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Introduction

	 Since the hypothesis of hormesis was reported in 
1982 by Luckey, people have had some new understand 
on this problem (Day et al., 2007; Ramola et al., 2010, 
2012; Walsh & Kaiser, 2011; Rautela et al., 2012). The 
epidemiology showed that the incidence of tumor was 
not increased in those people who were workers in A-test 
place, victims receiving low dose radiation in explosion 
of atom-bomb and atomic accidents, medical staff in 
radiology department and patients receiving radiation 
treatment. On the contrary, it decreased (Ramola et al., 
2010, 2012; Rautela et al., 2012). 
	 Study showed immune function in these people was 
up-regulation, so tumor growth was inhibited (Little, 
2009, 2010; Walsh & Kaiser, 2011 Little et al., 2012). 
The immune hormesis induced by low dose radiation has 
been proved in lymphocyte, macrophage and natural killer 
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Abstract

	 Objective: Low dose radiation may stimulate the growth and development of animals, increase life span, 
enhance fertility, and downgrade the incidence of tumor occurrence.The aim of this study was to investigate the  
antitumor effect and hormesis in an erythrocyte system induced by low-dose radiation. Methods: Kunming strain 
male mice were subcutaneously implanted with S180 sarcoma cells in the right inguen as an experimental in situ 
animal model. Six hours before implantation, the mice were given 75mGy whole body X-ray radiation. Tumor 
growth was observed 5 days later, and the tumor volume was calculated every other day. Fifteen days later, all mice 
were killed to measure the tumor weight, and to observe necrotic areas and tumor-infiltration-lymphoreticular 
cells (TILs). At the same time, erythrocyte immune function and the level of 2,3-diphosphoglyceric acid (2,3-
DPG) were determined. Immunohistochemical staining was used to detect the expression of EPO and VEGFR of 
tumor tissues. Results: The mice pre-exposed to low dose radiation had a lower tumor formation rate than those 
without low dose radiation (P < 0.05). The tumor growth slowed down significantly in mice pre-exposed to low 
dose radiation; the average tumor weight in mice pre-exposed to low dose radiation was lighter too (P < 0.05). 
The tumor necrosis areas were larger and TILs were more in the radiation group than those of the group without 
radiation. The erythrocyte immune function, the level of 2,3-DPG in the low dose radiation group were higher 
than those of the group without radiation (P < 0.05). After irradiation the expression of EPO of tumor tissues 
in LDR group decreased with time. LDR-24h, LDR-48h and LDR-72h groups were all statistically significantly 
different from sham-irradiation group. The expression of VEGFR also decreased, and LDR-24h group was the 
lowest (P < 0.05). Conclusion: Low dose radiation could markedly increase the anti-tumor ability of the organism 
and improve the erythrocyte immune function and the ability of carrying O2. Low-dose total body irradiation, 
within a certain period of time, can decrease the expression of hypoxia factor EPO and VEGFR, which may 
improve the situation of tumor hypoxia and radiosensitivity of tumor itself. 
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(NK) cells (Day et al., 2006, 2007; Halliday & Rana, 2008; 
Meng et al., 2012). 
	 The effect of low dose radiation on erythrocyte 
immune function, the ability of carrying O2 is not reported. 
This study explored the effect of low dose radiation on 
tumor growth and erythrocyte immune function, the ability 
of carrying O2, and illuminates further the mechanism of 
hormesis of low dose radiation.
	 Radiotherapy and chemotherapy are now the main 
methods to treat malignant tumors. However, both of 
the treatment can injury the human body inevitably by 
inhibiting the immune function, which influences the 
clinical treatment. Some patients with malignant tumors 
died of the complications related to the inhibition of 
immune function. How to improve these patients’ immune 
function has become a baffling question in clinical work. 
There have been some reports that low dose radiation had 
exciting effects on lymphocytic immune function (Day 
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et al., 2006, 2007; Halliday & Rana, 2008; Meng et al., 
2012). But there have been few reports about the effects 
of low dose radiation on erythrocyte immune function. 
This study explored the effects of low dose radiation on 
tumor growth and changes of erythrocyte immune function 
and the level of 2,3-diphosphoglyceric acid (2,3-DPG) in 
tumor-bearing mice. The study may provide theoretical 
evidence for the clinical use of low dose radiation.
	 Low-dose radiation (LDR), proven in many studies, 
can enhance immunity and anti-tumor effect in vivo 
through various means. Total body irradiation with 75mGy 
has the most significant effect.
	 However, the tumor-inhibitory mechanism of low-dose 
radiation is currently no unified opinion. By studying 
the effect of LDR on EPO, VEGFR of tumor tissues in 
mice bearing S180 sarcoma, we explore the molecular 
mechanism of tumor-inhibition, hypoxic improvement 
induced by LDR.
 
