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Aims: Dietary cholesterol and palmitic acid are risk factors for cardiovascular diseases
(CVDs) affecting the arteries and the heart valves. The ionizing radiation that is frequently
used as an anticancer treatment promotes CVD. The specific pathophysiology of these
distinct disease manifestations is poorly understood. We, therefore, studied the biological
effects of these dietary lipids and their cardiac irradiation on the arteries and the heart
valves in the rabbit models of CVD.

Methods and Results: Cholesterol-enriched diet led to the thickening of the
aortic wall and the aortic valve leaflets, immune cell infiltration in the aorta, mitral
and aortic valves, as well as aortic valve calcification. Numerous cells expressing
a-smooth muscle actin were detected in both the mitral and aortic valves.
Lard-enriched diet induced massive aorta and aortic valve calcification, with no
detectable immune cell infiltration. The addition of cardiac irradiation to the cholesterol
diet yielded more calcification and more immune cell infiltrates in the atheroma
and the aortic valve than cholesterol alone. RNA sequencing (RNAseq) analyses
of aorta and heart valves revealed that a cholesterol-enriched diet mainly triggered
inflammation-related biological processes in the aorta, aortic and mitral valves,
which was further enhanced by cardiac irradiation. Lard-enriched diet rather affected
calcification- and muscle-related processes in the aorta and aortic valve, respectively.
Neutrophil count and systemic levels of platelet factor 4 and ent-8-iso-15(S)-PGF2a
were identified as early biomarkers of cholesterol-induced tissue alterations,
while cardiac irradiation resulted in elevated levels of circulating nucleosomes.
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FIGURE 1 | Effect of lard- and cholesterol-enriched diets on the aorta structure. (A) Representative pictures of aortic wall sections stained with hematoxylin-eosin,
sirius red, Movat’s pentachrome, and alizarin red, and CT imaging per rabbit group as indicated. Scale bars = 250 um. Calcifications observed by CT are indicated by
asterisks. (B) Percentage of rabbits from each group that presented CT-detected calcification in the different portions of the aorta (Ctrl, n = 13; Vit.D2, n = 7; CHT,
n=17;Lard,n = 13; IR, n = 7; IR/CHT, n = 15). |, indicates intima; M, indicates media.
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FIGURE 2 | Effect of lard- and cholesterol-enriched diets on the aortic valve leaflet histology. (A) Representative pictures of aortic valve leaflet sections stained with
hematoxylin-eosin, sirius red, Movat’s pentachrome, and alizarin red per rabbit group as indicated. Magnified areas depict neutrophil infiltrates in valvular ventricularis.
Scale bars = 100 um. (B) Violin plots represent aortic valve leaflet area measured on hematoxylin-eosin-stained aortic valve sections (each violin box represents one
rabbit, 4-8 slides per rabbit). Four-group comparisons were performed by using a nested-GLM model and post-hoc SIDAK test on log-transformed data. (C) The
graph represents the positive area for Alizarin Red staining on the aortic valve sections. Data are presented as medians with P25-P75 interquartiles. Four-group
comparisons were performed by ANOVA and post-hoc Dunnett’s test on log-transformed data (Left: Ctrl, n = 5; Vit.D2, n = 7; CHT, n = 7; Lard, n = 6; Right: Ctrl, n
=5; IR, n = 6; CHT, n = 4; IR/CHT, n = 6). *P < 0.05; **P < 0.01; **P < 0.001; #P < 0.05; ##P < 0.01; ###P < 0.001. F, indicates fibrosa side; V, indicates
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FIGURE 3 | Effect of cholesterol-enriched diets on the mitral valve leaflet histology. (A) Representative pictures of mitral valve leaflet sections stained with
hematoxylin-eosin, sirius red, and Movat’s pentachrome per rabbit group as indicated. Magnified areas depict neutrophil infiltrates in valvular atrialis. Scale bars =
100 um. (B) Violin plots represent mitral valve leaflet area measured on the histological mitral valve sections (each violin box represents one rabbit, 4-8 slides per
rabbit) stained with hematoxylin-eosin. Four-group comparisons were performed by using a nested-GLM model and post-hoc SIDAK test on log-transformed data. P
= non-significant. A, indicates atrial side; V, indicates ventricular side.
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FIGURE 4 | Immuno-detection of RAM-11- and aSMA positive cells in the aorta and heart valves. (A) Representative pictures of RAM-11 and aSMA
immunofluorescence costaining performed on the aorta, the aortic valve, and the mitral valve sections. Nuclei are stained with DAPI and appear in blue. «SMA- and
(Continued)
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FIGURE 4 | RAM-11-positive cells are shown in green and red, respectively. Scale bars = 250 um for aorta and 100 um for the aortic and mitral valves. (B)
Quantification of aSMA-positive cells in terms of fluorescence area percentage in the aorta (left), aortic valve (middle), and the mitral valve (right). (C) Quantification of
RAM-11-positive cells in terms of fluorescence area percentage in the aorta (left), aortic valve (middle), and the mitral valve (right). Data are presented as median with
P25-P75 interquartiles. Four-group comparisons were performed by ANOVA and post-hoc Dunnett’s test on log-transformed data. Aorta: left: Ctrl, n = 3; Vit.D2, n =
4; CHT, n = 6; Lard, n = 4; right: Ctrl, n = 3; IR, n = 5; CHT, n = 4; IR/CHT, n = 6. Aortic valve: left: Ctrl, n = 3; Vit.D2, n = 6; CHT, n = 6; Lard, n = 3; right: Ctrl, n =
3; IR, n =5; CHT, n = 4; IR/CHT, n = 6. Mitral valve: left: Ctrl, n = 4; Vit.D2,n = 7; CHT, n = 7; Lard, n = 6; right: Ctrl, n = 4; IR, n = 6; CHT, n = 4; IR/CHT, n = 4. *P
< 0.05; *P < 0.01; **P < 0.001; #P < 0.05; ##P < 0.01; ###P < 0.001. A, atrial side; F, fibrosa side; |, intima; M, media; V, ventricular side.

