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Patrtial inhibition of glycolysis reduces
atherogenesis independent of intraplaque
neovascularization in mice
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Abstract

Objective: Intraplaque (IP) neovascularization is an important feature of unstable
human atherosclerotic plaques. However, its impact on plaque formation and
stability is poorly studied. Because proliferating endothelial cells (ECs) generate up
to 85% of their ATP from glycolysis, we investigated whether pharmacological
inhibition of glycolytic flux by the small molecule 3PO [3-(3-pyridinyl)-1-(4-pyridinyl)-
2-propen-1-one] could have beneficial effects on plaque formation and composition.
Approach and results: ApoE™” mice treated with 3PO (50 ug/g, i.p.; 4x/week, 4
weeks) showed a metabolic switch toward ketone body formation. Treatment of
ApOE"Fbn1¢103%¢*~ mice with 3PO (50 ug/g, i.p.) either after 4 weeks of western
diet (WD) (preventive, twice/week, 10 weeks) or 16 weeks of WD (curative, 4x/week,
4 weeks) inhibited IP neovascularization by 50% and 38%, respectively. Plaque
formation was significantly reduced in all 3PO-treated animals. This effect was
independent of IP neovascularisation. In vitro experiments showed that 3PO favors
an anti-inflammatory M2 macrophage subtype and suppresses an M1 pro-
inflammatory phenotype. Moreover, 3PO induced autophagy, which in turn impaired
NF-kB signalling and inhibited TNF-a-mediated VCAM-1 and ICAM-1 up-regulation.
Consistently, a preventive 3PO regimen reduced endothelial VCAM-1 expression in
vivo. Furthermore, 3PO improved cardiac function in ApoE™~"Fbn1¢1039¢*~ mijce after
10 weeks of treatment.

Conclusions: Partial inhibition of glycolysis restrained IP angiogenesis without
affecting plaque composition. However, less plaques were formed, which was
accompanied by downregulation of endothelial adhesion molecules, an event that
depends on autophagy induction. Inhibition of coronary plaque formation by 3PO

resulted in an overall improved cardiac function.

Keywords: atherosclerosis, intraplaque neovascularization, angiogenesis,
glycolysis, 3PO
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e By using a mouse model of advanced atherosclerosis that develops IP

neovascularization (ApoEFbn1¢193°6+" mice) we found that partial inhibition

of glycolysis impairs neovascularization in plaques

e Partial inhibition of glycolysis restrains atherosclerotic plaque formation

independent of IP neovascularization and without affecting plaque

composition

¢ Partial inhibition of glycolysis has a positive impact on cardiac function when

administered in a preventive manner

e Partial inhibition of glycolysis increases the number of autophagosomes in

endothelial cells

e Partial inhibition of glycolysis reduces endothelial VCAM-1 and ICAM-1

expression in an autophagy-dependent way

e Partial inhibition of glycolysis favors an anti-inflammatory M2 macrophage

subtype and suppresses an M1 pro-inflammatory phenotype in vitro.
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Introduction

Blood vessels constitute the largest network in our body to ensure a continuous
blood flow towards different organs and tissues. However, despite their role in
supplying nutrients and oxygenated blood, new vessels that branch off from existing
vessels (a process known as neovascularization) could also play a detrimental role
in various ischemic and inflammatory diseases including atherosclerosis.! Because
intraplaque (IP) microvessels are immature and leaky,? they facilitate infiltration of
lipids, inflammatory mediators and erythrocytes. Consequently, IP
neovascularization has been linked to plaque progression.®> 4 IP neovascularization
is initiated in advanced plaques by hypoxia and emerges when the size or
inflammatory burden of the plaque exceeds a critical threshold. Clinical trials
targeting neovascularization in pathological settings mainly focus on blocking
vascular endothelial growth factor (VEGF) signalling.® However, these studies have
reported moderate success due to drug resistance or adverse effects.® Recent
evidence indicates that proliferating endothelial cells (ECs) generate up to 85% of
their ATP from glycolysis,” suggesting that EC metabolism is an attractive alternative
target to reduce neovascularization.® Pharmacological inhibition of glycolytic flux by
intra-peritoneal injection of the small molecule 3PO [3-(3-pyridinyl)-1-(4-pyridinyl)-2-
propen-1-one] reduces vessel sprouting in EC spheroids, zebrafish embryos, mouse
retina and models of inflammation.® 3PO dose dependently reduces glycolysis in
ECs, but by no more than 35-40%, thus less than the nonmetabolizable glucose
analog 2-deoxy-D-glucose, which reduces glycolysis by approximately 80%.°
Because 3PO reduces cellular fructose-2,6-bisphosphate levels, it has been
proposed that 3PO targets 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3
(PFKFB3)."°"However, more recent findings indicate that 3PO does not bind PFKFB3
and may act through mechanisms that are unrelated to PFKFB3inhibition."
Importantly, suppression of glycolysis by 3PO occurs without lowering the energy
charge or increasing oxygen consumption, and without abrogating side metabolic
pathways such as the pentose phosphate pathway necessary for NADPH
production. Although inhibition of glycolysis by 3PO is partial and transient, it is

sufficient to reduce neovascularization.®
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IP neovascularization is a typical feature of advanced human atherosclerotic
plaques, but is rarely observed in animal models.'> Nonetheless, our group has
recently reported that apolipoprotein E deficient (ApoE™) mice, containing a
heterozygous mutation (C1039G+/-) in the fibrillin-1 (Fbn1) gene, display substantial
IP neovascularization in the brachiocephalic artery and common carotid arteries.
Because Fbn1 is the major structural component of extracellular microfibrils in the
vessel wall, neovascularization in ApoE"-Fbn1¢1%3°¢*- mice probably occurs because
elastin fragmentation allows microvessel sprouting from the adventitial vasa
vasorum through the media into the intimal lesion.' Moreover, the high degree of
stenosis and presence of activated macrophages in plaques of ApoE’-Fbn1¢10396+-
mice likely results in IP hypoxia, and triggers the growth of new vessels from the
adventitia.' ' In the present study, we explored the possibility of inhibiting IP
angiogenesis with 3P0 in ApoE”Fbn1¢1939¢*- mjce and studied its potential plaque

stabilizing effects.

