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Aims

Methods
and results

Oxidative stress and inflammation play a pathogenic role in atherosclerosis. Thioredoxin-1 (Trx-1) is an anti-
oxidative, anti-inflammatory protein with atheroprotective effects. However, in vivo cleavage of Trx-1 generates a
truncated pro-inflammatory protein, Trx-80, which compromises the therapeutic use of Trx-1. Here we analysed
whether the thioredoxin-mimetic peptide (TxMP), CB3 might exert anti-oxidative, anti-inflammatory, and athero-
protective effects in ApoE2.Ki mice.

We synthesized a small TxMP, Ac-Cys-Pro-Cys-amide, CB3 and characterized its antioxidant and anti-inflammatory
effects on cultured peritoneal murine macrophages. CB3 significantly and dose-dependently reduced the level of reactive
oxygen species in lipopolysaccharides (LPS)-activated macrophages. In addition, it efficiently lowered LPS-induced inflam-
matory process through NF-kB inhibition, as evidenced by the reduced secretion of monocyte chemoattractant protein-
1, interleukin (IL)-1B, IL-6, and tumor necrosis factor (TNF)-o by macrophages. Nevertheless, CB3 did not affect choles-
terol accumulation in macrophages. A daily-administered dose of 10 pg/g body weight CB3 to ApoE2.Ki mice on high fat
diet did not affect plasma of total cholesterol and triglycerides levels but significantly reduced the plasma levels of pro-
inflammatory cytokines (IL-33 and TNF-a) and oxidative markers. In contrast, it significantly induced the plasma levels of
anti-inflammatory proteins (adiponectin, IL-10). In addition, CB3 reduced the number of pro-inflalmmatory M1 macro-
phages in spleen and decreased the ratio of M1/M2 macrophages in atherosclerotic lesion areas. Finally, CB3 significantly
reduced the surface area of aortic lesions.

Conclusions Our results clearly showed that similar to the full length Trx-1, CB3 exerts protective effects, by reducing inflam-
mation and oxidative stress in macrophages and in ApoE2.Ki mice. The atheroprotective effect of CB3 opens prom-
ising therapeutic approaches for treatment of atherosclerosis.
Keywords Atherosclerosis e Thioredoxin-1 e Inflammation e Oxidative stress e Macrophages e Thioredoxin-mi-
metic peptide e CB3
1 Introduction . of atherosclerosis which is characterized by a state of unresolved
¢ low-grade inflammation of the arterial wall. The inflammatory process
Cardiovascular diseases (CVD) remain the leading cause of morbidity :  plays akey role in all stages of atherosclerosis.” A crucial step of the ath-
and death worldwide." The majority of CVD results from complications - erogenic process is the infiltration of monocytes into the subendothelial
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space of arteries and their subsequent differentiation into resident mac-
rophages within the atherosclerotic lesions.® An important feature of
macrophages is their plasticity and ability to adopt diverse activation
states in response to their microenvironment.* For many years macro-
phages have been classified into two main groups, representing the
extremes of a continuum, namely ‘classically activated’ or M1 and ‘alter-
natively activated’ or M2 macrophages.>~ Upon stimulation with inter-
feron-y (IFN-y), and toll-like receptor (TLR) ligands, such as
lipopolysaccharides (LPS), macrophages adopt a pronounced pro-
inflammatory M1 phenotype, characterized by the secretion of pro-
inflammatory cytokines, reactive oxygen species (ROS), and nitrogen
intermediates.>® Conversely, interleukin (IL)-4, IL-13,° peroxisome
proliferator-activated receptor y (PPAR-y) activators,” and adiponec-
tin"” polarize macrophages towards an anti-inflammatory M2 phenotype.
While M1 macrophages possess bactericidal and inflammatory activity,
M2 macrophages are involved in tissue remodelling, immunosuppres-
sion, and show phagocytic activity.?