plaque core of rabbits that received cardiac irradiation combined
with cholesterol diet significantly increased in the numbers of
RAM-11 positive cells as compared to rabbits fed with a chow
diet, a cholesterol diet without irradiation, and in rabbits that
received irradiation whilst on chow diet (Figures 4A,C).

The addition of irradiation to the cholesterol-enriched diet
induced the aortic valve structure alterations that were not
observed in the irradiation-only group. Thickened aortic valve
leaflets displayed more cellular infiltrates and RAM-11 positive
cells than the control groups (Figures 4A,C). Aortic valves were
more calcified than those of rabbits from the cholesterol group
(Figures 2A,B).

As for mitral valves, the combination of irradiation with the
cholesterol diet led to increased infiltration of RAM-11 positive
cells as compared to the irradiation alone (Figure 4C).

Differential RNA Expression Profiles in the
Aorta, Aortic Valve, and Mitral Valve in
Response to Lard- and

Cholesterol-Enriched Diets

To get insight into the biological mechanisms underlying
vascular and valvular modifications, we then performed RNAseq
experiments on RNA extracted from the dissected proximal
aorta and all cardiac valves. The RNAseq identified 29.587 genes
annotated in the rabbit genome, among which 15.135 genes could
be assigned to human genes. The cholesterol-rich diet modified
the expression of 1.102 (898 unique human orthologs) genes in
the aorta, 612 (492) genes in the aortic valve, 281 (229) genes in
the mitral valve, and only 4 (3) and 6 (6) genes in the tricuspid
and pulmonary valve, respectively. The lard-rich diet yielded
much less DEGs than the cholesterol-rich diet, comprising 76
(66) genes in the aorta and 40 (36) genes in the aortic valve. No
DEGs were found in the three other cardiac valves in response to
the lard diet.

We then assessed the impact of these changes in RNA
expression on biological processes in each tissue. To detect the
differential effects of each diet in every tissue, both tissue-specific
and common DEGs were included in these analyses.