Material and methods

The authors declare that all supporting data are available within the article (and its

online supplementary files).

Mice

Female ApoE” mice were fed a western-type diet (WD) (Altromin, C1000 diet
supplemented with 20% milkfat and 0.15% cholesterol, #100171), starting at the age
of 8 weeks, and treated with glycolysis inhibitor 3PO (50 mg/kg, i.p., 4x/week) or
vehicle (DMSO) for 4 weeks. The animals were housed in a temperature-controlled
room with a 12-hour light/dark cycle and had free access to water and food [either
normal laboratory diet (ssniff, R/M-H) or WD]. To perform a glucose tolerance test,
mice were fasted for 16 hours and injected with glucose (1 g/kg, i.p.). Blood glucose
levels were determined and plotted in function of time. Insulin action was evaluated
in vivo by injection of insulin (Novorapid, 1 U/kg, i.p.). Food and water intake of mice
that were individually housed in metabolic cages (Tecniplast, floor area: 200 cm?)

were monitored for 24 hours. Mice in metabolic cages were weighted at the start of
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the experiment and after 24 hours in the cage. Fasting and non-fasting blood glucose
levels were analyzed with a hand-held glucometer (OneTouch Ultra, range 20-600
mg/dL; Lifescan) by taking a droplet of blood from the tip of the mouse’s tail. At the
end of the experiment, blood samples were obtained from the retro-orbital plexus of
anesthetised mice (sodium pentobarbital 75 mg/kg, i.p.). Subsequently, mice were
sacrificed with sodium pentobarbital (250 mg/kg, i.p.). Plasma samples were
analyzed with an automated Vista 1500 System (Siemens Healthcare Diagnostics)
for liver enzymes, total cholesterol and triglycerides. Insulin and B-hydroxybutyrate
were determined with a mouse insulin ELISA kit (80-INSMS-E01, ALPCO) and B-
hydroxybutyrate assay kit (ab83390, Abcam), respectively. To assess autophagy
induction by 3PO in vivo, GFP-LC3#53 transgenic mice'® were treated with 3PO (50
mg/kg, i.p., 4x/week) or vehicle (DMSO). After 2 weeks, the autophagic flux inhibitor
chloroquine was administered (50 mg/kg, i.p.) and mice were sacrificed 3 hours later
using an overdose of sodium pentobarbital (250 mg/kg, i.p.). Liver and heart samples
were isolated for immunohistochemical detection of LC3.

For atherosclerosis studies, 3PO (50 mg/kg, i.p.) or solvent (DMSO) was
administered to female WD-fed ApoE’Fbn1¢1939¢+- mice, starting either after 4
weeks WD (2x/week, 10 weeks, preventive regimen) or after 16 weeks WD
(4x/week, 4 weeks, curative regimen)(Supplemental Figure I). Female mice were
chosen because the Fbn1 mutation frequently leads to aortic dissection in male
ApoE7Fbn1¢10396+- mice, but not in female ApoE*Fbn1¢1039¢*- mjce." In addition,
ApoE~"- mice on WD were treated with 3PO as described above (preventive regimen)
to test the effects of 3PO on plaque size and composition in the absence of IP
neovascularization. All animal procedures were conducted according to the
guidelines for experimental atherosclerosis studies described in a scientific
statement of the American Heart Association and the ATVB Council.'”: 8

Experiments were approved by the ethics committee of the University of Antwerp.

Histology

After euthanasia, the proximal aorta, aortic arch, carotid artery and heart were
collected. Tissues were fixed in 4% formalin for 24 hours, dehydrated overnight in

60% isopropanol and subsequently embedded in paraffin. The plaque formation
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index in ApoE”Fbn1¢%3%¢*- mice was calculated on longitudinal sections of the
carotid artery by using the following formula: (3 total plaque length/} total vessel
length) x100. Because plaques of ApoE™" mice are less advanced as compared to
ApoE"Fbn1¢1939C¢+- mjce, the plaque formation index in ApoE” mice was measured
on longitudinal sections of the aortic arch (instead of the carotid artery).
Haematoxylin-eosin (HE) staining was performed on cross-sections of the carotid
artery of ApoE”Fbn1¢1939¢*- mice to analyse plaque thickness and percentage
necrosis. The plaque thickness was assessed by taking the mean value of 10
random measurements in the respective area. Necrosis was defined as acellular
areas filled with necrotic clefts and necrotic debris. Immunohistochemical staining
for von Willebrand factor (anti-vWF, PC054, Binding Site) and Ter-119 (anti-Ter-119,
550565, BD Biosciences) were performed to detect plaque ECs and erythrocytes,
respectively. Autophagosome formation in liver and heart of 3PO-treated GFP-LC3
mice was measured via LC3 immunostaining using rabbit anti-LC3 antibody (3868S,
Cell Signaling). Plaque composition was analysed with Sirius red and anti-a-SMC
actin (A2547, Sigma-Aldrich) staining to detect collagen and vascular smooth muscle
cells, respectively. Macrophages and macrophage polarization were examined by
immunohistochemistry using anti-MAC3 (01781D, Pharmingen) and antibodies
against M1/M2 markers (anti-Egr2, PA5-27814, ThermoFisher Scientific; anti-
GPR18, PA5-23218, ThermoFisher Scientific; anti-Arg-1, PA5-29645, ThermoFisher
Scientific; anti-CD38, MBS129421, MyBioSource). Quantification of immunstains
was done from 10 random images per section using Imaged software. The
occurrence of myocardial infarctions (defined as large fibrotic areas) and coronary
plaques was analysed on Masson’s trichrome staining (transversal sections).
Expression of adhesion molecule VCAM-1 was analysed using anti-VCAM-1
(ab134047, Abcam). En face Oil Red O staining was performed on the carotid artery
and aortic arch of ApoE”Fbn1¢1039¢*- mijce.

