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ABSTRACT We hypothesized that a high-protein diet and/or resveratrol supplementation will improve acute inflammatory
responses in rats after receiving experimental abdominal radiation treatment (ART). Based on our previous study, the period of
10 days after ART was used as an acute inflammation model. Rats were exposed to a radiation dose of 17.5 Gy and were supplied
with a control (C), 30% high-protein diet (HP), resveratrol supplementation (RES), or HP with RES diet ((HP + RES]). Atday 10
after ART, we measured profiles of lipids, proteins, and immune cells in blood. The levels of clusters of differentiating 4* (CD4 %)
cells and regulatory T cells, serum proinflammatory cytokines, and 8-hydroxy-2'-deoxyguanosine (8-OHdG) in urine were also
measured. ART caused significant disturbances of lipid profiles by increasing triglyceride (TG) and low-density lipoprotein
cholesterol (LDL-C), and decreasing high-density lipoprotein cholesterol. The proinflammatroy cytokine levels were also in-
creased by ART. All the experimental diets (HP, RES, and [HP+RES]) significantly decreased levels of TG, monocytes,
proinflammatory cytokines, and 8-OHdG, whereas the platelet counts were increased. In addition, the HP and [HP + RES] diets
decreased the concentrations of plasma LDL-C and total cholesterol. Also, the HP and RES diets decreased regulatory T cells
compared with those of the control diet in ART group. Further, the HP diet led to a significant recovery of white blood cell counts, as
well as increased percentages of lymphocyte and decreased percentages of neutrophils. In summary, RES appeared to be sig-
nificantly effective in minimizing radiation-induced damage to lipid metabolism and immune responses. Our study also dem-

onstrated the importance of dietary protein intake in recovering from acute inflammation by radiation.
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INTRODUCTION

ADIATION THERAPY IS one of the most common treat-

ment modalities for cancer. However, radiation may
damage the DNA, cells, and organs through generating re-
active oxygen species (ROS)'™ and cause side effects as-
sociated with nutritional status, such as vomiting, weight
loss, anorexia, diarrhea, and malabsorption.”~” Particularly,
anorexia may cause delayed recovery after radiation treat-
ment, due to decreases in food intake and resting-energy
expenditure.®'° Radiation is also known to be a significant
inducing factor for antiproliferation, proinflammation, pro-
fibrosis, and immune system imbalance.!' These complica-
tions that are related to nutritional status may be adversely
influenced by increased production of proinflammatory cy-
tokines (i.e., interleukin [IL]-1, IL-6, and tumor necrosis
factor-alpha [TNF-«]) and transforming growth factor-beta
after radiation.” Finally, not only does radiation activate
cytotoxic T lymphocytes and dendritic cells to eliminate
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tumor cells, but also it does increase the levels of infiltrating
clusters of differentiating (CD) 4* and CD8* T cells.!>!*

There have been several previous reports that suggested
that higher dietary protein consumption might reduce the
inflammation caused by radiation. High-protein diet (22%)
increased intestinal villous length and proliferation of crypt
cells compared with standard diet (16% protein) for intes-
tinal injury by radiation.'”> Antioxidant levels are decreased
due to radiation, and high-protein diet (33%) increased the
antioxidant levels more than did the 7% protein diet.'®

It has been reported that radiation-induced ROS production
and inflammation can be prevented with flavonoids,'” includ-
ing phenols such as resveratrol.'® Trans-resveratrol is found in
grape skin, mulberries, wine, peanuts, and Japanese knotweed,
a medicinal plant.'® Hydroxyl groups in resveratrol are at-
tracted to hydroxyl and hydroperoxyl radicals and can then
scavenge free radicals.'® Resveratrol enhances nuclear factors-
like 2, nicotinamide-adenine dinucleotide phosphate dehydro-
genase 1, and glutathione S-transferase 1 genes, while reducing
CD47, IL-1p, and toll-like receptor 4 protein in high-fat and
high-carbohydrate diets.?® Thus, resveratrol can act as an acute
antioxidant and has anti-inflammatory effects.”**' Resveratrol
has also been demonstrated to have antitumor and cardiopro-
tective effects.?>?* Particularly, colon cancer was reduced after
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an oral administration of 200 ug/kg resveratrol in rat.>* In one
study, oral administration of resveratrol in mice with ileitis
increased regulatory T (Treg) cell production, and proliferation
and regeneration of intestinal epithelial cells; it also decreased
neutrophil levels and decreased the expression of the proin-
flammatory cytokines TNF-o and IL-6, in the ileum.!’

