~ Animal Care at Stanford  University  (https:/
researchcompliance.stanford.edu/panels/aplac) and the VA Palo Alto
Health Care System Institutional Animal Care and Use Committee (proto-
col # TSA1659) and followed the National Institutes of Health and U.S.
Department of Agriculture Guidelines for Care and Use of Animals in
Research. All experiments were performed with C57BL/6) (PPE model)
and ApoE™ Y™ (Angll model) mice. Animals were purchased from The
Jackson Laboratory (Bar Harbor, ME, USA).

2.2 E-cig. vapour exposure

At 8 week-of age, C57BL/6) mice were exposed to e-cig vapour containing
50% propylene glycol, 50% vegetable glycerol, and 24 mg/mL nicotine for a
total of 6 weeks using the SciReq InExpose system (SCIREQ, Montreal,
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Canada). The exposure protocol included a puff duration of 9 s per minute,
for a total of 60 min at the same time daily. The device used was a third-
generation MOD e-cig (Shenzhen Joyetech Co., Shajing Town, China)
with a temperature-controlled coil set to 230°C. Plasma cotinine levels
were measured via ELISA according to the manufacture’s protocol
(Abcam, Cambridge, UK). Control animals were placed in SCIREQ cham-
bers for the same daily duration but were exposed to room air only. The
same protocol was applied to 8-week-old ApoE™ "™ (i.e. ApoE ™) mice.

2.3 Porcine pancreatic elastase infusion

model and angiotensin Il model

The porcine pancreatic elastase (PPE) infusion model to induce mouse
AAA was performed as previously described at 10 weeks of age.*" The
proximal and distal aorta were temporarily ligated or clamped, followed
by an aortotomy above the iliac bifurcation. A catheter was used to infuse
the aorta for 5 min at 120 mmHg with saline (‘sham’ surgery), or saline
containing type | porcine pancreatic elastase (2.5 U/mL; Sigma Aldrich),
and the aortotomy was then repaired. The induced AAA aortic segment
(between the left renal artery and the bifurcation) was harvested at 7-
or 28-days post-surgery.

For the Angll model, ApoE ™~ mice were implanted subcutaneously with
osmotic mini pumps (Alzet, Model 2004) filled with either sterile saline or
saline with angiotensin-Il (1pg/kg/min, Sigma Aldrich) as previously
described.*

Prior to surgery mice received sustained release buprenorphine
(ZooPharm, Fort Collins, CO, USA) at 0.6-1.0 mg/kg subcutaneously
and two drops of 0.25% bupivacaine solution (Hospira Inc., Lake Forest,
IL, USA) locally. During surgery anesthesia was maintained with isoflurane
2.5%. Post-surgery, all animals received daily monitoring in accordance with
the approved procedural protocols.

All mice were sacrificed with an inhalation overdose (5%) of isoflurane
(Vet One, Meridian, ID, USA) and cervical dislocation or heart puncture
followed by cervical dislocation. The aorta was transected and flushed
via the left ventricle with ice cold phosphate buffered saline (PBS; pH
7.4). The aorta was then dissected from fat and connective tissue from
the left renal artery to the bifurcation using a microscope (Leica,
Wetzlar, Germany). Blood and aorta were snap-frozen individually in liquid
nitrogen and stored at —80°C before further processing.

2.4 AAA growth and blood pressure

monitoring

AAA development in both models was monitored via B-mode ultrasound
(Vevo 2100® High-Resolution In Vivo Micro-Imaging System (VisualSonics,
Toronto, Canada) at baseline and days 3, 7, 14, 21, and 28 post-surgery.
Mice were studied under isoflurane anesthesia and aortic diameters
were assessed at maximum diameter in the systolic cardiac phase.
Non-operated C57BL/6J mice of each treatment group were also moni-
tored for changes in blood pressure over a 4-week period using a non-
invasive cuff-tail system (CODA non-invasive system, Kent Scientific
Corporation, Torrington, USA), an established method reported to pro-
vide accurate blood pressure measurements over the physiological range
of blood pressure in mice.*?

2.5 Tamoxifen-inducible Chil1 knock-out

In Chil1 knock-out mice, the Chil1 gene exon 5 was flanked by two loxP
sites generated by Applied StemCell, Inc. (Menlo Park, CA). Complete gen-
omic knockout was verified by tail DNA polymerase chain reaction (PCR)
using primers A1 5- TAGACTCAGCCCCTGTGGTAATG -3’ (Chil1
genomic locus) and N1 5'- GTGTTGGTTTTTGTGTGCGGCG —3' (tar-
geting construct). The homozygotic Chil1 mice were then crossed to
B6.Cg. Tg (UBC-Cre/ERT2)1E)b2J (Jax) to generate homozygous, systemic,
conditional Chil1/Cre mice. Tamoxifen (Sigma-Aldrich) was dissolved in
100% corn oil (Sigma-Aldrich) at 20 mg/mL and injected intraperitoneally
at 75 mg/kg for five consecutive days at the age of 7 weeks. DNA PCR

confirmed effective knockout in tail and aorta using the above primers.
Knockout of full Chil1 transcript in aortic tissue was further confirmed
by Tagman real-time quantitative reverse transcription polymerase chain
reaction (QRT-PCR) (Life Technologies, Mm00801477_m1, probe covers
exon 6—7 boundary) which showed the transcript was undetectable.

