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Abstract

Purpose: Effective methods to ameliorate radiation enteropathy have not been developed. To
address this issue, we investigated the reduced form of coenzyme Q10 (rCoQ10) as a potential
radioprotector in a mouse model.

Methods and Materials: rCoQ10 was added to a standard laboratory mouse diet at a final con-
centration of 1.0% 9 days before irradiation and 30 days thereafter or dissolved in corn oil and
administered transorally. Accumulated amounts of coenzyme Q10 (CoQ10) or coenzyme Q9 in the
intestine were measured by high-performance liquid chromatography. Reactive oxygen species
(ROS), apoptosis, and morphologic changes in the intestine were assessed by
immunohistochemistry after administration of 13 Gy of x-ray to the mouse abdomen. Body
weight and survival were monitored for 30 days after irradiation. Cytotoxicity using 3 human
cancer cell lines and the tumor growth—inhibiting effect in a xenograft were investigated to
determine whether rCoQ10 interferes with radiation-specific cytotoxic effects on tumor growth.
Results: CoQ10 was greatly accumulated in all sections of the intestine after both massive
transoral dosing and dietary administration, whereas coenzyme Q9 was not. Administration of
rCoQ10 suppressed ROS production and inhibited apoptosis in the crypts, resulting in preservation
of villi structures after irradiation. Notably, 92% of mice fed the rCoQ10-supplemented diet were
healthy and alive 30 days after irradiation, whereas 50% of control mice died (P < .05). Moreover,
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rCoQ10 did not interfere with radiation-specific cytotoxic effects on tumors either in vitro or

in vivo.

Conclusions: Administration of rCoQ10 led to its accumulation in the intestine and induced
radioprotective effects by inhibiting ROS-mediated apoptosis, thereby preserving intestinal
structures. Our results indicated that rCoQ10 supplementation effectively ameliorated radiation

enteropathy.

© 2019 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation
Oncology. This is an open access article under the CC BY-NC-ND license (http:/

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

During radiation therapy against tumors in the
abdominal or pelvic cavity, sections of the small bowel,
colon, or rectum are inevitably exposed to radiation,
resulting in harmful adverse effects referred to as radia-
tion enteropathy." Consequently, some patients can
experience nutrient malabsorption, gut dysmotility, bowel
obstruction, perforation, pain, bleeding, and fistula for-
mation in later stages or after completion.” Indeed, diar-
rhea often limits the dose in patients with uterine cervical
cancer, rectal cancer, and other abdominal malignanciesg;
however, effective methods to ameliorate these symptoms
have not been established. Ionizing radiation generates
reactive oxygen species (ROS), which are key agents of
both therapeutic effects and radiation-mediated damage,
through radiolysis of H,O. In normal cells, endogenous
antioxidant defense systems comprising superoxide dis-
mutase, glutathione peroxidase, and catalase participate in
clearance of intracellular ROS," whereas exogenous an-
tioxidants can also prevent cellular damage by reacting
with oxidizing free radicals and quenching ROS activity.’
By contrast, various cancers present increased levels of
ROS® and develop various endogenous antioxidant de-
fense systems to maintain ROS homeostasis. Redox al-
terations in cancer cells are very complex as a result of the
multiple factors involved in redox regulation and stress
re:sponse.7 However, it remains unknown whether addi-
tional exogenous antioxidants can affect the antitumor
effects of ionizing radiation beyond redox regulation.

Coenzyme Q (CoQ) is a redox-active quinone deriv-
ative harboring a variable number of isoprene units that
range from 7 to 12 in different species.” In human tissues,
CoQ10 is the predominant homolog, whereas in the ro-
dent, CoQ9 is predominant. CoQ10 is found in most
tissues, with higher concentrations in the heart, liver,
kidneys, and muscles relative to the intestine, colon, and
lungs.” The most recognized physiological function of
CoQ is electron transfer in the mitochondrial respiratory
chain.'” The reduced form of CoQ10 (rCoQ10) is also
reportedly a potent antioxidant, with its antioxidant ca-
pacity dependent on not only its concentration but also its
redox state. In the United States and Europe, CoQ10 has

been widely used for >20 years as a dietary or food
supplement for maintaining health; however, the potential
effectiveness of rCoQ10 to reduce morbidities caused by
radiation therapy remains unknown. This study investi-
gated whether rCoQ10 exhibits radioprotective effects
and determined which method of administration is more
effective at ameliorating radiation enteropathy.