In the present study, we hypothesized that a high-protein
diet with or without resveratrol supplementation may en-
hance the nutritional and immune status of mice subjected to
acute-phase inflammation induced by abdominal radiation
treatment (ART).

MATERIALS AND METHODS

Animals

Female Wistar rats (150-160g in body weight) were
purchased from Central Lab Animal, Inc. Rats were kept at
22°C=£2°C room temperature and 55-60% relative humid-
ity with a 12-h light/dark cycle. This protocol was approved
by the committee on the Ethics of Animal Experiments of
Sookmyung Women’s University.

Diets and radiation treatment

Rats were divided into two groups: a group receiving radi-
ation treatment (ART) and group not receiving the radiation
treatment (non-ART). Each group was then subdivided into
four groups according to the types of diet (n = 6 for each group):
control diet (C), control diet with 2 mg/kg body weight (b.w.)
resveratrol supplementation (RES), 30% high-protein diet
(HP), and 30% high-protein diet with 2 mg/kg b.w. resveratrol
supplementation ([HP+RES]). Composition of each diet is
shown in Table 1.

Rats in ART groups were irradiated with a dose of 17.5 Gy
in the abdominal parts of the pelvis® after anesthesia with
0.2mL intraperitoneal injection of rompun and keramine
(2:8 v/v). Radiation was implemented at the Department of
Radiation Oncology, Ajou University of Medicine (Suwon,
Republic of Korea). Rats in the RES and [HP +RES] groups

were orally administered 2 mg/kg b.w. of resveratrol powder
(3,4 ,5-trihydroxy-trans-stilbene; Sigma-Aldrich) mixed in
water every other day for 10 days.

Blood collection

On day 10 after ART, whole blood was collected directly
from the heart. Histological examination through gross and
microscopic changes in rats confirmed that the optimal timing
for radiation-induced acute inflammation is 10th day after
ART.? Blood in a sodium heparin tube was centrifuged at 4°C
and 1512 g for 30 min and was stored in order to isolate serum.
Blood for complete blood cell count was drawn directly from
the heart into EDTA tubes (18 mg EDTA).

Hematological analyses and blood chemistry

The concentrations of total protein and albumin, total
cholesterol, triglyceride (TG), high-density lipoprotein cho-
lesterol (HDL-C), low-density lipoprotein cholesterol (LDL-
(), and very-low-density lipoprotein cholesterol (VLDL-C)
were measured using chemical reagents of clinimate total
protein and albumin, pureauto S CHO-N, TG-N, cholestest N
HDL, LDL-C, and VLDL-C (Daichi); an autoanalyzer was
also utilized (Hitachi 7600-210). Complete blood cell count
was carried out using the Coulter counter method with an
automatic hematology analyzer (Hemavet 850).

Cytokine production in serum

Rat IL-18, IL-6, and TNF-a kits were purchased from
R&D Systems, Inc., and enzyme-linked immunosorbent
assay (ELISA) was performed according to the manufac-
turer’s instructions.