Materials and Methods

Animals and grouping
	 Kunming strain male mice were randomly divided into 
five groups: (1) normal control group (2) pre-LDR group  
(3)  sham- pre-LDR group. (4) sham-irradiation (S) group  
(5) low-dose radiation (LDR) group: The mice in LDR 
group were randomly divided into 5 groups, executed 
them at 6h (LDR-6h group), 12h (LDR-12h group), 24h 
(LDR-24h group), 48h (LDR-48h group) and 72h (LDR-
72h group) after irradiation. The mice in S group were 
executed at 6h after exposure.
 	 All these mice were raised routinely with un-limited 
water and food. This study was carried out in strict 
accordance with the recommendations in the Guide for 
the Care and Use of Laboratory Animals of the National 
Institutes of Health. The animal use protocol has been 
reviewed and approved by the Institutional Animal Care 
and Use Committee (IACUC) of the Affiliated Hospital 
of Medical College, Qingdao University.

Radiation conditions
	 BeiJing F34-1 deep X-ray machine (BeiJing, China), 
voltage 200kv, electric current 10mA, filter 0.5mm Cu+ 
1.0mmAl was used. The mice in the LDR group and pre-
LDR group were packed in self-made paper box, and given 
whole body radiation, 75 mGy (total dosage), 12.5 mGy/
min, source skin distance (SSD) was 172 cm.

S180 sarcoma cell implantations
	 S180 sarcoma cells brought from Chinese Medical 
Science Institue.S180 sarcoma cells were generated for 
two generations in the abdomen of the mice. The cell 
solution in logarithmic growth phase was made (1×107 
cells/ml). The mice except those in the normal control 
group were implanted with S180 sarcoma cells with 0.1 
ml (total 1×106 cells) in right inguen subcutaneously.

Tumor growth observation and biopsy examination
	 Six hours before implantation, the mice in the pre-LDR 
group were given 75 mGy whole body X-ray radiation. 5 
days after implantation of S180 sarcoma cells, the mice’s 

tumor growth was observed every other day by measuring 
the maximum horizontal diameter (a) and the maximum 
vertical diameter (b) twice with slide gauge and then the 
average values were calculated. The tumor’s volume 
(V) was calculated with the formula: V=1/2ab2 (Yu et 
al., 2007). Then the tumor’s growth graph was drawn. 
15 days after implantation, the mice were sacrificed and 
the tumor was separated from the body of the mice. The 
subcuteneous fats were got rid of, and the tumor part was 
weighed. The tumor was fixed by 10% formalin for several 
days, sliced, and HE dyed. The tumor’s necrosis areas and 
the lymphocytes invasion were observed.

Erythrocyte immune function, the level of 2,3-DPG 
determination
	 The materials of erythrocyte immune were provided 
by professor GuoFeng in Affilitated CangHai Hospital of 
the second military Medical University. 15 days after the 
implantation, blood was taken from the venous sinus of the 
right eye of the mice, anticoagulated by heparin, and then 
detected the erythyocyte immune function, the level of 
2,3-DPG. Erythyocyte immune function was detected by 
the method of GuoFeng (Mauriello et al., 2013). The red 
blood cell’s surface’s C3b receptor rate (RBC-C3bRR) and 
red blood cell’s immune compound rate (RBC- IcR) were 
determined. 2,3-DPG in red blood cell was determined by 
spectrophotometric method, and operated according to the 
specification strictly, presented by umol/gHb. 

EPO and VEGFR determination
	 Completely dissected subcutaneous tumor nodules, 
generally observed the tumor specimens with unaided 
eyes, weighed the tumor specimen in the balance 
with accuracy of 1mg, then rapidly fixed them in 10% 
formaldehyde solution.PowerVisionTM two steps method 
immunohistochemical staining was used to detect the 
expression of EPO and VEGFR. Replace Primary antibody 
by PBS as negative control, the known positive biopsy as 
a positive control. Randomly prepared each sample into 5 
slices, each of which was observed 10 high-power fields 
(400X) under microscope to count the expression rates 
of EPO and VEGFR (expression rate=positive cells/all 
counting cell×100%).

