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Simple Summary: Radiotherapy of thoracic malignancies, such as lung or breast cancer,
involves exposure of the heart to relevant mean radiation doses that are associated with
an increased risk of developing cardiovascular disease and mediated by chronic vessel in-
flammation. In this study, we investigated whether cannabidiol (CBD), the non-psychogenic
component of cannabis, can prevent irradiation-induced vessel inflammation and conse-
quently protect mice from the development of heart diseases. We demonstrated that
a continuous treatment of mice with CBD starting before irradiation attenuates endothelial
cell inflammation, immune infiltration, and onset of cardiac fibrosis. Therefore, CBD is
a promising candidate to alleviate the risk of irradiation-induced heart disease.

Abstract: Objective: Radiotherapy administered to control thoracic cancers results in
a partial irradiation of the heart at mean doses up to 19 Gy, which increases the risk of
developing a spectrum of cardiovascular diseases known as radiation-induced heart disease
(RIHD). As inflammation is a major driver of the development of RIHD, we investigated
the potential of the anti-inflammatory agent cannabidiol (CBD) to attenuate irradiation-
induced cardiovascular damage in vivo. Methods: Female C57BL/6 mice were given daily
injections of CBD (i.p., 20 mg/kg body weight) for 4 weeks beginning either 2 weeks
prior to 16 Gy irradiation of the heart or at the time of irradiation. Mice were sacrificed
30 min and 2, 4, and 10 weeks after irradiation to investigate the expression of inflammatory
markers and stress proteins in primary cardiac endothelial cells (ECs). DNA double-strand
breaks, immune cell infiltration, and signs of fibrosis were studied in explanted heart
tissue. Results: We showed that the irradiation-induced upregulation of the inflammatory
markers ICAM-1 and MCAM was only attenuated when treatment with CBD was started
2 weeks prior to irradiation but not when the CBD treatment was started concomitant with
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irradiation of the heart. The protective effect of CBD was associated with a decrease in
irradiation-induced DNA damage and an increased expression of protective heat shock
proteins (Hsp), such as Hsp32/Heme-oxygenase-1 (HO-1) and Hsp70, in the heart tissue.
While the upregulation of the inflammatory markers ICAM-1 and MCAM, expression was
prevented up to 10 weeks after irradiation by CBD pre-treatment, and the expression of
VCAM-1, which started to increase 10 weeks after irradiation, was further upregulated in
CBD pre-treated mice. Despite this finding, 10 weeks after heart irradiation, immune cell
infiltration and fibrosis markers of the heart were significantly reduced in CBD pre-treated
mice. Conclusion: CBD treatment before irradiation mediates beneficial effects on murine
hearts of mice, resulting in a reduction of radiation-induced complications, such as vascular
inflammation, immune cell infiltration, and fibrosis.

Keywords: radiotherapy; cannabidiol (CBD); irradiation-induced heart disease; vascular
inflammation; fibrosis

1. Introduction

Radiotherapy is an indispensable part of cancer therapy for more than 50% of patients
with solid tumors [1,2]. However, the beneficial anti-tumor effects of ionizing irradiation
are hampered by toxicity to normal, non-cancerous tissue surrounding the tumor [3], which
can result in radiation-induced lung (RILD) [4] and liver diseases [5]. Due to the fact that
cardiac cells are non-proliferative, the heart has been considered a radioresistant organ.
However, epidemiological studies have indicated that patients receiving radiotherapy for
the local control of thoracic malignancies had a higher incidence of developing cardiovas-
cular diseases years and decades after radiotherapy [6,7]. Despite careful irradiation dose
treatment planning for patients with left-sided thoracic cancers, the mean dose rate to the
heart ranges between 3.6 and 4.6 Gy, with maximum doses up to 19 Gy [8,9].

Radiotherapy-induced heart failure is mainly mediated by chronic inflammation,
which is induced by multiple microlesions in endothelial cells (ECs) and cardiomyocytes,
which drive a continuous release of inflammatory signals [3,10]. In chronic inflammation,
the wound healing response persists because the body’s immune system is unable to
resolve the damage [11,12]. Functionally, persisting inflammation is characterized by
an ongoing upregulation in the expression of cellular adhesion molecules (CAMs) on ECs.
This results in increased attachment and infiltration of immune cells into the vessel wall [3],
which supports the formation of plaques and thickening of the vascular wall, a process
termed atherosclerosis. Over time, decreased blood flow causes a subsequent undersupply
of the affected heart tissue with oxygen and nutrients [6]. Eventually, a completely closed
vessel may cause heart infarction, or a ruptured plaque of the heart may induce vessel
occlusion in other tissues, such as the brain, resulting in a stroke [6]. Another complication
of a persistent wound healing response is cardiac fibrosis [6,13]. An excess deposition of
extracellular matrix components in the heart, which causes stiffening of the cardiac muscle
or the heart valves, results in cardiomyopathy or valvular heart disease [6].

Due to the central role of inflammation in the development of radiation-induced heart
diseases (RIDHs), which generally develop in human patients a decade after radiother-
apy [14], anti-inflammatory agents could provide a useful preventative approach to reduce
the risk for RIDH. The pathophysiology of RIDH is characterized by major functional
changes in the microvasculature of the myocardium [15]. However, because the anti-cancer
efficacy of radiotherapy relies on an active immune system [16], an anti-inflammatory
drug improving normal tissue toxicity of radiotherapy may impair protective anti-tumor
immune responses. CBD has been shown to mediate anti-oxidative and anti-inflammatory
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effects in a variety of cell types and inflammatory disease models [17] while simultane-
ously showing pro-apoptotic, anti-angiogenic, and anti-metastatic activity in a variety of
cancer models [18]. Moreover, CBD has shown promising results in attenuating cardiac
dysfunctions [19], and it has a favorable safety profile in clinical use [20].

