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Abstract 
Objective: Camellia nitidissima Chi, a Chinese medicine commonly used by ethnic minorities in Guangxi, China, is beneficial 
for clearing heat, detoxifying, inducing diuresis, and suppressing swelling. It has various pharmacological properties, including 
antitumor, anti-inflammatory, and antioxidant. However, its potential application in radioprotection remains unclear. In this study, 
we aimed to determine whether Camellia nitidissima Chi has radioprotective effects against radiation-induced gastrointestinal and 
hematopoietic damage.

Methods: The 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 
(ABTS) techniques were used to assess the ability of Camellia nitidissima Chi to scavenge free radicals. We conducted a 30-day 
survival rate experiment to evaluate the radioprotective capabilities of Camellia nitidissima Chi. Additionally, we developed models of 
radiation-induced intestinal and hematopoietic damage. Alterations in the white blood cell (WBC) count, total superoxide dismutase 
(T-SOD), glutathione (GSH), and protein expression linked to apoptosis were observed.

Results: Camellia nitidissima Chi scavenged 84.72% and 93.47% of DPPH and ABTS, had a certain radiation protection potential, 
and increased the survival rate of mice to over 90%. Moreover, following exposure, Camellia nitidissima Chi enhanced WBC, 
T-SOD, and GSH levels. Camellia nitidissima Chi increased B-cell lymphoma-extra large (BCL-XL) expression and suppressed Bcl-2 
associated X protein (BAX) expression, providing radioprotection to cells.

Conclusions: Camellia nitidissima Chi has a strong antioxidant ability; it can improve the survival rate of mice after lethal dose 
irradiation and protect against radiation-induced hematopoietic and gastrointestinal damage. These findings can serve as a guide 
for using Chinese medicines for radioprotection.
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Introduction

Exposure of organisms to ionizing radiation often leads 
to acute radiation syndrome (ARS)[1,2]. When the entire 
body or a portion of it is exposed to high radiation 
doses in a brief amount of time, the organism’s water 
molecules are impacted, and various free radicals, or 
ROS, are ionized. This leads to oxidative stress and 
other reactions that cause damage to the organism[3,4]. 
Ionizing radiation can also act on other substances in 
the body, causing apoptosis and subsequently affecting 
homeostasis[5]. Total body irradiation (TBI) and total 

abdominal irradiation (TAI) can lead to ARS, including 
hematopoietic, gastrointestinal, and cerebrovascular 
diseases.

Many drugs have been reported to reduce radiation- 
induced hematopoietic damage[6] as well as damage to the 
gastrointestinal tract and other systems, including ampho-
tericin[7], melatonin[8], and N-acetylcysteine[9]. These drugs 
seriously interfere with optimal treatment due to their 
numerous side effects (vomiting, nausea, and hypotension), 
rapid clearance, and off-target effects[10]. Therefore, the 
search for novel radioprotective agents has become urgent.
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Global attention to natural medicines has had a grow-
ing impact on pharmaceutical research and development. 
According to the World Health Organization (WHO), up 
to 80% of the population in many developing countries 
depend on natural medicines for treatment and recov-
ery, which account for a significant portion of the phar-
maceutical market in developed countries[11]. Chinese 
medicine is an important branch of natural medicine 
involving holistic treatment. In the development of mod-
ern Chinese medicine, various plants, such as Scutellaria 
baicalensis[12], Andrographis paniculata[13], Coix seed[14], 
and Green tea[15], have demonstrated various protective 
effects on radiation-induced multi-organ damage; more-
over, these medicines are popular because of their non-
toxic and broad-spectrum effects. Camellia nitidissima 
Chi (CNC), which is mainly distributed in the southern 
Guangxi Province, China[16], is known as the “panda of 
the plant world” and as a “longevity tea,” exerting multi-
ple effects such as liver protection[17], antitumor[18,19], and 
antioxidant activities[20]. It is widely used for treating 
hyperlipidemia[21], infectious diseases[22], cancer[19,23], and 
other diseases.

In this study, we first examined the antioxidant capac-
ity of CNC using both the 1,1-Diphenyl-2-picrylhydrazyl 
(DPPH) and 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) methods, monitored the effect of 
CNC administration on the survival rate of mice after 
lethal dose irradiation, evaluated the protective effects of 
CNC on the hematopoietic system damaged by systemic 
irradiation and the gastrointestinal system damaged by 
local irradiation, and conducted a preliminary explora-
tion of its potential mechanism of action. In conclusion, 
CNC can be developed as a herbal protective agent for 
radiation protection.