Increasing evidence suggests that risk factors for CVD can lead to dra-
matic increase in the concentration of ROS in the vascular wall. When
the rate of ROS production exceeds the capacity of the antioxidant de-
fence system, oxidative stress occurs which contributes to endothelium
damage, oxidized low-density lipoproteins (oxLDL) generation, and
stimulation of atherosclerotic mediators leading to atherosclerosis."’
Thioredoxin-1 (Trx-1), a highly conserved 12-kDa protein, plays a vital
role in maintaining the intracellular homeostatic redox state by keeping
cysteine residues reduced in cells.'” Trx-1 functions by the reversible ox-
idation of two Trx-specific redox-active cysteine residues (Cys-32 and
Cys-35) to form a disulfide bond that, in turn, can be reduced by the ac-
tion of Trx reductase (TrxR) and dihydronicotinamide adénine dinucléo-
tide phosphate (NADPH)."* It has become clear that Trx-1 protects
against CVD through its anti-oxidative and anti-inflammatory capacities,
its specific interaction with several proteins and through its capacity to
modify gene expression.12 Thus, over expression of human Trx-1 in
mice attenuated focal ischaemic brain damage and increased the resis-
tance to various oxidative stresses leading to longer survival compared
to control mice."® Furthermore, exogenous Trx-1 exerts distinct cyto-
protective effects after transient cerebral ischaemia in mice by means of
its redox-regulating ac‘civity.14 Recently, we have demonstrated that Trx-
1 promoted the polarization of macrophages into an anti-inflammatory
M2 phenotype and significantly reduced the LPS-induced polarization of
macrophages toward inflammatory M1 phenotype. These results may
explain its protective effects in CVDs in animal models."® Indeed, Trx-1
administered to hyperlipoproteinaemic ApoE2.Ki mice shifted the phe-
notype pattern of lesional macrophages to predominantly M2 over M1,
and the aortic lesion area was significantly reduced."® Nevertheless, Trx-
1 can be cleaved at its C-terminal, resulting in the truncated protein,
Trx-80." Recently, ADAM-10 and ADAM-17, two a-secretases, were
found to be responsible for Trx-80 generation in brain.'” Whether, this
phenomenon is ubiquitous or tissue specific is not known. It is important
to note that Trx-1 and Trx-80 have contrasting roles. While Trx-1is an
oxidative stress-limiting protein with anti-inflammatory and anti-
atherogenic properties, its truncated form, Trx-80, exerts pro-
inflammatory effects. We recently demonstrated the ability of Trx-80 to
promote differentiation of macrophages into the pro-inflammatory M1
phenotype and to accelerate atherogenic process in ApoE2.Ki mice.'®"”

Although these in vitro and in vivo studies are in favour of vasculopro-
tective effects of Trx-1 and highlight its therapeutic potential; its short
half-life (<1 h) and its cleavage into Trx-80, compromise its use as a ther-
apeutic tool in human. However, small peptides based on the active site

(W31-C-G-P-C-K36), containing the two active cysteines, have been
shown to be biologically active, particularly when the amino and car-
boxyl terminal ends are blocked, as it facilitates their entry into cells.”

In this manuscript, we have studied the effect of CB3, a Trx-1 mimetic
peptide, in vitro and in vivo and we have clearly showed that it reduced ox-
idative stress, inflammation, and atherosclerotic lesions when used in
ApoE2.Ki mice, fed high fat diet (HFD).

2. Methods

2.1 Peptide synthesis and purification

The peptide was synthesized by the platform of the ‘Institut de Biologie
Paris-Seine, Sorbonne Université, Paris’ (for further details please see
Supplementary material online).

2.2 Isolation and treatment of mouse

peritoneal macrophages

As stipulated in the Annex IV of the Official Journal of the European
Union (20 October 2010), for the peritoneal macrophages isolation,
mice were sacrificed by cervical dislocation. Peritoneal macrophages
were collected from thioglycolate-injected 12-week-old C57Bl/6 mice
(Janvier labs, France) by peritoneal lavage with 10 mL of PBS, centrifuged
at 1500 rpm for 10 min, and cultured in RPMI 1640 medium containing
2mM L-glutamine and 100 U/mL Penicillin-Streptomycin (ThermoFisher
Scientific, USA). Before each experiment, cells were placed in RPMI
1640 medium with 10% foetal bovine serum (FBS) for 48h. In serum-
free RPMI, cells were left untreated or were treated with LPS (10 ng/mL,
E. coli, serotype 055: B5, Sigma-Aldrich, USA) either in the presence or in
the absence of CB3 (from 0.001 to 100 M) or recombinant mouse Trx-
1(80nM, IMCO, Stockholm).

2.3 Intracellular ROS measurement
Macrophages were seeded in 96-well microplates and treated with LPS
(10 ng/mL) for 1 h. Thereafter, the cells were treated in the presence or
absence of 80nM Trx-1 or with various concentrations of CB3 for 1h.
After washing with PBS, cells were incubated with DCF-DA (10 uM) at
37°C for 1h. Finally, the cells were washed with PBS, and the fluores-
cence (FLU, excitation wavelength 488nm, emission wavelength
520nm) was measured using a fluorescent microplate reader
(PerkinElmer, USA).

