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ABSTRACT

To test the hypothesis that the use of an angiotensin-converting enzyme inhibitor (ACEi) during radiotherapy may
be ameliorative for treatment-related normal tissue damage, a pilot study was conducted with the clinically approved
(ACE) inhibitor ramipril on the outcome of radiation-induced myelopathy in the rat cervical spinal cord model.
Female Sprague Dawley rats were irradiated with single doses of either carbon ions (LET 45 keV/pm) at the center
of a 6 cm spread-out Bragg peak (SOBP) or 6 MeV photons. The rats were randomly distributed into 4 experimental
arms: (i) photons; (ii) photons + ramipril; (iii) carbon ions and (iv) carbon ions + ramipril. Ramipril administration
2 mg/kg/ day) started directly after irradiation and was maintained during the entire follow-up. Complete dose-
response curves were generated for the biological endpoint radiation-induced myelopathy (paresis grade II) within
an observation time of 300 days. Administration of ramipril reduced the rate of paralysis at high dose levels for
photons and for the first time a similar finding for high-LET particles was demonstrated, which indicates that the
effect of ramipril is independent from radiation quality. The reduced rate of myelopathy is accompanied by a general
prolongation of latency time for photons and for carbon ions. Although the already clinical approved drug ramipril
can be considered as a mitigator of radiation-induced normal tissue toxicity in the central nervous system, further
examinations of the underlying pathological mechanisms leading to radiation-induced myelopathy are necessary to

increase and sustain its mitigative effectiveness.
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INTRODUCTION
The delivery of the required dose to tumors located in or adjacent to the
central nervous system (CNS) is often not possible due to the risk of
severe side effects in the surrounding normal tissue. In the spinal cord,
radiation-induced damage may result in a breakdown of the blood-
spinal cord barrier associated with edema or myelopathy. To minimize
the risk of these side effects, the irradiated tissue volume is reduced
by tailoring the dose distribution to the tumor by means of conformal
irradiation techniques like intensity-modulated radiotherapy (IMRT)
[1] or particle therapy [2]. For the latter, protons and carbon ions are

currently being used. While both provide an excellent degree of confor-
mity, carbon ions exhibit an increased relative biological effectiveness
(RBE) relative to photons, which rises with increasing depth [2]. In
spite of these high precision radiotherapy techniques, it is often not
possible to completely exclude tissues at risk from the treatment field,
as tumors are often located close to normal neuronal structures or even
surround these structures.

Various attempts have been made to prevent, mitigate or reduce
radiation-induced side effects by administering specific substances e.g.

sulthydryl compounds [3], vitamins [4] or angiotensin-converting
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enzyme (ACE) inhibitors [S]. Depending on the time of administra-
tion in relation to the radiotherapy course, different strategies exist.
While radioprotectors are administered prior to irradiation and aim
to reduce or ideally prevent side effects, mitigators are given after
radiotherapy. Finally, compounds given to medicate existing radiation-
induced effects are defined as treatments [6, 7].

ACE inhibitors (ACEi) have shown to mitigate the radiation tol-
erance after photon irradiation with late reacting organs like kidney
[8-12] or lung [13-16]. Side effects in the kidney could even be
treated with ACEi [12, 16]. The extent of radiation-induced damage
in the brain [17, 18] and optical nerve [19, 20] was also influenced
by ramipril administration. In contrast to other ACE inhibitors [21],
ramipril, or rather its active form ramiprilat, is able to cross the blood-
brain barrier (BBB) [22]. In the context of these findings, it has to be
noted that some of the radiotherapy patients take regularly ACEi for
anti-hypertensive treatment.

Based on these preclinical results with ACEi in late reacting normal
tissues and encouraged by the growing clinical interest to block the
renin-angiotensin system to prevent or lessen the severity of radiation-
induced normal tissue injuries [23, 24], the present study investi-
gates, whether the administration of ramipril influences the outcome of
radiation-induced myelopathy after irradiation of the rat cervical spinal
cord. So far, all available normal tissue studies have been performed
with photon radiation and just recently, a report was published [25]
which describe positive effects of ramipril on the onset and delay of
paralysis at high photon radiation doses. As no data for high-LET
ion beams with its distinctly different intracellular damage pattern is
available, we extend the state of research by using single therapeutic
doses with two different beam qualities: carbon ions and photons.