Echocardiography

Transthoracic echocardiograms were performed on anesthetized mice (isoflurane,
4% for induction and 2.5% for maintenance) at the end of the experiment using a
VEVO2100 (VisualSonics), equipped with a 25 MHz transducer. Left ventricular
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internal diameter during diastole (LVIDd) and left ventricular internal diameter during
systole (LVIDs) were measured and fractional shortening [FS = (LVIDd-
LVIDs)/LVIDd*100] was calculated.

Cell culture

Human aortic endothelial cells (HAOECs; Sigma-Aldrich) were cultured in
Endothelial Cell Growth Medium (PromoCell) supplemented with 2% fetal bovine
serum, 0.4% endothelial cell growth supplement, 0.1 ng/ml epidermal growth factor,
1 ng/ml basic fibroblast growth factor, 90 pg/ml heparin and 1 pg/ml hydrocortisone.
To investigate the expression of VCAM-1 and ICAM-1, HAOECs were stimulated
with 20 ng/ml human TNF-a. A transcription factor assay kit was used to detect the
NF-kB transcription factor DNA binding activity in nuclear extracts according to the
manufacturer’s instructions (ab133112, Abcam). For siRNA-mediated silencing of
the autophagy pathway, HAOECs were seeded into 6-well plates and transfected at
75% confluency with 2.5 ml Opti-MEM Reduced Serum Medium (Thermo Fisher)
containing 40 nM ATG7 siRNA (Dharmacon) and 2.5 pl Lipofectamine RNAIMAX

(Thermo Fisher) for 6 hours.

Real-time RT-PCR

Total RNA was isolated using an Isolation Il RNA mini kit (Bioline) according to the
manufacturer’s instructions. Reverse transcription was performed with a Sensifast™
cDNA Synthesis Kit (Bioline). Thereafter, Tagman gene expression assay (Applied
Biosystems) for CD38 (assay ID: MmO01220906_m1), Gpr18 (assay ID:
MmO01224541_m1), Egr2 (assay ID: Mm00456650_m1) and Arg1 (assay ID:
MmO00475988_m1) were performed in duplicate on an ABI prism 7300 sequence
detector system (Applied Biosystems). The parameters for PCR amplification were
95°C for 10 minutes followed by 40 cycles of 95°C for 15 seconds and 60°C for 1
minute. Relative expression of mMRNA was calculated using the comparative
threshold cycle method. All data were normalized for quantity of cDNA input by

performing measurements on the endogenous reference gene B-actin.
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Western Blot analyses

Cells were lysed in an appropriate volume of Laemmli sample buffer (Bio-Rad)
containing B-mercaptoethanol (Sigma-Aldrich) and boiled for 5 min. Protein samples
were then loaded onto pre-casted Bolt 4-12% Tris-Bis gels (Invitrogen) and after
electrophoresis transferred to Immobilon-FL PVDF membranes (Millipore) according
to standard procedures. Membranes were blocked for 1 hour with Odyssey blocking
buffer (LI-COR Biosciences) diluted 1:5 with PBS. After blocking, membranes were
probed overnight at 4°C with primary antibodies diluted in Odyssey blocking buffer,
followed by 1 hour incubation with IRDye-labeled secondary antibodies at room
temperature. Antibody detection was achieved using an Odyssey SA infrared
imaging system (LI-COR Biosciences). The intensity of the protein bands was
quantified using Image Studio software. The following primary antibodies were used:
anti-B-actin (ab8226, Cell Signaling), anti-mTOR (2972, Cell Signaling ), anti-
phospho-mTOR (S2448) (2971, Cell Signaling), anti-p70 S6 Kinase (9202, Cell
Signaling), anti-phospho-p70 S6 Kinase (Thr389) (9205, Cell Signaling), anti-LC3
(clone 5F10, 0231-100/LC3-5F10, Nanotools), anti-VCAM-1 (ab134047, Abcam),
anti-ATG7 (8558S, Cell Signaling), anti-NF-kB (8242, Cell Signaling), anti-phospho-
NF-kB (3039, Cell Signaling) and anti-ICAM-1 (ab179707, Abcam). IRDye-labelled
secondary antibodies (goat anti-mouse IgG, 926-68070, and goat anti-rabbit 1gG,
926-32211) were purchased from LI-COR Biosciences.

Transmission electron microscopy

Tissue samples were fixed in 2.5% glutaraldehyde, 0.1M sodium cacodylate and
0.05% CaClz (pH 7.4) and further processed for transmission electron microscopy
as described previously,’® with a minor modification (extra staining with 1% tannic
acid in veronal acetate for 1 hour after OsO4 postfixation). A FEI Tecnai microscope
was used to examine ultrathin sections at 80-120 kV. Autophagic vacuoles were

quantified on 5 different images taken at random per section.
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Statistics

All data are expressed as mean + SEM. Statistical analyses were performed using
SPSS software (version 25, SPSS Inc.). Statistical tests are specified in the figure
and table legends. When parametric statistics (ANOVA, Student’s t-test) were used,
a test of normality (Shapiro-Wilk test) and a test for equal variances (Levene’s test)
were performed. In every case, the data passed normality and equal variance tests.
If not, non-parametric statistics (Mann-Whitney U test, Kruskal-Wallis test) were
used. A Chi-square test was used to determine whether there was an association
between categorical variables (i.e., whether the variables are independent or
related). A Fisher's exact test was used when sample sizes were small (i.e. when
one of the four cells of a 2x2 table had less than five observations) to test whether
two categorical variables were associated with each other or not. A Mann-Whitney
U test was used to compare differences between two independent groups when the
dependent variable was either ordinal or continuous, but not normally distributed. A
Kruskal-Wallis test was used as an alternative for a one-way ANOVA if the
assumptions of the latter were violated (i.e. data not normally distributed and/or

unequal variances). Differences were considered significant at p<0.05.