Materials and methods

Chemicals and reagents

DPPH free radical (DPPH) was purchased from TCI 
(Shanghai, China), ABTS was purchased from Beyotime 
Biotechnology (Shanghai, China), and Trolox (a vita-
min E analog) was purchased from Aladdin (Shanghai, 
China). The BCL-2 inhibitor, navitoclax, was purchased 
from MCE (NJ, USA). Dulbecco’s modified Eagle’s 
medium (DMEM) and Dulbecco’s modified Eagle’s 
medium/nutrient mixture F-12 (DMEM/F12) were 
purchased from Thermo Fisher Scientific (Waltham, 
MA, USA). Fetal bovine serum (FBS) was obtained 
from Biological Industries (Panama, Israel) and pen-
icillin-streptomycin was obtained from Beyotime 
Biotechnology.

Plant materials and extract preparation

CNC was purchased from Fangchenggang, Guangxi, 
China; it was harvested in September 2020, dried, 
ground, sieved through a 40-sieve, sealed, and stored at 
room temperature under dry conditions.

Water extracts were prepared using the decoction 
method. Briefly, 50 g of CNC was mixed with 1,000 mL 
of deionized water at a ratio of 1:20 (mass:volume), 
heated to 100°C, boiled, and then filtered after 1 hour 

of decoction. Then, 1,000 mL of deionized water was 
added to the filter residue, heated again to 100°C, 
boiled for 1 hour, and then cooled naturally to obtain 
the secondary filtrate. The two filtrates were combined 
and stored in a sealed container at low temperature 
[Supplementary Figure 1, http://links.lww.com/AHM/
A131].

DPPH assay

We used a total of 20 μL of different CNC concentra-
tions and added 180 μL of DPPH solution (200 μmol/L). 
After 30 minutes of incubation at 25°C in the dark, the 
absorbance at 517 nm was measured, and the DPPH rad-
ical scavenging rate of CNC was calculated.

The inhibition of DPPH = [(Ablank − ACNC)/Ablank] × 100%,  
ACNC is the absorbance of the tested sample, and Ablank is 
the absorbance of the blank (a solvent mixture instead 
of the sample solution was mixed with the DPPH radical 
solution).

ABTS assay

As per the manufacturer’s instructions, the ABTS work-
ing solution was preconfigured for 12 to 16 hours in 
time and diluted 50 times during use. Then, 10 μL CNC 
with different concentrations was prepared, and 200 μL 
ABTS working solution was added. After incubation in 
the dark for 5 minutes, absorbance was measured at 
405 nm.

The inhibition of ABTS = [(Ablank − ACNC)/Ablank] × 100%,  
ACNC is the absorbance of the tested sample and Ablank is 
the absorbance of the blank (a solvent mixture instead 
of the sample solution was mixed with the ABTS radical 
solution).

Animals

Specific pathogen-free (SPF) male C57BL/6 mice 
[6–8 weeks old, (18 ± 2) g] were obtained from HFK 
Bioscience (Beijing, China) and maintained under 
SPF conditions at the Animal Facility of Radiation 
Medicine, Chinese Academy of Medical Sciences (IRM). 
All the mice were housed at a relative humidity of 
40% to 60%, a housing temperature of 18°C to 25°C, 
and under a 12-hour dark/light cycle. This study was 
reviewed and approved by the Animal Ethics Committee 
of the Institute of Radiation Medicine, Chinese 
Academy of Medical Sciences, under the ethics num-
ber: IRM-DWLL-20211218, IRM-DWLL-20211219, 
IRM-DWLL-20211220.

Groups and administration

For the survival experiment, 40 mice were randomly 
divided into four groups: radiation and radiation + CNC 
(0.4, 0.8, and 1.2 g/kg), administered by gavage once 
daily for 5 days before and 7 days after irradiation.

For the experiment on radiation damage to the hema-
topoietic system, 50 mice were randomly divided into 
five groups: control, radiation, and radiation + CNC 
(0.4, 0.8, 1.2 g/kg) by gavage administration for 5 days 
before and 7 days after radiation.

http://links.lww.com/AHM/A131
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For the radiation-induced intestinal injury experiment, 
50 mice were randomly divided into five groups: control, 
radiation, and radiation + CNC (0.4, 0.8, and 1.2 g/kg).