Flow cytometry analysis

Populations of CD4* and CD25" cells in blood were
measured by the two-color, FITC anti-rat CD4, PE-Cy5.5

TABLE 1. ComPOSITIONS OF DIETS USED IN THE STUDY (%)

Groups Control diet* High-protein diet® Resveratrol [HP+RES]
Casein 14 30 14 30
Dextrose 15 10.5 15 10.5
Sucrose 10 10 10 10
Corn starch 46.5692 35.2392 46.5692 35.2392
Cellulose 5 5 5 5
Soybean oil 4 4 4 4
Mineral mix 3.5 3.5 3.5 3.5
Vitamin mix 1 1 1 1
L-Cystine 0.18 0.51 0.18 0.51
Choline bitartrate 0.25 0.25 0.25 0.25
tert-Butylhydroquinone 0.0008 0.0008 0.0008 0.0008
Resveratrol supplementation® - - + +

Diet compositions for both ART and non-ART groups were the same.
“Composition of the AIN-93M for maintenance of adult rodents.
"Modified AIN-93M purified rodent diet with 30% protein by weight.
“Oral administration of 2 mg/kg b.w. resveratrol in water every other day.

ART, abdominal radiation treatment; b.w., body weight; HP, high-protein diet; RES, resveratrol.
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anti-rat CD25, and isotypic controls (eBioscience). Then,
the stained cells were fixed with PE anti-rat forkhead box P3
(Foxp3™) antibody. The stained cell pellet was then ana-
lyzed by FACS Calibur (BD Biosciences). These surface
and intracellular immunofluorescent stainings were per-
formed according to the protocols provided by eBioscience
protocols.

HPLC analyses for 8-OHdG in rat urine

Rat urine samples were collected before sacrifice day.
Urine samples were cleaned of impurities and were mixed
with an equal volume of a 4% acetonitrile solution containing
ribonucleoside markers, 120 ug/mL 8-hydroxyguanosine,
130mM NaOAc, and 0.6 mM H,SO.. Each sample was ad-
justed to a final pH of around 2. The mixture was centrifuged
at 11356 g for 5 min to remove any precipitates. The HPLC
method described elsewhere was modified to analyze 8-
hydroxy-2'-deoxyguanosine (8-OHdG).>¢*’

Statistical analysis

Data from all studies are expressed as meanst SDs.
Student’s r-test was performed to assess the differences
between the results of non-ART and ART in the same
diet. Duncan’s multiple-range test was performed to assess
the differences among experimental diets within the same
treatment groups (non-ART or ART group). Differences
with P values <.05 were used to indicate significance. All
data were analyzed using the SPSS 18.0.

RESULTS

Food consumption and body weight

Table 2 shows changes in body weight and food intake.
The ART treatment significantly reduced the rats’ food
intake and body weight gain. Food consumption and body
weight changes did not significantly differ between
the non-ART and ART groups during the study period.
Reduced food intake was observed from day 5 to 10 after
radiation, and loss of body weight was observed from
day 10.

Blood analysis

Total protein and albumin levels. As shown in Table 3,
total protein and albumin levels were significantly lower in
the ART groups than in the non-ART group, when com-
pared between groups fed the same type of diet (P <.001 for
all four comparisons). Total plasma protein levels were
significantly different between the experimental diets in the
ART group, with the HP group exhibiting the highest levels
(P<.05).

TG and cholesterol levels. Table 3 shows the levels of
TG, total cholesterol, HDL-C, LDL-C, and VLDL-C. TG,
HDL-C, and LDL-C levels were significantly different
between the C and C+ART (TG, P<.001; HDL-C and
LDL-C, P<.01). TG and LDL-C levels increased, whereas

TABLE 2. CHANGES IN FooD INTAKE AND BoDY WEIGHT IN RATS FED EXPERIMENTAL DIETS AFTER RADIATION TREATMENT

Body weight (g)

Food intake (%)

Day 10
201.88+10.14>##

Day 5
192.15+8.39°

Day 0 (ART)
186.79 £9.60°

Day -5
167.28 £ 8.69*

Day 10
109.14+9.36%#

Day 5
100.11+12.36%

Day 0 (ART)
86.82+11.94
95.98+£9.87
108.02+10.76
100.11 £ 8.35%®
84.21+9.11¢

Day -5
100.00+8.13

Conditions

C

210.69 +10.29¢#
188.24+13.97

120.36 +16.30% 124.69+19.28%  165.88+7.66° 178.07+10.33®®  193.80+10.71%
180.30+9.25 186.06+11.11

