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Alteration of Metal Elements in Radiation
Injury: Radiation-Induced Copper
Accumulation Aggravates
Intestinal Damage
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Abstract
Ionizing radiation causes damage to a variety of tissues, especially radiation-sensitive tissues, such as the small intestine. Radiation-
induced damage is caused primarily by increased oxidative stress in the body. Studies have shown that trace metal elements play
an irreplaceable role in oxidative stress in humans, which may be associated with radiation-induced tissue damage. However, the
alteration and functional significance of trace metal elements in radiation-induced injury is not clear. In this study, we explored the
association between radiation-induced damage and 7 trace metal elements in mouse models. We found that the concentration of
zinc and copper in mice serum was decreased significantly after irradiation, whereas that of nickel, manganese, vanadium, cobalt,
and stannum was not changed by inductively coupled plasma mass spectrometry. The role of copper in radiation-induced
intestines was characterized in detail. The concentration of copper was increased in irradiated intestine but reduced in irra-
diated heart. Immunohistochemistry staining showed that copper transporter protein copper transport 1 expression was
upregulated in irradiated mouse intestine, suggesting its potential involvement in radiation-induced copper accumulation. At the
cellular level, the addition of CuCl2 potentiated radiation-induced reactive oxygen species in intestine-derived human intestinal
epithelial cell and IEC-6 cells. Moreover, the level of copper in damaged cells may be related to the severity of radiation-induced
damage as evidenced by a cell viability assay. These results indicate that copper may be involved in the progression of radiation-
induced tissue damage and may be a potential therapeutic target.
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Introduction

Exposure to radiation from nuclear accidents, terrorist attack,

or radiotherapy leads to multiple tissue injuries, which poses

serious threats to human public health.1 Radiation-induced

injury is a complex pathophysiological process. The sensitivity

of human tissues and organs to radiation is different, and there-

fore, tissue injuries induced by irradiation differ. The organs

with vigorous cell division have high radiation sensitivity,

while adult tissues with slow cell division have low sensitivity

to radiation.2 For example, the gastrointestinal tract, especially

the small intestine, is particularly sensitive to radiation.3

Metals play important roles in a wide variety of biological

processes of living systems.4 As essential elements of the

human body, metal elements form metal complexes such as

metalloproteins and metalloenzymes with various bioligands

(proteins, nucleic acids, vitamins, hormones, metabolites, etc.)

and play an irreplaceable role in the oxidative stress response of

the body. It has been well-documented that several trace metal

elements, such as zinc, copper, nickel, manganese, vanadium,

cobalt, and stannum, play important roles in maintaining the

physiology of human body. For example, zinc is the second

most abundant trace element (after iron) necessary for all

organisms and is involved in the regulation of many genes and

enzyme activities in the body, including cell division, growth,

and differentiation, and plays a role in many aspects of cellular

metabolism, involving the metabolism of proteins, lipids, and

carbohydrates.4-6 The essential trace element copper is a cofac-

tor of many enzymes involved in redox reactions, including

cytochrome c oxidase, ascorbate oxidase, and superoxide dis-

mutase. In addition to its enzymatic role, copper is used in

biological systems for electron transport.7 Cobalt is an essential

component of vitamin B12 and is associated with DNA damage

and repair.6 Nickel and stannum are essential for human growth

and energy metabolism.8,9 Manganese and vanadium are cofac-

tors for proteins and enzymes, both of which play important

roles in antioxidant and immune regulation.10-13 Radiation-

induced damage is largely caused by an increase in oxidative

stress in the body. Previous studies have shown that metal

elements play an important role in oxidative stress in humans4

and thus may be related to radiation-induced damage.

However, the alteration and functional significance of trace

metal elements in radiation-induced injury is not clear. In this

study, we explored the alteration of trace metal elements during

radiation-induced damage in mice using total body irradiation

(TBI) models.