2.6 Histologic assessment

For histological staining, aortic tissue was obtained and prepared for frozen
sectioning as previously described.?>* Sectioning, staining and IHC were
performed by Histotec (Histotec, Fremont, CA, USA). Antibodies were
obtained from Cell Signaling Technology, Danvers, Massachusetts, USA
(#70076S for F4/80, dilution 1:250; and #47066S for Chil1, dilution
1:250). The automated quantification of Chil1- and F4/80-positive areas
was performed using Fiji software.>* All histological images were obtained
at room temperature using a Keyence Microscope (Model BZ-X810,
Keyence) with built-in Nikon CFI 60 Series infinite optical system (Nikon).

2.7 RNA quantification

Total RNA was isolated using a TRIzol-based (Invitrogen) RNA isolation
protocol. RNA was quantified by Nanodrop (Agilent Technologies), and
RNA and miRNA quality were verified using an Agilent 2100 Bioanalyzer
(Agilent Technologies). Samples required 260/280 ratios >1.8, and sample
RNA integrity numbers >9 for inclusion. RNA was reverse transcribed using
the TagMan microRNA Reverse Transcription kit (Thermo Fisher) accord-
ing to the manufacturer’s instructions. MicroRNA and TagMan assay kits
(Thermo Fisher) for miR-24, sno202 (endogenous control for normalization
in mice), and RNU44/48 (control for human samples) were used.

For mRNA, the VILO cDNA synthesis kit (Thermo Fisher) was used to syn-
thesize first-strand cDNA according to the manufacturer’s protocol. TagMan
gRT-PCR assays were performed using mouse- and human-specific primers
(Thermo Fisher). Relative expression of miR-24-1 and miR-24-2 was obtained
by TagMan for human and murine pri-miR-24-1 and pri-miR-24-2 (Thermo
Fisher). All probes were normalized to 18S as a multiplexed internal control.
Amplification took place on a QuantStudio12K Flex (Thermo Fisher). All fold
changes were calculated by the method of AACt, and are expressed as mean
+SEM compared to either sham-operated mice, saline-infused mice, or
control-treated cells (in vitro). All experiments included 5-12 samples per
group and time point.

2.8 In vitro studies

Human aortic smooth muscle cells (AoSMC) were propagated in growth
media [SmMGM-2 (for AoSMC) with 5% fetal bovine serum (FBS) per stand-
ard protocols (Lonza; passage #4-5)]. AoSMC were incubated in basal me-
dium (SmBM) for 48-72 h prior to treatment/transfection. RAW264.7
cells (ATCC) were employed as a cell model surrogate for murine macro-
phages, and propagated in DMEM +10% FBS per manufacturer’s instruc-
tions. Cells were treated with human or murine recombinant IL-6
(20 ng/mL) (Cell Signaling) and/or liquid nicotine (10 nM or 100 nM,
#N3876, Sigma-Aldrich, St. Louis, Missouri, USA) for 24 h. Cells were har-
vested for RNA analysis at approximately 90% confluence. We performed
ROS assays with rhodamine in AoSMC (Abcam/ab139476) using pyocya-
nin (300 pM) as a positive control given 30 min prior (or untreated), and
then treating with nicotine with or without IL-6 for 1 h. Measurements
were taken according to the manufacturer’s instructions. The DCFDA
Cellular Reactive Oxygen Species (ROS) Detection Assay Kit (Abcam/
ab113851) was used to quantitatively measure ROS in adherent
RAW264.7 cells after 24 h of treatment. Cells were treated with either
10nM or 100 nM nicotine (Sigma-Aldrich) and 500 nM TEMPOL
(4-Hydroxy-TEMPO, Sigma-Aldrich) and measured according to the man-
ufacturer’s instructions using a microplate reader.

2.9 Transfection of cultured cells

Transfection of AoSMC was performed using Lipofectamine RNAIMAX
(Thermo Fisher) reagent, mixed with anti-hsa-miR-24, pre-hsa-miR-24
or scrambled controls (Thermo Fisher).”” For each transfection, scr-,
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anti- or pre-miR (final transfection concentration: 50 nM) was diluted in
Opti-MEM (Gibco) and combined with RNAIMAX per manufacturer’s
protocol. Two hours after transfection, cells were treated with IL-6 and/
or nicotine as described above and harvested 24 h later. RNA was ex-
tracted using TRIzol (Invitrogen). Some experiments utilized simultaneous
transfection with 50 nM siRNA directed against CHI3L1, with negative
siRNA controls (Thermo Fisher), as previously described.*’

