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The anthracycline doxorubicin (DOX) is one of the most efficacious chemotherapeutic drugs for the treatment of a wide

array of cancers. However, DOX treatment has been associated with development of cardiotoxicity and eventually heart

failure, which limits its clinical use. While DOX-induced cardiotoxicity has been extensively investigated (reviewed

elsewhere), the toxic effects of DOX on the vasculature have been less considered. Epidemiological studies point towards

accelerated vascular ageing in childhood cancer survivors, as evidenced by a higher incidence of atherosclerosis and

hypertension. Moreover, several studies have demonstrated that DOX increases arterial stiffness in cancer patients, both

during and after treatment.
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1. Introduction

Previously, it was shown that doxorubicin (DOX) impairs flow-mediated vasodilation in the brachial artery in patients

shortly after DOX treatment, often referred to as endothelial dysfunction . In addition, the research group demonstrated

that 2 weeks of DOX administration to mice (4 mg/kg/week) acutely impaired endothelium-dependent vasodilation and

consequently increased vascular tone, thereby actively augmenting arterial stiffness . It identified endothelial cell loss

and reduced endothelial nitric oxide synthase (eNOS) levels as potential mechanisms contributing to impaired endothelial

function after DOX treatment . Other studies have reported that DOX may cause uncoupling of eNOS, which is

characterised by increased superoxide formation instead of nitric oxide production, thereby contributing to reactive oxygen

species (ROS) generation .

Apart from the widely accepted toxic impact of DOX on endothelial cell (EC) function, DOX also affects vascular smooth

muscle cell (VSMC) function . There have been conflicting reports about the role of DOX in the alteration of VSMC

reactivity. Gibson et al. reported decreased VSMC contraction in rat thoracic aorta rings 24 h after DOX treatment (15

mg/kg) . Similarly, Olukman et al. demonstrated that DOX (20 mg/kg) attenuated VSMC contraction in rat aortic

segments 1 week after administration . Conversely, Shen et al. described increased VSMC contraction in mouse aortic

rings after ex vivo DOX treatment (100 μM), which was attributable to increased Ca  release from the sarcoplasmic

reticulum and Ca  entry in VSMCs . In the previous study, there is no observation of any direct effects of 2 weeks DOX

treatment on VSMC contraction . Hence, the exact effects of DOX on modulation of VSMC function remain unclear and

may be dependent upon the dose or treatment protocol.

2. A Single Dose of DOX Impairs VSMC Contraction and Endothelium-
Dependent Vasodilation

There was a decrease in phenylephrine (PE)-induced contraction 16 h after in vivo DOX administration (Figure 1A). The

PE-elicited contraction response, which comprises an initial transient and a subsequent tonic phase , was further

investigated. DOX reduced the tonic but not the transient contraction in aortic segments after addition of 2 μM PE (Figure
1B).
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Figure 1. VSMC contraction and relaxation in aortic segments, 16 h after in vivo DOX administration. PE-induced

contraction was decreased in aortic segments after in vivo DOX treatment (A). The PE-elicited contraction response was

reduced after DOX treatment, which suggests perturbed tonic contraction (B). The increase in force between 800 s and

100 s was lower in the DOX group, indicating that DOX impairs Ca  influx (C). The DOX-induced reduction in contraction

persisted under L-NAME conditions (D). DOX impaired ACh-induced relaxation, but relaxation of aortic segments in

response to DEANO did not change (E). For (A,B,E), repeated measures two-way ANOVA with Šidàk’s multiple

comparisons test. For (C), unpaired t-test. For (D), two-way ANOVA with Tukey’s multiple comparisons test. *, **, ***, **** p
< 0.05, 0.01, 0.001, 0.0001; n = 6 for each group.

Since the tonic contraction phase is dependent on Ca  influx , determining the increase in contraction force (Δ) at

different time points offers an estimate of the effectiveness of Ca  influx in VSMCs. Here, it calculated the increase in

force (Δ) by subtracting the force at 800 s from the force at 100 s during the PE-elicited contraction response. This

increase in contraction force (Δ) was lower in the DOX-treated group compared with the vehicle-treated group (Figure
1C), which suggests that DOX impairs Ca  influx.

The contraction force remained lower in the DOX-treated group in the presence of Nω-nitro-L-arginine methyl ester (L-

NAME) (Figure 1D). Of note, the PE contraction in panel D is the maximal amplitude of panel B, and these contraction

amplitudes are higher than in panel A due to a decrease of basal nitric oxide (NO) over time . Further, impaired

acetylcholine (ACh)-induced endothelium-dependent relaxation was observed after DOX, while diethylamine NONOate

(DEANO)-induced endothelium-independent relaxation was not affected (Figure 1E). These results suggest that DOX

decreases VSMC contraction through a VSMC-specific mechanism.

3. Ex Vivo Incubation of Aortic Rings with DOX Leads to Reduced VSMC
Contraction and Impaired Endothelium-Dependent Relaxation

To develop a drug testing platform for studying acute effects of DOX and to corroborate the in vivo DOX treatment

findings, isolated aortic segments were isolated from mice and subsequently treated with DOX (1 μM) ex vivo for 16 h.

