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Abstract: Radiation-induced injury may occur in various incidents as well as the terrorist radiation exposure 
scenario.  The digestive tract is among the most radiosensitive organs in the body and its function, which is partly 
regulated by gastrointestinal (GI) peptides, can be affected by radiation exposure.  However, very little is known 
about the effect of whole-body radiation on blood GI peptides.  The aim of this study therefore was to determine 
the effect of whole-body radiation on circulating levels of GI peptides in the rat.  To study this, rats were exposed 
to 5-Gy whole-body gamma radiation.  They were then euthanized at 1, 2, 4, or 8 days after irradiation.  Plasma 
levels of cholecystokinin (CCK), secretin, gastrin, and ghrelin were determined using specific enzyme 
immunoassays.  Serum levels of alanine transaminase (ALT), alkaline phosphatase (ALP), total bilirubin, and 
lactate were also measured.  Our results showed that whole-body irradiation significantly decreased plasma CCK 
levels by 57% and 54% at 1 and 2 days after irradiation (P<0.05), respectively.  At 4 and 8 days after irradiation, 
plasma CCK levels returned to normal.  Similarly, plasma levels of secretin decreased by 48% at 2 days after 
irradiation (P<0.05), and returned to normal at 8 days after irradiation.  In contrast, there was no significant 
change in plasma levels of gastrin and ghrelin after irradiation.  No significant differences were observed in ALT, 
ALP, total bilirubin, or lactate.  In conclusion, whole-body radiation exposure alters blood GI peptides especially 
the ones that were produced in the small intestine, such as CCK and secretin.  The diverse response of the GI 
peptides to irradiation could be due to a difference in radiosensitivity in different regions of the GI tract.  
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Introduction 
 
Radiation-induced injury may occur in various 
incidents including industrial and medical 
radiation accidents, nuclear reactor events, 
detonation of nuclear weapons, as well as 
potential terrorist attack involving radioactive 
materials.  Ionizing radiation such as gamma 
rays, alpha and beta particles is released by 
unstable atoms that have an excess of energy, 
mass, or both.  Whole-body exposure to 
gamma rays, x-rays, or neutrons, which can 
penetrate through the body, results in damage 
to multiple tissues and organ systems.  

Ionizing radiation damages human tissue in 
many ways [1].  It can interact directly with 
cellular macromolecules such as DNA, mRNA 
and proteins to break their covalent bonds, 
and irreversibly destroy their structure.  
Ionizing radiation can also indirectly interact 
with cells by causing hydrolysis reaction of 
cellular water resulting in hydrogen molecules 
and hydroxyl (free radical) molecules that 
disrupt adjacent cellular architecture and 
genomic information.  These interactions may 
eventually lead to either mutation of the cell or 
cell death.  
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Radiosensitivity is defined as a susceptibility of 
cells to the detrimental effect of ionizing 
radiation which can be extended to tissues, 
organs and organisms.  The gastrointestinal 
(GI) tract is among the most radiosensitive 
organ systems in the body.  In addition to the 
intestinal epithelium crypt, radiation exposure 
damages supporting structures such as 
endocrine glands of the GI tract [2].  The GI 
tract has been considered as the largest 
endocrine organ because of its complement of 
endocrine cells which produce a variety of 
peptides that are involved in GI motility, 
secretion, absorption, growth, and 
development [3].  Alterations in either 
hormone secretion or action can have 
deleterious effects on the GI function.  
However, very little is known about the effect 
of radiation in the blood levels of GI peptides.  
The aim of this study therefore was to 
determine the effect of whole-body irradiation 
on circulating levels of GI peptides such as 
cholecystokinin (CCK), secretin, gastrin, and 
ghrelin in the rat.  
 
Materials and Methods 
 
Experimental animals   
 
Male Sprague-Dawley rats (250-280g), 
purchased from Charles River Laboratories 
(Wilmington, MA), were used in this study.  The 
rats were housed in a temperature-controlled 
room on a 12-h light/dark cycle and fed on a 
standard Purina rat chow diet.  Animal 
experimentation was carried out in accordance 
with the Guide for the Care and Use of 
Laboratory Animals (Institute of Laboratory 
Animal Resources).  This project was approved 
by the Institutional Animal Care and Use 
Committee of The Feinstein Institute for 
Medical Research. 
 