2.4 Extracellular H,O, levels measurement
Macrophages were cultured in 96-well microplate in the presence or ab-
sence of LPS (10 ng/mL) for 4 h followed by an additional 24 h treatment
by various concentrations of CB3. Extracellular H,O, levels were
detected with the AmplexRed reagent in combination with horseradish
peroxidase (HRP) during 30 min at room temperature according to the
manufacturer’s instructions (Invitrogen, USA). Finally, the fluorescence
(FLU, excitation wavelength 530 nm, emission wavelength 590 nm) was
detected by a fluorescent microplate reader (PerkinElmer, USA).

2.5 Real-time polymerase chain reaction

Macrophages were incubated for 4h with LPS (10 ng/mL) then in the
presence or absence of CB3 (10 uM) for 24h in 6-well plates. Total
RNA was isolated using the ReliaPrep RNA Cell Miniprep System
(Promega, USA) and quantified in a NanoVue Plus spectrophotometer
(GE Healthcare Life Sciences, UK). Total RNA (500 ng) was reverse-
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transcribed using the RevertAid H Minus First Strand cDNA Synthesis
kit (Thermo Fisher Scientific, USA) per manufacturer’s instructions.
mRNA expression levels of monocyte chemoattractant protein (MCP)-
1, IL-1B, IL-6, and tumor necrosis factor (TNF)-o. were quantified using
LightCycler 480 SYBR Green | Master (Roche, France) and normalized
to 36B4 ribosomal RNA using the AACt method. Primer sequences are
reported in Supplementary material online, Table S1.

2.6 Enzyme-linked immunosorbent assay
(ELISA)

Macrophages were incubated in the presence or absence of LPS (10 ng/
mL) for 4 h followed by an additional 24 h treatment with CB3 (10 pM)
in 6-well plates. MCP-1, IL-1, IL-6, and TNF-a cytokines released in the
culture media were measured with the Mouse Elisa (Biolegend, USA).
The absorbance was read at 450 nm with a microplate reader (BioTek
instruments, Winooski, VT, USA).

2.7 Western blot analysis

Macrophages were treated with 10 ng/mL LPS for 4h then with 1M
CB3 for 5 or 30 min in 6-well plates. Cells were scraped with lysis buffer
(Sigma-Aldrich, USA) containing protease inhibitors cocktail (Roche,
France) and cell lysates were incubated on ice for 1h before centrifuga-
tion at 13 000 x g for 10 min at 4°C. For cell fractionation procedure,
see Supplementary material online. Proteins content in the supernatant
was determined using the bicinchoninic acid assay (BCA). Proteins
(20 pg) were separated by 12% SDS-PAGE. The resolved proteins were
transferred to nitrocellulose membranes, washed and incubated with ap-
propriate antibodies (see Supplementary material online).

2.8 ApoE2.Ki mice

All animal experiments were carried out by procedures approved by the
‘Ministére de ['éducation nationale de l'enseignement supérieur et de la
recherche’ (01480.02, 06 September 2016) and complied with the guide-
lines from Directive 2010/63/EU of the European Parliament on the pro-
tection of animals used for scientific purposes. C57Bl/6.ApoE2.ki mice
were obtained from Dr Nobuyo Maeda (Department of pathology and
laboratory medicine, University of North Carolina) (for details see
Supplementary material online). Female C57Bl/6.ApoE2.Ki mice
(6 weeks old) were randomly divided into two groups (n = 6 per group).
One group was daily injected intraperitoneally with water for 10 weeks
(control, C). The other group was injected daily with CB3 (10 ng/g of
bw) for 10 weeks. This dose was chosen because in pilot experiments,
(using 1, 10, and 20 CB3 ng/g of bw), it exerted the maximum reduction
of the generation of antibodies directed against oxLDL in mice plasma
suggesting that the treatment HFD ApoE2.Ki mice with 10 ng/g of bw for
10 weeks has the maximum antioxidant effect. Of note, CB3 has been al-
ready used for in vivo study (rats and mice) at concentrations ranged be-
tween 1 to 50 pg/g of bw.”’