Materials and Methods

Reagents

Nitric acid (purity >99.8%), hydrochloric acid (purity >99.8%),

and hydrogen peroxide (purity >99.8%) were purchased from

Sinopharm Group Chemical Reagent Co, Ltd (Shanghai,

China). Phosphate-buffered saline (PBS) was purchased from

Beyotime (Nantong, China). The standard metal stock solution

and scandium standard stock solution were both purchased

from China National Nonferrous Metals and Electronic

Materials Analysis and Testing Center (Beijing, China). CuCl2
was purchased from Meryer Chemical Technology Co, Ltd

(Shanghai, China). A Cu2þ-specific fluorescent probe

[1-(30,60-bis(ethylamino)-20,70-dimethyl-3-oxospiro(isoindo-

line-1,90-xanthene)-2-yl)thiourea(C27H29N5O2 S)] was pur-

chased from Heliosense Biotech (Xiamen, China).

Animal Treatment

Male C57BL/6N mice (6-7 weeks of age) were purchased from

the Shanghai SLAC Laboratory Animal Co, Ltd (Shanghai,

China). These animals were housed in a pathogen-free envi-

ronment at the facilities of the Medical School of Soochow

University. Total body irradiation was delivered to mice at a

dose rate of 600 mGy/min using 250 kV X-rays (Small Animal

Irradiator X-RAD 320; Precision X-ray, North Branford, Con-

necticut). Mice were irradiated with 0, 2, 4, or 8 Gy X-rays. The

animal experiment protocols were approved by the Animal

Experimentation Ethics Committee of Soochow University

(Suzhou, China).

Metal Element Standard Solution Preparation

Multistandard manganese, vanadium, cobalt, copper, zinc, tin,

and nickel standard stock solution (100 mg/mL) and a scandium

internal reference standard stock solution (1000 mg/mL) were

purchased from China National Nonferrous Metals and Elec-

tronic Materials Analysis and Testing Center. Five percent

HNO3 was used to obtain multistandard working solutions of

1, 5, 20, 50, 100, 200, and 500 ng/mL and in making solutions

of standards, blanks, and samples containing 20 ng/mL scan-

dium internal standard.

Determination of the Metal Element Concentration
in Mice Sera and Tissues

Mice were subjected to retro-orbital blood sampling. Collected

blood was cooled at 4�C for 2 hours and then centrifuged (13

000g) to obtain the upper layers of serum. The heart and small

intestine tissues were rinsed with PBS to remove any residual

blood and intestinal contents and then placed on filter paper to

absorb any remaining moisture. One hundred microliters of

serum or 0.25 g tissue (heart or small intestine) was placed in

25-mL beakers and digested in 10 mL of aqua regia. After 24

hours, the beakers were placed on a temperature-controlled

electric heating board, which was heated to 230�C for diges-

tion. Then the samples were neutralized twice with hydrogen

peroxide solution (1 mL each time). The digested solution was

quantitatively transferred with 5% HNO3 to a 5-mL volumetric

flask that had the Sc internal standard solution added, and the

volume was adjusted and shaken to obtain the sample solution

to be tested. Another clean volumetric flask was used for

reagent blanks and standard samples, all of which were made

using the above methods to synchronize operations. The metal

elements in the serum and tissue were measured by inductively
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coupled plasma mass spectrometry (ICP-MS; ELEMENT 2;

Thermo-Fisher, Waltham, Massachusetts).

Cell Culture and Irradiation

Normal human intestinal epithelial cells (HIEC) and a rat jeju-

nal crypt cell line (IEC-6) were purchased from the Cell Bank

of the Chinese Academy of Sciences (Shanghai, China). The

cell lines were confirmed by short tandem repeat DNA profil-

ing. The cells were maintained in Dulbecco’s modified Eagle’s

medium. Cells were exposed to different dosages (4 or 10 Gy)

of ionizing radiation using an X-ray linear accelerator (Rad-

Source, Suwanee, Georgia) at a fixed dose rate of 1.15 Gy/min.