Radiation

A Gammacell® 40 Exactor 137Cs γ-ray source (Best 
Theratronics, Canada) was used for irradiation at doses 
of 7.2, 4, and 13 Gy at a dose rate of 0.99 Gy/min.

The survival rate experiment (7.2 Gy) and hema-
topoietic system damage experiment (4 Gy) involved 
whole-body irradiation, whereas the radiation-induced 
intestinal damage experiment (13 Gy) used a partial irra-
diation method[24–27].

30-Day survival assay

Daily survival data were collected from the experimental 
mice in each group following 7.2 Gy of irradiation. All 
surviving mice were sacrificed using isoflurane overdose 
anesthesia on the 30th day after irradiation, and the sur-
vival rate and survival time of the mice were analyzed.

Hematological parameter measurement

On the seventh day after 4 Gy TBI, blood samples were 
collected from the mice under isoflurane respiratory 
anesthesia in anticoagulation tubes containing ethylene-
diaminetetraacetic acid dipotassium (EDTA-K2) using 
the enucleation method. Red blood cell (RBC), white 
blood cell (WBC), platelet (PLT), hemoglobin (HGB), 
and lymphocyte (lymph) counts were determined using 
a hematological analyzer (BC-2800vet Fully Automated 
Hematology Analyzer, Shenzhen, China).

Analysis of bone marrow nucleated cells from the femur

The unilateral femurs of the mice were removed, and 
1 mL of pre-chilled PBS was withdrawn using a sterile 
syringe and gently injected into the bone marrow cav-
ity of the femur. The bone marrow cells (soft red tissue 
within the bone) were slowly flushed out and collected 
until all the red bone marrow was removed and the bone 
turned white. The collected bone marrow cell suspension 
was placed on ice, shaken, filtered through a 200-mesh 
sieve, and analyzed using a hematological analyzer to 
determine the number of nucleated cells.

Organ index assay

After the experiment, we removed and weighed the 
spleen, thymus, gonads, pancreas, lungs, and kidneys of 
each group of mice.

Total superoxide dismutase (T-SOD) and glutathione 
(GSH) assay

The fresh livers of the mice in each group were harvested 
and mechanically homogenized by adding pre-cooled 
normal saline to produce a 10% homogenate in an ice 
water bath at 7 days after irradiation. The homogenate 
was centrifuged at 3,000 rpm/min for 10 min, and the 
supernatant was removed.

The BCA method (Shanghai, China) was used to 
determine the protein concentration in the liver tissue, 
and total superoxide dismutase (T-SOD) activity and 
GSH content were determined per the manufacturer’s 
instructions (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China).

Hematoxylin and eosin (H&E) staining

At 3.5 days post-irradiation, the mice were eviscerated, 
and the colon was collected and fixed in a 10% neu-
tral buffered formalin solution, embedded in paraffin, 
and sectioned transversely to a thickness of 5 μm, then 
stained with H&E to observe the intestinal histological 
changes in the mice.

Colon length

On the 3.5th day after irradiation, when the samples 
were taken from the mice in each group, the abdomens 
of the mice were opened, and the cecum was cut off from 
the cecum of the mice to the anus of the mice and placed 
in utensils. Their lengths were then measured and photo-
graphed for preservation.

Diarrhea score

After local irradiation with 13 Gy, the fecal status of 
each group of mice was detected every day and scored 
(Table 1): 0 was a normal stool, 1 indicated that the 
feces had lost their existing shape, 2 indicated signif-
icant dysentery and significant filth near the anus, 3 
indicated the presence of bloody stools or severe dys-
entery, as well as large amounts of muck in the tail and 
anus[28,29].

RT-qPCR

Total RNA was extracted from 40 mg of colon sam-
ples using TRIzol reagent (CW0580, CWBIO). RNA 
concentration was measured using an ultra-micro 
UV spectrophotometer. Next, genomic DNA was 
removed, and the RNA was reverse transcribed using 
a HiFiScript gDNA Removal cDNA Synthesis Kit 
(CW2582M, CWBIO) per the manufacturer’s instruc-
tions. Next, 2 μL of the prepared cDNA was used for 
detection using real-time quantitative fluorescence 
PCR (ABI 7500 real-time fluorescence quantitative 
PCR instrument; Applied Biosystems, USA). β-Actin 
was selected as the internal reference gene. The prim-
ers used in this experiment were synthesized by Sangon 
Biotech [Supplementary Data, http://links.lww.com/

Table 1

Diarrhea status and scoring criteria in mice

State of feces Score

Normal shape 0

Lost original shape 1

Apparent dysentery with anal fouling 2

Severe dysentery with bloody stools 3

http://links.lww.com/AHM/A132
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AHM/A132]. Real-time quantitative PCR results were 
analyzed using the 2−ΔΔCt method, and mRNA expres-
sion levels were expressed as fold change relative to the 
mean of the control group.