Results

3P0 is not toxic, but causes a metabolic switch in mice

To evaluate whether glycolysis inhibitor 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-
one (3PO) affects general metabolism, female ApoE"- mice were fed a western-type
diet and treated with 3PO (50 mg/kg, i.p., 4x/week) or vehicle for 4 weeks. Plasma
analysis did not reveal changes in the level of liver enzymes (GTT, ALT, ALP), fasting
and non-fasting blood glucose, insulin or total cholesterol (Table 1). Moreover,
according to a glucose and insulin tolerance test, glucose absorption and insulin
receptor sensitivity were not different in 3PO-treated mice as compared to vehicle-
treated controls (Supplemental Figure Il). Experiments in metabolic cages showed
that water intake was not altered, though food consumption significantly decreased
in 3PO-treated mice (P=0.0002, Table 1). Also body weight tended to decrease,

though this effect was not statistically significant (P=0.1241). Levels of plasma
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triglycerides clearly decreased (P=0.0086), whereas those of ketone body [-

hydroxybutyrate increased (P=0.0443, Table 1). Because starvation is a well-known

trigger of autophagy induction, we evaluated whether reduced food intake after 3PO

treatment stimulates autophagy in liver and heart, which are one of the most

sensitive organs to starvation-induced autophagy.'® Unlike complete food withdrawal

that strongly evoked autophagy, autophagosome staining was negative in liver and

heart of 3PO treated GFP-LC3 mice (supplemental Figure llI).

Table 1. Metabolic parameters of ApoE™ mice treated for 4 weeks with 3PO or

vehicle (DMSO)

Metabolic parameters Control 3PO
Liver enzymes

- y-glutamyltransferase (U/L) 11 +1 9+1

- Alanine transaminase (U/L) 346 296

- Alkaline phosphatase (U/L) 174 £ 10 130 £ 20
Fasting blood glucose (mg/dL) 85+3 814
Non-fasting blood glucose (mg/dL) 186+ 5 171+ 10
Insulin (ng/ml) 02+0.1 02+0.1
Total cholesterol (mg/dL) 599 + 1 563 + 20
Food intake (g/day) 26+0.1 1.7 £ 0.1%**
Water intake (ml/day) 41+0.3 3405
Body weight (g) 203x04 19.4+0.3
Triglycerides (mg/dL) 937 65+ 7**
B-hydroxybutyrate (M) 8+1 12+ 1*

3PO was administered at 50 mg/kg (i.p.; 4x/week) for 4 weeks. Data shown as mean + SEM.
*P<0.05, **P<0.01, ***P<0.001 versus control (unpaired Student t test, n=10-12).
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3PO inhibits neovascularization in plaques of ApoE”"Fbn1¢%39¢*- mice

3PO (50 mg/kg, i.p.) or vehicle was administered to ApoE™~ Fbn1¢103%¢*~ mice
starting either after 4 weeks western-type diet (WD; 2x/week, 10 weeks, preventive
regimen) or after 16 weeks WD (4x/week, 4 weeks, curative regimen). As shown by
anti-VWF staining of plaques in the carotid arteries of ApoE”Fbn1¢1039¢*- mice, 3PO
reduced the number of mice with IP neovascularization with almost 40% (curative
regimen) and 50% (preventive regimen) (Figure 1A). Moreover, the number of
microvessels per plaque significantly decreased (Figure 1A). IP microvessels were
not observed in the proximal aorta. An anti-Ter-119 staining showed that
microvessels were leaky and released erythrocytes into the plaque (Figure 1B). The
number of IP haemorrhages was reduced after treatment with 3PO in the preventive
setting (control= 2.25 [0.0-7.0]/; 3PO= 0.00 [0.0-3.0)/mm?; P=0.03). A decrease in
the number of IP haemorrhages was also observed in a curative 3PO regimen,
though this effect was not significant (control= 9.57 [0.0-25.53]; 3PO= 0.0 [0.0-
23.09]/mm?; P=0.46).
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Figure 1. 3PO inhibits intraplaque neovascularization in the carotid artery of ApoE"
Fbn1€10396+*- mice. (A) Differences in the occurrence (number of mice) and the number of
intraplaque microvessels of control (ctrl) and 3PO-treated mice that underwent a curative or
preventive 3PO regimen. *P<0.05, **P<0.01 versus ctrl (Chi-square (upper panels) or Mann-
Whitney U test (lower panels); control: n=8-10, 3PO: n=9-13). (B) Anti-Ter-119 staining of
atherosclerotic plaques in the carotid artery of control (ctrl) and 3PO-treated mice (curative

regimen). Microvessels are marked by arrows. M=media, P=plaque. Scale bar = 50 ym.
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3P0 inhibits atherosclerotic plaque formation independent of IP

neovascularization and without affecting plaque composition

An analysis of total cholesterol did not reveal significant differences between 3PO-
treated ApoE"Fbn1¢193°C*" mice and untreated controls (curative regimen: 507 + 58
vs 602 + 58 mg/dl; preventive regimen: 454 + 24 vs 527 + 33 mg/dl). 3PO did not
change plaque thickness and plaque necrosis (Table 2, Supplemental Figure V).
Moreover, the smooth muscle cell and macrophage content of plaques as well as
the percentage of total plaque collagen was not different between control and 3PO-
treated animals (Table 2, Supplemental Figure IV). Nonetheless, plaque formation
was reduced in both the curative regimen and preventive regimen as illustrated by
the plaque formation index (Figure 2A) and en face oil-red O stainings (Figure 2B).
Importantly, ApoE”Fbn1¢193°¢*- mjce that contained plaques without obvious IP
neovascularization revealed similar inhibition of plaque formation (Figure 2A),
suggesting that 3PO may control atherosclerotic plaque formation independent of IP
microvessel growth. In line with this finding, 3PO was able to inhibit plaque formation
in the aortic arch of regular ApoE™ mice that do not develop IP neovascularization
(control= 53.9 £ 4.8 %; 3P0=38.6 + 5.2 %, P=0.04).

