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Targeted Cardiac

Ionizing Radiation in
Dahl Salt-Sensitive Rats
Can Improve Recovery
From Ischemic Injury
Coronary artery disease is the most common mani-
festation of thoracic radiation therapy (RT)–induced
heart dysfunction, and ischemic events can occur
within 2 years after RT. However, how cardiac RT
influences ischemic injury responses is unknown. In
this study, we evaluated cardiac susceptibility to
injury and ability to recover following ex vivo
ischemic reperfusion (IR) injury in rats that received
targeted cardiac RT.

Echocardiograms with M-mode readings were
performed on 10- to 12-week-old female Dahl salt-
sensitive/Mcw (SS) rats (n ¼ 9/group) 10 weeks after
24 Gy of localized, computed tomography–guided
cardiac RT or sham.1 Animal care use and approval
were received at the Medical College of Wisconsin
(AUA4200), and all national care/use requirements
were followed. Rats were randomly assigned to
groups and fed a low-salt diet.1 Mean � SD and un-
paired Student’s t-test analyses are reported. Hearts
were isolated and perfused ex vivo using the Lan-
gendorff method by researchers blinded to groups.
Hearts either underwent 25 minutes of ischemia fol-
lowed by 120 minutes of reperfusion (IR; n ¼ 6 each
sham/RT) or perfusion without IR for the same
duration (no IR; n ¼ 3 each sham/RT). Cardiac func-
tion, mitochondrial redox state (reduced nicotin-
amide adenine dinucleotide [NADH]/flavin adenine
dinucleotide [FAD]), vascular reactivity, and infarct
size were assessed as previously described.2 Two-way
repeated-measures analyses of variance with Tukey
post hoc test for multiple comparisons were con-
ducted using Prism GraphPad 9.3.1.

The RT group showed increased interventricular
septal thickness (1.3 � 0.11 cm/kg vs 0.8 � 0.1 cm/kg;
P < 0.001) and left ventricular (LV) posterior
wall thickness (1.03� 0.1 cm/kg vs 0.8 � 0.1 cm/kg; P <

0.001) vs sham. The RT group had decreased
end-diastolic (1.8 � 0.5 mL/kg vs 2.4 � 0.3 mL/kg;
P ¼ 0.036) and end-systolic (0.1 � 0.05 mL/kg vs 0.2 �
0.1 mL/kg; P ¼ 0.019) volume. Ejection fraction (94.5%
� 2.1% vs 90.3% � 3.9%; P ¼ 0.08) and stroke volume
(1.7 � 0.4 mL/kg vs 2.2 � 0.3 mL/kg; P ¼ 0.08) did not
significantly vary post-RT. Thus, 10 weeks following
targeted cardiac RT, rats exhibit ventricular remodel-
ing and thickening, with LV function preserved.

In the no IR sham vs RT groups, coronary flow rate
(CFR) did not differ. Rate pressure product was lower
in sham vs RT, suggesting that RT sustained myocar-
dial work overtime in ex vivo hearts. Following
ischemia, the RT group showed enhanced recovery of
CFR and rate pressure product vs sham (Figures 1A and
1B). Therewere no differences inmean heart rate in the
no IR or IR groups (data not shown). Given the
enhanced recovery of CFR in the irradiated group, we
postulated that RT improved vascular reactivity. No
significant differences in endothelium-dependent
(percent change in CFR with bradykinin with no IR:
26.8%� 15.4%; no IR RT: 17.8%�8.8%; sham IR: 41.0%
� 44.2% vs RT IR: 14.5% � 10.8%; P ¼ 0.42) or inde-
pendent (percent change in CFR with sodium nitro-
prusside with no IR sham: 23.4% � 15.2%; no IR RT:
15.0%�9.6%; sham IR: 19.7%� 31.7% vs RT IR: 19.6%�
18.8%; P ¼ 0.98) vascular reactivity were observed.

Following reperfusion, the RT group showed
greater recovery of LV end-diastolic pressure
compared to sham (Figure 1C). No significant differ-
ences were seen in LV end-systolic pressure
(Figure 1D); however, following reperfusion, the RT
group showed more significant recovery of diastolic
(Figure 1E) and systolic (Figure 1F) developed LV
pressure over time (dLVP/dt) vs sham, suggesting
improved contractility and relaxation during reper-
fusion in the RT group. No differences were seen
between the no IR sham and RT groups. Hence, car-
diac RT enhanced recovery from IR but did not
significantly affect cardiovascular function at base-
line. Infarct sizes did not vary between the sham and
RT groups following IR (sham IR: 34.9% � 17.9% vs RT
IR 42.9% � 12.7%; P ¼ 0.45).

Although RT is classically associated with cell
death and organ dysfunction, kidney3 and brain4 RT
can up-regulate protective stress-response mecha-
nisms that minimize subsequent IR damage. Here, we
show, for the first time to our knowledge, that a single
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FIGURE 1 Response to Ex Vivo Ischemia Reperfusion Injury in Irradiated Versus Sham Treated Rat Hearts

(A) Coronary flow rate (mL/min). (B) Rate pressure product (mm Hg � beats/min). (C) Left ventricular end-diastolic pressure (mm Hg). (D) Left ventricular end-systolic

pressure (mm Hg). (E) Diastolic and (F) systolic developed left ventricular pressure over time (dLVP/dt; mm Hg/min). (G) NADH fluorescence normalized to baseline

levels. (H) Redox state (NADH/FAD fluorescence) normalized to baseline levels. All graphs show mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001: sham vs RT exposed

to IR injury. #P < 0.05: sham vs RT not exposed to IR injury. Two-way repeated-measures analyses of variance with Tukey post hoc test for multiple comparisons.

FAD ¼ flavin adenine dinucleotide; IR ¼ ischemia reperfusion; LVP ¼ left ventricular pressure; mins ¼ minutes; NADH ¼ reduced nicotinamide adenine dinucleotide;

no IR ¼ no ischemia reperfusion; Norm. ¼ normalized; RT ¼ radiation therapy.
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dose of cardiac RT decreases susceptibility to IR
injury and enhances recovery following IR in ex vivo
SS rat hearts, although the mechanism for this pro-
tection remains unclear. Mitochondrial reactive oxy-
gen species production with radiation exposure may
up-regulate protective pathways against IR injury,
similar to preconditioning. In preconditioned hearts,
this results in the stabilization of mitochondrial redox
states, which presents as a slow decline in NADH and
redox ratio (NADH/FAD) during ischemia. In the RT
group, a slower decline in NADH levels and redox
ratio was seen vs sham hearts (Figures 1G and 1H).
As such, future work will elucidate whether RT
mimics preconditioning by activating reactive
oxygen species–mediated signaling to confer
cardioprotection.

For this study, we selected female SS rats based on
prior work characterizing their high susceptibility for
RT-induced heart dysfunction.1,5 Further work eval-
uating sex- and strain- differences using in vivo IR
models is necessary. Our prior work also showed that
fractioned (9 Gy � 5) and 1-time 24-Gy (easier to
administer, limited anesthesia-related complications)
cardiac radiation results in similar phenotypes.1

Future studies comparing the effects of 1-time high-
dose (clinically representative of RT for ventricular
tachycardia) vs fractionated low-dose (eg, thoracic
cancer) cardiac RT, with a focus on elucidating the



J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 8 , N O . 8 , 2 0 2 3 Letters
A U G U S T 2 0 2 3 : 1 0 2 5 – 1 0 2 7

1027
timeline and mechanism of RT-mediated car-
dioprotection vs detrimental outcomes, can greatly
inform clinical care.
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