Statistical analysis
	 Measurement data were all expressed by mean±standard 
deviation (x±s). T-test was used to compare two groups. 
Student-Newman-Keuls test was used to analyze multi-
group data. Numeration data was analyzed by X2-test.

Results 

The inhibition effects on tumor occurrence
	 The mice pre-exposed to low dose radiation had a 
lower rate tumor occurrence than those without low dose 
radiation (P < 0.05). The former was 75.00% (30/40), 
while the latter was 97.29% (36/37).

The inhibition effects on tumor growth
	 From the 5th day after implantation of S180 sarcoma 
cells, the tumor’s size was calculated every other day, 
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Table 1. Effects of Low Dose Radiation on the Tumor 
Growth (cm3)
Days after              Group without	              Group with
implantation	     radiation 	                 radiation

5	 0.202±0.096  	 0.167±0.091
7	 0.369±0.228	 0.290±0.122*
9	 0.748±0.485	 0.393±0.199**
11	 1.331±0.927	 0.598±0.375**
13	 1.407±0.672	 0.645±0.483**
15	 1.318±0.526	 0.679±0.378**

*P<0.05; **P<0.01		

Table 2. Effects of Low Dose Radiation on Erythrocyte Immune Function, Level of 2,3-DPG and Activity of 
SOD
Groups    		    	         n	                                      Erythrocyte immune function	                2,3-DPG (umol/gHb)
					     C3bRR (%)	                    IcR (%)		

Normal control  	 40	 17.1±2.8	 3.2±1.8 		  39.6±20.1	 20131±552.2
Group without radiation	 37	 9.6±3.7*	 7.3±1.7*		  25.1±12.3*	 14903±631.0*
Group with radiation	 30	 16.8±4.0	 4.8±1.9		  32.8±14.5 	 19047±715.2 

compared with normal control groups, *p<0.05				  

Figure 1. A) The necrosis areas of the group radiation. B) 
The necrosis areas of the low dose radiation group. C) Tumor-
infiltrating lymphocytes (TIL) of the non-radiation. D) TILs of 
the low dose radiation group

which is showed in Table 1. The tumor sizes of mice of 
the pre-exposed to low dose radiation group were lower 
than those of the group without low dose radiation from 
the 7th day, especially from the 9th day to 15th day (p < 
0.01).

Tumor’s biopsy examination
	 15 days after the implantation, the mice were 
sacrificed, separated tumor and weighed the tumor, The 
tumor’s average weight of the mice in the low dose 
radiation group on the 15th day was (0.743±0.210) g, 
which was lower than those of the group without low dose 
radiation ,which was (1.330±0.298) g, the two groups were 
significantly different (p < 0.05). The histological feature 
of maximum cross-section under microscope was that the 
mice in the low dose radiation group had more necrosis 
areas and significantly more lymphocytes compared with 
those in the group without low dose radiation (Figure 1).

Effects of low dose radiation on erythrocyte immune 
function and level of 2,3-DPG 
	 The mice pre-exposed to low dose radiation had higher 
RBC-C3bRR, RBC- IcR, intracellular concentration of 
2,3-DPG than those without radiation (p < 0.05), but there 
is no significant difference compared with normal control 
group (p > 0.05) (Table 1).

LDR induced impact on expression of EPO in tumor 
tissues
	 Analysis of EPO-positive index showed there were 
significant differences in statistics compared LDR-24h 
group with S group (p<0.05), LDR-48h and LDR-72h 
with S group (p<0.01), LDR-24h with LDR-48h (p<0.05, 
Table 2).

LDR induced impact on expression of VEGFR in tumor 
tissues
	 Semi-quantitative analysis of VEGFR expression 
showed there were significant differences in statistics 
compared LDR-12h group with S group (p<0.05, Table 
2).
 
Discussion

The hormesis of low dose radiation manifest in many 
facet, for example, we have proved that low dose radiation 
may stimulate the growth and development of animal, 
increase in life span, enhance the fertility, degrade the 
incidence of tumor occurrence (Gur’eva et al., 2007; 
Tsetlin et al., 2008; Doss, 2012). Epidemiology research 
showed the mortality of the inhabitant in high radiation 
background involved a downward direction. Epidemiology 
research in 48 states in America showed there was negative 
correlation between the level of natural radiation and the 
standard mortality of carcinoma (Correa et al., 2013). The 
result of research in high radiation background in Indian 
was the same with that of America (Van Bocxlaer et al., 
2009). The incidence of leucocythemia in the survivors of 
A-bomb in Japan who had received 6.0-9.0cGy radiation 
was lower than those in the control groups, the former was 
0.014×10-5, while the latter was 0.064×10-5 (Ozasa et al., 
2012; Sakata et al., 2012). The mortality of inhabitants 
in natural high radiation background in GuangDong 
province was also lower than those in the control groups, 
the mortality of carcinoma was 44.66×10-5 and 51.00×10-5 
separately (Raabe, 2010).