2.9 Determination of anti-oxLDL
antibodies

Human LDL (d=1.019-1.063) was isolated from frozen plasma of two
healthy volunteers by gradient ultracentrifugation as described previ-
ously.?? Its protein content was determined by the BCA method (Pierce,
Rockford, IL, USA). Freshly prepared, filter (0.45 pm) sterile LDL (1 mg/
mL of protein in PBS), was oxidized in the presence of 10 uM CuSQOy, for
24 h (see Supplementary material online). The use of frozen plasma is ap-
proved through the convention No. 15EFS012 between ‘INSERM’ and

‘Etablissement Francais du Sang’. The donors have given their written
consent. All criteria in the convention were met.

2.10 Plasma cytokines determination

Plasma samples were separated by centrifugation of blood at 630 x g for
20 min at 4°C and kept frozen at -80°C until required. For the quantifica-
tion of adiponectin, IL-10, IL-33, and TNF-o, we used the Mouse
Magnetic Luminex screening assay (R&D Systems). Briefly, 25 pL plasma
were incubated overnight at 4°C with 25 uL of beads linked to specific
antibodies. Thereafter, 25 pL of biotinylated antibody was added for 1h
at RT. Finally, 25uL of streptavidin-phycoerythrin were added for
30min, and 150 pL of buffer were added before reading the plate with a
Luminex 200 Millipore apparatus. Data were analysed with the
xPONENT 3.1 software (Millipore, Billerica, MA, USA).

2.11 Tissue analysis by flow cytometry

Cell suspensions were obtained from spleen, bone-marrow, or perito-
neal lavage of euthanized animals. Cell suspensions were incubated with
monoclonal antibodies (mAbs) against surface antigens (Supplementary
material online, Table S2).

2.12 Evaluation of mouse aortic lesions

At the end of the study, animals were anaesthetized and perfused trans-
cardially with PBS before the heart and descending aortas were excised
and fixed. Hearts were cut directly under and parallel to the leaflet, and
the upper portions were embedded in OCT medium and frozen at -80°
until used. Sections of 10 um thickness were prepared from proximal
aortas. The sections were stained for lipids with Oil-Red O and counter-
stained with Haematoxylin Harris. Ten sections, each separated by
100 um, were used for specific morphometric evaluation of intimal
lesions. Images were captured with a CAMIRIS video camera, and the
surface area covered by lesions was evaluated with Image] software. For
localization of M1 and M2 macrophages in atherosclerotic lesions, frozen
serial sections were analysed by immunohistochemistry using double
immunostaining with antibodies against the macrophage marker F4/80
(Abcam, 1/500 or Santa Cruz, 1/50) and TNF-a antibody (Sigma, 1/200)
or the M1 marker CD86 (Santa Cruz, 1/500) or the M2 marker CD206
(Santa Cruz, 1/500).

2.13 Statistical analysis

All values are represented as a mean = SEM. The difference between
only two groups was analysed using non-parametric Mann—Whitney U
test. The difference between three or more than three groups was ana-
lysed using one-way ANOVA followed by Tukey’s post-test. A P-value
<0.05 was considered to be statistically significant difference. All statisti-
cal tests were performed using the GraphPad Prism Software (V5, CA,
USA).

3. Results
3.1 CB3 stability

The stability of CB3 was determined, following its incubation in mouse
plasma for various periods of time (from 0 to 48 h) at 37°C, using HPLC-
MS/MS. The peptide was quantified with the ratio of area peak at Ty and
every time point. The results showed a decrease of intact CB3 with time.
After 24h of incubation for example ~30% of CB3 was lost
(Supplementary material online, Figure S1). Of note, its stability was
found to be better when CB3 is dissolved in water rather than in saline
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Figure 1 CB3 reduces ROS levels and H,O, production in macrophages. (A) Murine macrophages were incubated with 10 ng/mL of LPS for 1 h followed
by 1 h treatment with various concentrations of CB3 or with 80 nM of Trx-1. ROS levels were assessed by ROS-sensitive DCF-DA probe. Results are repre-
sented as mean = SEM of 10 to 27 independent experiments. (B) Murine primary macrophages were treated with 10 ng/mL LPS for 4 h followed by a 24 h
treatment with various concentrations of CB3. Culture media were collected, and the H,O, production was evaluated by AmplexRed probe. Results are
represented as mean + SEM from four independent experiments. One-way ANOVA followed by Tukey’s post-test was used to determine statistically signif-

icant differences as compared to LPS-treated macrophages. *P < 0.05; **P < 0.01; ***P < 0.001 and ns (no statistical significance).

buffer (Supplementary material online, Figure S71). In addition, CB3 does not
bind to LDL nor to HDL particles (Supplementary material online, Figure S2).