We first studied the effect of a cholesterol-rich diet on
the aorta and aortic valve. Among the 612 DEGs identified
in the aortic valve of rabbits from the cholesterol group,
443 DEGs were commonly affected in the aorta (Figure 5A,
Supplementary Tables S1-S3). These common DEGs were
involved in inflammatory and cellular defense responses,
including the production of major inflammatory cytokines
and neutrophil degranulation. Mitotic spindle organization was
also affected, pointing to an effect on cell division. The 659

aorta-specific DEGs were enriched in genes contributing to
additional effects on immune response and signaling pathways,
positive regulation of cell migration, angiogenesis, and platelet
degranulation, while the 169 aortic valve-specific DEGs were
involved in cardiac muscle contraction, tissue morphogenesis,
and myofibril assembly. These data indicate that inflammation
likely contributes to aortic valve alterations induced by a
cholesterol-rich diet similarly as in the aorta, but additional
muscle-related processes could also be affected.

We next focused on the comparison between the aortic
valve and mitral valve in the cholesterol-fed group. Whereas
the DEGs commonly found in the mitral and aortic valves
included genes involved in inflammation and cellular defense
response, we surprisingly observed that the cholesterol-rich diet
mainly affected lipid biosynthetic and metabolic processes as
well as folic acid transport in the mitral valve (Figure 5B,
Supplementary Tables S4-S6). This finding may thus reveal that
not only inflammation but also key metabolic cellular processes
underlie the mitral valve alterations in hypercholesterolemia.

We did not identify the genes that were commonly affected
in the aorta and aortic valve by the lard-rich diet. The
few DEGs that were found to be specific to the aortic
valve were all involved in muscle-related processes, including
contraction, filament sliding, and sarcomere organization
(Figure 5D, Supplementary Tables S7, $8). Intriguingly, these
processes were similarly found to be affected by the cholesterol-
rich diet, suggesting that dietary cholesterol and palmitate could
have a similar biological impact on the aortic valve. In contrast,
in the aorta, ECM organization, osteoblast differentiation, and
ossification processes were more prevalent in response to lard
than cholesterol. Of interest, inflammation would not be the main
process induced by the lard diet, which is in sharp contrast to the
cholesterol diet.

Cardiac Irradiation Enhances Changes in
the Expression of Inflammation-Related

Genes

The addition of irradiation to a cholesterol-rich diet significantly
increased the numbers of DEGs both in the aorta and the aortic
valve. This was particularly true for the aortic valve. Indeed,
2,097 (1714) and 3,474 (2715) DEGs were identified in the
aorta and aortic valve, respectively, which indicated that the
aortic valve might be more impacted than the aorta following
irradiation. The addition of irradiation to the cholesterol-rich
diet modified the expression of 15 (12) additional genes in the
aorta and 602 (512) genes in the aortic valve as compared to
cholesterol without irradiation. Interestingly, we observed that
the common DEGs identified both in the aorta and aortic valve
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FIGURE 5 | RNA sequencing (RNAseq) analysis of differentially expressed genes (DEGs) in the aorta, the aortic valve, and the mitral valve induced by
cholesterol-enriched diet (CHT), alone or combined with irradiation (IR/CHT), and lard-enriched diet as compared to chow diet (Ctrl) (Ctrl, n = 7; CHT, n = 6; Lard, n =
7; IR/CHT, n = 7). Venn diagrams represent numbers of specific and common DEGs between tissue pairs for each comparison. Lollipop plots of gene ontology (GO)
terms depict the top 10 biological processes affected by specific and common DEGs, with corresponding gene frequency and -logso (P-value) (Wald test in DESeq2
package). Detailed statistical methods are provided in the Methods section. (A) Comparison of DEGs and affected biological processes in the aorta and aortic valve
following 16-week treatment with a cholesterol-rich diet. (B) Comparison of DEGs and affected biological processes in the aortic and mitral valves following 16-week
treatment with a cholesterol-rich diet. (C) Comparison of DEGs and affected biological processes in the aorta and aortic valve following 16-week treatment with a
cholesterol-rich diet combined with irradiation. (D) Comparison of DEGs and affected biological processes in the aorta and the aortic valve following 16-week