METHODS AND MATERIALS
Animals

A total of 92 eight to ten weeks old adult female Sprague Dawley
rats (Charles River, Sulzfeld, Germany) with an average weight of
215 =+ 8 g were used in this study. Irradiations were performed under
general gaseous anesthesia with a mixture of 4% Sevoflurane (Abbott,
Wiesbaden, Germany) and oxygen at 2 1/min, using a S0 mL dispos-
able syringe as a mask. The study was approved by the governmental
review committee on animal care (ref. no.: 35-9185.81/G-34/13),
and animals were kept under standard conditions at the DKFZ animal
laboratory facility.

Experimental setup
The rat cervical spinal cord was irradiated with single doses of either
carbon ions or photons. For both irradiation modalities, the field size
was 10x15 mm’ including the cervical segments C1-C6. Rats were
positioned vertically in a dedicated mounting device and irradiation
was performed from the ventral direction using a horizontal beam.
Photons were delivered by a 6 MeV linear accelerator (Artiste, Siemens,
Erlangen, Germany) and the field was defined by opening a single
leaf pair of the multi-leaf collimator as described previously. Carbon
ion irradiation was performed at the Heidelberg Ion-Beam Therapy
Center (HIT, Germany) using the active raster scanning technique.
For this, the spinal cord was positioned at the center of a 6 cm spread-
out Bragg peak (SOBP) ranging from 70 to 130 mm water-equivalent

depth corresponding to a dose-averaged linear energy transfer (LET)
of 45 keV/um. As in previous studies, the range of the ions was adapted
using a polymethylmethacrylate (PMMA)-bolus of an appropriate
thickness in front of the animals [26, 27].

Rats were randomized into 4 experimental arms: (i) photons
(n = 20), (ii) photons + ramipril (n = 24), (iii) carbon ions (n = 20),
(iv) carbon ions + ramipril (n = 20). Eight non-irradiated but
otherwise sham treated animals served as controls for the experimental
arms with (n = 4) and without (n = 4) ramipril. Within each
experimental arm, different doses were applied using 4 animals per
dose level (Table 1). Doses were selected to cover 0-100% response
rates for the biological endpoint.

Biological endpoint and ramipril administration
For the experiment, the irreversible biological endpoint radiation-
induced myelopathy (paresis grade II) was used. Paresis grade II is
defined as neurological symptoms when the animals show regular
dragging of the foot with palmar flexion or dragging of extended
forelegs [28]. When these definite signs of paralysis were observed
within the observation time of 300 days, the endpoint of the
experiment was reached and the animals were scored as responder.
Rats received ramipril for 300 days in their drinking water available
ad libitum, with an uptake dose of 2 mg/kg/day starting directly
after irradiation. Initiation of ramipril administration as well as the
concentration were based on published studies [20] which reported
that a minimum dose of 1.5 mg/kg/day is necessary to achieve a
biological effect. Rats were checked for weight and general condition
once a week. Rats exhibiting paresis grade II were sacrificed according
to governmental regulations.

Data analysis
As a reference, dose-response curves were calculated for the exper-
imental arms without ramipril in the same way as in our previous
studies [26, 27]. For this, the logistic dose-response model was fitted
using actuarial response rates [29]. From the dose-response curves,
the TDso-values (dose at 50% probability of paresis grade II) were

determined.

Statistics

Dose-response curves were fitted using the maximum likelihood proce-
dure of STATISTICA [30]. Incomplete follow up of animals was con-
sidered in the ML-fit using the method of effective sample sizes [29]
that corrects the number of treated and responding animals to match
actuarial response rates and their variances. As less than 2 response
rates differed from 0% and 100%, the standard error could not be esti-
mated reliably by the fitting procedure. The SE was therefore estimated
as 25% of the dose difference between the neighbouring 0% and 100%
dose levels, which matches previous experience that TDysy is separated
approximately by 2 SE from the neigbouring 0% and 100% dose levels.