2.10 Regulation of miR-24 through nf-kB by

nicotine in vitro

Transfection of IL-6-treated RAW?264.7 cells was performed using
Lipofectamine RNAIMAX (Invitrogen) reagent, and siRNA targeting Rela
(p65) subunits of the transcription factor NF-kB (Thermo Fisher).
For each transfection, siRNA was diluted in Opti-MEM (Gibco) for a final
transfection concentration of 50 nM. Cells were transfected with
Lipofectamine/siRNA 6 h prior to treatment with IL-6 (20 ng/mL) and/or
nicotine and incubated for an additional 24 h, followed by harvest and
RNA extraction using TRIzol (Invitrogen). Successful knockdown (>75%)
was confirmed by qRT-PCR determining expression levels of Rela (p65)
as well as decreased nuclear NF-kB activity (ELISA; Active Motif,
Carlsbad, CA, USA) in control-siRNA- and siRela-treated cells.

2.11 Human tissue sample acquisition and
preparation

Human aortic tissue samples were obtained from the Karolinska University
Hospital Biobank in Solna and were derived from patients who underwent
surgical repair of their AAA. These samples were obtained from a matched
cohort of patients with and without a history of active smoking. Approval
for studies on human tissue samples were obtained under informed con-
sent complying with all guidelines and policies of the Stanford University
School of Medicine and the Karolinska Institute, in accordance with the
Declaration of Helsinki.

2.12 Statistics

Data are presented as mean+SEM. Groups were compared using
Student’s t-test (two-tailed) for parametric data. When comparing multiple
groups, data were analyzed by ANOVA with Bonferroni's post-test.
Sequential measurements were analyzed by One-Way Repeated
Measures ANOVA. Paired t-testing was performed utilizing Wilcoxon
matched-pairs signed rank test with Spearman effectiveness testing.
Aortic diameters were compared using two-way ANOVA (a 0.05) with
multiple comparisons. All statistic testing and graph composition was
done using GraphPad Prism software (San Diego, USA). A value of P<
0.05 was considered statistically significant.

3. Results

3.1 E-cig vaping exacerbates experimental
murine aneurysm development and

augments the miR-24/Chil1 response
Eight-week-old C57BL/6) mice of both genders were exposed to daily e-cig
vapour (or room-air control) for 6 weeks. After 2 weeks of exposure for
preconditioning and familiarization, AAA was surgically induced in the in-
frarenal segment with PPE infusion (or saline for sham-operation)
(Figure 1A) and aortic dilation was monitored using ultrasound
(Supplementary material online, Figure S1A). E-cig exposure did not signifi-
cantly alter blood pressure or weight in C57BL/6) mice (Supplementary
material online, Figure S1B and C). Sufficient nicotine uptake through vaping
was ensured by measuring cotinine levels in serum (Supplementary
material online, Figure S1D). Cotinine levels obtained were consistent
with levels found in humans with moderate-heavy smoking or e-cig
vaping.35

In-vivo ultrasound monitoring demonstrated that male mice in the e-cig
group developed larger AAA when compared to mice exposed to room air
after PPE infusion. As expected, sham surgery with intra-aortic saline infu-
sion did not lead to AAA development; e-cig exposure alone (with sham
surgery) also did not lead to AAA development (Figure 1B). Similar effects
were observed in female mice undergoing PPE surgery which also devel-
oped larger lesions when exposed to e-cig, while sham surgery did not
lead to significant changes in aortic diameters (Supplementary material
online, Figure STE).

Selected mice were euthanized at either 7 or 28 days after surgery to har-
vest the aneurysmal (or equivalent control) region of the aorta for RNA ex-
traction. Quantitative RT-PCR  confirmed that expression of
pro-inflammatory (ll6, Ccl2) and extracellular matrix (ECM) remodelling
genes (Mmp9) known to be crucial for AAA development were increased
in mice exposed to e-cig (vs. room air) by 7 days after surgery, while elastin
(EIn) showed further decreased expression (Figure 1C). E-cig exposure also
led to a mildly enhanced inflammatory response in non-aneurysmal tissue,
though to a much lesser extent than with AAA. These findings were sus-
tained throughout the observation period (28 days) for pro-inflammatory
genes and to some extent also for genes essential for ECM-remodelling
(Figure 1C). In female PPE-induced AAA, similar observations were made
for both time points when comparing e-cig-exposed mice to room air ex-
posure and to sham surgery (Supplementary material online, Figure S2A
and B).

Of note, aortic expression of the novel cytokine Chil1 was significantly
upregulated in mice of both genders exposed to e-cig (vs. room-air con-
trols with or without PPE or sham surgery) at both early and later time
points, and was regulated in the opposite direction from miR-24 expres-
sion (Figure 1D and E; Supplementary material online, Figure S2C). In previ-
ous work sampling murine PPE-AAA tissue, miR-24 (an anti-inflammatory
miR) was also noted to be down-regulated, and displayed the most signifi-
cant negative correlation with upregulated target genes at Day 7 of any in-
dividual down-regulated miRNA (by miRNA-target seed-hexamer
enrichment using DIANA-mirExTra).?’