Therefore, we hypothesize that CBD mediates protective effects on irradiation-induced
cardiac damage while preserving anti-tumor activity. In this study, we investigated the
effects of different CBD treatment schedules on radiation-induced vessel inflammation,
immune infiltration, DNA damage, and early fibrosis in C57BL/6 mice receiving a single
irradiation dose of 16 Gy to 80% of the heart, a clinically relevant mean heart dose after
radiotherapy of patients with thoracic malignancies [8,9].

2. Materials and Methods

Animals, CBD treatment, and irradiation: Animal experiments were performed in ac-
cordance with the German Animal Welfare Act (TierSchutzGesetz). All animal experiments
were performed in compliance with the institutional guidelines of the University Hospital
of the Technical University of Munich and approved by the Regierung von Oberbayern
(licence ROB-55.2-2532.Vet_02-21-195 and ROB-55.2-2532.Vet_02-23-53). Mice were housed
under sterile conditions (food and water ad libitum, 23 £ 0.5 °C, 12 h light/dark cycle).

Female 10-week-old C57BL/6 mice (Charles River, Sulzfeld, Germany) were divided
into 4 treatment groups. Group 1 (control) received a 0 Gy sham irradiation, and group
2 received a local image-guided single dose of partial irradiation (16 Gy) of the heart (80%)
with minor exposure to the lung (20%) using the Small Animal Radiation Research Platform
(SARRP, X-Strahl, Walsall Wood, UK) and the software SARRP Control and Muriplan [21].
Irradiation was performed using 220 kV and 13 mA X-ray beams filtered with copper
(0.15 mm) under cone beam computed tomography (CBCT) guidance. In each of the
3 CT scan projections (transverse, sagittal, and frontal), the hearts and lungs of the mice
were marked. The planning system was carried out with a calibrated ionization chamber
(International Atomic Energy Agency, Vienna, Austria) and radiochromic Gafchromic films
(EBT3, Ashland, Covington, KY, USA). Group 3 received the same irradiation treatment
combined with daily injections (i.p.) of CBD (Phytolab, Vestenbergsgreuth, Germany) at
a concentration of 20 mg/kg body weight [19] dissolved in saline (B. Braun Melsungen,
Melsungen, Germany), Tween 20 (Sigma-Aldrich, Taufkirchen, Germany), and DMSO
(Sigma-Aldrich) at a ratio of 18:1:1 for 4 weeks. Group 4 received daily CBD injections with
0 Gy sham irradiation for 4 weeks. Treatments were scheduled as follows: mice received
partial heart (80%) and lung (20%) irradiation (16 Gy) on day 1 with simultaneous onset
of daily i.p. injections of CBD (20 mg/kg body weight) lasting for 4 weeks, and mice
received daily i.p. injections of CBD 2 weeks before irradiation (16 Gy), which continued
for another 2 weeks after partial irradiation of the heart (80%) and lung (20%). Mice were
sacrificed through cervical dislocation 30 min and 2, 4, and 10 weeks post-irradiation. All
procedures were performed under isoflurane anesthesia (CP Pharma, Burgdorf, Germany).
The number of mice used for each experiment is indicated in the legend of each figure.

Heart digestion: Heart tissue was minced and then digested in collagenase A (Roche,
Penzberg, Germany) (0.002 g/mL in HBSS (Gibco ThermoFisher Scientific, Darmstadt,
Germany, Sigma-Aldrich) +10% v/v fetal bovine serum (FBS, Sigma-Aldrich) for 45 min
under rotation. The pre-digested tissue was further dissociated by aspirating it 10 times
through an 18 G needle, followed by filtration through a 70 pm mesh and two rounds of
washing in HBSS/10% v/v FBS. The resulting single cell suspensions were used for flow
cytometry analysis and Western blotting.

Flow cytometry: After washing the cells with Dulbecco’s PBS (DPBS) supplemented
with 10% v/v FBS (‘tlow cytometry buffer’), they were incubated with the following
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fluorescence-labeled monoclonal antibodies (mAbs; Table 1) for 30 min at 4 °C in the
dark. After another washing step, cells were resuspended in flow cytometry buffer con-
taining propidium iodide (PI). Data were acquired on a MACSQuant® flow cytometer
(Miltenyi Biotec, Bergisch Gladbach, Germany) and analyzed using Flow]Jo™ software
V10.10 (BD Biosciences, Franklin Lakes, NJ, USA). Live cells (PI-negative) and cardiac ECs
(CD31*/CD457) or leukocytes (CD31~ /CD45") were gated with the indicated markers,
and the percentage of positively stained cells and the median signal intensity (MFI) were
determined in each experiment.

Table 1. Fluorescence-labeled antibodies for flow cytometry.

Antibody (Clone) Dilution Company

CD31-APC (MEC 13.3) 1:4 BD Biosciences

CD34-FITC (RAM34) 1:10 eBioscience (ThermoFisher Scientific)
CD45-Vio Blue (REA737) 1:10 Miltenyi Biotec

CD54 (ICAM-1)-FITC (3E2) no BD Biosciences

CDé61 (Integrin 3-3)-FITC (HMf3-1) no BD Biosciences

CD102 (ICAM-2)-FITC (3C4 mIC2/4) 1:10 BD Biosciences

CD105 (Endoglin)-PE MJ7/18) 1:4 eBioscience (ThermoFisher Scientific)
CD106 (VCAM-1)-PE M /K-2) 1:2 Invitrogen (ThermoFisher Scientific)
CD144 (VE-cadherin)-PE (11D4.1) 1:4 BD Biosciences

CD146 (MCAM)-PE (ME-9F1) 1:4 BD Biosciences

Western blotting: Heart tissue was lysed in radioimmunoprecipitation assay (RIPA)
buffer containing protease cocktail tablets (cOmplete tablets, Roche Diagnostic GmbH,
Basel, Switzerland) and phosphatase inhibitors (PhosphoSTOP, Roche Diagnostic GmbH).
The protein concentration was determined using the Pierce™ BCA Protein Assay Kit
(ThermoFisher Scientific, Waltham, MA, USA), and 20 pg of protein lysate was separated
on an SDS-PAGE (8-15% v/v) gel. After transfer onto activated polyvinylidene fluoride
membranes (PVDFs) and blocking in 1x Roti block buffer for 1 h at room temperature
(RT), membranes were incubated with primary antibodies (Table 2) diluted in 1x Roti
block buffer at 4 °C overnight under rotation. After another washing step, membranes
were stained with the relevant secondary HRP-conjugated antibodies (Dako-Agilent, Santa
Clara, CA, USA; BD Biosciences, Franklin Lakes, NJ, USA; Table 2) diluted in 1x Roti
block buffer for 60 min at RT. The Pierce™ ECL Western Kit (ThermoFisher Scientific)
was used to visualize the protein bands, and images were acquired using the ChemiDoc™
Touch Imaging System (Bio-Rad, Hercules, CA, USA). The protein expression ratio for each
sample was quantified using Image]J 6.1 Software. If not indicated otherwise, the dilution
of the antibodies was 1:1000.