The dependencies of mean and minimum latency time on dose
were interpolated by linear regression. The significance of the respec-
tive slopes as well as the differences in weight and latency time were
analyzed with student’s t-test using a significance level of p = 0.05.
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Table 1. Dose levels and number of animals used for the experiments. Each dose level contained 4 animals. In total 8 controls were

included for the experimental arms with and without ramipril, respectively

Study Dose [Gy] Total number of animals
Photons

With ramipril 20,24, 26,28, 30, 34 24

Without ramipril 18,22%, 24,26, 30 20

Carbon ions

With ramipril 13%, 15,177, 19, 21" 20

Without ramipril 13,15,17,199,21 20

Controls

With ramipril 0 4

Without ramipril 0 4

*One animal had to be excluded due to development of mammary carcinoma (239 d and 232 d, respectively).

* Alterations on the spine caused compression of the spinal cord (225 d).
*One animal died due to unknown reasons (14 d).
O One animal died during irradiation.

Table 2. Comparison of the body weight (g) after 150 and 300 days (d). n represents the number of animals at the specified time
point. The student’s t-test was utilized to test the significance of the differences in weight using a significance level of P = 0.05

Study 150d 300d
Photons

With ramipril 317+23g(n=24) 340+£36g(n=6)
Without ramipril 371 £40 g (n=20) 439 +62g(n=10)

P=2.10"¢

Carbon ions

P=0.003

With ramipril 329+33g(n=19) 344+30g(n=8)
Without ramipril 370 £41¢g(n=19) 442+91g(n=8)
p=0.002 p=0.01
RESULTS Latency time

The irradiation procedure as well as the uptake of ramipril was well
tolerated by the animals. Only one animal died during irradiation for
unknown reason (Table 1). Four out of 92 rats had to be excluded
either due to spontaneous development of mammary carcinoma, death
of unknown reason or morphological alterations at the spine leading to
paralysis (Table 1).

In the course of follow up, a significant influence of ramipril on body
weight was observed at 150 days (Table 2). This average difference
increased until the end of the observation time (99 g vs. 54 g for
photons and 98 g vs. 41 g for carbon ions).

Dose-response curves and TDs(-values

Figure 1 shows the dose-response curves of the irradiated con-
trol groups with TDso-values of 24.2 & 1.0 Gy for photons and
16.0 & 0.5 Gy for carbon ions. In addition, the response rates of
the ramipril treated groups are shown for both radiation modalities.
Administration of ramipril decreased the incidence rate for paresis
after photon doses of 26, 30 and 34 Gy, which strictly lead to 100%
complication probability after photon treatment alone. A similar effect
was observed after a carbon ion dose of 19 Gy.

Mean and minimum latency time for paresis grade II was generally
shorter after carbon ion as compared to photon irradiation with as well
as without ramipril (Fig. 2), however the average differences were non-
significant (p > 0.08). For both irradiation modalities, a prolongation
of the minimum as well as the mean latency time was found after
ramipril administration as compared to the untreated control arms
(Fig.2). However, also these average differences showed to be non-
significant for both radiation modalities (P > 0.11). Although there
was a general trend of decreasing latency time with increasing dose, the
slopes of the linear regression lines for the mean and minimum latency
time for carbon ion and photon irradiation with or without ramipril
administration were not significantly different from zero (P > 0.3).

DISCUSSION
Substantial technological advancements in conformal radiation treat-
ments and imaging technologies together with a better understanding
of tumor biology have improved the treatment efficacy of radiotherapy
leading to an increase of the number of long-term survivors [31]. Heavy
ion radiotherapy with carbon ions is such a high precision technique
which holds great potential for patients of various kinds of cancer and
is currently investigated in numerous clinical trials [32]. In spite of its
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Fig. 1. (a) Dose-response curves for carbon ion (*?C) (diamonds) and photon irradiation (triangles) fitted to the response data
without ramipril (closed symbols) at 300 d after irradiation. Ramipril administration decreases the response rates at high doses
(100% effect level) for 1 out of 3 dose levels after carbon ion (closed arrow, open diamonds) and for 3 out of 4 dose levels after

photon irradiation (open arrows, open triangles).

improved tumor conformity, radiation-induced side effects are still a
matter of concern, especially because of the higher relative biological
effectiveness (RBE) of particles. Radiation-induced myelopathy is a
long-term sequela of head and neck and thoracic cancer radiotherapy
occurring months or even years post treatment [33]. Consequently,
there is worldwide an ongoing search for appropriate radiomitigators
or radioprotectors, which could help to increase the normal tissue
resistance to irradiation and hence improve tumor control rates by
allowing higher doses applied to the tumor.