Table 2. Thickness and composition of atherosclerotic plaques in the carotid
artery of ApoE”Fbn1¢1%%39¢*- mjce

Curative Preventive
Control 3PO Control 3PO
Plaque thickness (um) 316+ 13 312+27 314+27 262 +12
Necrosis (%) 13+ 1 14+3 71 712
Smooth muscle cells (%) | 8 £ 1 9+ 1 712 61
Macrophages (%) 71 5+1 12+ 4 8+2
Collagen (%) 262 25+2 16 + 1 1514

Data shown as mean + SEM, n=10-16; Curative=4 weeks treatment (weeks 16-20 on western-
type diet), preventive=10 weeks treatment (weeks 4-14 on western-type diet). Unpaired

Student ¢ test: not significant.
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Figure 2. 3PO inhibits atherosclerotic plaque formation in ApoE"‘Fbn1¢1039¢*-mijce. (A)
Plaque formation index of the right carotid artery as a measure of plaque occurrence in control
(ctrl) and 3PO-treated mice that underwent a curative or preventive 3PO regimen. Plaque
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formation index is shown for all animals (left panel) of the control (crtl) group (n=12) and 3PO-
treated group (n=9), for mice with intraplaque microvessels (middle panel; 10/12 control mice
and 3/9 treated mice) or for mice without intraplaque microvessels (right; 2/12 controls and
6/9 treated mice). *P<0.05, **P<0.01 versus ctrl (Mann-Whitney U test). (B) En face Oil Red
O staining of the carotid artery and aortic arch of control (n=6-7) and 3PO-treated vessels
(n=6-7). Scale bar = 1.5 mm. *P<0.05, ***PP<0.001 versus ctrl (Independent samples t-test).

3P0 has a positive impact on cardiac function when administered in a

preventive manner

Unlike standard ApoE" mice or ApoE"Fbn1¢193°G*- mice on normal laboratory diet,
ApoE""Fbn1¢103¢*- mice on western-type diet develop (sometimes highly stenotic)
coronary artery plaques, which negatively affect the heart.'® Therefore, cardiac
function and structure were assessed in ApoE’Fbn1¢19396¢*- mice after 3PO
treatment via echocardiography and histology, respectively. In the curative setting,
measurements of the left ventricular internal diameter during diastole (LVIDd)
(control= 4.6 £ 0.2 ym; 3PO= 4.5 + 0.2 ym) and the left ventricular internal diameter
during systole (LVIDs) (control= 3.5 £ 0.2 ym; 3PO= 3.2 + 0.3 ym) did not show
significant differences between control and treated animals. The fractional
shortening (FS) was also similar between both groups (control= 23.1 + 3.0; 3PO=
29.3 + 3.7 ym). However, the ratio heart weight/body weight was significantly
different between 3PO-treated animals and controls (control= 9.8 + 0.8 %; 3PO= 6.9
+ 0.3 %, P=0.0081). The preventive regimen resulted in significantly smaller LVIDs
and LVIDd with an increased FS (Supplemental Figure VA-D). Analysis of fibrotic
areas on heart sections did not show a decrease in the occurrence of myocardial
infraction (Fisher’s exact test, curative= ctrl 2/15 vs 3PO 2/12; P=1.00; preventive=
ctrl 2/10 vs 3PO 0/9; P=0.47). The number of mice with coronary plaque formation
tended to decrease in the curative setting (Fisher’s exact test, ctrl 12/14 mice vs 3PO
7/12 mice; P=0.19). It was not significant in the preventive setting, even though a
50% decrease in the occurrence of coronary plaque formation was observed in
animals after 10 weeks of treatment (Fisher’s exact test, ctrl 6/10 mice vs 3PO 3/9

mice, P=0.36). Further analysis of coronary arteries (in preventive regimen) showed
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that perivascular fibrosis decreased after treatment with 3PO (supplemental Figure
VE).

3PO increases the number of autophagosomes in EC

3P0 is a glycolysis inhibitor that leads to moderate ATP depletion.® To investigate
whether this metabolic stress condition triggers autophagy, human aortic endothelial
cells were stimulated in vitro with 3PO for 16 hours. Levels of the autophagosomal
marker protein LC3-ll increased in a concentration-dependent manner (Figure 3A),
and stimulated formation of autophagic vesicles as shown by transmission electron
microscopy (Figure 3B). In contrast to the well-known autophagy inducer everolimus
that stimulates autophagy via mTOR inhibition, the phosphorylation status of mTOR
or its downstream substrate p70S6K was not affected by 3PO (Figure 3C).
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Figure 3. 3PO stimulates autophagosome formation in endothelial cells independent of
mTOR. (A) Human aortic endothelial cells (HAOECs) were stimulated with 3PO (5-20 uM) for
16 hours followed by western blot analysis for the autophagosomal marker protein LC3.
Protein levels of LC3-1 and LC3-Il were quantified relative to the reference protein B-actin.
*P<0.05 versus untreated control cells (ctrl) (1-way ANOVA, followed by Dunnett test, n=3).
(B) Detection and quantification of autophagic vacuoles (arrows) in 3PO-treated HAOECs (20
MM 3PO, 16 hours) using transmission electron microscopy. Scale bar = 500 nm. ***P<0.001
(Mann-Whitney U test; n=3). (C) Evaluation of the phosphorylation status of mTOR and its
downstream target p70S6K in 3PO-treated HAOECs via western blotting. Everolimus (EV, 10
pMM) was used as a positive control.