Table 2. Antibodies for Western blot analysis.

Antibody (Dilution) Company

[3-Actin (1:10,000) Sigma-Aldrich

CD14 Invitrogen

Col3al Santa Cruz Biotechnology
Decorin Abcam

Fibronectin Invitrogen
Heme-oxygenase-1 (HO-1) Cell Signaling Technology
Hsp70 multimmune GmbH
v-H2AX (1:5000) Abcam

HRP-conjugated rabbit anti-mouse Ig (1:2000) Dako-Agilent
HRP-conjugated swine anti-rabbit Ig BD Biosciences
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Statistical analysis: Statistical analyses were performed using GraphPad Prism
10 V10.0.2 (GraphPad Software, Boston, MA, USA), and data are presented as mean = stan-
dard deviation (SD) of at least three independent experiments. Differences between groups
were assessed using either one-way ANOVA followed by Tukey’s post hoc test (multiple com-
parisons) or two-way ANOVA followed by Tukey’s multiple comparisons test (experiments
involving more than 2 conditions). Statistical significance was defined as a p value of less than
0.05. Significance levels are defined as * p < 0.05, ** p < 0.01, ** p < 0.001, and **** p < 0.0001.

3. Results
CBD treatment starting simultaneous with irradiation does not reduce the expression of

inflammatory markers on heart ECs

Chronic inflammation in cardiac tissue induced by irradiation is characterized by
an upregulated expression of CAMs on ECs [10,22], which participate in the adhesion and
transmigration of leukocytes in damaged tissue [23-25]. Therefore, this study measured
the expression of MCAM, ICAM-1, ICAM-2, and VCAM-1 on primary heart ECs of mice
(n = 4) 4 weeks after receiving sham irradiation in vivo (0 Gy, group 1), partial heart
(80%) and lung (20%) irradiation (16 Gy, group 2), and a combination of daily i.p. CBD
(20 mg/kg body weight) treatment starting on day 1 simultaneous with irradiation (16 Gy)
and continuing for 4 weeks (group 3) (Figure 1, treatment schedule).
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Figure 1. Representative fluorescence histograms of (A) MCAM, (B) ICAM-1, (C) ICAM-2, and
(D) VCAM-1 expression and median signal intensity (MFI) on primary cardiac ECs (CD31*/CD457)
of C57BL/6 mice 4 weeks after receiving 0 Gy sham irradiation (white), 16 Gy irradiation (orange), or
16 Gy irradiation with daily CBD treatment starting after irradiation (i.p., 20 mg/kg body weight for
4 weeks; green); data represent mean values =+ SD of 4 mice (n = 4); * p < 0.05, ** p < 0.01, ** p < 0.001,
and *** p < 0.0001.
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Single cell suspensions were prepared from freshly resected hearts of mice of the
different groups after 4 weeks, and the median signal intensity (MFI) of expression of
MCAM (Figure 1A), ICAM-1 (Figure 1B), ICAM-2 (Figure 1C), and VCAM-1 (Figure 1D)
on CD31*/CD45~ gated ECs was assessed through multicolor flow cytometry. The gating
strategy of expression of MCAM, as an example, is illustrated in Appendix A.1.

The expression density of MCAM on primary heart ECs showed a significant increase
4 weeks after irradiation compared to sham-irradiated control mice, and continuous CBD
treatment (4 weeks) starting on the day of partial heart/lung irradiation (16 Gy) did not
significantly alter the upregulated expression of MCAM (Figure 1A). The same expres-
sion pattern is observed for other inflammatory markers, such as ICAM-1 (Figure 1B) and
ICAM-2 (Figure 1C). With respect to the expression density of VCAM-1, irradiation-induced
upregulation on heart ECs was lower compared to the other inflammatory markers and
compared to sham-irradiated controls, and it was significantly reduced by 4-week continu-
ous CBD treatment (Figure 1D). This indicates that CBD treatment that starts on the day of
irradiation reduces the elevated expression of VCAM-1 but not that of MCAM, ICAM-1,
or ICAM-2.

CBD treatment starting 2 weeks before irradiation reduced the expression of inflamma-
tory markers on heart ECs

Because the anti-inflammatory effects of CBD are associated with antioxidant path-
ways [26,27] and an upregulated expression of the stress protein Hsp32/HO-1 [28], the
CBD pre-treatment was started 2 weeks before and continued for another 2 weeks af-
ter irradiation to allow for the synthesis of protective anti-oxidative proteins (Figure 2,
treatment schedule). Mice receiving sham irradiation (0 Gy), partial irradiation of the
heart (80%) and lung (20%) with 16 Gy, or a combined treatment of daily i.p. injections of
CBD (20 mg/kg body weight, 4 weeks) beginning 2 weeks prior and continuing another
2 weeks after irradiation (16 Gy) were sacrificed 2 weeks (n = 5) or 10 weeks after irradiation
(n = 34) (Figure 2), and the hearts were resected to measure the expression density of the
inflammatory markers MCAM (Figure 2A), ICAM-1 (Figure 2B), and ICAM-2 (Figure 2C)
on CD31*/CD45~ ECs.