97.97+7.64
83.16£8.96

HP

170.73+£3.55

96.48 +12.57%

89.90+10.87%
107.36 £+ 8.99b<##

RES

200.05 +11.34#

187.91+11.22%
183.48+7.14°

175.81+10.70*
189.59+ 14.64°
183.22+13.31°
189.05+15.0°

165.47£9.05°
173.41+£7.29°
169.19+8.89"

123.27 +8.32¢##
60.87+9.48°
61.96+7.23°
50.07+9.08*

86.14+13.20*

[HP + RES]
C+ART

145.39+13.67*
137.64+£26.75*
148.45+22.66*
152.93+£17.42°

31.06+£9.78*
41.54+6.54*

35.64+8.82°

90.12+ 11.09¢
96.42 +8.64¢

175.63+9.93"
186.67+10.38°
181.55£9.60°

166.53+12.05%
174.39 £7.44%

93.31+12.41¢
108.11+8.37¢
106.80+£9.36°

82.07+12.10°
94.06+8.33°

HP+ ART
RES +ART

187.24+14.16°

54.06+11.37*

37.64+9.27°

[HP+RES]+ART

abeSjgnificant difference among days in each condition at P<.05 by Duncan’s multiple-range test.

#Significant difference due to radiation effect within same experiment diet at P<.05 by r-test. #P<.01.

C, control diet; HP, 30% high-protein diet; RES, 2 mg/kg b.w./every other day of resveratrol; [HP+RES], 2 mg/kg b.w./every other day of resveratrol with 30% high-protein diet.
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However, rats that were fed RES + ART and [HP+RES] +
ART had increased neutrophil percentages compared with
those in the C+ ART rat group (P <.001).

CD4* cell and CD4*CD25* cell populations. As
shown in Figure 2, ART had a marked impact on CD4*,
CD4*CD25%, and Foxp3™ cell populations. ART signifi-
cantly decreased the CD4* cell population. The CD4™* cell
population of the [HP+RES] group increased compared
with that of the [HP+RES]+ ART (P<.01). The ratio of
CD4+*CD25% cell to CD4* cell populations increased. The
ratios of HP, RES, and [HP 4+ RES] decreased significantly
compared with HP+ ART, RES + ART, and [HP+RES]+
ART (HP vs. HP+ ART, P<.001; RES vs. RES+ ART and
[HP+RES] vs. [HP+RES]+ART, both P<.01). All ex-
perimental diets had increased ratios compared with C
(P<.05). Foxp3™* expression in CD4*CD25* cells was
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FIG. 2. ART enhances regulatory T cells. (A) Percentage of CD4*
T cell and Treg(CD4*CD25%)/CD4* T cell and (B) Foxp3-expressing
cell/CD4*CD25* cells. Rats were exposed to a radiation dose of
17.5 Gy after adaptation days and were administered a control diet
(C), 30% high-protein diet (HP), control diet with resveratrol (RES),
or a 30% high-protein diet with resveratrol ([HP+RES]): (A) per-
centages of CD4* T cells and Treg(CD4*CD25*%)/CD4* T cell and
(B) Foxp3-expressing cells/CD4*CD25" cells. “BSignificant differ-
ence among the experimental diets in non-ART group at P<.05 by
Duncan’s multiple-range test. **Significant difference among ex-
perimental diets in ART group at P <.05 by Duncan’s multiple-range
test. *Significant difference from the radiation effect within the same
experimental diet at P<.05 by rtest. #P<.01, #¥P<.001. CD,
clusters of differentiating.

significantly increased. The HP and RES diets reduced
Foxp3* expression in CD4*CD25* cells compared with
HP +ART and RES + ART, respectively (HP vs. HP + ART,
P<.05; RES vs. RES+ART, P<.01). ART rats that were
fed HP and RES diets had significantly decreased Foxp3*
expression in CD4"CD25™ cells compared with rats in the
C+ ART group (P<.001).