3.2 CB3 is not cytotoxic in murine

macrophages

The ability of CB3 to reduce intracellular ROS levels was analysed using
the DCF-DA fluorescent probe. Macrophages were treated with LPS
(pro-inflammatory) and a pro-oxidative agent at 10 ng/mL (Figure 1A) in
the absence or presence of Trx-1 (80 nM) or various concentrations of
CB3 (0.001-100 uM). As shown, LPS increases the ROS levels by 30%,
(P<0.001) compared to control macrophages. Under these pro-oxidant
conditions, Trx-1 significantly decreases ROS levels by 20% (P <0.05).
Interestingly, in the presence of CB3 the ROS level is significantly re-
duced in a dose-dependent way with a maximal inhibition of about 68%
(P<0.001). Similarly, CB3 also reduced the extracellular levels of H,O,
in a dose-dependent manner (Figure 1B).

To determine whether or not the CB3 affects inflammatory processes
in macrophages, we evaluated the concentrations of some major inflam-
matory markers such as MCP-1, IL-1f, IL-6, and TNF-o.. As shown in
Figure 2, LPS significantly increased the expression of all cytokines relative
to the control and the treatment of LPS-activated macrophages with CB3
significantly reduced their expression. Of note, a similar effect of CB3 on
MCP-1, TNF-o expression and intracellular ROS production is also seen
by human macrophages (Supplementary material online, Figure S3).

3.3 CB3 inhibits NF-kB in murine

macrophages

In order to determine the signal pathway through which CB3 exerts its
anti-inflammatory effect, we explored the NF-kB pathway; one of the
major inflammatory pathways. Western blot analysis revealed that |-xB
phosphorylation (Figure 3A) was significantly increased in LPS-treated
macrophages as compared to control cells (three-fold induction,
P<0.01). When macrophages were treated with LPS, we observed a

60% decrease in the presence of pé5 in the cytoplasm (P<0.01);
whereas its presence was increased by 70% in the nucleus as compared
to the control cells (P < 0.01) (Figure 3B,C). Therefore, LPS-induced I-kB
phosphorylation and p65 translocation to the nucleus, indicating the acti-
vation of the NF-kB inflammatory pathway. In the presence of CB3, this
tendency was reversed. The phosphorylation of I-kB was rapidly and sig-
nificantly decreased (two-fold inhibition) after 5min of treatment with
CB3 (Figure 3A). Figure 3B,C show that CB3 increased p65 in the cyto-
plasm (the level of p65 increases two-fold in the cytoplasm after 30 min
of CB3 treatment as compared to LPS treatment) and decreased its
translocation to the nucleus (a two-fold decrease).

3.4 CB3 does not affect total cholesterol

content in murine macrophages

Macrophages were incubated with LPS (10 ng/mL) for 4h in the pres-
ence or absence of native LDL (100 pg protein/mL) or oxLDL (100 pg
protein/mL). The cells were then treated in the presence or absence of
CB3 (10uM) for 24h. During treatment, lipoproteins were not re-
moved. Cellular total cholesterol content was determined according to
the protocol described in the Methods section. The results indicated
that CB3 tends to reduce the cholesterol content without however
reaching a significant level (Supplementary material online, Figure $4).

3.5 Effect of CB3 on the plasma levels of
oxidative and inflammatory markers in
ApoE2.Ki mice fed HFD

To evaluate the antioxidant, anti-inflammatory, and vasculoprotective
effects of CB3 in the pathological context of atherosclerosis, we used
the ApoE2.Ki mice. This mouse model expresses the human ApoE2 iso-
form instead of the murine ApoE and develops atherosclerosis when fed
HFD (21% of lipids).” Six-week-old female mice were randomized into
two groups (n = 6 each group) and then treated daily for 10 weeks with in-
traperitoneal injection of water for the control group (C) or CB3 (10 pg/g
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Figure 4 CB3 affects the levels of plasma oxidative and inflammatory markers in HFD-fed ApoE2.Ki. Two groups of female HFD-fed ApoE2.Ki mice were
treated with CB3 (10 pg/g bw) or with water (control) for 10 weeks. (A) Plasma levels of antibodies against oxLDL were analysed by ELISA. (B, C) Plasma
anti-inflammatory cytokine levels or (D, E) pro-inflammatory cytokine levels were evaluated by the Luminex technique. Results represent the mean + SEM
from 5 to 6 mice. Mann—Whitney’s U test was used to determine statistically significant differences as compared to control group. *P < 0.05; **P < 0.01.