The MFI of the MCAM expression was significantly increased on cardiac ECs 2 weeks
and, even more pronounced, 10 weeks after partial heart irradiation compared to the
control group (Figure 2A). Daily CBD treatment of mice beginning two weeks prior to
irradiation and lasting another 2 weeks after irradiation resulted in a reduction of MCAM
expression, which reached a statistically significant difference after 10 weeks (Figure 2A).
Similarly, the expression densities of ICAM-1 (Figure 2B) and ICAM-2 (Figure 2C), which
were significantly increased 2 weeks and even more pronounced 10 weeks after irradiation,
were decreased in mice receiving CBD treatment 2 weeks prior to irradiation. A significant
decrease in the expression density of ICAM-1 was detected at 10 weeks compared to
irradiated mice (Figure 2B). This attenuating effect of CBD on the irradiation-induced
upregulation of MCAM, ICAM-1, and ICAM-2 expression 2 and 10 weeks after irradiation
was only observed when CBD was administered for 2 weeks before and continued for
another 2 weeks after irradiation but not when the 4-week CBD treatment was started
concomitant with irradiation. These findings indicate that CBD protects heart ECs against
radiation-induced damage rather than repairing radiation-induced damage. Because
the attenuating effect on the expression of inflammatory markers persists for at least
10 weeks after irradiation, despite the fact that CBD treatment was terminated 2 weeks after
irradiation, we hypothesize that CBD treatment protects against acute and also chronic
radiation-induced damage of heart ECs.
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Figure 2. Representative fluorescence histograms of (A) MCAM, (B) ICAM-1, and (C) ICAM-2
expression and median signal intensity (MFI) on primary cardiac ECs (CD31*/CD45™) of C57BL/6
mice 2 (n = 5) and 10 weeks (n = 3-4) after receiving 0 Gy sham irradiation (white), 16 Gy irradiation
(orange), or 16 Gy irradiation with daily CBD treatment starting 2 weeks prior to irradiation (i.p.,
20 mg/kg body weight for 4 weeks; blue); data represent mean values & SD of 3-5 mice (n = 3-5);
*p <0.05, ** p <0.01 and **** p < 0.0001.

The anti-inflammatory effect of CBD treatment starting 2 weeks before irradiation is
associated with increased stress protein synthesis in heart ECs

To investigate the role of stress proteins in the attenuation of irradiation-induced
damage in heart ECs, levels of Hsp32/HO-1 and Hsp70 were measured in whole heart
lysates of mice (n = 3—4) receiving either sham irradiation (0 Gy), partial heart (80%) and
lung (20%) irradiation with 16 Gy, or irradiation of the heart (16 Gy) combined with daily
i.p. injections of CBD (20 mg/kg body weight) for 4 weeks, beginning 2 weeks prior to
and lasting 2 weeks after irradiation (Figure 3, treatment scheme). All mice were sacrificed
two weeks after partial heart/lung irradiation. Neither Hsp32/HO-1 (Figure 3A) nor
Hsp70 levels were altered significantly in heart lysates of mice two weeks after irradiation
with 16 Gy. CBD treatment alone also did not change the levels of Hsp70 in mouse heart
cells. However, CBD treatment of mice 2 weeks before and 2 weeks after irradiation led
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to a significant upregulation of Hsp32/HO-1 and Hsp70 levels in heart cells 2 weeks after
irradiation (Figure 3A, B). Elevated levels of Hsp32/HO-1 and Hsp70 have been shown to
adapt cells to oxidative stress [29] and may therefore contribute to the attenuated expression
of the inflammatory markers after irradiation.
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Figure 3. Representative Western blots (images spliced from the same blot) and mean protein levels
relative to -actin of (A) Hsp32/HO-1 (n = 4) and (B) Hsp70 (n = 4) of whole heart lysate of C57BL/6
mice 2 weeks after receiving 0 Gy sham irradiation (left lane, white symbol), 16 Gy irradiation
(center lane, orange symbol), or 16 Gy irradiation with daily CBD treatment starting 2 weeks prior
to irradiation (i.p., 20 mg/kg body weight for 4 weeks; right lane, blue symbol); (C) representative
Western blot and mean y-H2AX protein levels (n = 3) relative to control of whole heart lysate of
C57BL/6 mice 30 min after receiving 0 Gy sham irradiation (left lane, white symbol), 16 Gy irradiation
(center lane, orange symbol), or 16 Gy irradiation with daily CBD treatment starting 2 weeks prior to
irradiation (i.p., 20 mg/kg body weight; right lane, blue symbol); data represent mean values & SD
of 3-4 mice (n = 3-4); ** p < 0.01, ** p < 0.001.

As an indicator of irradiation-induced stress, the occurrence of DNA double-strand
breaks was detected based on y-H2AX expression in whole heart lysates of mice (n = 3) that
received sham irradiation (0 Gy), irradiation of the heart (80%) and lung (20%) with 16 Gy,
or partial heart irradiation (16 Gy) combined with daily i.p. injections of CBD (20 mg/kg
body weight) for 4 weeks beginning 2 weeks prior to irradiation and lasting for another
2 weeks. The histone y-H2AX responds rapidly to DNA double-strand breaks and can
only be detected within a short time window after irradiation [30]. Therefore, all mice
were sacrificed 30 min after irradiation to determine y-H2AX expression levels (Figure 3C,
treatment scheme). Mice that received only irradiation (16 Gy) showed significantly ele-
vated levels of y-H2AX compared to control mice (Figure 3C). A significant decrease in
v-H2AX levels down to basal levels by a factor of 2.4, 1.7, and 2 was detected in the heart
lysates of mice receiving CBD treatment 2 weeks prior to and after irradiation (Figure 3C).
No elevation in y-H2AX levels was seen in CBD-treated mice compared to control mice at
30 min. Pilot data (n = 2) show strongly elevated y-H2AX levels (3.19-fold, 5-fold) 15 min
after heart irradiation with 16 Gy, which could be reduced by a factor of 1.5 and 1.3 by
2-week pre-treatment with CBD (Appendix A.2). These findings suggest that treatment
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with CBD prior to irradiation might reduce the occurrence of DNA double-strand damage
in the irradiated tissue by supporting the repair of DNA double-strand breaks.