PPE induction of AAA in male animals exposed to room-air led to signifi-
cant, but more limited upregulation of Chil1 (with similar opposing miR-24
regulation) when compared to e-cig-exposed mice (Figure 1D and E). Again,
similar regulatory patterns were observed in female mice (Supplementary
material online, Figure S2C).

Immunohistochemical analysis demonstrated enhanced Chil1 protein
expression in AAA tissue after 28 days (Figure 1F and G). We also observed
increased F4/80 marker expression in the aneurysms of e-cig-exposed (vs.
room air) animals after 28 days, indicating enhanced macrophage infiltra-
tion when mice were exposed to e-cig vapour (Figure 1F and G).

The same e-cig vaping protocol was applied to male ApoE™'~ mice re-
ceiving osmotic mini pumps containing Angiotensin-Il (Angll) to induce
dissecting AAA in the suprarenal aortic segment. Again, aortic growth
was monitored for 28 days via ultrasound. As often occurs with this
model, female mice did not develop AAA at sufficient rates or diameters
for comparative analysis. However, in male mice e-cig exposure again
led to augmentation of aneurysm growth (Figure 1H), and both signifi-
cant aortic miR-24 down-regulation, and up-regulation of Chil1 expres-
sion (Figure 1/) when compared to room air-exposed mice. The e-cig
group also revealed increased Day 28 inflammatory gene expression
(16, Ccl2) and augmented regulation of ECM remodelling genes
(Mmp2, Mmp9, Eln) when compared to room-air (Supplementary
material online, Figure S3A).

3.2 Nicotine increases inflammatory gene

expression in AAA-related cell types in vitro
We sought to identify the specific effects of nicotine treatment on inflam-
matory gene expression in cell subtypes known to be crucial for AAA, in-
cluding macrophages and aortic smooth muscle cells.

Nicotine treatment significantly increased expression levels (by qRT-PCR)
of pro-inflammatory genes in RAW264.7 murine macrophages (Figure 2A).
Further, nicotine dose-dependently augmented pro-infllmmatory responses
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Figure 1 AAA progression and gene expression, miR-24, and Chil1 response to E-cig exposure during AAA development. (A) Schematic timeline of E-cig
vaping experiments. Aortic ultrasound scans were performed at baseline, at day 3 and day 7 after AAA induction, and then weekly. (B) Daily exposure to E-cigin
male C57BL/6) mice containing nicotine (24 mg/mL, 9 s puffs per minute, 60 min/d) increased AAA diameter by ultrasound vs. Room air-exposed control
animals after PPE and vs. sham surgery with or without E-cig (n=5-13 per group). Sham surgery did not lead to aortic dilation in E-cig or room air-exposed
animals. (C) Gene expression of key inflammatory markers (I16, Ccl2) and ECM-related genes (Mmp9, Eln) (n = 5—6 per group) in males at day 7 (top) and day 28
(bottom) in aortic tissue derived from untreated animals, or after sham or PPE surgery with or without E-cig exposure. (D and E) Gene expression of miR-24
and its target ChilT in the same tissues as in C quantified by qRT-PCR at day 7 (D left) and 28 (E right) (n=5-6 per group). (F) Aortic aneurysm sections from
male animals were harvested after 28 days and stained with hematoxylin and eosin, and IHC was used for anti-F4/80 and anti-Chil1. Positive areas were quan-
tified. Scale bar is 100 um. Arrows indicate positively stained areas. (G) IHC of F4/80- (top) and Chil1- (bottom) positive areas were quantified in high power
fields (HPF) (4 HPF per slide, 3 slides per animal, 3 AAA per group). (H) Male ApoE ™'~ mice were exposed to E-cig according to the same protocol as used in A.
After 2 weeks of pre-exposure to E-cig or Room-air, osmotic minipumps filled with Ang-Il were implanted and suprarenal aortic growth was measured via
ultrasound (n = 8 per group). (/) miR-24 and Chil1 gene expression levels in AAA tissues from E-cig-exposed (vs. Room-air-exposed, Ang-ll-treated-) ApoE ™/~
mice using qRT—-PCR at Day 28 after pump implantation (n = 5—6 per group). Graphs (B and H) show aortic aneurysm diameter (AAD) % increase vs. baseline.
*P <0.05; **P < 0.01 AAA E-cig vs. AAA room air. ##P < 0.01 both PPE groups vs. both sham surgery groups. All by two-way ANOVA with multiple com-
parison (B and H). Gene expression data are presented as fold change (FC) vs. unoperated, room air-exposed control. *P < 0.05 or #*¥P < 0.01 vs. Sham; #P <
0.05 or ##P < 0.01 vs. unoperated, e-cig-exposed control; §P < 0.05 or §§P < 0.01 vs. sham-operated, room air-exposed control; P < 0.05 or 1P < 0.01 vs.
sham-operated, e-cig-exposed control; BP < 0.05 or BBP < 0.01 vs. PPE-operated, room air-exposed. Two tailed student’s t-test (C, D, E, and /). *P < 0.05; **P
< 0.01 Two tailed student’s t-test (G) Data are mean & SEM. Down-regulated genes are shown as —1/FC.
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Figure 2 Nicotine induces and augments pro-inflammatory cytokines and ROS in human AoSMC and murine RAW264.7 cells. (A) Nicotine increases ex-
pression levels of inflammatory genes (Ccl2, l16 and Tnf) in murine RAW264.7 cells. (B) Nicotine dose-dependently augments inflammatory gene (Ccl2, Tnf)
responses to recombinant IL-6 treatment (20 ng/mL) in RAW?264.7 cells. (C) Nicotine dose-dependently increases total ROS in RAW264.7 cells (DCFDA
Assay, Ex/Em =485/535 nm), a process reversed by TEMPOL. (D) Nicotine dose-dependently increases expression levels of inflammatory genes (CCL2,
IL6 and IL8) in human AoSMCs. (E) Nicotine dose-dependently augments inflammatory gene (CCL2, IL6 and IL8) responses to recombinant IL-6 treatment
(20 ng/mL) in human AoSMCs. (F) Nicotine dose-dependently increases ROS response to IL6 (20 ng/mL) in human AoSMCs (Abcam/Rhodamine, Ex/Em
=550/620 nm). (G) Corresponding pictures to (F) of human AoSMCs stained for ROS under green channel using ROS Detection Assay (Abcam/
Rhodamine). Gene expression data are qRT-PCR presented as fold change vs. control. §P < 0.05 vs. control; vs. §§ control and IL6; T vs. control, L6, and
IL6 + nicotine 10 nM (A, B, D, and E). *P < 0.05 vs. control; #P < 0.05 vs. other group (C). *P <0.05 or **P < 0.01 vs. IL6, #P < 0.05 vs. other group (F). All
two-tailed Student’s t-test. Data are mean + SEM (n =4-6/treatment group).
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Figure 3 Nicotine down-regulates miR-24-1. (A) Nicotine (10 nM) down-regulates miR-24 expression in human AoSMCs via the NF-kB pathway.
Down-regulation is neutralized with siRNA to RELA. (B) Nicotine (10 nM) down-regulates pri-miR-24-1 but not pri-miR-24-2 in RAW?264.7 cells. (C)
Nicotine reduces pri-miR-24-1 expression in RAW264.7 cells via ROS. Addition of ROS-scavenger TEMPOL leads to an increase in pri-miR-24-1 expression
despite nicotine treatment. (D and E) Recombinant IL-6 treatment lowers pri-miR-24-1 in RAW264.7 cells and human AoSMCs, a process which is augmented
dose-dependently by nicotine. Gene expression data are presented as fold change vs. control. ¥P < 0.05 vs. untreated control (A, B, and C). §P < 0.05 vs. control;
§§ vs. control and ILé; T vs. control, IL6, and IL6 + Nic10 nM (D and E). All Student’s t-test. Data are mean + SEM (n = 3—8/treatment group). Down-regulated