Normal tissue model and ramipril administration
In the past, the rat spinal cord model was used to quantitatively exam-
ine fractionation effects, dose-volume relationships and the biological
effectiveness of protons and heavier ions [26, 34, 35]. Most of these
preclinical evaluations were performed in female rats because they are
easy to handle and can be readily kept for the long follow-up times,
necessary to quantify the biological endpoint of radiation myelopathy.

The use of ramipril in the present study was based on promising
results of several studies which investigated the potential of this drug to
mitigate late side effects in the CNS [17-20, 36]. Ramipril was given
via drinking water with an uptake dose of 2 mg/kg/day starting with
the application directly after radiotherapy. As previously shown, the
effect of ramipril is not influenced by water [37] and the prodrug is
rapidly resorbed by the body and converted in the liver to its active
form ramiprilat. The resorption is also not influenced by food intake
[38]. The selection of the starting point of ramipril administration as

well as the concentration were based on published studies. Ryu et al.
[20] showed that a ramipril uptake dose of 1.5 mg/kg/day starting
with the administration two weeks after low-LET irradiation led to a
better preservation of the functional integrity and morphology of the
optic nerve as compared to the irradiated controls. In contrast, a dose of
0.5 mg/kg/day had no effect. No mitigative effect was obtained when
the drug was applied 4 weeks after irradiation.

During the first three weeks after irradiation, a slower gain in body
weight was observed in irradiated groups receiving ramipril as com-
pared to the irradiated controls. Within this period, the animals drank
40-6S mL ramipril solution and the intake was two- to three-fold
higher as in the controls (20 mL ramipril solution per day). Based
on these observations, a mean intake of 30 mL/day was used for the
calculation of the ramipril concentration in the drinking water. After
an initial adaption phase, the ramipril receiving animals started gaining
weight. A decrease of the age-related gain in body weight due to ACEi
intake (perindopril) was also described by Weisinger et al. [39] and is
not a result of a reduced food intake, but rather due to the enhanced
metabolic turnover. As a result, the animals exhibit a reduced fraction of
adipose tissue [39] which explains the lower body weight throughout
the experiments as compared to the irradiated controls (Table 2).

Evidence of mitigative effects
In the general case, dose response curves are described by several
parameters: the efficacy (location of curve along the dose axis), the
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Fig. 2. Minimum (a) and mean (b) latency time for the onset of paresis grade II after carbon ion (*C) (diamonds) and photon
(triangles) irradiation, respectively, with (open symbols, dotted line) and without (closed symbols, solid line) ramipril
administration displayed together with linear regression lines. The error bars represent the range (minimum latency time, (a)) and
single standard deviation (mean latency time, (b)), respectively, of the latency time within one dose group. Note: Mean and
minimum latency times include all animals showing paresis grade II within 300 days.
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slope (change in response per unit dose) as well as minimal dose (high-
est dose leading to no response) and the so-called ceiling effects (great-
est attainable response). Radiation treatments without drugs, usually
assume sigmoid curves with a ceiling effect of 100% and a minimal dose
that is symmetrical to TDso. Carbon ion treatment without ramipril
(Fig. 1) exhibits a RBE of 1.51 = 0.08, which is in excellent agreement
with a previous experiment [27]. High-LET radiotherapy employs a
high effectiveness, reflected in an increased percentage of clustered
DNA damage along the particle tracks. Both the proportion and the
degree of complexity of this clustered DNA damage increase with LET
and compromise accurate DNA repair [40]. In the spinal cord, the
increased LET accelerates molecular and cellular alterations such as
cytokine upregulation and inactivation of radiosensitive cells leading
to enhanced demyelination, a larger extent of blood vessel perforation,
tissue hypoxia and functionally to a faster appearance of myelopathy
[41,42].

No difference in efficacy, slope and at the lower barrier (“non
responders”) for photons and carbon ions with and without drug was
observed. A striking difference, however, was found for the ceiling
effect, showing that the probability to achieve the selected biological
endpoint is influenced by the drug (Fig. 1).