CBD treatment starting 2 weeks before irradiation increases VCAM-1 on heart ECs

Although CBD treatment beginning 2 weeks prior to irradiation attenuates the upreg-
ulation of the inflammation markers MCAM and ICAM-1 after 2 and 10 weeks (Figure 2),
a different expression pattern was observed for VCAM-1 (Figure 4). Mice receiving partial
heart (80%) and lung (20%) irradiation with 16 Gy or partial heart irradiation (16 Gy)
combined with daily i.p. injections of CBD (20 mg/kg body weight) for 4 weeks beginning
2 weeks prior to irradiation showed no significant upregulation in VCAM-1 on heart ECs
compared to sham-treated controls 2 weeks after irradiation (Figure 4). This is consistent
with previous findings that VCAM-1 upregulation in the heart manifests late after irradia-
tion, with a significant increase only being observed 10 but not 5 weeks after irradiation
with only 8 Gy [22]. At 10 weeks after irradiation, the expression of VCAM-1 in irradiated
heart ECs was significantly upregulated, and this value increased even further when mice
were treated for 4 weeks with CBD starting 2 weeks prior to irradiation (Figure 4).
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Figure 4. Representative fluorescence histograms of VCAM-1 expression and median signal intensity
(MFTI) on primary cardiac ECs (CD31*/CD457) of C57BL/6 mice 2 (n = 5) and 10 (n = 3-4) weeks
after receiving 0 Gy sham irradiation (white), 16 Gy irradiation (orange), or 16 Gy irradiation with
daily CBD treatment starting 2 weeks prior to irradiation (i.p., 20 mg/kg body weight for 4 weeks;
blue); data represent mean values £ SD of 4 mice (n = 3-5); * p < 0.05, *** p < 0.001, and **** p < 0.0001.
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CBD treatment starting 2 weeks before irradiation reduces immune cell infiltration into
the heart

To investigate why VCAM-1 expression differs from that of other inflammatory mark-
ers, such as MCAM, ICAM-1, and ICAM-2, in response to CBD treatment, different media-
tors responsible for the induction of VCAM-1 expression were analyzed. Tumor necrosis
factor alpha (TNF-o) is a major inducer of VCAM-1 [31], which is produced mainly by
macrophages [32]. Infiltration of leukocytes and macrophages into irradiated tissues like
the heart occurs several weeks after irradiation [33] and shows a similar kinetic to the
increase in the expression of VCAM-1 on heart ECs [22]. Therefore, we investigated the
presence of immune cells, such as CD45" leukocytes (Figure 5A), in single cell suspensions
derived from whole hearts of mice receiving sham irradiation (0 Gy), partial heart (80%)
and lung (20%) irradiation with 16 Gy, or irradiation of the heart (16 Gy) combined with
daily i.p. injections of CBD (20 mg/kg body weight) for 4 weeks beginning 2 weeks prior to
irradiation. Mice were sacrificed 2 and 10 weeks after irradiation, and heart-derived single
cell suspensions were assessed through flow cytometry (n = 3-5, Figure 5A). We further
determined the presence of CD14" macrophages (Figure 5B) [34] in the same mouse groups
10 weeks after irradiation (n = 3—4) through Western blot analysis of whole heart lysates.
We found that 2 weeks after irradiation, the proportion of infiltration of CD45" leukocytes
remained unaltered in all treatment groups. However, 10 weeks after irradiation, the pres-
ence of leukocytes significantly increased in the hearts of mice receiving irradiation. CBD
treatment prior to irradiation resulted in a significant reduction in immune cell infiltration
of the heart (Figure 5A). Similarly to CD45* leukocytes, the percentage of infiltrating CD14*
macrophages increased significantly 10 weeks after irradiation of the mouse heart, whereas
pre-treatment with CBD significantly reduced the infiltration of CD14* macrophages into
the heart (Figure 5B). These findings suggest that upregulated VCAM-1 expression is not
directly related to the presence or absence of immune cells in the heart 10 weeks after
irradiation. Nevertheless, as immune infiltration contributes greatly to the development of
long-term heart conditions observed after irradiation [35], with macrophages likely being
the main mediators in cardiac fibrosis [17,36], a reduction in the proportion of infiltrating
macrophages by CBD can be considered a potentially beneficial anti-fibrotic effect.

CBD treatment starting 2 weeks before irradiation reduces the expression of early fibrosis
markers in the heart

Although VCAM-1 expression shows a stronger association with the development of
cardiac pathologies like atherosclerosis [37] than ICAM-1 and other CAMs, the increased
expression of VCAM-1 10 weeks after irradiation by CBD treatment is contrasted by the
CBD-mediated attenuation of the expression levels of MCAM and ICAM-1, the attenuation
of DNA double-strand breaks, decreased immune infiltration, and an increased cytopro-
tective and anti-oxidative heat shock response. To conclude whether the overall effect of
CBD treatment is beneficial to the heart or not, we investigated the whole heart lysate of
mice that received sham irradiation (0 Gy), irradiation of the heart (80%) with 16 Gy, or
irradiation of the heart (16 Gy) combined with daily i.p. injections of CBD (20 mg/kg body
weight) for 4 weeks beginning 2 weeks prior to irradiation and sacrificed 10 weeks after
irradiation for signs of fibrosis using Western blot analysis (Figure 6, treatment scheme).
Specifically, we investigated levels of Col3al, the peptide component of collagen III, which
accumulates in cardiac fibrosis [38] (Figure 6A), Fibronectin, a classic fibrosis marker essen-
tial for the attachment of collagen to the extracellular matrix, which may also function as
a damage-associated molecular pattern (DAMP) [39] (Figure 6B), and Decorin, a protein
that is commonly upregulated in fibrotic tissue that participates in collagen fibril formation
and also functions as a pro-inflammatory DAMP molecule [40] (Figure 6C). Col3al and
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Fibronectin levels followed a similar expression pattern, with significant upregulation
10 weeks after irradiation, but normalized to control levels when mice received CBD treat-
ment beginning 2 weeks prior to irradiation (Figure 6A,B). Decorin levels were significantly
increased compared to controls in both irradiated groups, with CBD pre-treatment signifi-
cantly attenuating the irradiation-induced upregulation of Decorin compared to untreated
irradiated mice (Figure 6C). Taken together, these findings suggest that there is an ongoing
damage response with fibrotic characteristics in the heart 10 weeks after irradiation that is