114



3PO reduces endothelial VCAM-1 expression in an autophagy-dependent way

One of the early steps in plaque formation is up-regulation of adhesion molecules
such as VCAM-1 followed by monocyte infiltration.?%: 2! Because 3PO inhibits plaque
formation, we investigated whether VCAM-1 expression could be inhibited by 3PO.
To this end, human aortic endothelial cells were stimulated with TNF-a in the
presence or absence of 3PO. TNF-a treated cells clearly upregulated VCAM-1 and
ICAM-1 protein expression, yet upregulation of both proteins was significantly
impaired in the presence of 3PO (Figure 4). Moreover, NF-kB signalling was blunted
by 3PO, given the significantly lower levels of phosphorylated NF-kB and a reduced
DNA binding activity of NF-kB in 3PO-treated cells (Supplemental Figure VI).
Silencing of the essential autophagy gene ATG7 promoted VCAM-1 and ICAM-1
expression and could neither be enhanced by TNF-a nor inhibited by 3PO (Figure
4). ApoE"Fbn1C19396+*- and ApoE” mice treated with 3PO (preventive regimen)
revealed a decreased expression of VCAM-1 at the luminal EC surface of the plaque
(Figure 4).
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Figure 4. 3PO impairs TNF-a mediated upregulation of VCAM-1 and ICAM-1 in
endothelial cells via autophagy. (A) gPCR and western blot analysis of VCAM-1, ICAM-1
and ATG?7 expression, either in wild type (siCTRL-treated) human aortic endothelial cells
(HAOEGC:s; left panels) or siATG7-treated HAOECs (right panels), and exposed to hTNF-a (20
ng/ml) in the presence or absence of 3PO (10-20 uM) for 24 hours. B-actin was used as a
reference gene. *P<0.05, **P<0.01 (1-way ANOVA followed by Dunnett test, n=3). (B)
Quantification of VCAM-1 positive endothelial cells in the carotid artery of ApoE~Fbn1¢1039G+-
and the aortic arch of ApoE"- mice treated with 3PO or solvent (ctrl) for 10 weeks (preventive

regimen). *P<0.05, ***P<0.001 versus ctrl (unpaired Student ¢ test, n=7-12).
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3PO promotes an M2 macrophage subtype in vitro

Because 3PO regulates inflammation and may affect macrophage polarization,??
gene expression of M1 and M2 exclusive genes? was analysed in vitro by real-time
PCR in 3PO-treated mouse macrophages. 3PO did not change gene expression of
M1 genes CD38 and Gpr18, but significantly upregulated expression of M2 genes
Egr2 and Arg1 in a concentration-dependent manner (Figure 5). Furthermore,
stimulation of an M1 phenotype by IFN-y/LPS was inhibited by 3PO (Figure 5).
Because of aspecific and unreliable antibody staining, the abovementioned M1/M2
markers failed to translate to macrophages in plaques of vehicle- or 3PO-treated
carotid arteries and confirms recent statements in literature that valid in vivo M1/M2

surface markers remain to be discovered.?*
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Figure 5. 3PO promotes a macrophage M2 phenotype. Bone marrow derived
macrophages from ApoE"- mice were treated in vitro with 3PO (10-20 uM) and/or a mixture of
IFN-y (20 ng/ml) and LPS (100 ng/ml) for 24 hours. Subsequently, mRNA expression of M1
exclusive genes CD38 and Gpr18 (A) or the M2 specific genes Erg2 and Arg-1 (B) was
analyzed by real time PCR. *P<0.05 (Kruskal-Wallis followed by Mann-Whitney U test, n=4).
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Discussion

There is an obvious association between IP neovascularization and plaque
vulnerability in advanced human plaques.?®> However, the causality and impact of IP
neovascularization on plaque destabilization is poorly studied. In oncology, research
is far more ahead on this topic and several anti-angiogenic strategies have been
tested in an experimental set-up.?® To date, blocking VEGF was the primary strategy
for reducing neovascularization.?”- 2 Unfortunately, limited efficacy and adverse
effects have been downsizing its success, even when multiple blockers were used
simultaneously.> 2° Therefore, a fundamentally different approach is required to re-
boost anti-angiogenic therapies. Given that ECs rely on glycolysis for up to 85% of
their energy demand,’ targeting EC metabolism may represent an attractive new
strategy to inhibit neovascularization.? *° Transient and partial inhibition of glycolysis
in proliferating ECs by the small molecule 3PO inhibits pathological angiogenesis
without interfering with the metabolism of healthy cells.® In line with this statement,
experimental evidence from the present study indicates that treatment of ApoE™
mice with 3PO for 4 weeks caused neither substantial adverse effects nor changes
in general metabolism. Reduced food intake was observed, yet circulating liver
enzymes, blood glucose, insulin and total cholesterol were not affected. Also a
glucose and insulin tolerance test was perfectly normal. However, 3PO caused a
decrease in the level of circulating triglycerides and a significant rise in -
hydroxybutyrate levels, indicating a metabolic switch from glucose to fatty acid-
derived ketones in order to provide sufficient energy. Lack of major side effects was
also reported recently by Beldman et al.®' after treatment of atherosclerotic ApoE™
mice for 6 weeks with 3PO (25 mg/kg, i.p., 3x/week).