Taking the dose-response curves of the experimental arms without
ramipril as a reference, the reduced incident rates of 75% (3 out of 4
ramipril treated animals responded) were found in several high dose
groups at 100% effect level for both carbon ion and photon irradiations,
(Fig. 1). The 95%-confidence interval of these reduced incident rates
ranges from 19.4% to 99.4% and the probability predicted by the dose-
response curves of the experimental arms without ramipril coincides
with the upper boundary of this interval for incidences at several dose
levels. As this incidence pattern is highly unlikely, it has to be attributed
to the administration of ramipril. The significance of this observation
as well as the reproducibility of the spinal cord model and the resulting
dose-response curves are very well supported by previous studies using
the same experimental setup. In these experiments, the tolerance doses
TDs, differed only by 0.1 Gy for carbon ions- and by 0.3 Gy for photon
irradiations [26].

For the clinical endpoint used in our study, there are clear detection
criteria, however, the applied follow-up time is an implicit parameter of
this endpoint. As the follow-up in our experiment was 300 d, it remains
ambigous whether the reduced incidence at high doses would have per-
sisted permanently or if these animals would have expressed myelopa-
thy only at a later time point. Analyzing the latency times (Fig.2),
however, clearly shows an increased latency time for all responding
animals for all ramipril-treated dose groups of both photons and some-
what more pronounced for carbon ions. These findings suggest the
existence of a limited protection of the spinal cord tissue by ramipril
which seems not to be affected by radiation quality. Both, the reduced
incident rates at high dose levels and the prolonged latency time at
intermediate doses leads us to interpret the effect of ramipril on the
development of radiation-induced myelopathy as being mitigative.

This study not only confirms positive effects on the onset and delay
of radiation induced myelopathy at high photon doses [25] but is con-
currently the first finding of a mitigative effect with ramipril for high-
LET radiation. Similar effects of ramipril in terms of functionality and
morphology have been observed for stereotactic low-LET irradiation
of the optic nerve [19]. The cognitive function of rats treated with

ramipril was improved compared to the only irradiated control group
[18]. A prolongation of latency time for the onset of ataxia in the
forelimbs after low-LET irradiation was also observed by Hornsey et al.
[43] using the vasoactive drug dipyridamol.

The underlying mechanisms are still under debate. ACE is part
of the renin-angiotensin-aldosterone-system (RAAS), which regulates
blood pressure, fluid balance and electrolyte homeostasis [44, 45]. The
enzyme converts inactive angiotensin I to angiotensin II (Ang II), a
multifunctional growth factor and immunomodulator that stimulates
the production of vasoconstrictors, influences cell growth, tissue fibro-
sis, differentiation, apoptosis [46] and promotes a variety of inflam-
matory processes in the vasculature of the kidney, liver, heart and lung
[47-49]. Moreover, an organ-specific RAAS was identified in neuronal
and glial elements in the brain as well as in the cerebrospinal fluid
[50] and the expression of angiotensin receptors in the spinal cord was
proven [51]. As RAAS is known to be up-regulated in normal tissues
weeks to several months after irradiation [52, 53], there is evidence
that inhibition of Ang II by ramipril not only has an indirect impact
on blood vessels, which play an important role in the development
of radiation-induced myelopathy [54-56] but also down-regulates a
variety of Ang II-induced pro-inflammatory events. Radiation-induced
VEGEF expression and a reduction of microglial infiltration seems to be
central effectors which are down-regulated by ramipril [25]. Finally, an
important advantage that makes RAAS targeting an interesting strategy
for improving the radiotherapeutic ratio is the fact that progression,
vascularization and metastasis in cancer cells is also inhibited [57].

CONCLUSION

Successful post-irradiation therapeutic intervention could offer both
substantial reductions in late effects and substantial dose escalation and
hence will have a major impact on clinical radiotherapy. This study
demonstrated that ramipril blocks radiation-induced Ang II-associated
pathways effectively and attenuates consequences of ionizing radiation
for both photon and high-LET carbon ion irradiation. Yet, as the inhi-
bition of Ang II through ACEi is not sufficient to completely protect
from late effects in the rat spinal cord, the drug is considered to be
mitigative. Combining ramipril with additional targeting compounds
might raise the mitigative efficacy. Moreover, to increase and sustain the
mitigative effectiveness, a more precise understanding of the underly-
ing pathological mechanisms leading to radiation-induced myelopathy
is necessary. Finally, in view of the use of ACEi as anti-hypertensive
drug, radiotherapy treatments combined with relatively high ACEi
doses are safe, at least in this animal model.
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