Intracellular Copper Staining Using a Copper-Specific
Probe

Frozen sections were prepared from mouse intestinal tissues

28 days after 0, 2, or 4 Gy radiation. Sections were incubated

with 20 mM of the copper-specific probe (C27H29N5O2S) for

20 minutes at 37�C. For visualization of intracellular Cu2þ,

cells were treated with different concentrations of copper and

irradiated at different doses. The cells were then incubated

with 20 mM C27H29N5O2S at 37�C for 20 minutes. Images

were photographed with a scanning laser confocal microscope

(Olympus, Tokyo, Japan), with excitation and emission wave-

lengths of 488 and 530 nm, respectively.

Immunohistochemistry Staining

Tissues were fixed in 10% neutral-buffered formalin and

embedded in paraffin. Three-micrometer-thick paraffin sec-

tions were deparaffinized and heat-treated with citrate buffer

(pH 6.0) for 7 minutes as an epitope retrieval protocol. Endo-

genous peroxidase was blocked with 3% hydrogen peroxide for

15 minutes at room temperature and tissue nonspecific-binding

sites were blocked with 4% skim milk for 30 minutes. Sections

were then incubated with the copper transporter protein copper

transport 1 (Ctr1) antibody (Abcam, Cambridge, Massachu-

setts; #129067) and 2% skim milk for 1 hour to reduce the

nonspecific staining before being incubated with the biotiny-

lated secondary antibody for 30 minutes. Immunohistochemis-

try (IHC) staining was visualized with a substrate solution

containing diaminobenzidine and hydrogen peroxide. Hema-

toxylin was used for counterstaining. All steps were performed

at room temperature.

Reactive Oxygen Species Assay

Cellular reactive oxygen species (ROS) levels were determined

using the ROS-sensitive dye 2,7-dichlorofluoresceindiacetate

(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

The level of DCF fluorescence, reflecting the concentration of

ROS, was measured by a fluorescence microscope.

Cell Viability Assay

The Cell Counting Kit-8 (CCK-8) cell viability assay (Dojindo

Laboratories, Kumamoto, Japan) was carried out in 96-well

plates. Cells (4 � 103 cells/well) were treated with various

concentrations of copper chloride solution. After 24 and

48 hours, respectively, CCK-8 was added, and the plates were

placed in a CO2 incubator for an additional 1 hour. The optical

density was determined at 490 nm.

Statistical Analysis

Data are expressed as mean + standard error of the mean. The

data were evaluated using either unpaired 2-sided Student t

tests or 1-way analysis of variance to determine statistical sig-

nificance. For all in vitro experiments, 3 biological replicates

were analyzed. For all in vivo experiments, 5 biological repli-

cates were analyzed for each condition. Statistical analysis was

performed using GraphPad Prism 6 software (GraphPad Soft-

ware, Inc, La Jolla, California). Data are considered significant

if P < .05.

Results

Changes of Serum Metal Elements at Different Time
Points After Irradiation

The time-dependent groups were obtained at 0, 1, 2, 5, and 28

days after irradiation with 4 Gy. Seven metal element con-

centrations in the serum were measured by ICP-MS. As

shown in Figure 1, the concentration of zinc in serum

decreased from the initial 34.31 + 5.29 mg/L to 7.86 +
1.79 mg/L within 24 hours, then increased to about half of the

initial amount gradually over the following 4 days. Although

serum zinc level returned to 23.72 + 3.93 mg/L on the 28th

day after radiation, it was still lower than the initial level

(Figure 1A). Similar to zinc, copper in serum decreased from

the initial 19.71 + 3.10 mg/L to 6.97 + 1.41 mg/L on the first

day, which returned to about half of the initial concentration

on the second day and remained at this level until the 28th day

(Figure 1B). Serum levels of nickel, manganese, tin, vana-

dium, and cobalt did not show significant differences follow-

ing radiation, with changes less than 1 mM (Figure 1C-G).

These results indicated that only the levels of zinc and copper

in the serum changed after irradiation, which suggested their

involvement in radiation-induced injury.