Similar results were obtained under these experimental conditions. More specifically, PE-induced contraction was reduced

after DOX treatment in a PE concentration response curve (Figure 2A) and contraction-over-time curve (Figure 2B). The

increase in force (Δ) was lower for DOX-treated aortic segments compared with the vehicle group (Figure 2C). Under L-

NAME conditions, the contraction remained decreased in the DOX group (Figure 2D), and there was impaired ACh-

induced relaxation and unaltered DEANO-induced relaxation (Figure 2E).
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Figure 2. VSMC contraction and relaxation in aortic segments after 16 h of ex vivo DOX treatment. Following 16 h of ex

vivo DOX treatment, VSMC contraction was decreased in response to PE (A,B). In the DOX-treated aortic segments,

there was a lower increase in force between 800 s and 100 s (C). The DOX-induced decrease in contraction was still

observed in the presence of L-NAME (D). ACh-induced relaxation, but not DEANO-induced relaxation, was impaired in

response to DOX (E). For (A,B,E), repeated measures two-way ANOVA with Šidàk’s multiple comparisons test. For (C),

unpaired t-test. For (D), two-way ANOVA with Tukey’s multiple comparisons test. *, **, ***, **** p < 0.05, 0.01, 0.001,

0.0001; n = 8 for vehicle group and n = 9 for DOX group.

4. DOX Does Not Modulate Ca  Release from the Sarcoplasmic Reticulum
or Ca  Influx through Voltage-Gated Calcium Channels

To further investigate the molecular mechanisms of DOX-reduced VSMC contraction, the PE contraction (2 μM) was

repeated under 0 mM Ca  Krebs Ringer and CaCl  (3.5 mM Ca ) conditions to specifically evaluate the transient

contraction phase, caused by Ca  release from the sarcoplasmic reticulum, and the tonic contraction phase,

characterised by VGCC- and NSCC-mediated Ca  entry, respectively. To avoid the possible influence of NO, experiments

were performed under L-NAME conditions. Contraction mediated by Ca  release from the sarcoplasmic reticulum and

decline in contraction due to Ca  uptake and Ca  efflux were not altered in response to DOX (Figure 3A). Upon addition

of 3.5 mM Ca , thereby promoting Ca  entry through voltage-gated calcium channels (VGCCs) and non-selective cation

channels (NSCCs), the resulting VSMC contraction was lower in the DOX-treated group compared with the vehicle group

(Figure 3B). Subsequent addition of the VGCC blocker diltiazem (35 μM) revealed similar relaxation between the vehicle-

and DOX-treated aortic segments (Figure 3C). VSMC contraction, elicited by different doses of K  (10, 20, 30, 40 and 50

mM), was not altered after DOX treatment (Figure 3D). Moreover, incubation of aortic segments with the VGCC

deactivator levcromakalim (1 μM), prior to addition of PE, resulted again in decreased tonic contraction in the DOX-treated

group compared with the vehicle group (Figure 3E). These results suggest that DOX does not decrease VSMC

contraction through molecular mechanisms responsible for intracellular Ca  release or Ca  uptake, Ca  efflux and

VGCC-mediated Ca  entry.
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Figure 3. Contraction of aortic segments mediated by Ca  release from the sarcoplasmic reticulum and Ca  entry

through VGCCs and NSCCs after 16 h of ex vivo DOX treatment. (A) Contraction through Ca  release from the

sarcoplasmic reticulum in response to PE (2 μM) in the absence of extracellular Ca  (0 mM Ca ). (B) Addition of 3.5 mM

Ca  after 0 mM Ca  PE-elicited contraction. (C) Addition of 35 μM diltiazem following stable CaCl -mediated contraction.

(D) Dose–response of K -elicited contraction (10, 20, 30, 40 and 50 mM). (E) PE-induced contraction (with L-NAME)

under levcromakalim (1 μM). DOX did not change contraction through Ca  release from the sarcoplasmic reticulum, nor

Ca  uptake and Ca  efflux after 16 h of ex vivo DOX treatment (A), but VSMC contraction was decreased in the DOX-

treated group after CaCl  addition (B). There was no difference in VSMC relaxation between the groups after blocking of

VGCCs with diltiazem (C), nor in the contraction magnitude in response to different K  doses (D). DOX decreased PE-

induced contraction (with L-NAME) in the presence of levcromakalim (E). For (A,B,D,E), repeated measures two-way

ANOVA with Šidàk’s multiple comparisons test. For (C), unpaired t-test. *, ***, **** p < 0.05, 0.001, 0.0001; p > 0.05 in

(A,C,D); (A–C) n = 10 in each group; (D,E) n = 6 in each group.

Another possibility is that DOX affects NSCC-mediated contraction instead. Accordingly, further experiments were

performed using several pharmacological agents blocking a variety of NSCCs, such as tranilast, SKF-96365, 2-

aminoethoxydiphenyl borinate (2-APB) and 9-phenantrol. To avoid any possible inhibitory effect of NO on VGCCs and

NSCCs, the following experiments were performed under L-NAME conditions.