genes are shown as —1/FC.

in these cells when they were pre-treated with IL-6, one of the most prom-
inent cytokines involved in AAA formation (Figure 2B).

ROS represent a class of signalling molecules that can mediate a multi-
tude of processes, including NF-kB activation and vascular inflammation,
and are key mediators in AAA progression.>® Nicotine induces ROS in
various cell types in culture as well as in aortic wall in murine AAA a
process that has been invoked as a mechanism through which smoking
might induce AAA. In RAW264.7 cells, we observed that nicotine treat-
ment induced total ROS with increasing dose. This was negated by co-
treatment with the ROS scavenger, TEMPOL (Figure 2C). Similar effects
were found in primary human aortic smooth muscle cells (AoSMC): nico-
tine treatment significantly increased CCL2, IL6 and IL8 gene expression
(Figure 2D). Futhermore, nicotine dose-dependently augmented inflam-
matory gene expression in AoSMCs induced by recombinant human
IL6 pretreatment (Figure 2E). Importantly, we found that AoSMCs also
showed increased total ROS production (Figure 2F and G;
Supplementary material online, Figure S3B) in response to nicotine after
IL-6 pre-treatment.

3.3 Nicotine regulates miR-24-1 and CHI3L1/

Chil1 in aneurysm-related cells

In vitro stimulation of human AoSMC with nicotine significantly decreased
miR-24 expression. This process appeared to be largely dependent upon
NF-xB activation, as prior transfection with siRNA directed against
RELA nearly eliminated the effect when compared with negative control
transfection (Figure 3A).