of bw) for the treated group (CB3). At the end of the treatment, we de-
termined the activity of both transaminases: Aspartate aminotransferase
(ASAT) and Alanine Aminotransferase (ALAT) in plasma. The result
showed comparable enzymatic activities in both groups indicating that
CB3 does not induce hepatic cytotoxicity. ASAT: 247.3 £ 55.1 U/L (con-
trol) vs. 206.3+68.7 U/L (CB3); ALAT: 19.9+4.1 U/L (control) vs.
254+ 1.4 U/L (CB3). In addition, we measured body weights, food intake
and total plasma cholesterol, and triglycerides of control and CB3-treated
mice. The results did not show any significant differences between both
groups (Supplementary material online, Figure S5). In order to demon-
strate the antioxidant properties of CB3, the plasma levels of antibodies
directed against oxLDL (IgG and IgM) were evaluated. Treatment of
ApoE2.Ki mice fed HFD with CB3 significantly reduced the plasma con-
centration of anti-oxLDL antibodies by ~ 36% (P <0.01) in comparison
to control mice (Figure 4A). In addition, in CB3-treated mice, the levels of
adiponectin and IL-10, two factors known to exert an anti-inflammatory
effect, are significantly increased in the plasma in comparison to control
mice (Figure 4B and C). In contrast, the plasma levels of TNF-o and IL-33,
which are involved in inflammation, decreased significantly in the CB3-
treated mice in comparison to the control group (Figure 4D and E).

3.6 CB3 reduces the abundance of activated
macrophages in HFD ApoE2.Ki mice

To evaluate the global impact of systemic administration of CB3 on the
haematopoietic compartment and resident macrophages in ApoE2.Ki

mice fed HFD, we performed multiparametric flow cytometry analysis
on the spleen of treated animals as compared to control mice. While
long-term CB3 treatment had no measurable effect on cells belonging to
the adaptive compartment of the immune system (data not shown), only
resident macrophages were significantly affected, as CB3 treatment
reduces the percentages of activated macrophages by 32.43% amongst
the total CD45+ cell compartment (CB3 1.09 £ 0.09 vs C 1.61 £ 0.14)
(Figure 5).

3.7 CB3 exerts an anti-atherogenic effect in
ApoE2.Ki mice

Consistent with the findings of Sullivan et al,>* we observed a significant
increase of the lesion size in HFD-challenged ApoE2.Ki mice as com-
pared to ApoE2.Ki mice, fed on a regular chow diet. Therefore, we eval-
uated the mean lesion area in proximal aortas of control and
CB3-treated groups. The results, shown in Figure 6A, indicate a significant
decrease (~36%, P<0.05) in lesion area of CB3-treated mice vs. the
control group. In addition, lesional macrophages in control mice express
high levels of CD86 and low levels of CD206, suggesting the predomi-
nant presence of proinflammatory M1 macrophages. However, when
ApoE2.Ki mice were treated with CB3, the number of total macrophages
(F4/80+) was reduced (Supplementary material online, Figure S6) among
which M1 macrophages (CD86+) or (TNF-a+) were significantly re-
duced respectively (7.02 £ 0.37 for control vs 3.76 £ 0.47 for CB3-
treated mice, P < 0.01) and (5.83 £ 0.87 for control vs 1.16 £ 0.40 for
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Figure 5 CB3 reduces activated macrophages in ApoE2.Ki mice fed HFD. Two groups of female HFD-fed ApoE2.Ki mice were treated with CB3 (10 pg/g
bw) or with water (control) for 10 weeks. Number of activated macrophages in the spleen were determined by multiparametric flow cytometry analysis
and normalized per total CD45+ population (Supplementary material online). (A) A representative dot-plot of activated macrophages is shown. (B)
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from 4 to 6 mice. Mann—Whitney’s U test was used to determine statistically significant differences as compared to control group. **P <0.01.

CB3-treated mice, P < 0.01). The number of M2 macrophages
(CD206+) was, in contrast, significantly increased (3.71 + 0.59 for con-
trol vs. 6.56+0.86 for CB3-treated mice, P<0.05) (Figure 6B and
Supplementary material online, Figure S7).