attenuated by CBD pre-treatment.
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Figure 5. Percentage of CD45" leukocytes (A) and presence of CD14* macrophages (B) in single cell
suspensions of whole heart tissues of C57BL/6 mice 2 (n = 5) and 10 (n = 3) weeks after receiving
0 Gy sham irradiation (white), daily CBD treatment starting 2 weeks prior to sham irradiation
(i.p., 20 mg/kg body weight for 4 weeks; light blue), 16 Gy irradiation (orange), or 16 Gy irradia-
tion with daily CBD treatment starting 2 weeks prior to irradiation (i.p., 20 mg/kg body weight
for 4 weeks; blue); data represent mean values & SD of 3—4 mice (n = 3—4); * p < 0.05, *** p < 0.001,
and *** p < 0.0001). Representative Western blot and mean protein levels relative to 3-actin of CD14
in whole heart lysate of C57BL/6 mice (n = 3—4) 10 weeks after receiving sham irradiation (0 Gy,
left lane, white symbol), 16 Gy irradiation (center lane, orange symbol), or 16 Gy irradiation with
daily CBD treatment starting 2 weeks prior to irradiation (i.p., 20 mg/kg body weight; right lane,
blue symbol); data represent mean values =+ SD of 3 to 5 mice (n = 3-5); * p < 0.05, *** p < 0.001,
and **** p < 0.0001.
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Figure 6. Fibrosis-associated protein levels in whole heart lysates of C57BL /6 mice; representative
Western blot images of 3-actin and (A) Col3al, (B) Fibronectin, and (C) Decorin and average fold
change of protein levels relative to $-actin and normalized to control of mice 10 weeks after 0 Gy
sham irradiation (left band, white symbol), 16 Gy irradiation (center band, orange symbol), or 16 Gy
irradiation with 4-week daily CBD treatment starting 2 weeks prior to irradiation (i.p., 20 mg/kg
body weight; right band, blue symbol); data represent mean values & SD of 3 mice (n = 3); * p < 0.05,
**p <0.01, ** p < 0.001.

4. Discussion

In this study, we found that a 4-week treatment with 20 mg/kg of CBD beginning
2 weeks prior to irradiation (16 Gy) can attenuate the irradiation-induced upregulation of
the inflammatory cell adhesion molecules ICAM-1, MCAM, and, potentially, ICAM-2 on
cardiac ECs. However, CBD treatment of the same duration did not result in attenuation of
these inflammation markers when treatment was started at the time of irradiation. This
suggests that CBD exerts a radioprotective effect during irradiation, with the decreased
inflammation being a result of reduced damage suffered by the cardiac ECs, rather than re-
pairing radiation-induced damage. This hypothesis is further supported by the finding that
CBD treatment beginning 2 weeks prior to irradiation results in a lower rate of irradiation-
induced DNA double-strand breaks in cardiac cells, as indicated by y-H2AX levels. This is
an effect we previously described in ECs that had been pre-treated in vitro with CBD 24 h
before irradiation and that also resulted in a reduced rate of EC apoptosis [41].

The proposed mediators of this effect are Hsp32/HO-1 and Hsp70, which we found to
be significantly elevated in the cardiac tissue of mice that received daily CBD injections in
addition to irradiation (16 Gy) but not in mice that received only irradiation. While Hsps
are upregulated in response to cellular stressors, including irradiation-induced oxidative
stress [42], they can also be induced by triggers that are not lethal or cytotoxic, such as
a mild heat exposure [43]. Upregulated levels of Hsps have frequently been shown to exert
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protection from severe stressors, and they have protective effects in cardiac conditions, such
as ischemia [44,45] and cardiac dysfunction [19]. Hsp32/HO-1 and Hsp70 in particular
have demonstrated an ability to adapt cells to oxidative stress [29], with Hsp70 also possibly
acting as an inducer of Hsp32/HO-1 [46]. The antioxidative and cytoprotective effects
of Hsp32/HO-1 [47] and Hsp70 are generally well-established [48,49]. The fact that Hsp
induction may take 24 to 48 h to reach peak levels depending on circumstances [43,45]
supports the notion that CBD treatment needs to be started with a sufficient leadup time to
enable maximum levels of Hsps to be reached at the time of irradiation. However, a shorter
leadup time than the 2 weeks used in this study might also suffice but was not tested in this
study. The CBD-mediated induction of Hsp32/HO-1 in ECs has been described previously
by others [28], as well as us [41]. In this study, we showed for the first time that in addition
to Hsp32/HO-1, Hsp70 was also found to be upregulated after in vivo CBD treatment
followed by irradiation. Our previous finding that ECs of cell line origin, as well as primary
lung ECs that were pre-treated with CBD for 24 h, showed lower levels of ROS production
upon irradiation, which correlated with increased levels of Hsp32/HO-1 [41] and Hsp70,
provides insight into how CBD may be reducing irradiation-induced damage to the tissue.