MiR-24 transcription occurs at two loci in both the mouse and human
genomes, and the products of each locus are subsequently processed to
mature miR-24. Our previous29 and current expression data indicate
that pri-miR-24-1 (rather than pri-miR-24-2) is preferentially reduced in
experimental AAA. We further investigated this in RAW?264.7 cells, finding
that nicotine treatment suppressed pri-miR-24-1 expression, but not
pri-miR-24-2 (Figure 3B). This effect was mediated by ROS, as TEMPOL
treatment prevented nicotine-induced pri-miR-24-1 down-regulation
(Figure 3C). Additionally, nicotine exacerbated the downregulation of
pri-miR-24-1  transcription induced by recombinant murine [L6
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Figure 4 Nicotine-induced CHI3L1/Chil1 is crucial to the augmentation of both the inflammatory response and AAA development. (A and B) Nicotine aug-
ments IL6-induced increase of CHI3L1/Chil1 gene expression in human AoSMCs and RAW264.7 cells by qRT-PCR. (C) Overexpression of miR-24 using trans-
fection with pre-miR-24 (pre-24) reduces nicotine-augmented cytokine (IL6, CCL2 and IL8) gene expression in human AoSMCs. Scr-miR = scrambled miR
control. (D—F) Nicotine augments the effects of IL6 in increasing inflammatory cytokines CCL2 (D), IL6 (E), and IL8 (F) gene expression in human AoSMCs.
These effects are reduced or reversed with miR-24 overexpression (pre-miR-24 transfection). Conversely, further down-regulation of miR-24 with
anti-miR-24 transfection augmented the effects on inflammatory gene expression. However, simultaneous silencing of CHI3L1 (siRNA transfection) reduces
or reverses the effects of the combination of IL6, nicotine and anti-miR-24. (G) Smoking augments the increase in aortic CHI3L1 gene expression, and the
decrease in miR-24 in human AAA tissue (n=6-9 per cohort). (H) Globally induced Chil1~'~ suppresses AAA growth after PPE surgery in male (left) and
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mean + SEM (n = 3—6/treatment group). *P < 0.05 two-tailed Student’s t-test (G). Down-regulated genes are shown as —1/FC. Graphs show aortic aneurysm

diameter (AAD) % increase vs. baseline. *P < 0.05 or **P < 0.01 in two-way ANOVA with multiple comparison (H).

(Figure 3D). Similar findings were observed in human AoSMCs (Figure 3E).
These observed effects of nicotine upon miR-24-1 were accompanied by
dose-dependently increased expression of CHI3L1/Chil1 in both human
AoSMCs and RAW264.7 cells (Figure 4A and B).

3.4 Nicotine-induced increases in
inflammatory genes are mediated in part by
miR-24 and CHI3L1

As noted above, serum-starved human AoSMCs stimulated with recom-
binant IL-6 show additional increases in gene expression of inflammatory

cytokines when treated with nicotine. These effects were largely neutra-
lized when cells were transfected with pre-miR-24 (Figure 4C). SIRNA di-
rected against CHI3L1 was able to abrogate the majority of the
combined pro-inflammatory effects of anti-miR-24, IL6 and nicotine.
Even in the presence of recombinant IL-6, pre-miR-24 was able to offset
the cytokine increases seen in nicotine-treated human AoSMCs (vs.
scrambled miR) (Figure 4D—F). Notably, the addition of anti-miR-24 sig-
nificantly increased IL8 expression beyond that achieved with IL-6 and
nicotine together (Figure 4F). These data suggest that the miR-24/
CHI3L1 axis is responsible in part for nicotine’s additive inflammatory
effects.
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3.5 miR-24 and CHI3L1 show augmented

regulation in AAA tissue from smokers

Given that e-cigs are fairly new products, the availability of human AAA
samples from patients using e-cig devices is limited. To test whether chron-
ic nicotine exposure affects CHI3L1 and its regulator miR-24 in human
AAA disease, we investigated whether conventional cigarette smoking sta-
tus affected relative levels of CHI3L1 and miR-24 in human AAA samples.
Intriguingly, we found that active smokers showed significantly more regu-
lation, with 4.98-fold greater down-regulation of miR-24, and 3.51-fold
greater up-regulation of CHI3LT (P<0.05, n=6-9 in each cohort)
(Figure 4G). Supporting clinical information is provided in the supplemental
data (Supplementary material online, Figure S3C).

3.6 Role of Chil1 in e-cig-augmented AAA

development

We further investigated the role of Chil1 in the context of e-cig exposure
in AAA by applying the same vaping and PPE surgery protocols described
above to age-matched mice of both genders after conditional knockout of
Chil1 in C57BL/6) mice. Knock-out efficiency was verified by PCR
(Supplementary material online, Figure S4A). Accelerated AAA formation
after e-cig exposure was significantly reduced in Chilt™~  mice
(Figure 4H). This effect was apparent in both male and female mice.
Notably, tamoxifen pre-treatment of wildtype mice at the same doses
used for knock-out induction did not lead to changes in AAA growth
(Supplementary material online, Figure S4B). Chil1™= mice exposed to
only room air did not show reduced AAA formation when compared to
room air-exposed wildtype mice (C57BL/6J) AAA (Supplementary
material online, Figure $4C).

4. Discussion

In the present study, we demonstrate for the first time that episodic in-
haled e-cig vapour augments experimental AAA. We also identified a
key mechanism behind the e-cig effects involving the cytokine Chil1 (also
implicating its targeting regulator: miR-24), and further demonstrate the
importance of nicotine’s role in AAA formation.