Changes of Serum Metal Elements After Different
Doses of Irradiation

To investigate whether changes in metal content changed

with radiation doses, mice were irradiated with TBI at

doses of 0, 2, 4, and 8 Gy and sampled after 24 hours. The

serum metal element level was measured by ICP-MS. As

shown in Figure 2A, the serum zinc ion concentration in

the nonirradiated group was 34.95 + 3.02 mg/L at 24 hours

and decreased to 15.17 + 1.64 mg/L after 2 Gy irradiation.
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The serum zinc concentration decreased to less than 25% of

the original concentration after 4 or 8 Gy irradiation

(Figure 2A). Similarly, after exposure to different doses,

the concentration of copper in serum decreased to less than

one-third of the background concentration (Figure 2B).

Nickel levels also showed a slight decrease (Figure 2C).

Other elements do not change significantly (Figure 2D-

G). These results indicate that the level of zinc, copper,

and nickel in the serum decreased as the irradiation dose

increased.

Figure 2. Changes of metal elements in serum after different radiation doses in mice. C57BL/6N mice were randomized into 4 groups (n ¼ 4)
and irradiated with a single dose of 0, 2, 4, and 8 Gy (total body irradiation) using 250 kV X-rays. Serum samples were obtained 24 hours after
irradiation. Inductively coupled plasma mass spectrometry was used to detect the metal content in serum. A, Serum zinc concentration.
B, Serum copper concentration. C, Serum nickel concentration. D, Serum manganese concentration. E, Serum vanadium concentration.
F, Serum cobalt concentration. G, Serum stannum concentration. *P < .05, **P < .01.

Figure 1. Changes of metal elements in serum at different time points after 4 Gy total body irradiation (TBI) in mice. C57BL/6N mice were
randomized into 5 groups (n ¼ 4) and irradiated with 4 Gy TBI using 250 kV X-rays. Serum samples were obtained 0, 1, 2, 5, or 28 days after
irradiation. Inductively coupled plasma mass spectrometry was used to detect the metal concentration in serum. A, Serum zinc concentration.
B, Serum copper concentration. C, Serum nickel concentration. D, Serum manganese concentration. E, Serum vanadium concentration.
F, Serum cobalt concentration. G, Serum stannum concentration. *P < .05, **P < .01.
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Copper Levels in Small Intestine Tissue Was Increased
After Irradiation With an Increased Expression
of the Copper Transporter Ctr1

Among the metal elements with significant changes in concen-

tration after irradiation, we focused on copper, an important

essential macro metal element in the human body. We won-

dered if the irradiation modulated copper level in tissues.

Radiation-sensitive small intestine and insensitive heart tissue

were obtained from irradiated mice. The concentration of cop-

per in tissues was detected by ICP-MS. As shown in Figure 3A,

in the small intestine, copper levels increased by *2 mg in

24 hours as the irradiation dose increased. However, copper

level increased from 31.48 + 3.63 mg to 42.54 + 1.09 mg in

28 days after 4 Gy irradiation. In the heart tissue, copper levels

were dose dependent and decreased after irradiation gradually

(Figure 3B). These results indicated that the change in copper

level was tissue-specific.

To visualize the change of copper level in the small intestine

after irradiation, we stained a section of the small intestine with

a fluorescent copper-specific probe (C27H29N5O2S). Compared

with the nonirradiated control group, small intestine tissues

irradiated with 2, 4, or 6 Gy showed stronger fluorescence

(Figure 3C), which confirmed that copper homeostasis was

disrupted by radiation in mouse small intestine.

To investigate whether the increased copper accumulation

in mouse small intestine was attributed to increased copper

uptake, we performed an IHC staining of Ctr1. As shown in

Figure 3D, Ctr1 expression was upregulated in irradiated

mouse intestine, suggesting the involvement of Ctr1 in

radiation-induced copper accumulation.

Increased Copper Deposited in Irradiated Intestinal Cells

Since the levels of copper in mouse serum were attenuated and

those in mouse small intestine tissue were increased after irra-

diation, we wondered if radiation could promote the uptake of

copper to intestines that were sensitive to radiation. To verify

this hypothesis, intestine-derived IEC-6 and HIEC cells were

irradiated with 10 or 12 Gy radiation and then 40 mM CuCl2
was added to the culture medium. Intracellular Cu2þwas visua-

lized by a fluorescent copper-specific probe (C27H29N5O2S).