Experimental protocol 
 
Rats were anesthetized with intraperitoneal 
pentobarbital (40 mg/kg BW) and exposed to 
whole-body irradiation performed with 
Gammacell 1000 irradiator (Atomic Energy of 
Canada Ltd).  The irradiator was set to deliver 
gamma-irradiation at a dose rate of 
approximately 360 rad/min for 1.4 min, a total 
of 5 Gy per animal.  During irradiation, the rats 
were restrained with plastic wrap and placed 
in a fitted container in up-right position and 
during radiation the container rotated 
continuously in front of the radiation source for 

even exposure.  The animals were returned to 
their cages after irradiation.  They were 
euthanized at 1, 2, 4, or 8 days after 
irradiation.  Blood samples were collected, and 
plasma as well as serum were separated.  
Sham animals underwent the same procedure 
as the irradiated rats but received no 
radiation.   
 
Determination of plasma levels of 
cholecystokinin (CCK), secretin, and gastrin 
  
The enzyme immunoassay kits for rat CCK and 
secretin were purchased from Phoenix 
Pharmaceuticals (Burlingame, CA).  The gastrin 
enzyme immunoassay kit was purchased from 
Assay Designs (Ann Arbor, MI).  The peptides in 
plasma samples were extracted by C18 SEP-
Column (Code RK-SEPCOL-1) according to the 
manufacturer’s instruction.  Extracted 
peptides were reconstituted with assay buffer 
and then measured for CCK, secretin and 
gastrin levels using specific enzyme 
immunoassay kit.  Procedures for the 
measurement of these peptides were 
performed in strict accordance with the 
manufacturers’ instruction.   
 
Determination of plasma levels of ghrelin 
  
Plasma concentrations of ghrelin were 
measured using enzyme immunoassay kits 
according to the instructions provided by the 
manufacturer (Peninsula Laboratories, San 
Carlos, CA).  
 
Determination of serum levels of alanine 
transaminase, alkaline phosphatase, total 
bilirubin, and lactate 
 
Serum concentrations of alanine transaminase 
(ALT), alkaline phosphatase (ALP), total 
bilirubin, and lactate were determined by using 
assay kits according to the manufacturer’s 
instructions (Pointe Scientific, Canton, MI). 
 
Statistical analysis 
 
All data are expressed as means ± standard 
error (SE) and compared by one-way analysis 
of variance (ANOVA) and Student-Newman-
Keuls test for multiple group analysis.  
Differences in values were considered 
significant if P<0.05.  
 
Results 
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Effects of whole-body irradiation on plasma 
levels of gastrointestinal peptides  
 
As shown in Figure 1, whole-body irradiation 
significantly decreased plasma CCK levels by 
57% and 54% at 1 and 2 days post-irradiation, 
respectively, when compared with those in 
sham rats (P<0.05).  The plasma level of CCK 
started to recover 4 days post-irradiation.  At 8 
days after irradiation, plasma CCK levels were 
even 17% higher than those in sham rats, but 
not statistically significant.  As indicated in 
Figure 2, plasma secretin levels were reduced 
by 48% at 2 days after irradiation as compared 
with those in sham controls (P<0.05).  At 4 
days post irradiation, the secretin level was 
also 30% lower than that in sham rats, but no 
statistically significant differences were 
observed.  The plasma secretin level returned 
to sham levels at 8 days after irradiation.  As 
shown in Figure 3, plasma gastrin levels at 1, 
2, 4, and 8 days after irradiation were 155%, 
83%, 152%, and 130% of those in the sham 
animals, respectively.  However, no statistically 
significant differences were observed in 
plasma gastrin levels between irradiated and 
sham animals.  As displayed in Figure 4, 
plasma ghrelin levels decreased by 24%, 11% 
and 8% at 1, 2, and 4 days after irradiation, 
respectively.  At 8 days post-irradiation, 
plasma levels of ghrelin were 6% higher than 