Urinary 8-hydroxy-2'-deoxyguanosine levels

To investigate DNA damage, urinary 8-OHdG levels
were measured (Fig. 3). The level of 8-OHdG in the
C+ ART group increased compared with that of the other
groups (HP+ART, RES+ART, and [HP+RES]+ ART,
P<.01). The 8-OHdG levels of HP+ART, and [HP+
RES]+ ART decreased significantly compared with those of
HP, and [HP+RES] (both P<.01).

DISCUSSION

Even though radiation is one of the most effective che-
motherapies, it may cause acute or chronic inflammatory
responses.*®?8 In addition, ROS produced by radiation may
directly and indirectly attack normal cells and destroy DNA
and RNA.!"® Destroyed DNA may promote the 8-OHdG
formation, an oxidized form of deoxyguanosine, because
ROS react with nucleic acid bases as carcinogens, particu-
larly guanine.?~° Even though elevated levels of 8-OHdG
after the radiation were not observed in this study, patients
with radiation are generally assumed to be under the risk of
inflammation and cell damage.!" Thus, they are encouraged
to consume enough dietary protein to repair damaged cells,
to increase protein levels, and to improve lipid profiles.’
Resveratrol has been reported as an anti-inflammatory agent

and a scavenger of free radicals in both humans®*?! and
5
oc
b
=HP
4 ORES
®[HP+RES]
g 31
s

nonART group ART group

FIG. 3. Experimental diets impacted 8-OHdG in urine. Rats were
exposed to a radiation dose of 17.5 Gy after adaptation days and were
administered a control diet (C), 30% high-protein diet (HP), control
diet with resveratrol (RES), or a 30% high-protein diet with resver-
atrol ((HP +RES]). **Significant difference among experimental diets
in ART group at P<.05 by Duncan’s multiple-range test. **Significant
difference from the radiation effect within the same experimental diet
at P<.01 by r-test. 8-OHdG, 8-hydroxy-2’'-deoxyguanosine.
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rodent models.>! However, the effects of resveratrol sup-
plementation in the irradiated rat model have not been
investigated yet. Thus, we investigated the effects of high-
protein diet with or without resveratrol supplementation
during acute inflammation in the irradiated rats.

Radiation increased serum levels of LDL-C and TG. Pre-
vious studies reported higher activities of lipoprotein lipase
(LPL), hydroxymethylglutaryl CoA reductase, and cholesterol
7 alpha-hydroxylase after radiation.’>** Even though we did
not directly measure the activities of those enzymes, elevated
levels of serum LDL-C and TG might have been due to the
changes of enzyme activities. High-protein diet with or
without resveratrol supplementation ([HP+RES] and HP,
respectively) modulated plasma LDL-C levels that were in-
creased after radiation. In addition, the irradiated rats in HP
and [HP+RES] groups showed decreased serum TG levels
compared with those in the C+ ART group. Previously, Shin
et al. examined whether higher protein diet (33%) decreased
plasma lipid oxidation and increased liver antioxidant levels,
such as vitamins C and E and glutathione, compared with
those of rats fed 7% protein diet.'® It has also been reported
that resveratrol improved lipid metabolism by suppressing
LDL peroxidation in human plasma and rabbit femoral
smooth muscle cells** and by inhibiting platelet aggregation in
humans®* and animal models.?**> Metabolically, elevated
serum levels of TG might be related to the increased release of
TG from lipoprotein by activated LPL, which are associated
with cachexia.*® Cachexia is a result of reduced caloric intake
and metabolic alterations of lipogenesis and lipolysis through
changed TG lipases on the advanced cancer patients with ra-
diation treatment.®® The rats in current study showed reduced
food intake and a loss of body weight after radiation treatment,
which are identical to the initial symptoms of cachexia. The
irradiated rats in HP, RES, and [HP + RES] did not seem to
recover from the weight loss. However, high-protein diet with
or without resveratrol supplementation improved the levels of
TG, cholesterol, and LDL-C compared with the values in ir-
radiated control group. These results indicate that high-protein
diet with or without resveratrol might be helpful for restoring
abnormal lipid profiles after radiation treatment.