4. Discussion

We conducted the present study using, CB3, a Trx-1-mimetic peptide,
based on the active site Cys>2-Gly-Pro-Cys35 (CXXC) of Trx-1, as alter-
native approach to the use of Trx-1 in therapy. This approach has been
taken because full length Trx-1 can be cleaved leading to generation of
proatherogenic Trx-80 particles which can compromise its potential
therapeutic use in CVD. We showed that CB3 was able to reduce, in a
dose-dependent manner, the level of intracellular ROS (Figure 1A) and
extracellular H,O, (Figure 1B) generated in LPS-activated macrophages.
In addition, CB3 significantly decreased the level of potent pro-
inflammatory cytokines, like MCP-1, IL-1, IL-6, and TNF-o, in LPS-
activated macrophages (Figure 2) through the inhibition of the NF-kB
pathway (Figure 3). Of note, it is well established that ROS are directly in-
duced, as second messengers, in the activation of NF-kB by the oxidation
of a cysteine-SH group. Reduction of ROS levels could, at least in part,
represent the underlying molecular mechanism by which CB3 acts to in-
hibit NF-kB pathway and to reduce inflammation. Moreover, intraperito-
neal injection of CB3 peptide into HFD-fed ApoE2.Ki mice reduced the
levels of circulating antibodies directed against oxLDL reflecting its anti-
oxidative activity (Figure 4A) without affecting the plasma levels of total
cholesterol or triglycerides (Supplementary material online, Figure S5C
and D). CB3 treatment significantly increased anti-inflammatory proteins
such as adiponectin and IL-10 (Figure 4B and C) and significantly reduced
plasma levels of pro-inflammatory factors like IL-33 and TNF-o (Figure
4D and E). It also reduced the number of activated macrophages (M1
phenotype) in the spleen (Figure 5) and in the arterial lesion area (Figure
6B) suggesting its ability to orient macrophages toward the M2 anti-
inflammatory phenotype. Finally, treatment of HFD-fed ApoE2.Ki mice

with CB3 significantly reduced the aortic lesion surface area (Figure 6A).
Taken together, our results indicate that CB3 exerts several protective
effects and could represent a novel therapeutic approach to treat CVDs.

During the last decades, tremendous efforts have been made to study
the role of certain major risk factors such as hypertension, hyperglycae-
mia and hypercholesterolaemia in the development of CVD. This strat-
egy allowed the generation of a first set of medications which are
currently in use such as angiotensin-converting enzyme inhibitors
(ACEIs), angiotensin Il receptor blockers (ARBs), anticoagulants,
cholesterol-lowering drugs (statins), beta-blockers, and some anti-
inflammatory medicines (NSAID, glucocorticoids).>* Although, many of
these drugs have shown efficacy; many exert also a variety of undesirable
effects and therefore are not suitable to use for a long-term treat-
ment.>>?” Therefore, new medications to treat CVD are required.
Given the adverse side effects associated with pharmacological therapy,
therapeutics based on synthetic peptides have become an alternative
strategy in the prevention of CVD. The advanced technologies which
now allow the generation of stable, specific and efficient peptides, and
peptidomimetics, has increased dramatically the interest for their use as
potential therapeutic agents.”®*” For example, different apolipoprotein-
Al (apoA-l) mimetic peptides such as the 4F,*° D-4F, and L-4F" 6F**
the FAMP, which has been reported to function specifically via ABCA1
(ATP-binding Cassette transporter A1),*® and 5A%* were generated.
These peptides demonstrated atheroprotective effects in apoE™ mice,
and 5A is under consideration for clinical trials.® Similarly, several mi-
metic peptides based on apoE structure have also been developed
(reviewed by reference 24) The most studied peptide is the Ac-hE18A-
NH2, composed by a region of the LDL binding domain of apoE linked
to the 18A apoA-I mimetic peptide.?’6 This peptide reduced plasma cho-
lesterol and atheroma formation and improved endothelial function.>”*®
Moreover, It is important to note that a large collection of peptides of
varying lengths have been reported for several biomedical applications,
including diagnosis and therapy for atherosclerosis.>* Although, an in-
creasing number of studies have been using nanoparticle-associated
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Figure 6 CB3 reduces atherosclerotic lesion area and M1 macrophages number in aortic sinus of ApoE2.Ki mice fed HFD. Two groups of female HFD-
fed ApoE2.Ki mice were treated with CB3 (10 pg/g bw) or with water (control) for 10 weeks. (A) The atherosclerotic lesion areas were examined by Oil