Figure 3. Changes of copper levels in heart and small intestine tissues. A, The concentration of copper in small intestine tissue. Mice were either
irradiated with 4 Gy X-rays and tissue samples were collected at different time points or irradiated with different doses and collected 24 hours
after radiation. B, Changes in copper levels in mouse heart tissue. Mice were either irradiated with 4 Gy X-rays and tissue samples were
collected at different time points or irradiated with different doses and collected 24 hours after radiation. C, Frozen sections were prepared
from small intestine tissue 28 days after irradiation with different doses. Cu2þ in the sections was determined with a copper-specific probe
(C27H29N5O2S). Sections were observed with a confocal microscope. *P < .05, **P < .01. D, Immunohistochemistry staining of Ctr1 in
nonirradiated and 4 Gy irradiated mouse intestinal tissues.
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The fluorescence intensity of intracellular Cu2þ in the CuCl2-

treated group was almost the same as that of the control group,

which may be attributed to the regulation of copper

homeostasis. In irradiated cells, the intracellular Cu2þ

increased slightly (Figure 4A and B). Combined radiation (4

or 6 Gy) and CuCl2 treatment showed stronger intracellular

Figure 4. Radiation induces Cu2þ accumulation in intestinal cells. Both (A) HIEC and (B) IEC-6 cells were treated with CuCl2 (40 mM) and
irradiated with different doses. After 24 hours, the Cu2þ in the cells were stained with C27H29N5O2 S and observed by confocal microscopy. C,
Quantitative analysis of Cu2þ accumulation in intestinal cells ImageJ software. *P < .05, **P < .01. HIEC indicates human intestinal epithelial cell;
ns, nonsignificant.
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fluorescence intensity, indicating that the concentration of

Cu2þ entering the cells increased during irradiation

(Figure 4A and B). Taken together, these results indicate that

radiation induced the accumulation of copper in intestinal cells.

Deposition of Copper in Small Intestinal Cells Is Related
to the Extent of Cell Damage After Irradiation

Since disruption of metal element homeostasis may lead to

oxidative stress,4 we treated HIEC and IEC-6 cells with radia-

tion plus CuCl2 and measured intracellular ROS. Compared

with the control group, the ROS level was not changed after

CuCl2 treatment. However, when CuCl2 was added after irra-

diation, levels of intracellular ROS were markedly increased

in both IEC-6 and HIEC cells (Figure 5A). To investigate

whether copper accumulation affected radiation-induced cell

death, both HIEC and IEC-6 cells were treated with radiation,

followed by different concentrations of CuCl2. In nonirra-

diated HIEC and IEC-6 cells, an increase in copper level

reduced cell viability. At 24 hours after radiation, there was

no effect of radiation on CuCl2-induced cell death (Figure 5B

and C). However, at 48 hours after irradiation, the cell viabi-

lity of the irradiated plus CuCl2-treated cells was lower than

that of the CuCl2-treated group (Figure 5B and C), indicating

the synergistic effect of CuCl2 treatment and radiation on

cell viability. Taken together, these results indicated that

copper treatment aggravated radiation-induced damage in

intestinal cells.