Low dose radiation can decrease and inhibit the 
occurrence of tumors by activating immune system. Our 
study showed that the mice pre-exposed to low dose 
radiation (75 mGy X-ray for whole body) may lead to 
stronger inhibition on tumors than those without low dose 
radiation, which is in accordance with the results of other 
reports (Zeeb et al., 2012).

Studys showed that low dose radiation could inhibit 
the growth and transfer of tumor under some conditions. 
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The inhibition effects of low dose radiation on tumor 
growth were gained by the enhancement of immune 
function that was through the whole regulation of every 
system of organism, not through directly killing tumor 
cells by radiation. As reported by Liu et al. (2010), low 
dose radiation could accelerate the production, maturation 
and renewal of immune cells and then enhance immune 
function of organism. Another possible mechanism was 
the relieving inhibition of immune system through down-
reguation of hypothalamus-pituitary-adrenal axis after 
low dose radiation for whole body (Reissfelder et al., 
2011). The tumor interstitial cell invasion is thought a 
local immune reaction, which indirectly reacts to body’s 
immune function. Horst’s study showed that tumor’s 
invasion lymphocytes (TIL) had 50 to 100 times more 
defensive effects than lymphokine-activated killer (LAK) 
cells, so TIL can be as an evaluation index of body’s 
immune function (Jiang et al., 2013). Our research 
showed that low dose radiation could decrease the tumor 
occurrence and slow down the tumor growth, which was 
in accordance with other reports. In addition, we observed 
through the pathological section of tumor that low dose 
radiation could enlarge tumor’s necrosis areas and more 
TILs could be found in tumor tissue under the microscope 
after low dose radiation. All these indicated that low dose 
radiation could activate mice’s defensive system and 
improve anti-tumor ability, as a result, implanted tumor 
cells were inhibited and tumor growth was slowed down.

For long time, people thought that lymphocytes played 
very important roles in body’s immune system, while red 
blood cells could only transmit gas such as oxygen and 
carbon dioxide. Since the concept of erythrocyte immune 
was advanced, the new domain of immune system of 
organism was opened up (Cremel et al., 2013). Studys 
showed red blood cell can adhere to tumor cells by the 
surface’s C3b receptor (C3bR), formed immunocomplex, 
which could be easily eaten by macrocytes. In the 
peripheral blood, red blood cells (RBCs) are about 103 
times more than white blood cells (WBCs), and easier to 
contact with circular immunocomplex, which then can 
be eaten by macrocytes. RBC’s C3bR may be blocked 
with the inhibition of body’s immune function and the 
increase of circular immunocomplexes. Thus, large 
amount of circular immunocomplexes may stay at tissues 
and organs, which may lead to immune injury. Some 
studies showed that the immune function of erythrocytes 
is positively correlated with that of the lymphocyte (Kwak 
et al., 2012). The erythrocyte immune function can be 
determined with only a small sample of blood, so it’s 
clinically easy and useful and can substitute lymphocyte 
immune function examination.Red blood cells could also 
produce NKEF (Natural Kill Cell Enhancement Factor), 
enhanced the function of natural killer (NK) cells and 
the lethal effect on tumor. Erythrocyte immune function 
in tumor patients was lower than normal people, so it 
was perhaps linked to tumor occurrence (de Carvalho 
Lins et al., 2004). The effect of low dose radiation on 
erythrocyte immune function has not been reported. Our 
study showed that mice’s erythrocyte immune function 
was inhibited after tumor cells implantation and both 
RBC- C3bR’s activity and RBC- C3bRR decreased while 

circular immunocomplex and RBC-IcR increased. After 
being given low dose radiation, mice with implantation 
tumor had the same erythrocyte immune function as 
normal mice, which suggested that low dose radiation 
has hormesis on erythrocyte immune function. Tumor 
inhibition effects induced by low dose radiation are 
closely related to the improvement of erythrocyte immune 
function. But its mechanism is still not very clear, which 
needs further investigation.