Methods and Materials

rCoQ10 preparation

We obtained rCoQ10 from Kaneka Co (Osaka,
Japan).'' Conversion between reduced and oxidized
CoQI10 is shown in Figure 1A. rCoQ10 dissolved in corn
oil at 60 mg/mL was administered transorally at 300 mg/
kg per day over 2 consecutive days before and 1 hour
before irradiation (rCoQ10 3 massive dose). For contin-
uous administration, rCoQ10 was added to a standard
laboratory mouse diet (powdered CE-2; CLEA Japan,
Tokyo, Japan) at a final concentration of 1.0% using 1%
(v/iw) corn oil as a vehicle and the same dose for transoral
administration 1 hour before irradiation (dietary rCoQ10
and single massive dose). The control diet was mixed
with corn oil only. The diets were stored at —20°C and
administered to animals for 9 days before irradiation and
30 days thereafter.

Mouse models

Animal experiments were approved by the Institutional
Animal Care and Use Committee (no. P120606-R2) and
were consistent with Kobe University regulations and
Japanese regulations, including the Act on the Welfare
and Management of Animals (Law No. 105; 1973,
revised 2006), Standards Relating to the Care and Man-
agement of Laboratory Animals and Relief of Pain
(Notification No. 88, 2006), and Fundamental Guidelines
for the Proper Conduct of Animal Experiment and
Related Activities in Academic Research Institutions
(Notice No. 71, 2006). Male C57BL/6J mice aged
8 weeks and male BALB/cAJcl-nu/nu mice aged 4 weeks
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were purchased from CLEA Japan and housed at the
animal facility, Kobe University, at 4 to 5 animals per
cage and under standard laboratory conditions with 12-
hour light/dark cycles, humidity from 50% to 60%, and
temperature between 20°C and 24°C. Health was assessed
daily, and body weights were recorded daily for 30 days
after irradiation.

Irradiation

C57BL/6] mice were anesthetized and exposed in the
supine position to a single 13-Gy dose of x-rays delivered
at 0.57 Gy/min from an MBR-1505R2 generator (Hitachi
Medical, Tokyo, Japan). The beam was filtered through a
1-mm aluminum board, and mice were rotated at 6 to
7.2 rpm during irradiation to achieve a uniform dose
distribution, as described previously.'” For total abdom-
inal irradiation (TAI), the head, upper body, and anal
regions were shielded with custom lead blocks, and only
the abdomen was exposed to the radiation beam in
Figure 1B. For the xenograft study, the irradiation method
differed to allow assessment of rCoQ10 effects on tumors.
BALB/cAJcl-nu/nu mice were anesthetized and exposed

in a prone position to a single 5-Gy dose of x-rays. The
whole body, except for the area of the implanted tumor,
was shielded with custom lead blocks, as illustrated in
Figure 1B.

Measurement of CoQ homologs

Mice receiving continuous administration had rCoQ10
added to their diet 9 days before sacrifice and harvesting
of the small intestine, whereas the group receiving the
massive dose received rCoQIl0 transorally over 2
consecutive days before and 1 hour before harvest. Mice
receiving a combination of an rCoQ10 diet and a massive
dose had rCoQ10 added to their diet 9 days before and
1 hour before sacrifice. Small intestines were harvested
and divided into 3 segments (proximal, middle, and distal)
from the pylorus to the cecum end (Fig. 1C). Each
segment of intestine was carefully washed in physiolog-
ical saline to remove contents possibly containing
rCoQ10 in the diet; segments were then mixed with 2-
propanol, homogenized, and centrifuged. Blood was
collected from the abdominal aorta using heparin, and
plasma was separated by centrifugation. The resulting
supernatant was analyzed by high-performance liquid
chromatography to quantify total CoQ10 or CoQ9, as
described by Kubo et al."”