Once safe administration of 3PO was evident, we next investigated the effect of 3PO
on the formation of IP microvessels in a mouse model of advanced atherosclerosis
(i.e. ApoE™ mice with a heterozygous mutation in the fibrillin-1 gene [Flon1¢10396+-],
yielding large plaques with a highly unstable phenotype and extensive IP
neovascularization).” Analysis of IP neovascularization in the carotid artery
revealed a significant decrease in the occurrence and the amount of microvessels in
ApoE"Fbn1¢1039¢+- mice treated with 3PO. These results are in line with the effect

of 3PO in cancer tissue, where 3PO inhibits vascular sprouting in pathological
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angiogenesis.” Because inhibition of angiogenesis in malignant tissue can affect
tumor growth,®? it was interesting to investigate the impact of 3PO on plaque size
and vulnerability. After 4 weeks of treatment, we could not observe a difference in
plague composition between control and treated animals. These results fed the
presumption that even though 4 weeks of treatment is enough to inhibit IP
neovascularization, it may have been too short to have any impact on plaque size or
composition. Therefore, we decided to repeat the experiment in a preventive manner
with 3PO being administered over a longer period of time. Given that i.p. injections
are very stressful for ApoE"Fbn1¢1%3°¢*- mice, they were injected with 3PO for a
maximum of 10 weeks.?® The preventive treatment regimen confirmed the results
that we obtained after the curative treatment regimen with an even larger decrease
in IP neovascularization. Nonetheless, we could not observe a difference in
parameters defining plaque vulnerability such as changes in macrophages, smooth
muscle cells and total collagen. Because IP microvessels are considered a potential
entry site for erythrocytes, lipids and inflammatory mediators in the plaque,3* 35 it
was highly unexpected that, after 10 weeks of treatment, plaque composition was
similar between control and treated animals.

Importantly, although the plaque size and composition remained unchanged, the
occurrence of plaques as measured by the plaque formation index was significantly
reduced in 3PO-treated animals. After 10 weeks of treatment, a 35% reduction in
plaque formation was observed in the carotid artery. Given that neovascularization
occurs after a certain degree of hypoxia, plaque progression is already in an
advanced state. A decrease in the plaque formation index demonstrates that EC
metabolism plays an important role in the early stages of plaque development, apart
from angiogenesis. Indeed, a 3PO-mediated reduction in plaque development was
also observed in regular ApoE” mice, which develop plaques without IP
neovascularization. When ECs undergo inflammatory activation, the upregulation of
adhesion molecules such as VCAM-1 represents an important trigger in early lesion
development, as they attract and encourage monocytes to enter the lesion.3® In the
present study, we provide in vitro and in vivo evidence that 3PO interferes with the
upregulation of VCAM-1 and ICAM-1. In vitro experiments with ECs, pre-activated
with TNF-a and treated with 3PO, revealed impaired NF-kB signalling and reduced

VCAM-1 (and ICAM-1) expression levels. Moreover, a preventive 3PO regimen was
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able to reduce VCAM-1 expression in the endothelium in vivo. A study performed in
cancer research consolidates these results as 3PO reduced the expression of
adhesion molecules concomitant with tumour vessel normalization due to an altered
EC pro-inflammatory signature.®” Nonetheless, the question remains why changes
in VCAM-1 expression in 3PO-treated mice do not alter plaque composition. Our
data seem to suggest that 3PO only impairs initiation of plaque development, but not
plague progression. Indeed, one may speculate that once early plaques have
formed, downregulation of VCAM-1 expression in ECs by 3PO does not significantly
affect further leukocyte recruitment and plaque progression. Histological data from
human plaques indicate that in early lesions VCAM-1 and ICAM-1 are predominantly
expressed by the endothelium, whereas in more advanced lesions, the majority of
VCAM-1 expression is found in subsets of intimal VSMCs and macrophages.3®
These findings may explain why downregulation of adhesion molecules by 3PO in
ECs mainly affects the initial stage of atherosclerosis development, but not further
steps of plaque progression.

Interestingly, the metabolic stress caused by 3PO stimulated autophagosome
formation in ECs and led to induction of autophagy. Similar observations were
previously reported in cancer cells.?® Our results indicate that downregulation of
endothelial VCAM-1 (and ICAM-1) expression by 3PO depends on autophagy
induction. Expression of the adhesion molecules was not downregulated by 3PO in
TNF-a-treated ECs in which expression of the essential autophagy gene ATG7 was
silenced. On the contrary, VCAM-1 (and ICAM-1) expression was upregulated in
ATG7-deficient ECs, suggesting that autophagy suppresses expression of these
adhesion molecules. Previously, we reported similar data with the biguanide
metformin. The latter compound attenuates expression of the endothelial cell
adhesion molecules ICAM-1 and VCAM-1 as well as formation of atherosclerotic
plaques via autophagy induction.® Downregulation of ATG7 gene expression
prevented TNF-a induced upregulation of VCAM-1 expression and monocyte
adhesion to ECs. Both metformin and 3PO govern the expression of cell adhesion
molecules in ECs by inhibiting NF-kB activation. Our findings support previous data
showing that endothelial autophagy is atheroprotective and limits atherosclerotic
plaque formation by preventing endothelial apoptosis, senescence and

inflammation.*1-43
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Apart from the atheroprotective effects on ECs, several lines of evidence indicate
that 3PO also negatively influences inflammation.?? 3'- 4446 |n the present study, we
could demonstrate that 3PO favors an anti-inflammatory M2 macrophage subtype
and suppresses an M1 pro-inflammatory phenotype in vitro. This finding is consistent
with previous reports showing a strong linear correlation between glycolytic flux and
proinflammatory activation of macrophages (as measured by TNF-a production)??
and 3PO-mediated suppression of T cell activation.** Moreover, inhibition of
glycolysis by 3PO has profound effects on cell viability of M1 macrophages.??