those in the sham group.  Similar to plasma 
levels of gastrin, no statistically significant 
differences were observed in plasma ghrelin 
levels between irradiated and sham animals. 
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Figure 2.  Alterations in plasma levels of 
secretin in non-irradiated animals (Sham) and 
irradiated animals at 1, 2, 4, or 8 days after 
radiation injury.  Data are presented as means 
± SE (n=6) and compared by one-way ANOVA 
and student-Newman-Keuls method: * P<0.05 
versus Sham group. 
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Figure 1.  Alterations in plasma levels of 
cholecystokinin (CCK) in non-irradiated 
animals (Sham) and irradiated animals at 1, 2, 
4, or 8 days after radiation injury.  Data are 
presented as means ± SE (n=6) and 
compared by one-way ANOVA and student-
Newman-Keuls method: * P<0.05 versus 
Sham group. 
 
 
 

  
Effects of whole-body irradiation on serum 
levels of ALT, ALP, total bilirubin, and lactat  
 
Serum ALT, ALP, and total bilirubin were 
determined to evaluate hepatic injury, while 
serum lactate concentration was studied to 
assess oxygen deprivation and general tissue 
damage.  As demonstrated in Table 1, the 
serum levels of ALT, ALP, total bilirubin, and 
lactate were within normal range and there 
was no significant differences found between 
the irradiated animals and the sham group. 
 
Discussion 
 
It is known that radiation can damage human 
cells which may involve every major organ 
system.  Clinical syndromes and symptoms 
arising from radiation exposures are referred 
to as radiation sickness or acute radiation 
syndrome (ARS).  The ARS occurs after whole-
body or significant partial-body irradiation of 
greater than 1 Gy delivered at a relatively high-
dose rate [4].  Clinical manifestations of GI 
syndrome, one of clinical components of the 
ARS, include nausea, vomiting, gastric atony, 
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Figure 3.  Alterations in plasma levels of gastrin 
in non-irradiated animals (Sham) and irradiated 
animals at 1, 2, 4, or 8 days after radiation 
injury.  Data are presented as means ± SE (n=6) 
and compared by one-way ANOVA and student-
Newman-Keuls method.   
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Figure 4.  Alterations in plasma levels of ghrelin 
in non-irradiated animals (Sham) and irradiated 
animals at 1, 2, 4, or 8 days after radiation 
injury.  Data are presented as means ± SE (n=6) 
and compared by one-way ANOVA and student-
Newman-Keuls method. 
 
 
 

abdominal pain, diarrhea, GI bleeding, and 
fluid and electrolyte imbalance [2,5].  The 
mechanisms of radiation-induced digestive 
tract injury are complicated, multi-factorial, 
and still incompletely defined. 
   
GI hormones play an important role in 
regulating GI function [3,6].  CCK stimulates 
gallbladder contraction and pancreatic 
secretion, regulate gastric emptying and bowel 
motility, and induce satiety [3].  The primary 
action of secretin is to regulate pancreatic 
fluid and bicarbonate secretion [7].  In 

physiological concentrations, secretin inhibits 
gastric acid release, gastric motility, and 
gastrin release.  Secretin also increases bile 
flow, gastrointestinal motility, and lower 
esophageal sphincter pressure.  Gastrin is the 
major hormone that stimulates gastric acid 
secretion and has growth promoting effects on 
gastric mucosa [8].  Ghrelin stimulates growth 
hormone (GH) secretion, increases food 
intake, and produces weight gain [9].  Ghrelin 
also can stimulate gastric contraction and 
enhances stomach emptying.  In the current 
study, we exposed rats to whole-body 

Table 1.  Alterations in serum levels of ALT, ALP, total bilirubin, and lactate in non-irradiated 
animals (Sham) and irradiated animals at 1, 2, 4, or 8 days after radiation injury.   

Radiation Injury  
  

Sham 
1-Day 2-Day 4-Day 8-Day 

ALT (IU/L) 12.8±2.3 11.1±1.6 12.1±4.6 15.3±5.4 11.3±2.0 

ALP (IU/L) 80.8±9.2 95.8±18.6 70.9±17.6 89.5±8.5 88.4±13.1 

Total bilirubin (mg/dl) 0.5±0.1 0.4±0.1 0.4±0.1 0.4±0.1 0.5±0.1 

Lactate (mg/dl) 10.9±2.0 7.8±1.5 8.8±1.9 9.7±1.4 7.6±1.2 

Data are presented as means ± SE (n=6) and compared by one-way ANOVA and student- Newman-Keuls  
method, which showed no statistical differences. 
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irradiation in an effort to study effects of 
irradiation on circulating GI peptides (i.e., CCK, 
secretin, gastrin, and ghrelin), which regulate 
GI function. 
   