Measurement of ROS production

Dihydroethidium (DHE) was dissolved in dimethyl
sulfoxide at 10 mg/mL and diluted immediately before
use with phosphate-buffered saline warmed at 40°C to
avoid precipitation, which occurs at <37°C. To detect
ROS production in the intestine, 200 pL (30 mg/kg) DHE
was intraperitoneally injected 1 hour before irradiation, as
described previously.'* Segments of the intestine were
collected 4 hours after irradiation and immediately frozen
at —80°C; 4-um sections of each specimen were assessed
by fluorescence microscopy. ROS production was
assessed using DHE, which reacts with O, to form
oxyethidium.'® Positive cells were counted in at least 20
crypt-villus units per specimen under a BZ-9000 fluo-
rescence microscope (Keyence, Osaka, Japan).

TUNEL assay

To evaluate apoptosis, mice were sacrificed 8 hours
after irradiation. Segments from the same portion of the
intestine were harvested, fixed in 10% formalin,
embedded in paraffin, sectioned at 5 um, and assayed by
TUNEL (terminal deoxynucleotidyl transferase dUTP
nick-end labeling) staining using an in situ cell death
detection kit (Roche, Indianapolis, IN) according to
manufacturer instructions. Apoptotic cells were counted
in at least 40 crypt-villus units per specimen under a
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BZ-9000 all-in-one fluorescence microscope (Keyence),
as described previously.'®

Histochemistry

The small intestine was harvested and its length was
measured 4 days after irradiation after or in the absence of
rCoQ10 administration. Segments of the intestine were
embedded vertically in paraffin, cross sectioned at 5 pm,
stained with hematoxylin and eosin, and visualized on a
BZ-9000 light microscope (Keyence) to qualitatively
assess villus shape, epithelial alignment, and crypt
abundance."'’

Cell viability assay

Crystal violet staining was performed using 3 human
cancer cell lines (MIA PaCa-2 [pancreas], HCT116
[colon], and HeLa [uterine]) in vitro. Briefly, cells were
added along with varying concentrations of rCoQ10 (10,
20, and 50 pg/mL) or control for 1 hour before 4- or 8-Gy
irradiation. The cells were incubated for 72 hours with the
rCoQ10-containing medium, washed with phosphate-
buffered saline, and stained with 0.5% crystal violet/
methanol solution at room temperature for 10 minutes.
The stained cells were rinsed with tap water. For quan-
titative measurement, stained cells were dissolved in 50%
ethanol at room temperature for 20 minutes, followed by
measurement of absorbance at 570 nm.

Tumor growth inhibition

To generate xenograft models, male BALB/cAJcl-nu/
nu were subcutaneously implanted with 2 x 10° human
pancreatic cancer MIA PaCa-2 cells resuspended in
Matrigel (BD Biosciences, Tokyo, Japan), as described
previously.'® Mice were then randomly assigned to
receive no further treatment (control), 5-Gy radiation with
a normal diet, or 5-Gy radiation with 1% rCoQ10 dietary
supplementation from 11 days before irradiation and
without additional administration. Tumor size was
measured 2 or 3 times weekly as follows: L x W 2 x (7t/
6), where L and W are the longest and shortest tumor
diameters, respectively.

Statistical analysis

Differences between means were compared by 1-way
analysis of variance, with a Dunnett test for post hoc
comparisons. Survival rate was estimated by the Kaplan-
Meier method using the log-rank test. A P < .05 was
considered statistically significant. Data were analyzed
using SAS software (Version 9.4; SAS Institute, Inc,
Tokyo, Japan).
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Fig. 2 Evaluation of coenzyme Q (CoQ) 10 and CoQ9

accumulation. (A) Amounts of CoQ10 and (B) CoQ9 in the
intestine according to high-performance liquid chromatography.
Bars indicate amounts of CoQ10 or CoQ9 from (a) the intestines
of control mice fed a normal diet, (b) mice fed a normal diet and
administered transorally 3 massive doses (over 2 consecutive
days and 1 hour before sacrifice), and (c) mice fed a diet with
rCoQ10 for 9 days and single massive dose 1 hour before sac-
rifice. Error bars represent the mean =+ standard deviation
(n = 9).