CBD treatment starting 2 weeks prior to irradiation and concluding 2 weeks after
irradiation also resulted in a reduced infiltration of immune cells, specifically CD14*
macrophages, into the heart at 10 weeks. Although at 2 weeks there was not yet an increase
in immune cells in any group despite there being a significant upregulation of some CAMs
at this timepoint, our findings are nonetheless consistent with the trajectory of a continuous
upregulation of the CAMs over multiple weeks seen in this and previous studies [22,50] and
with immune infiltration also being detected at significant levels only after multiple weeks
after irradiation [33]. It may also suggest the importance of VCAM-1 in the transmigration
of immune cells across the endothelial barrier, as VCAM-1 is the only CAM that had not
yet increased at 2 weeks. The indication that VCAM-1 and ICAM-1 cooperate and are
both required for optimal leukocyte adhesion and transmigration [51,52] possibly explains
why attenuation of ICAM-1 results in decreased leukocyte presence even in the absence
of VCAM-1 attenuation. Blockades of either ICAM-1 or VCAM-1 have both resulted in
significant decreases in leukocyte transmigration [53,54]. Due to the significant role the
adherence and infiltration of immune cells into the vascular walls play in the development
of the atherosclerosis and cardiomyopathy that can follow cardiac irradiation [35], the
reduced levels of immune cells we detected 10 weeks after irradiation are a promising sign
that CBD reduces or delays the progression of RIHD.

We also showed that 10 weeks after irradiation, levels of the fibrosis-associated pro-
teins Fibronectin, Decorin, and the component of collagen III, Col3al, in the heart tissue
are reduced when mice received CBD pre-treatment starting 2 weeks before irradiation
(16 Gy) compared to mice that received no treatment in addition to irradiation. This
suggests that CBD may attenuate the development of cardiac fibrosis after irradiation.
However, due to the slow development of fibrotic lesions [13], longer follow-up after
irradiation should be targeted in future studies. Although cardiac fibrosis after irradiation
develops continuously over time, the first signs of fibrosis have been found at latency peri-
ods similar to our treatment regimen (10 weeks after irradiation), such as the occurrence of
systolic dysfunction in mice 3 months after 12-20 Gy irradiation [55], the appearance of
fibrotic lesions characterized by collagen deposits, fibrin presence, and thickened fibrous
membranes in rabbits starting 75 days after irradiation with 2000-4000 rad (20-40 Gy) [56],
and the appearance of fibrotic lesions in C57BL/6 mice 8 weeks after 40-60 Gy irradiation
(although significance was not reached until a later timepoint) [57].

Curiously, the expression of the inflammatory marker VCAM-1 does not follow the
same pattern shared by MCAM, ICAM-1, and ICAM-2, which are upregulated more rapidly
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than VACM-1 after irradiation. There is no significant upregulation of VCAM-1 2 weeks
after irradiation, consistent with previous studies finding that VCAM-1 is upregulated later
after irradiation [22]. Four weeks after irradiation, VCAM-1 is significantly upregulated
but still at lower levels than the other CAMs, and CBD treatment starting at the time of
irradiation can reduce VCAM-1 expression, contrary to the other studied CAMs, which did
not benefit from this CBD treatment regimen. This finding might be due to the later onset
(2-week difference) of VCAM-1 expression, which allows CBD to attenuate irradiation-
induced VCAM-1 upregulation. Even more conflicting, we found that while at 10 weeks
the other CAMs are attenuated by CBD treatment starting prior to irradiation, VCAM-1
levels are instead higher in the irradiated and CBD-treated mice than in the irradiated and
untreated mice. Due to the similar timelines of significant macrophage infiltration [33] and
VCAM-1 upregulation beginning to be detectable only multiple weeks after irradiation, we
investigated if macrophage presence was associated with VCAM-1 levels in the irradiated
groups. However, we could not find a compelling correlation between the increased ex-
pression of VCAM-1 in irradiated, CBD-treated mice and the presence of macrophages and
CD45" immune cells. The detection of macrophages based on CD14 levels using Western
blot analysis has some limitations, as other cells can also express CD14, albeit at much lower
levels than macrophages [34]. Additionally, the fact that we did not distinguish between
classically activated or alternatively activated macrophages allows for the possibility that
the type of macrophage, rather than merely the amount, plays a role in VCAM-1 induction.
While we are currently unable to give an explanation for the differing response of VCAM-1,
overall, the results of this study indicate that the upregulation of VCAM-1 does not counter
the predominantly beneficial effect of CBD.

The health of the heart and lungs is heavily interconnected, and damage to one organ
can compound damage to the other through reciprocal effects [58]. Modifying irradiation
planning to spare more of the heart may come at the cost of an increased dose to the
lung, a radiosensitive organ with a dose rate limiting role in the clinical setting due to the
serious and potentially fatal risks of irradiation-induced lung disease [4]. As a consequence,
changing irradiation planning in favor of the heart may not increase overall patient health if
it comes at the expense of the lung. In our model, the lung also received partial irradiation
of 16 Gy to approximately 20% of the volume of the lungs. We previously showed that
under these conditions, CBD treatment with 20 mg/kg body weight was also effective in
attenuating signs of irradiation-induced inflammation in the lung, with inflammatory and
angiogenic markers being mostly normalized to control levels by CBD at the investigated
timepoints of 2 and 10 weeks after irradiation with 16 Gy [41]. Due to the apparent
radioprotective effect of CBD on both the heart and lung tissue, CBD could alleviate
concerns about the reciprocal effect in simultaneous irradiation delivered to the heart and
lungs. With respect to other comorbidities of lung cancer patients with congestive heart
failure (CHF) [59], such as obstructive pulmonary disease (COPD), peripheral vascular
disease (PVD), cerebrovascular disease (CEVD), and renal diseases, CBD has been shown to
reduce lung inflammation in a COPD mouse model [60], and, in humans, CBD has potential
beneficial effects on PVD, CEVD, and CHF [61] due to its anti-inflammatory, anti-fibrotic,
and vasorelaxation effects and endothelial protective effects. Moreover, CBD has shown no
negative effects in patients with mild to severe renal impairment [62].