Our results demonstrated that plasma levels 
of GI peptides, especially CCK and secretin, 
were affected by whole-body irradiation.  The 
reason for the various responses of the GI 
peptides to radiation exposure could be due to 
a difference of radiosensitivity in each region 
of the GI tract.  The duodenum is the most 
radiosensitive region of the digestive tract, 
followed by the jejunum, ileum, esophagus, 
stomach, colon, and rectum [2].  These are 
consistent with our findings showing that the 
plasma level of CCK, which are produced by “I 
cells” that are concentrated in proximal small 
intestine particularly in duodenum, were 
decreased significantly earlier (observed at 1 
day after radiation exposure) than other 
studied GI peptides.  The level of plasma CCK 
continued to be declined at 2 days post-
irradiation with a tendency to decline in 4-day 
post-irradiation.  Secretin-producing cells (S 
cells) are found along the small intestine with 
increasing in concentration distally [10].  We 
demonstrated that the plasma level of secretin 
was reduced significantly when compared with 
the control group after irradiation.  However, 
its decline was found at 2 days after radiation 
exposure which occurred later than the decline 
in the level of plasma CCK (at 1 day after 
irradiation). This delay in decline of secretin 
levels could be due to the difference in 
radiosensitivity from proximal to the distal 
region.  Thus, it can be speculated that higher 
radiation exposure can irreversibly damage the 
GI functions.  Further studies are warranted for 
such conclusion. 
  
Ghrelin and gastrin are GI peptides that are 
mainly produced in the stomach.  The gastric 
fundus is the most abundant source of ghrelin 
[11] and most gastrin is produced in endocrine 
cells (G cells) of the gastric antrum [6].  Since 
the gastric mucosa is relatively more 
radioresistant than the duodenum and other 
parts of small bowels such as the jejunum and 
ileum, the lack of significant changes in 
plasma levels of ghrelin and gastrin after 
irradiation were not surprising. 
 
The levels of all GI peptides measured in this 
study returned to normal at 8 days post 
irradiation.  This is probably due to the 
recovery of GI peptide-producing cells and 

mucosa from radiation-induced injury which 
was consistent with a previous published data 
by Carr et al [12].  They reported the changes 
in epithelial and non-epithelial cells in small 
intestines after ionizing irradiation and found a 
drop in number of visible enterocytes and 
endocrine cells at 1 and 3 days post 
irradiation.  By 7 days after irradiation, the 
number of enterocytes and endocrine cells 
returned to control levels [12]. 
 
The hepatic cells are relatively radioresistant 
and there is a marked capacity for 
regeneration following destruction of a large 
portion of the liver [13].  Radiation-induced 
hepatic injury represents clinical findings 
ranging from asymptomatic biochemical 
changes including elevations of serum 
transaminases and ALP to fulminant hepatic 
failure [13].  We found that the serum levels of 
ALT, ALP, total bilirubin, and lactate were 
within normal range, suggesting no 
measurable radiation-induced hepatic injury or 
general tissue hypoxia at this dose of 
irradiation in the rat. 
 
The mechanisms of radiation-induced GI tract 
injury are complicated.  The relationship 
between alterations of plasma GI peptides and 
symptoms and signs of the radiation sickness 
has not been previously well described.  Our 
observations provide the evidence that 
radiation exposure alters blood levels of GI 
peptides especially the ones that produced in 
the small intestine, such as CCK and secretin.  
The various responses of GI peptides to whole-
body irradiation are possibly because of the 
differences in radiosensitivity in each part of 
the GI tract.  Further studies are needed for 
better understanding of the relationship 
between radiation-induced injury and radiation 
sickness syndrome.  At least, the observation 
in this study may apply and partly explain GI 
manifestations after radiation-induced injury. 
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