Results

CoQ10 accumulation after rCoQ10 administration

In control mice, basal concentrations of coenzyme
homologs in the proximal, middle, and distal portions of
the intestine were 14.7 + 1.3 ng/g, 13.8 + 4.7 ng/g, and
11.2 &+ 2.0 pg/g (mean = standard deviation; n = 5) for
total CoQ10, respectively. After administration of
massive doses of rCoQl10, these increased to
256 £ 251 pglg, 934 + 344 pg/g, and 252 + 186 ng/g,
respectively, whereas dietary rCoQ10 supplementation
and massive single doses increased the concentrations to
540 + 590 pg/g, 539 4+ 267 pglg, and 149 £+ 67 ng/g,
respectively (Fig. 2A). CoQ9 concentration remained
unchanged by administration of rCoQ10 (Fig. 2B).

rCoQ10-mediated suppression of
radiation-induced ROS production

As shown in Figure 3A, compared with the no-
irradiation control, bright-red fluorescence increased in
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the bottom of intestinal crypts in mice receiving 13-Gy rCoQ10-mediated inhibition of radiation-induced
radiation (Figs. 3Aa and Ab). These signals were dimin- apoptosis

ished in mice administered rCoQ10, indicating that
rCoQ10 effectively inhibited ROS production in intestinal

- Apoptotic cells were identified at 21.4 £ 3.5 cells/
crypts (Figs. 3Ac, 3Ad, and 3D, P < .05).

crypt-villus in specimens collected 8 hours after
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irradiation (Fig. 3Bb), whereas 1.2 £ 1.3 apoptotic cells/
crypt-villus were identified in control mice (Figs. 3Ba and
3D). Three massive doses of rCoQl0 significantly
reduced the number of apoptotic cells to 11.0 &+ 5.2, and
administration of dietary rCoQ10 and a single massive
dose reduced the number to 9.5 £ 3.6 (Figs. 3Bc, 3Bd,
and 3D, P < .05). These results indicated that rCoQ10
inhibited apoptosis in intestinal crypts.

The radioprotective effects of rCoQ10 in the
intestine

As shown in Figure 3Ca, the intestine exhibited normal
morphologic characteristics and contained long and nar-
row mucosal villi that were tightly aligned and extended
into the intestinal lumen in control mice, whereas irradi-
ated mice had severe mucosal damage (Fig. 3Cb) and
shortening of the intestine (Fig. 3E). Notably, villi
structures were well preserved in mice administered di-
etary rCoQ10 and a single massive dose (Fig. 3Cd). These
results indicated that rCoQ10 had radioprotective effects
in the intestine (Fig. 3D).

Weight change and survival after rCoQ10-
mediated improvement of TAI-related effects

All irradiated mice lost weight over 7 days, beginning
on the day after irradiation; however, all groups regained
some weight beginning on day 8 (Fig. 4A). Irradiated
mice not administered rCoQ10 started to die after 7 days,
with 50% of mice eventually dying. By contrast, 33%
mice administered 3 massive doses of rCoQ10 died at 6 to
9 days after irradiation, although the remaining 66% mice
survived thereafter until the end of the experiment at
30 days. Notably, 92% of irradiated mice administered
dietary rCoQ10 and a single massive dose were healthy
and alive at 30 days after irradiation, indicating signifi-
cantly enhanced survival (Fig. 4B; P < .05).

rCoQ10 does not interfere with radiation-specific
effects

Three human cancer cell lines cultured in media sup-
plemented with rCoQ10 displayed similar cytotoxic ef-
fects from irradiation as those cultured in the absence of
rCoQ10 (Fig. 5A). Before in vivo study, CoQI10 con-
centration was evaluated. Although the administration
method used for the xenograft study differed from that for
the intestine-protection study, the plasma CoQ10 con-
centration remained similar between diet administration
and administration via both diet and a single massive dose
(0.84 &+ 0.10 pg/mL vs 0.79 £ 0.13 pg/mL, respectively,
and relative to control [0.02 £ 0.00 pg/mL; n = 5])
(Fig. 5B). The tumor growth rate at 30 days was similar in
both groups of mice receiving 5 Gy radiation, regardless
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Fig. 4 Weight change and survival. (A) Weight curves indi-
cating nonirradiated mice (black), mice receiving 13 Gy radia-
tion (yellow), mice receiving total abdominal irradiation (TAI)
and 3 massive doses of reduced coenzyme Q10 (rCoQ10) and a
normal diet (blue), and mice receiving TAI and dietary rCoQ10
along with a single massive dose of rCoQ10 (red) (n = 12).
Error bars represent the mean 4 standard deviation (n = 12).
(B) Survival curves according to Kaplan-Meier analysis under
the same conditions.