Red O staining in aortic sinus. (B) Lesions were expressed as the % of total aortic area. (C) Serial sections of proximal aortas were immunostained with anti-
bodies either against F4/80 (macrophage marker) and CD86 (M1 marker) or (D) against CD206 (M2 marker). Quantification of M1 or M2 macrophage phe-
notype (E, F) in sinus aortic tissue was performed, for each mouse, on 3 different sections separated each by 100um. The result indicates the mean numbers.
A representative image for each immunostaining is shown. Results represent the mean + SEM for 6 mice. Mann—Whitney’s U test was used to determine sta-
tistically significant differences as compared to control group. *P < 0.05; **P < 0.01. DAPI, 4’ ,6-diamidino-2-phénylindole.

therapeutic peptides for atherosclerosis, some studies did not associate
nanoparticle such as the D-4F, apoA-I mimetic peptide, which was given
orally to apoE™ mice*® or CB3 peptide which was intraperitoneally in-
fused (present study).

Although lipid disorder is a major risk factor for CVD which justify the
use of apoA-l or apoE mimetic peptides, inflammation, whether is related
to lipid disorders or not, is generally accepted to participate in atheroscle-
rosis plrogression.41 Therefore, targeting macrophages as a major actor of
inflammation and proteins involving in chronic inflammation can also be an
interesting therapeutic strategy for CVD treatment. Thus for example,
certain mimetic peptides for Suppressors of Cytokine Signalling (SOCS)
reduced inflammatory and exert atheroprotective roles.** In our pre-
sent study, the use of Trx-1-mimetic peptide, CB3, is of great importance
as it reduced oxidative stress, inflammation, and atherosclerotic lesions in
ApoE2.Ki mice fed HFD without affecting lipid profile. Our results are
strengthen by previous data indicating that small peptides based on the
Trx-1 active site (W31-C-G-P-C-K36), containing the two active cys-
teines, were biologically active, particularly when the amino and carboxy
terminal ends were blocked which facilitates their entry into cells,20 Such
peptides displayed a higher efficiency, compared to traditional antioxidant
agents, such as N-acetylcysteine (NAC), dithiothreitol (DTT), glutathione

(GSH), and ascorbic acid, in a variety of cellular pathways.?%**

Aging and other risk factors can induce oxidative stress, particularly in
vessels, where ROS contribute to vascular disease.* ROS in the vascular
wall are generated by NADPH oxidases (NOX), xanthine oxidase, mito-
chondria, and dysfunctional endothelial nitric oxide synthase (eNOS).
NOX2, expressed by endothelial cells and macrophages, is a major pro-
ducer of O, and disruption of its gene reduces atherogenesis in ApoE”
mice.* The early stage of atherosclerosis is associated with high levels of
peroxide anion (O, in human, rabbit, and primate models.*” A major
atherogenic mechanism occurs via the O, -mediated inactivation of nitric
oxide (NO) leading to, not only peroxynitrite (ONOQ") formation but
also to loss of vasculoprotective effects of NO. Through its powerful ox-
idizing properties, ONOQO" causes irreversible damage to proteins, lip-
ids, and DNA.**78 |5 addition, O, is the precursor of H,O, that can
spontaneously convert to hydroxyl radical (OH"). Due to its extreme re-
activity, OH" can damage most cellular compartments and contribute,
with H,O,, to LDL oxidation in vessel wall.**” In addition, H,O, reacts
with myeloperoxidase, particularly in immune cells, to form highly reac-
tive hypochlorous acid (HOCI). It was recently demonstrated that high
concentration of H,O, causes phenotypical transition of fibroblasts and
smooth muscle cells in atherosclerotic plaques related to human ad-
vanced phenotype and instable plaque.* The biological impact of ROS
depends not only on their quantities but also on their chemical nature,
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subcellular and tissue location, and the rates of their formation and deg-
radation. Otherwise, increased ROS favour pro-inflammatory genes ex-
pression via redox-sensitive transcription factor like NF-kB. Our results
demonstrate a potent anti-oxidative effect of CB3 that act probably by
scavenging H,O,. This mechanism could, at least in part, indirectly ex-
plain the anti-inflammatory role of CB3.

Hence, the CXXC peptide is effectively protecting against oxidative
stress and inflammation and could represent a new class of compounds
for preventing and/or treating CVD. The CB3 peptide could be particu-
larly useful in old people who have a high risk to develop CVD due, at
least in part, to the increased cleavage of Trx-1 and the loss of its vascu-
loprotective effects."

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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