While tobacco smoking is well-established as a major risk factor for car-
diovascular disease in general, and AAA in particular,”®”® less attention
has been paid to the specific cardiovascular risks that may be due specific-
ally to nicotine, a major constituent of both tobacco smoke and e-cigs.
Nicotine is the major active ingredient in most e-liquids, in concentrations
comparable to, or even higher than those found in conventional
cigarettes.1 8

Chronically infused nicotine has been shown to augment aortic AAA pro-
gression in animal models, including with Angll-infusion in ApoE™"~ mice and in
the PPE model in C57BL/6) mice.?’ Wang et al. have also reported that infused
nicotine can induce AAA formation in ApoE ™~ mice.?" However, all previously
published experimental AAA studies employing nicotine have utilized direct
continuous subcutaneous delivery, leaving it unclear how episodic daily uptake
through the respiratory system might alter that response.

In the current study, we exposed mice to e-cig vapour containing nico-
tine to evaluate for the first time the impact on murine AAA development,
using both the PPE and the Angll/ApoE™~ models. We chose a nicotine
concentration of 25 mg/mL, which is in the range of reported doses in
the literature (i.e. 18-35 mg/mL).>*" In general, nicotine concentration
may vary depending on usage, e-juice, flavouring chemicals, and the e-cig
device.** We chose a basic e-juice composed of 50% propylene glycol
and 50% vegetable glycerin (PG/VG) without added flavouring in order
to focus on the potential effects of vaped nicotine uptake. Further, nicotine
uptake through e-cig vaping is also somewhat dependent on aerosol par-
ticle sizes. A recent publication by Lalo et al,** utilizing the same third-
generation atomizer as in our experiments and the same mix of PG and
VG, but with a slightly lower dose of nicotine (18 mg/mL), found that
mass median aerodynamic diameters ranged from 1.06 to 1.19 pm, with
nicotine concentrations within the aerosol droplets of approximately

11 mg/mL. These results are consistent with other studies reporting par-
ticle sizes within that range.*>* The cotinine metabolite levels we achieved
in e-cig-exposed mice were consistent with those found in vaping hu-
mans.>> We did not observe significant changes in blood pressure of the
mice during a maximum of 6 weeks of e-cig exposure. Notably some other
studies have reported increases in murine blood pressure in chronic ex-
posure models, using much longer exposures and lasting up to 60 weeks.
However, in one of those studies all significant differences disappeared
after 4 weeks.*’*®

Immune/inflammatory-regulating miRs play a central role in AAA devel-
opment. A prime example of this is the downregulation of miR-24 in mur-
ine AAA models and human tissue, which is regulated in the opposite
direction from expression of predicted miR-24-target inflammatory genes
in aortic tissue. Nicotine has previously been demonstrated to regulate miR
transcription and is capable of altering miR expression systemically as well
as locally, with effects that can even be transmitted trans-
generationally.?**° Here we showed that e-cig exposure in PPE-AAA
and Angll/ApoE™"" resulted in further aortic tissue down-regulation of
miR-24, accompanied by enhanced up-regulation of inflammatory genes,
including its target Chil1, novel findings that connect these key AAA
mediators.

Of the two possible miR-24 loci, the one involved in AAA appears to be
derived from the intronic miR-24-1-cluster (mouse-chr13; human-chr9:
miR-23b/miR-27b/miR-24-1), rather than the intergenic miR-24-2 cluster
(mouse-chr8; human-chr19: miR-23a/miR-27a/miR-24-2).  The
miR-23b-24-27b cluster is highly conserved and has been previously asso-
ciated with post-infarct cardiac angiogenesis, cardiomyocyte survival, and
cancer.**>?

We also show in vitro that nicotine increases inflammation, and aug-
ments the effects of IL-6 in down-regulating pri-miR-24-1 in macrophages
and human AoSMCs. Taken together, these data suggest a miR-mediated
mechanism for some of nicotine’s pathologic effects on aneurysm
development.

NF-kB, the core mediator of its namesake AAA-related pathway, men-
tioned above, can act as a transcriptional repressor, is a well-known medi-
ator of nicotine activity, and can directly regulate miRs.'***>* Looking at
potential pathophysiologic mechanisms, we previously established that in-
flammatory stimuli down-regulate miR-24, at least partly through NF-xB.2’
Our new in vitro data suggest that the additional down-regulation of
miR-24 observed in macrophages and human AoSMCs with nicotine treat-
ment is also partially mediated by NF-«B. Further, nicotine induced ROS in
these cells, and regulation of miR-24-1 by nicotine was dependent on ROS.

While miR-24 regulates numerous genes, our analysis has suggested that
one of its targets, CHI3L1/Chil1, is likely crucial in mediating inflammation
in AAA.? This relatively novel secreted cytokine can induce VSMC prolif-
eration and migration, is a marker of late-stage macrophage differentiation,
and is secreted by macrophages in situ during atherogenesis.”” It is thought
to contribute to both acute and chronic inflammation.**~¢° Importantly
Chil1 has been shown to promote macrophage recruitment in cancer,’’
and promote macrophage polarization towards a pro-inflammatory
phenotype,®>¢* which are in line with our in vivo and in vitro experiments.