treatment with a lard-rich diet. Ao, aorta; AoV, aortic valve; MV, mitral valve.
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contributed to the same biological processes as a cholesterol-rich
diet alone, namely neutrophil degranulation, inflammatory, and
immune responses (Figure 5C, Supplementary Tables $9-S11).
However, the gene frequency in these processes was doubled
by the addition of irradiation, indicating that irradiation
could promote inflammation in a neutrophil-dependent manner
(Figures 5A,C). Processes, such as neutrophil chemotaxis and
leukocyte migration indeed became predominant. In the
aortic valve, specific processes were nevertheless affected,
such as ephrin receptor and Wnt signaling pathways, heart
development, and glucocorticoid metabolism, suggesting that
irradiation could disturb aortic valve tissue homeostasis and
metabolism. In the aorta, effects on collagen fibril and ECM
organization predominated in addition to inflammation and
platelet degranulation (Figures 5A,C).

Circulating Levels of Lipids and
Biomarkers Related to Calcification,
Inflammation, Oxidative Stress, and
Platelet Activation

We wanted to determine whether diet- and irradiation-induced
structural and RNA changes could be reflected systemically.
For this purpose, we measured the plasma levels of biomarkers
related to some of the biological processes identified in
our RNAseq dataset. These measurements were performed at
baseline and after 16 weeks. We first analyzed differential
blood cell counts. Neutrophil count was the only parameter
to be increased in the cholesterol-treated rabbits, with or
without cardiac irradiation, as compared to Ctrl rabbits
(Supplementary Table S12). We then studied the effects of lard-
enriched diet and cholesterol-rich diet, combined either with
irradiation or without irradiation on the circulating levels of
conventional lipid biomarkers (Table 1). As expected, feeding
rabbits for 16 weeks with a cholesterol-enriched diet increased
their circulating levels of triglycerides, total cholesterol, LDL,
and HDL. Surprisingly, rabbits from the irradiation-only group
had increased levels of triglycerides. In agreement with our
recent study (17), the lard-enriched diet did not induce changes
in conventional lipid biomarkers. The hepatic marker, asparate
transaminase, increased upon the intake of a cholesterol-enriched
diet, whereas the albumin levels were elevated in rabbits
receiving cholesterol combined either with or without irradiation
(Supplementary Table S13).

We then analyzed the levels of biomarkers involved in
calcification, inflammation, oxidative stress, and platelet
activation (Supplementary Figure S2). Rabbits fed for 16
weeks with a lard-rich diet had reduced circulating levels
of DKKI1, an inhibitor of the Wnt signaling pathway which
is involved in the calcification processes (Figure 6A). In
contrast, rabbits that received cardiac irradiation combined
with a cholesterol diet had elevated levels of DKKI
compared to baseline. Changes in DKK1 levels were neither
observed in response to cholesterol diet alone nor in the
irradiation alone.

Cholesterol-enriched diet increased the plasma levels of the
specific platelet activation marker, platelet factor-4 (PF4), as

TABLE 1 | Effects of cholesterol- and lard-enriched diets as well as cardiac irradiation in addition to cholesterol-enriched diet on the circulating levels of conventional lipid biomarkers.
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well as the neutrophil count and the oxidative stress marker,
ent-8-is0-15(S)-prostaglandin ~ F2a  (ent-8-iso-15(S)-PGF2a)
(Figures 6C,E,F). Combined irradiation and a cholesterol-rich
diet induced a significant increase in the plasma levels of the
major inflammatory cytokine IL-6. as well as the levels of H3.1-
nucleosome and citrullinated H3R8-nucleosome (Figure 6A) are

consistent with our data of RAM-11 staining and our RNAseq
findings on a predominant role of inflammation and neutrophil
degranulation in this rabbit group.

Lard-enriched diet did not increase inflammation- or
oxidative stress-related biomarkers, in accordance with large,
calcified area observed in the aorta and aortic valve without the
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major implication of inflammatory processes as found in the
RNAseq analyses.