of rCoQ10 administration (Fig. 5C). These data suggest
that rCoQ10 supplementation did not inhibit the antitumor
effects of irradiation in vivo.

Discussion

Herein, we report that rCoQ10 administration alone
ameliorated radiation enteropathy, mainly through sup-
pression of radiation-induced ROS production and
apoptosis. A significant point emerging from this study is
that administered rCoQ10 accumulated in the intestine
and decreased severe radiation damage, thereby promot-
ing survival.

Although radiation enteropathy develops via multiple
mechanisms, the severity of the resulting damage depends
on the radiation dose and delivery method. The condition
is usually triggered by ROS-mediated apoptosis in crypt
cells, followed by insufficient regeneration of villus
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epithelium, breakdown of the mucosal barrier, and
mucosal inflammation.'>'”*" Accordingly, the structure
of villi is considered a marker of gastrointestinal dam-
age.'” In the present study, radiation-induced apoptosis in
intestinal crypt cells was identified and led to willi
degradation (Fig. 3). A previous report noted that a single
high dose (>13 Gy) of radiation induces lethal gastroin-
testinal (GI) and bone marrow (BM) damage in rodent
models.”' Additionally, previous studies found that GI

syndrome progressed rapidly during days 6 through 10
after whole-body radiation and was concomitant with BM
damage.”” Moreover, they found that lethality occurred in
these BM-protected mice after >19 Gy radiation, with
>90% of the animals succumbing presumably to “pure”
GI syndrome in <10 days, suggestive of the presence of
evolving BM damage facilitating lethality via the GI
syndrome. Paris et al'® reported that ionizing radiation
induced lethal GI and BM toxicity in C57BL/6 mice after
administration of 12- to 15-Gy whole-body radiation,
with mice receiving 12 Gy able to be rescued by autol-
ogous BM transplantation; in contrast, mice receiving
15 Gy could not be rescued, suggesting that 15 Gy
induced irreversibly lethal damage.

Compared with whole-body radiation, several factors,
including radiation source, shielding method, mouse
strain, body thickness, and age, might influence the ef-
fects of TAIL To determine the most appropriate dose for
the purpose of our experiments, we performed pre-
liminary experiments (n = 3) at between 10 Gy and
15 Gy in the absence of CoQ10 administration and found
that doses >13 Gy were 100% lethal (Fig. E1; available
online at https://doi.org/10.1016/j.adr0.2019.01.006).
Therefore, we used a dose of 13 Gy for intestine protec-
tion studies involving CoQ10. Our results indicated that
rCoQ10 supplementation mitigated radiation-induced
lethality (Fig. 4B), suggesting potential efficacy in rela-
tion to avoidance of radiation enteropathy. Specifically,
we found that administration of dietary rCoQI10 along
with a single massive dose provided enhanced protection
according to intestinal histologic characteristics, thereby
promoting improved overall survival of mice. This result
suggested that the improved intestinal protection might be
induced by systemic circulation of CoQ10. Furthermore,
continuous administration of dietary rCoQ10 after irra-
diation might protect the intestines from ROS produced
by mitochondria after radiation exposure.”” These find-
ings indicated that elevated levels of rCoQ10 adminis-
tration enhanced villi preservation and promoted survival.