The general wound healing process includes inflammatory
phase, proliferative phase, and tissue remodeling phase.®
Chemokines and cytokines that are produced in the inflam-
matory phase affect the next phase, proliferative phase, and
activate monocytes and macrophages and accelerate cell
migration as well.® Several studies reported that radiation
generates chemokines®’ and proinflammatory cytokines,
such as IL-6, IL-1j3, and TNF-o,,***! and thus causes in-
flammation and cytotoxicity.*>** Those proinflammatory
cytokines activate inflammatory phase in host response.*> In
addition, radiation promotes the activity of Treg cells that
suppress the activities of helper T and B cells.*® We ob-
served, in our present study, that radiation may induce in-
flammatory responses via elevated levels of proinflammatory
cytokines and ratio of CD4*CD25™" cells to CD4* T cells,
and suppressed CD4™ T cell percentages. We observed that
both high-protein diet and resveratrol supplementation might
alleviate radiation-induced inflammation more efficiently

compared with normal diet. Experimental diets (i.e., HP,
RES, and [HP + RES]) modulated proinflammatory cytokine
productions, which were increased by ART. Previously, it
has been reported that resveratrol administration decreased
proinflammatory cytokine production and intestinal inflam-
mation as well.!” It may be related to the chalcone compound
in resveratrol, which lowered the production of IL-6, TNF-o,
and IL-8.%’ In addition, the ratio of Foxp3-expressing cells to
CD4"CD25* cells was significantly decreased in HP and
RES groups compared with C+ ART, even though the per-
centages of CD4* T cell and the ratio of CD4*CD25% cells
to CD4* T cells were not significantly altered by the ex-
perimental diets. In addition to the significant effects on the
levels of proinflammatory cytokines and Foxp3 expression,
high-protein diet also affected the percentages of immune
cells. Radiation increased the total WBC and percentage of
monocytes and neutrophils. Neutrophils act in innate im-
mune system as phagocytes. Lymphocytes act in adaptive
immune system, particularly in inflammation phase.*® HP
increased the suppressed lymphocyte percentages and de-
creased the elevated neutrophil and monocyte percentages
that were caused by radiation, whereas RES and [HP + RES]
changed the percentages of monocytes only. In a previous
report, it was observed that depletion of the lymphocyte
population and increase of WBC count due to the elevated
neutrophil percentages that might be elevated and restored
before other immune cells.”®

In conclusion, high-protein diet with or without resveratrol
supplementation may effectively relieve radiation-induced
inflammation by modulating the proinflammatory cytokine
production, restoring the immune cell populations, and nor-
malizing serum lipid profiles.

One of the limitations of present study is that only one
level each of resveratrol supplementation and protein con-
tent was administered. Protein content (30%) and the dose of
resveratrol (2 mg/kg every other day) were primarily chosen
based on the previous reports and potential practical appli-
cation. There have been several studies with 30% protein
content as a high-protein diet.'®**° As for the dose of re-
sveratrol supplementation, 2 mg/kg of resveratrol that can be
converted to 120 mg of resveratrol for body weight of 60 kg
person is the amount of resveratrol from three to six bunch
of grapes.?® However, further studies with multiple doses of
resveratrol supplementation are needed to clarify the sig-
nificant synergic effects with high-protein diet on acute-
phase inflammation. Studies to elucidate the potential
mechanism of high-protein diet through an observation of
lipid-peroxidation enzymes would be suggested as another
future investigation.
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