To identify possible early biomarkers of lesion development,
we performed serial measurements of the neutrophil count, ent-
8-1s0-15(S)-PGF2a, H3.1-nucleosome, and citrullinated H3R8-
nucleosome levels in cholesterol-enriched diet and irradiation
combined with cholesterol-enriched diet groups. The neutrophil
count increased as early as after 15 days following the dietary
cholesterol intake (Figure 6B). Levels of the oxidative stress
marker, ent-8-iso-15(S)-PGF2a, were also elevated after 15 days
of cholesterol diet (Figure 6C). In the cholesterol diet group,
circulating H3.1-nucleosome levels quickly rose after 15 days
and 4 weeks and dropped thereafter, while it went on increasing
when irradiation was applied at mid-protocol (Figure 6D). Only
rabbits that received irradiation combined with a cholesterol
diet had increased the circulating levels of citrullinated H3R8-
nucleosome after 16 weeks (Figure 6E).

DISCUSSION

Our study demonstrates differential effects on the vascular
and valvular structures induced by cholesterol- and lard-
enriched diet, as well as by combining the cholesterol diet with
cardiac irradiation.

Cholesterol-rich diet not only induced well described
atherosclerotic lesions but also aortic valve thickening. In
addition, calcification occurred in the aortic valve leaflets.
The two left-sided aortic and mitral valves displayed cellular
infiltrates, including macrophages as observed by RAM-11
immunostaining, and excess ECM deposition. In contrast, a
lard-rich diet caused massive aortic media calcification with
no intima thickening, and the aortic valve calcified without
changes in the leaflet thickness and obvious ECM remodeling.
The RNAseq analyses of the aorta, aortic valve, and mitral
valve revealed distinct predominant biological processes in
lesion development depending on the diet. A cholesterol-
rich diet mostly triggered inflammation-related processes in
all three tissues. Aorta-specific biological processes were also
identified that were involved in processes, such as platelet
degranulation, angiogenesis, and cell migration, which are well
known to contribute to atherogenesis (29-31). The affected aortic
valve-specific biological processes were involved in muscle-
related processes. Interestingly, inflammation-related biological
processes were also enhanced by a cholesterol-enriched diet
in the mitral valve, as well as the processes involved in lipid
biosynthesis and metabolism. This is consistent with the recent
observations of increased infiltration of inflammatory cells and
lipids on the histological sections of the mitral valve and their
association with serum cholesterol levels (32). In contrast to
a cholesterol-rich diet, a lard-enriched diet did not promote
inflammatory processes in the aorta, but rather the processes
involved in ECM organization, osteoblast differentiation, and
ossification. This indicates that a lard-enriched diet, i.e., dietary
palmitate intake could impact arteries via different mechanisms
than a cholesterol-rich diet, leading to distinct structural lesions.
Likewise, while muscle-related mechanisms are likely to be

involved in the development of aortic valve alterations in
response to cholesterol- and lard-enriched diet, inflammatory
processes would specifically contribute to the effect of cholesterol
diet on the valve.

The addition of cardiac irradiation to a cholesterol-enriched
diet led to similar histological lesions in the aorta, the aortic
valve, and the mitral valve. However, atherosclerotic plaque
and aortic valve and mitral valve leaflets had higher content
in RAM-11 positive cells when irradiation was combined with
cholesterol-rich diet than with a cholesterol diet alone. Also,
the observed increase of aSMA positive cells in the mitral valve
suggests an ongoing transdifferentiation process of valvular cells.
Valvular interstitial cells could transform into myofibroblasts
following cardiac irradiation, which could promote valve
remodeling and ECM production (33). These findings support a
possible enhancement of tissue inflammation following cardiac
irradiation. This proposition was confirmed by our RNAseq
data. Indeed, cardiac irradiation doubled the number of genes
involved in inflammation-related processes as compared to a
cholesterol-enriched diet alone. Neutrophil degranulation was
a predominant activated biological process following cardiac
irradiation, suggesting a major contribution of this cell type to
the RIHD development mechanism. This observation can be of
major clinical importance in view of key roles for neutrophils in
CVD (34) and a recent report on a link between the severity of
aortic stenosis and NETosis (35). Furthermore, the neutrophil-
to-lymphocyte ratio has been associated with worse patient
survival after chemoradiotherapy (36).