The strong upregulation of the stress response proteins Hsp32/HO-1 and Hsp70
by CBD may put into question whether this is induced by a potentially unsafe level of
stress. However, CBD has been repeatedly shown to be well-tolerated in various clinical
trials [20,63,64]. A dose of 20 mg/kg body weight showed no effect on body weight
over an 11-week treatment period in one murine trial [19], and another murine trial with
concentrations of 100 mg/kg body weight and a treatment regimen lasting 6 months



Radiation 2025, 5, 17

15 of 20

was also reported to be well-tolerated, although no organs beside the brain were investi-
gated [65]. In a study specifically investigating hepatotoxicity in a murine model, CBD
was administered daily for 10 days in doses between 61.5 mg/kg and 615 mg/kg, showing
some degree of hepatotoxicity at all doses [66]. However, a minor risk of hepatotoxic-
ity exists for many drugs, including ‘over the counter’ medication, and hepatotoxicity
frequently occurs in anti-cancer drugs [67,68]. In the context of using CBD as a radioprotec-
tive agent, the risk of hepatotoxicity needs to be weighed against the risk of developing
radiation-induced pathologies.

Future studies are required to elucidate CBD’s radioprotective mechanism of action
in detail, especially considering that systemically administered CBD is likely to affect
a variety of resident cardiac cells, like smooth muscle cells and ECs [69], as well as immune
cells, such as macrophages [70], and potentially do so through differing mechanisms.
While we investigated multiple molecular markers indicative of cardiac inflammation and
the development of fibrosis, histological and functional evidence of these findings is not
provided by our study. It may be prudent to explore these parameters next and monitor the
development of inflammation and fibrosis after latency periods longer than 10 weeks, as
irradiation-induced cardiac toxicity can persist for over a year in rodent models [50,71] and
longer still in humans [6]. Another valuable issue to explore is whether other normal tissues
that are commonly affected by radiotherapy-related toxicity may also benefit from CBD
treatment. Finally, carrying out combined tumor and radiotherapy models will be necessary
to confirm that CBD can protect normal tissue without interfering with the anti-tumor
efficacy of radiotherapy.

5. Conclusions

Overall, the results of this study show that CBD treatment can improve multiple
symptoms of irradiation-induced damage to the heart, with effects persisting even 8 weeks
after the conclusion of CBD treatment. The attenuation of MCAM and ICAM-1 when the
4-week CBD treatment was started 2 weeks prior to irradiation but not when treatment
was started only at the time of irradiation, as well as the CBD-mediated reduction in acute
DNA damage, suggests that the CBD-mediated effects are, at least partially, protective, and
require a treatment regimen beginning with sufficient leadup to irradiation. The elevated
levels of the stress proteins Hsp32/HO-1 and Hsp70 through CBD treatment are likely
mediators of these radioprotective effects. Lastly, the potentially unfavorable increase in
VCAM-1 expression seen with CBD treatment appears to be outweighed by the favorable
effect of CBD on the other investigated parameters, even though the reason for VCAM-1's
divergent response to CBD remains to be determined. In summary, CBD shows strong
promise as a potential radioprotective agent to reduce normal tissue toxicity to the heart
and improve patients’ long-term health after radiotherapy.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/radiation5020017/s1, Table S1: Raw data of Figure 1; Table S2:
Raw data of Figure 2; Table S3: Raw data of Figure 3; Table S4: Raw data of Figure 4; Table S5: Raw
data of Figure 5; Table S6: Raw data of Figure 6; Table S7: Raw data of Appendix A.1; Figure S1:
Annotated Western blot images.

Author Contributions: Conceptualization, G.M.; methodology, L.B., B.A., M.B.,, M.]. and K.H,;
software, M.H.K.; validation, G.M., G.R. and A.G.P; formal analysis, G.M. and L.B.; investigation,
L.B. and B.A ; resources, G.M.; data curation, G.M. and L.B.; writing—original draft preparation, L.B.;
writing—review and editing, G.M. and A.G.P,; visualization, L.B., K.H. and M.H.K,; supervision,
G.M. and G.R.; project administration, G.M.; funding acquisition, G.M. All authors have read and
agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/radiation5020017/s1
https://www.mdpi.com/article/10.3390/radiation5020017/s1

Radiation 2025, 5, 17

16 of 20

Funding: This research was funded by the German Federal Ministry of Education and Research
(BMBF) under grant 02NUKO064A and 02NUKO064B.

Institutional Review Board Statement: Animal experiments were performed in compliance with the
institutional guidelines of the Technische Universitat Miinchen and approved by the Regierung
Oberbayern (ROB-55.2-2532.Vet_02-21-195, 22 October 2022, and ROB-55.2-2532.Vet_02-23-53,
9 September 2023).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
Supplementary Materials; further inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank Anett Lange and Ali Bashiri Dezfouli for their technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

CBD Cannabidiol

CAM Cell adhesion molecule
HO-1 Heme-oxygenase-1
Hsp Heat shock protein
ICAM Intercellular adhesion molecule
Ig Immunoglobulin
mAb Monoclonal antibody

MCAM Melanoma cell adhesion molecule
PVDF Polyvinylidene fluoride

RIHD Radiation-induced heart disease

SARRP Small Animal Radiation Research Platform
SD Standard deviation

TNF-« Tumor necrosis factor alpha

VCAM-1 Vascular cell adhesion molecule 1
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Figure Al. Gating strategy for the expression of MCAM (as an example) on CD31*/CD45~ ECs
through multicolor flow cytometry. Identification of the relevant cell population using a forward
scatter area (FSC-A) vs. a side scatter area (SSC-A) dot plot (A), followed by the selection of viable
cells through the exclusion of propidium iodide (PI)-positive (non-viable) cells (B). ECs were then
gated based on CD31 positivity and CD45 negativity (CD31*/CD457) (C). MCAM expression was
evaluated on CD31*/CD45~ ECs using an isotype-matched control antibody (gray histogram) and
an MCAM-specific antibody (green histogram) (D).
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Figure A2. Western blot analysis of y-H2AX protein levels relative to control of whole heart lysates
derived from C57BL/6 mice 15 min after sham irradiation (0 Gy; white symbol), 16 Gy irradiation
(orange symbol), or 16 Gy irradiation combined with daily CBD treatment starting 2 weeks prior to
irradiation (i.p., 20 mg/kg body weight; blue symbol); data represent mean values & SD of 1 mouse
(n = 1) with 2 technical replicates.
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