Given the importance of neovascularization in the ischemic myocardium after an
acute myocardial infarction, we analysed cardiac function and morphology.*” The
inhibition of angiogenesis by targeting cell metabolism is still in a preclinical stage,
thus literature regarding this topic is still lacking. After a curative treatment regimen,
no significant differences were observed in cardiac function. However, after 10
weeks of treatment (preventive regimen), we observed an improved cardiac
morphology and function (smaller LVIDs and LVIDd with increased fractional
shortening). Moreover, even though only a small non-significant reduction was
observed in the occurrence of myocardial infarctions, the occurrence of coronary
plaques was decreased by 50% in treated animals. These findings are consistent
with the overall effect of 3PO on plaque formation, in this case coronary plaques. As
such, it is conceivable that the overall improved cardiac function is a result of less
coronary plaque formation. To further explain the improved cardiac function after
3PO treatment (preventive regimen), we also documented the level of perivascular
fibrosis of coronary arteries. This parameter was significantly reduced by 3PO.
Because coronary perivascular fibrosis can be caused by an impaired coronary
blood flow,*® a lower degree of stenosis in the coronary arteries of 3PO treated mice
probably contributes to this finding. Similar observations were recently made in the
same mouse model using lipid lowering therapy.*® Apart from improved cardiac
function through less coronary plaque formation and coronary perivascular fibrosis,
it is important to note that autophagy induction has beneficial effects on the
heart.®*Because 3PO promotes autophagy, it is plausible to assume that autophagy
induction by 3PO also contributes to improved cardiac function. However, given the
lack of autophagosome formation in 3PO-treated GFP-LC3 mice, we consider this

hypothesis unlikely, though cannot completely rule out this possibility.
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In conclusion, we were able to inhibit IP neovascularization with 3PO. However, the
reduction in IP microvessels did not exert a significant effect on plaque composition.
Surprisingly, 3PO reduced the formation of plaques, not in size but in frequency.
Less plaques were formed in the carotid artery indicating that 3PO already has an
effect in the early onset of atherosclerosis by downregulating endothelial cell
adhesion molecules. In addition, fewer coronary plaques were formed, which
resulted in overall improved cardiac function. Interestingly, inhibition of key steps in
glycolysis with small molecules has recently provided a novel area of cancer
research and has been proven effective in slowing the proliferation of cancer cells,
with PFK158 as a first-in-human and first-in class PFKFB3 inhibitor in a phase |
clinical trial (NCT02044861). Compared to cancer, the endothelial cell metabolism
in atherosclerosis is largely unexplored, though is an emerging target that may offer

attractive therapeutic avenues to counteract plaque progression.? 5 52
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Supplemental Material
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Figure I. Schematic overview of 3PO treatment regimens applied in ApoE’Fbn1¢1039G+-

mice. Mice were fed a western diet and received i.p. injections of 3PO (50 mg/kg) after 4

weeks of diet (preventive regimen, 2x/week) or after 16 weeks of diet (curative treatment

regimen, 4x/week). The preventive regimen was also applied to ApoE" mice.
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Figure Il. Glucose clearance in 3PO- or vehicle-treated ApoE"- mice after intraperitoneal
injection with glucose or insulin. A glucose tolerance test (GTT) and insulin tolerance test
(ITT) were performed in female ApoE"- mice after 4 weeks of treatment with 3PO (50 mg/kg,
i.p.; 4x/week) or vehicle. Blood glucose was measured at different time points after injection
of glucose (1 g/kg, i.p.) or insulin (1 U/kg, i.p.). Two-way ANOVA: GTT, Time: P<0.001, 3PO:
P=0.181, Interaction: P=0.708; ITT, Time: P<0.001, 3PO: P=0.083, Interaction: P=0.992
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Figure Ill. Immunohistochemical analysis of autophagy induction in liver and heart of GFP-
LC3 transgenic mice after treatment with 3PO or after starvation. GFP-LC3 mice were treated
with 3PO (50 mg/kg, i.p., 4x/week) or vehicle (DMSO) for 2 weeks, or underwent nutrient
deprivation (starvation) for 24 hours. Autophagic flux inhibitor chloroquine was administered
(50 mg/kg, i.p.) 3 hours before the sacrification of mice. Liver (A) and heart samples (B) were
isolated for immunohistochemical detection of autophagosomes using LC3 antibodies. Scale

bar =20 pm.
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Figure IV. Histological analysis of atherosclerotic plaques in the right carotid artery of
ApoE"Fbn1¢19396*-mice after a curative or preventive treatment regimen with 3PO. The
plaque formation index and plaque thickness were measured on (HE)-stained longitudinal
sections. Macrophages and smooth muscle cells were detected via immunohistochemistry
using Mac-3 and a-SMC actin (a-SMA) antibodies, respectively. Collagen deposition was
analysed after staining with Sirius red (SR). Representative images for each staining are
shown. For quantification of the different stainings, see Table 2. Scale bar = 500 uym (first row)

or 50 ym (other rows).
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Figure V. 3PO improves the cardiac morphology and function in atherosclerotic ApoE"
"Fbn1¢1039G*- mice. Measurements of left ventricular internal diameter (LVID) during systole
(A) and diastole (B) in control mice versus treated mice (preventive regimen). Panel (C)
represents the fractional shortening (FS) as a measure of cardiac function. *P<0.05
(Independent samples t-test; n=12-15). (D) Representative echocardiographic images of short
axis view in M-mode tracing the LV at the level of papillary muscle in control mice (left panel)
and 3PO-treated mice (right panel). LVID =Left ventricle internal diameter. LVPW = Left
ventricle posterior wall. IVS = interventricular septal thickness. -d = in diastole, -s = in systole.
(E) Histological analysis of perivascular fibrosis around coronary arteries via Masson’s
trichrome staining in ApoE”Fbn1¢103%C*- mice. Scale bar = 50 ym. *P<0.05 (unpaired
Student’s t-test; control: n=9, 3P0: n=8).
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Figure VI. 3PO inhibits TNF-a-mediated NF-kB activation in endothelial cells. Human
aortic endothelial cells were treated with hTNF-a (20 ng/ml) for 5, 10, 15, 30, 60 minutes in
the presence or absence of 3PO (20 uM). (A) Western blot analysis of NF-kB phosphorylation
(pPNF-kB) and total NF-kB. Bars represent the ratio of pNF-«kB over total NF-kB normalized to
the loading control B-actin. *P<0.05, **P<0.01 (unpaired Student’s t-test; n=3). (B) DNA
binding activity of NF-kB as measured by ELISA. ***P<0.001(one-way ANOVA, followed by

TNF-a TNF-a

+ 3P0

Bonferroni multiple comparisons test, n=3).
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