Blood neutrophil count was increased in rabbits fed with
cholesterol-enriched diets, combined with cardiac irradiation or
without cardiac irradiation. In addition, the circulating levels
of IL-6 were higher when cardiac irradiation was added to a
cholesterol-rich diet, confirming RNA-seq results of increased
inflammation in response to cardiac irradiation. Neutrophil
activation could promote vascular and valvular lesions through
increased oxidative stress, as suggested by increased plasma levels
of ent-8-is0-15(S)-PGF2a, but also through histone-mediated
mechanisms as indicated by the increased levels of H3.1 and
citrullinated H3R8 nucleosomes. Extracellular histones have been
associated with cardiac injury in patients with septic shock
(37). They can promote inflammation through activation of
the Toll-like receptors, which are implicated in atherosclerosis
pathogenesis (38-40). Extracellular histone can mediate lytic cell
death and recent findings showed that citrullinated histones can
promote foam cell formation in vitro (41, 42). The levels of H3.1-
nucleosome were increased as early as after 2 weeks following diet
administration, making it a possible good biomarker candidate
for early diagnosis of atherosclerosis and aortic valve lesion
development. Citrullinated H3R8-nucleosome also represent
circulating biomarkers of NETosis. The elevation of these
modified histones in response to cholesterol combined with
cardiac irradiation may point to new NET-related mechanisms
leading to RIHD. Its role as a biomarker of early RIHD also
deserves further investigation.

Some  biological processes were also  specifically
triggered by cardiac irradiation in the aorta (e.g, ECM
remodeling, platelet degranulation) and aortic valve (e.g.,
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ephrin signaling pathway, Wnt signaling pathway, and
glucocorticoid metabolism).

Platelet degranulation was found to be increased in the aorta
tissue of rabbit groups fed with a cholesterol-enriched diet,
combined either with cardiac irradiation or without cardiac
irradiation. This result was corroborated by increased plasma
levels of PF4 in both groups. Importantly, PF4 has already
been associated with atherosclerosis development and could
represent another biomarker of atherosclerosis (43) and possibly
of valve remodeling.

LIMITATIONS

Our study has some limitations, including that only male
rabbits were included. Also, we did not detect any impact
of irradiation by itself on the cardiac structures over the
analyzed 8-week period. Longer time protocols should be
undertaken to evaluate the sole effect of irradiation, without
the influence of any diet. Also, the addition of cardiac
irradiation to a lard-enriched diet would be interesting to
determine whether irradiation-mediated inflammation would
potentiate lard-induced lesions. Furthermore, tissue structure
was only assessed by histological analyses, which did not
allow for 3D visualization of the lesions, which could provide
insights into their cellular and extracellular composition.
Finally, RNAseq analysis was performed on complete tissues
and therefore identification of specific cellular types was
not possible. Single-cell RNA sequencing could bring further
information regarding the impact of treatments on tissue-
specific cellular type enrichment and cellular process activation
or inhibition.

CONCLUSION

Our study showed that cholesterol-
diets, and cardiac irradiation combined
enriched diet induce the development of distinct lesions
in the aorta, the aortic valve, and the mitral valve. Lard-
and cholesterol-induced valvular and vascular lesions were
different both in terms of histological modifications and
in the underlying biological process. While cholesterol
led to a global increase of inflammation-related processes,
lard causes arterial and aortic valve calcification via
distinct muscle-related mechanisms. Cardiac irradiation
enhanced inflammatory processes and calcification
the arteries and aortic valve. At the systemic level,
markers of platelet activation, neutrophils, and specific
histone modifications in nucleosomes could represent
new highly valuable biomarkers for the early diagnosis of

and lard-enriched
with a cholesterol-

in
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