Similar to the decrease in PE-elicited contraction (with L-NAME) under levcromakalim, DOX reduced the PE-induced

VSMC contraction (2 μM) in aortic segments pre-incubated with diltiazem (35 μM) (Figure 4A). Subsequent addition of

tranilast (100 μM), SKF-96365 (10 μM), 2-APB (20 μM) or 9-phenantrol (1 μM) resulted in a decline in VSMC contraction,

which did not differ in absolute values (Figure 4B) but was higher in the DOX-treated group when expressed relative to its

preceding contraction (Figure 4C).

Figure 4. Evaluation of the involvement of members of the NSCC family in decreased PE-induced contraction in aortic

segments after 16 h of ex vivo DOX treatment. (A) PE-induced contraction (2 μM, with L-NAME) under diltiazem (35 μM).

(B,C) Absolute and relative decline in PE-induced contraction (with L-NAME and diltiazem) under different NSCC-blocker

conditions. DOX decreased PE-induced contraction (with L-NAME) in the presence of diltiazem (A). In addition, the DOX-

treated group did not display a significant change in VSMC contraction in absolute values (B) but showed a greater

decline in VSMC contraction when expressed relative to its preceding contraction magnitude under tranilast (100 μM),

SKF-96365 (10 μM), 2-APB (20 μM) and 9-phenantrol (1 μM) (C). For (A), repeated measures two-way ANOVA with

Šidàk’s multiple comparisons test. For (B,C), unpaired t-test for each NSCC blocking condition. *, **, ***, **** p < 0.05,

0.01, 0.001, 0.0001; p > 0.05 in (B); n = 6 in each group.
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Finally, to evaluate whether the decrease in VSMC contraction after DOX treatment was specific for the PE-elicited

response, additional contraction agonists were used. DOX-treated aortic segments showed decreased VSMC contraction

in response to 0.25 μM endothelin-1 (Figure 5A) but not after 2 μM angiotensin II (Figure 5B), 2 μM serotonin (Figure
5C) and 50 mM K  (Figure 5D) stimulation.

Figure 5. Contraction of aortic segments with endothelin-1, angiotensin II, serotonin and K  after 16 h of ex vivo DOX

treatment. DOX decreased VSMC contraction in response to 0.25 μM endothelin-1 (A) but not after stimulation with 2 μM

angiotensin II (B), 2 μM serotonin (C) and 50 mM K  (D). For (A–D), repeated measures two-way ANOVA with Šidàk’s

multiple comparisons test. *, *** p < 0.05, 0.001; p > 0.05 in (B–D); For (A–C), n = 6 in each group; for (D), n = 10 in each

group.

5. A Single Dose of DOX Decreases Ex Vivo Arterial Stiffness but Not In
Vivo Arterial Stiffness and Blood Pressure

The possible translation of the aforementioned findings to arterial stiffness was investigated by evaluation of ex vivo and

in vivo arterial stiffness.

The ROTSAC set-up was used for ex vivo evaluation of arterial stiffness, 16 h after in vivo DOX administration (4 mg/kg).

Under Krebs Ringer conditions, the Peterson’s modulus (Ep), a measure for arterial stiffness, was lower in the DOX

group, especially at higher pressures (Figure 6A). This effect was less pronounced in the presence of PE combined with

L-NAME (Figure 6B). In the presence of DEANO, which removes VSMC tonus, DOX decreased Ep (Figure 6C) in a

pressure-dependent way.

Figure 6. Evaluation of in and ex vivo aortic stiffness, 16 h after in vivo DOX administration. (A–C) Ex vivo evaluation of

arterial stiffness with ROTSAC set-up. (D,E) In vivo evaluation of arterial stiffness with ultrasound imaging (D) and

tonometry (E). (F) Systolic blood pressure measurements. (G) Diastolic blood pressure measurements. (H) Evaluation of

LVEF with ultrasound imaging. Ep was lower in the DOX-treated group in a pressure-dependent way under Krebs Ringer

conditions (A), but the effect was less pronounced in the presence of PE with L-NAME (B). Ep in response to DEANO

was lower after DOX treatment (C). aaPWV (D), cfPWV (E), systolic blood pressure (F), diastolic blood pressure (G) and

LVEF (H) were not affected after DOX treatment. For (A–H), repeated measures two-way ANOVA with Šidàk’s multiple

comparisons test. *, **** p < 0.05, 0.0001; n = 6 for each group.

In vivo arterial stiffness was investigated by measuring the abdominal aorta pulse wave velocity (aaPWV) with ultrasound

imaging as well as carotid–femoral pulse wave velocity (cfPWV) with tonometry, 16 h after injecting a single dose of DOX.

Blood pressure and left ventricular ejection fraction (LVEF) were measured as well. DOX did not change aaPWV (Figure
6D), cfPWV (Figure 6E), blood pressure (Figure 6F,G) and LVEF (Figure 6H).
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