In support of these conclusions, we now show that systemic Chil1
knock-out neutralizes the accelerated AAA seen with e-cig exposure in
the PPE model, in both genders. Additionally, in vitro we show that nicotine
augments expression of CHI3L1/Chil1 in macrophages and human AoSMCs
in response to IL6é-stimulation, due in part to its effects on miR-24 levels. In
fact, nicotine’s effects on inflammatory cytokine expression in human
AoSMCs in vitro appear to be largely dependent on miR-24 and CHI3L1/
Chil1.

Finally, paralleling our murine findings, our analysis of human AAA tissue
shows that smokers experience greatly decreased miR-24 expression and
increased CHI3LT expression compared with non-smokers. Since e-cig
vaping is currently more frequently employed by younger individuals, and
AAA is a chronic disease that typically manifests in the sixth decade of
life, insufficient numbers of patients currently exist to evaluate its effects
to-date on human AAA risk. Of note, recent evidence demonstrates
that e-cig use can negatively affect endothelial function in animal models


http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac173#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac173#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac173#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac173#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvac173#supplementary-data

876

J. Mulorz et al.

and humans, thereby setting the stage for vascular inflammation.®**> Our
data should therefore serve as a warning of the potentially hazardous im-
pact of e-cigs on AAA incidence in years to come.

Our experiments also highlight the role of gender in AAA develop-
ment, showing that the response to e-cig elicited in female mice was uni-
formly less severe than in male mice. This has been noted in several AAA
models previously,®® and reflects human disease incidence.®”¢®
AAA-pathophysiology-related gene-regulation was also generally smaller
in magnitude in female mice when compared to male mice, including
e-cig-induced Chil1. However, it needs to be noted that in both genders
Chil1 was shown to be significantly up-regulated in response to nicotine
vaping and that Chil1-KO proved to be protective for both genders. A
large cohort study found AAA growth in women to be more sensitive
to current smoking when compared to men.®® Our data indicate that
Chil1 is a key regulator in nicotine-augmented AAA formation independ-
ent of gender. This may also help to explain why the protective effects of
female gender are lost in regards to AAA development when active
smoking status is considered.”

Our study has limitations. First, during our evaluation of experimental
AAA growth with vaping we did not perform direct manipulation of
miR-24 levels by using (for example) anti- or pre-miR oligonucleotides as
in our previous work, but rather decided to focus on one of the major tar-
gets of miR-24. It is the case that miR-24 has other targets that may have
the potential to alter AAA formation. However, our in vitro data suggest
that much of the impact of miR-24 regulation on nicotine-induced vascular
inflammation is dependent upon Chil1/CHI3L1. Based on our published
studies on miR-24/Chil1 in AAA, we would have expected Chil1 deletion
to have had a more significant effect in decreasing non-vaped AAA growth,
but it appears that a large proportion of the previously observed impact of
miR-24 modulation on AAA (independent of nicotine) may relate to com-
plex regulation of its many other targets.?’

It should also be noted that we did not explore AAA formation in re-
sponse to exposure to e-cig vapour without nicotine. There is accumulat-
ing evidence that the vapourization process produces toxic byproducts
that are inhaled and that these may lead to endothelial dysfunction”’ and
inflammatory responses,””? and affect vascular function.”* These effects
may have contributed to the observed effects in our in vivo model and
will be addressed in future studies.

Further, we have included data derived from samples from human pa-
tients that smoked conventional cigarettes rather than e-cigs. We are
aware of this inconsistency but given the lack of availability of samples
from AAA patients with a history of primary e-cig use, at this point there
is no other means of accessible clinical validation. Additionally, while these
murine models of AAA have been shown in numerous publications to
strongly resemble human disease in terms of pathophysiology, they em-
body a more acute inflammatory process with early rapid AAA growth,
as opposed to the more chronic inflammation which dominates human
AAA development.

Taken together our data imply that chronic nicotine intake via e-cig vap-
ing may increase AAA risk and progression by augmentation of immune/in-
flammatory responses via up-regulation of CHI3L1/Chil1 (likely in part due
to down-regulation of miR-24). These results add to the growing body of
literature suggesting that nicotine-containing products may add to cardio-
vascular risk in general, and AAA in particular, and raise concerns regarding
the potential public health impacts of their chronic use.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective

Smoking is one of the most hazardous modifiable risk factors, with clear links to abdominal aortic aneurysm. E-cig vaping has displayed explosive growth
in popularity. Intended for smoking cessation, it has been taken up by millions with no such clinical need, delivering nicotine addiction to new genera-
tions. The presumption that vaping is safer than tobacco overlooks the potential cardiovascular risks of nicotine. This study shows for the first time that
inhaled e-cig nicotine vapour augments experimental AAA and aortic inflammation, suggests a mechanistic role for the cytokine Chil1/CHI3L1 and its
regulator microRNA-24, and raises red flags regarding longitudinal e-cig safety.
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