Maturated red blood cells have no cellular nucleus 
and mitochondrion, and obtain energy through 
anaerobicglycolysis. 2,3-DPG is the important 
intermediate product in anaerobic glycolysis and plays 
an important role in  regulating hemoglobin carrying 
oxygen. Oxygen dissociation curve moves right when 
2,3-DPG content increase in red blood cells, as a result,  
oxygen and hemoglobin dissociate, so 2,3-DPG can 
represent the function of the ability of carrying oxygen 
of red cells. Our study showed low dose radiation could 
speed up the anaerobic glucolysis in red blood cells, 
increased the content of 2,3-DPG and then enhanced the 
ability of carrying oxygen.The exciting effect of low dose 
radiation on 2,3-DPG of erythrocyte might be one of the 
mechanisms of the enhancement of erythrocyte immune 
function.

The optimum dose for hormesis of low dose radiation 
is not reported. Some researcher thought it was suitable 
for mice to receive whole body 5.0 or 10.0 cGy one 
time (Vaiserman, 2010). The time length of hormesis 
of low dose radiation has not reached agreement. Some 
researchers (Pandey & Rizvi, 2011) reported that the 
enhancement of immune function could persist for 
several weeks under single or chronic irradiation. Other 
researches (Jolly & Meyer, 2009) showed that single 
fraction irradiation could enhance immune function, this 
reaction would last for 7 days, but not more than 14 days. 
Our study showed erythrocyte immune function was still 
excited 15 days after whole body low dose radiation by 
7.5cGy single fraction irradiation. However, the optimum 
irradiation dose and time length of erythrocyte immune 
system is to be further observation and investigation.

Many experimental studies and clinical data showed 
that when malignant tumor was hypoxic erythropoietin 
(EPO) was in high expression, the hypoxic status could 
activate the vascular endothelial growth factor receptor 
(VEGFR) which promote the metastasis and recurrence 
of tumor, reduce the efficacy of radiotherapy and 
chemotherapy (Huang &Chen,2008). This study found 
that after low-dose total body irradiation on mice bearing 
S180 sarcoma, the EPO in tumor tissues was reduced, 
which indirectly reflect the hypoxic state in tumor tissues 
was improved.

Vascular endothelial growth factor receptor (VEGFR) 
is an important part of regulatory mechanism of growth 
and proliferation in normal human cells. VEGFR is 
widely expressed in human epithelial cells and stroma-
cells, high expressed in many kinds of human malignant 
tumors. It is related to tumor resistance, proliferation 
angiogenesis invasion and metastasis. High expression 
of VEGFR could lead to curative effect of lowering and 
clinical treatment failure, and ultimately promote tumor 
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development (Huang &Chen, 2008). The study found that 
after low-dose total body irradiation the expression of 
EGFR increased after a reduction. The reduction reached 
the minimum at 12h after irradiation, which is statistical 
significantly different from the S group (p<0.05). Studies 
had demonstrated that the expression of VEGFR in tumor 
tissue is positive correlated with its hypoxic state. When 
the tumor tissue is hypoxia, VEGFR high expressed. That 
Low-dose total body irradiation mobilizes immune system 
would reduce the expression of VEGFR in some way, 
and indirectly reflect the hypoxia situation in the tumor 
tissue, at the same time oppose the growth of tumors and 
reduce tumor invasion and metastasis within a certain 
period of time.

Studies have shown that at the beginning of the 
formation of solid tumors the nutrition for tumor cells 
relied on diffusion, but when the solid tumor grew to a 
diameter more than 1-2mm, diffusion would not meet the 
needs of the tumor to survive or grow, the ingrowth of 
new blood vessels is needed. Once the new vessels grow 
into the tumor, it would grow rapidly in turn. Folkman  
(Elbarghati et al., 2008) called this phenomenon “the 
balance for the angiogenesis switch”. In this process tumor 
cells were hypoxic, and the presence of hypoxia factors 
contributed to the high expression of HIF-1. The current 
study found that HIF-1 could promote high expression of 
vascular endothelial growth factor (VEGF), erythropoietin 
(EPO) by hypoxia response element. So that tumor cells 
can adapt to the microenvironment of hypoxia (Semenza., 
2000).

This experiment found that after low-dose total body 
irradiation to mice bearing S180 sarcoma, the expressions 
of EPO and VEGF were decreased. This on the one hand 
restrained tumor growth, metastasis and recurrence, on 
the other hand when tumor cells were hypoxic the activity 
of HIF-1 increased, and also improved the expressions of 
EPO and VEGF. The reduction of EPO and VEGF could 
reflect the activity of HIF-1 may decrease, which means 
low-dose total body irradiation could improve the hypoxia 
situation in the tumor tissue.
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