The role and efficacy of each CoQ homolog in
ameliorating radiation toxicity in the rodent intestine has
not been elucidated. A brief literature review indicated the
existence of few reports demonstrating roles for CoQ9 in
the rodent intestine similar to that of CoQ10 in the human
intestine or the effect of CoQ9 on antioxidant activity
after irradiation. Lass et al** reported that CoQ9 levels in
tissue homogenates from serum and various organs (heart,
muscle, liver, and kidney) are elevated after CoQ10
supplementation; however, there are no reports regarding
whether supplementation results in CoQ9 or CoQ10
accumulation in the intestine. Our results indicated that
continuous administration of rCoQ10 led to accumulation
of CoQ10, but not CoQ9, in all portions of the small in-
testine (Fig. 2). Moreover, rCoQ10 suppressed radiation-
induced apoptosis in crypt cells and in the lamina propria,
ultimately avoiding villi degradation (Fig. 3) and
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suggesting that exogenous rCoQ10 might contribute to
the suppression of radiation-induced damage in the
intestine.

Useful strategies to reduce radiation toxicity in clinical
or experimental settings have not been established.
Because radiation morbidities are reportedly initiated by
ROS, antioxidants and free-radical scavengers are thought
to represent potentially radioprotective or therapeutic
compounds.”*® Among these compounds, sulfhydryls
are considered the most promising, but only amifostine
(WR-2721; Ethyol) has been approved by the US Food
and Drug Administration for radiotherapeutic treatment of
head and neck cancer.’’ Superoxide dismutase,”® the
vitamin E analog y-tocotrienol,z‘) and their combined
use’” have been identified as potent, nontoxic, and natural
radioprotective compounds. Additionally, mixtures con-
taining CoQ10, tocopherol (vitamin E), and ascorbic acid
(vitamin C)3 ! are efficacious antioxidants against radia-
tion damage. Moreover, a review by Yasueda et al’” re-
ported that antioxidants, such as CoQ10, might provide
protection against chemotherapy-related toxicity and side
effects without apparent adverse effects. Published data
associated with preclinical and clinical safety studies
indicate that CoQ10 does not cause serious adverse ef-
fects in humans and that it is well tolerated for use as a
dietary supplement.”> On the other hand, in a previous
toxicity study of rodents orally administered CoQ10 for
90 days, rats had tolerance for up to 3000 mg/kg per
day.” In the present study, the longest period of rCoQ10
administration was ~40 days at a dose of ~ 1200 mg/kg
per day rCoQI10 in the diet, equating to 1% rCoQ10 and
300 mg/kg per day in a massive dose. Our results sug-
gested an absence of toxicity in mice; however, our pilot
experiment (Fig. E2; available online at https://doi.org/1
0.1016/j.adro.2019.01.006) finding 100% mortality in
mice administered a high dose of radiation was repeated
here, revealing that 300 mg/kg of a single massive
rCoQ10 dose increased survival longer than a single
100 mg/kg dose. In the present study, we used rCoQ10
doses (1% rCoQ10 and 300 mg/kg). A previous study
found that CoQIl0 protects normal cells, including
neuronal cells, astrocytes, retinal cells, and lens epithelial
cells, from ROS-induced damage,”” although the under-
lying mechanisms have not been elucidated. Therefore,
further investigation is warranted.

The efficacy of concurrent administration of CoQ10
during cancer treatment remains controversial. Lamson
et al’ reported that exogenous antioxidants alone are
beneficial during cancer treatment and do not reduce the
efficacy of chemotherapy or radiation when administered
concurrently. Similarly, Roffe et al’® surveyed several
clinical trials of CoQ10 supplements and found no evi-
dence of adverse effects or interference with standard
chemotherapies. Consistent with these reports, our in vitro
and in vivo experiments indicated no inhibition of radi-
ation effects on malignant cells after rCoQ10

administration (Fig. 5). Importantly, we found that
increased plasma CoQ10 concentrations were similar after
both dietary administration and a single massive dose;
therefore, in vivo experiments focused on dietary
administration of rCoQ10 without an accompanying
massive dose of rCoQ10, with this resulting in no changes
in tumor growth or decreases in the antitumor effects of
radiation therapy.

Conclusions

Our results indicated that rCoQ10 confers radiopro-
tection by reducing ROS-mediated apoptosis in the in-
testine. Moreover, continuous administration of rCoQ10
as a dietary supplement was more effective than short-
term administration alone. These findings promote
rCoQ10 as a potentially functional dietary supplement for
amelioration of radiation enteropathy.
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