Discussion

In this study, we found that the concentration of zinc and

copper in mice serum was decreased significantly after irra-

diation, whereas that of nickel, manganese, vanadium, cobalt,

and stannum was not changed by ICP-MS. Zinc and copper

are important trace metal elements in the body.14-18 Numer-

ous reports have shown the importance of zinc in the growth,

development, maintenance, and priming of the immune sys-

tem, as well as tissue repair.14-16 Zinc deficiency may lead to

human growth retardation and hypogonadism.17 Copper is an

integral part of many important enzymes involved in a num-

ber of vital biological processes, such as catalytic and trans-

port functions in living cells and their organelles.18 Free

copper is able to inactivate cellular proteins by directly bind-

ing to cysteine residues19 and promotes oxidative stress and

ROS, which affects multiple cellular functions.20 Abnormal-

ities in the concentration of copper in cells may cause diseases

such as hepatolenticular degeneration, Menkes syndrome, and

familial amyotrophic lateral sclerosis. It is reported that the

levels of some trace elements could be affected by external

factors such as a chronic light/dark cycle.21,22 In this study,

we found that zinc and copper levels in the serum were

reduced after TBI in mice. Our results showed that both in

the time-dependent or dose-dependent group, the changes in

serum zinc and copper levels were consistent with the radia-

tion dose and time of injury after acute exposure, suggesting

that serum zinc and copper levels may be potential indicators

of biological radiation. Electromagnetic radiation, which is a

potentially harmful factor in the human body, has a different

effect on the levels of trace elements in serum compared with

ionizing radiation. There were no significant changes in the

levels of zinc and copper in rat serum after electromagnetic

radiation exposure.23 There was no time–effect or dose–effect

relationship between electromagnetic radiation exposure and

serum element levels, indicating that serum trace elements are

not suitable end points of biological dosimetry of electromag-

netic radiation.

Copper is a cofactor for many enzymes involved in redox

reactions and is used in biological systems for electron

transport,7and more importantly, it induces oxidative stress.

It directly catalyzes the formation of ROS via a Fenton-like

reaction24,25 and is capable of causing DNA strand breaks

and oxidation of bases via ROS.26 In addition, exposure to

elevated levels of copper significantly decreases the levels

of glutathione, a substrate for several ROS-removing

enzymes, and is present in cells at millimolar concentra-

tions, which suppresses copper toxicity by directly chelating

the metal.27,28 Excessive copper levels lead to an increase in

the level of intracellular oxidative stress, which triggers

damage that impedes cell proliferation and metabolic activ-

ity.29 Copper is easily absorbed from the diet in the small

intestine (*2 mg/d), bound to either serum albumin or his-

tidine, and is trafficked through the bloodstream for delivery

to tissues or stored in the liver.30 Because the intestine

proliferates quickly, it is more vulnerable to radiation-

induced injury.31 Higher doses of radiation (>10 Gy) cause

disastrous damage to gastrointestinal tissues. Malabsorption,

diarrhea, dehydration, and intestinal bleeding occurred

within 15 days after radiation and eventually led to death.32

Importantly, radiotherapy has been proven to be a mainstay

for the treatment of abdominal malignancies. However,

radiation-induced gastrointestinal syndrome is a significant

limiting factor, which restricts maximum doses of radiation

and the efficiency of the therapy.33 To date, the crucial

molecular mechanisms regulating epithelial cell death

underlying radiation-induced gastrointestinal injury have not

been completely illustrated. Herein, we found that copper

potentiated radiation-induced ROS and reduced cell viability

of intestinal cells. Therefore, it is likely that the deposition

of copper in the small intestine during ionizing radiation

may be associated with the progression of radiation-

induced intestinal injury. Moreover, copper accumulated in

intestinal cells and irradiated mouse intestines with

increased expression of copper transporter Ctr1. The Ctr1

is a 23-kDa protein that has 3 transmembrane segments and

oligomerizes to form a functional trimer, which has a

unique pore for the transport of copper.34 Our results indi-

cate the involvement of Ctr1 in radiation-induced intestinal

damage. However, this link merits further investigation.

Thus, dysregulated copper homeostasis by Ctr1 may become

a novel therapeutic target for radiation-induced intestinal

injury.
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Figure 5. Effect of Cu2þ on the radiation-induced ROS and cell viability after irradiation. A, Both HIEC and IEC-6 cells were treated with CuCl2
(40 mM) and irradiated with different doses, and cell ROS were observed with a fluorescence microscope at 24 and 48 hours. Both HIEC and
IEC-6 cells were treated with different concentrations of CuCl2 and irradiated with different doses. Cell proliferation was measured with a
CCK-8 cell viability assay (B) 24 and (C) 48 hours after radiation. CCK-8 indicates Cell Counting Kit-8; HIEC, human intestinal epithelial cell;
ROS, reactive oxygen species.
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