Cell culture

Human normal intestinal epithelial cell line HIEC-6 and 
human colon cancer cells HT29 were purchased from 
Zhongqiaoxinzhou Biotechnology (Shanghai, China) 
and cultured in DMEM or DMEM/F12 medium supple-
mented with 10% FBS and 1% penicillin/streptomycin, 
at 37°C, with 5% CO2.

Cell viability assay

Cells in the logarithmic growth phase were inocu-
lated into 96-well plates at a density of 3,000 cells/
well; and different CNC concentrations were added 
and incubated for 24, 48, and 72 h, followed by 
methylthiazolyldiphenyl-tetrazolium bromide (MTT) 
addition (ST316; Shanghai, China). After incubation 
for 4 h, the absorbance was measured at 570 nm using 
an ELISA reader (Tecan, Switzerland) to compare 
the effects of different CNC concentrations on cell 
viability.

Clone formation experiments

Cells in the logarithmic growth phase were inoculated 
into 24-well plates at a density of 50 cells/well and incu-
bated at 37°C for 24 h. CNC was added (30 or 300 μg/
mL), and after 2 h, the cells were irradiated at 2, 4, 6, and 
8 Gy. Thereafter, 14 days after irradiation, colonies were 
stained with crystal violet solution and counted.

Western blot analysis

Total protein extracts were subjected to sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to a polyvinylidene fluoride 
(PVDF) membrane. Membranes were blocked with 5% 
skim milk powder for 2 h. The antibodies were diluted 
and incubated overnight at 4°C. After washing with 
PBST, the membranes were incubated with horseradish 
peroxidase (HRP)-conjugated anti-goat, anti-mouse, or 
anti-rabbit secondary antibodies and then imaged using 

a multifunctional molecular imaging system (Alliance 
MINI HD9, USA) by enhanced chemiluminescence 
(Beyotime Biotechnology).

The antibodies used in the experiments were purchased 
from Proteintech (Wuhan, Hubei Province, China) and 
included poly ADP-ribose polymerase (PARP) (13371-1-
AP, 1:1000), Bcl-2 associated X protein (BAX) (13371-
1-AP, 1:2,000), B-cell lymphoma-extra large (BCL-XL) 
(26967-1-AP, 1:1,000), and β-actin (20536-1-AP, 
1:1,000).

Statistical analysis

Experimental data were processed and analyzed using 
the GraphPad Prism 8.0.1 statistical analysis software. 
Statistical significance of the differences between the 
means was established using ANOVA. P values ≤0.05 
were considered statistically significant.

Results

CNC has better free radical scavenging ability

Radiation produces numerous free radicals such as 
reactive oxygen species, which can disrupt the redox 
balance of the body and induce a series of pathological 
conditions[30]. To investigate whether CNC can scav-
enge free radicals, we used DPPH and ABTS assays[31–32]. 
The results demonstrated that CNC had a significant 
anti-oxidation ability for both DPPH and ABTS rad-
icals compared to Trolox (a water-soluble vitamin E 
analog), a commonly used antioxidant, and there was 
no significant difference in their antioxidant capacity. 
The scavenging rate of CNC for DPPH radicals was 
86.9% (Figure 1A), and that for ABTS radicals was 
93.47% (Figure 1B), indicating significant free radical 
scavenging ability.

These results confirm that CNC has antioxidant 
potential in vitro; however, their potential for radiation 
protection remains to be determined.

CNC exerts radioprotection by promoting intestinal epithelial 
cell proliferation and increasing cell viability

We used an MTT assay to measure the effect of CNC 
on the viability of HIEC-6 intestinal epithelial cells[33]. 
The results demonstrated that the CNC had no signifi-
cant toxic side effects on HIEC-6 cells while increasing 

Figure 1.  Detection of the in vitro antioxidant capacity of CNC at different concentrations. (A) DPPH assay was used to detect the antioxidant 
capacity of CNC. (B) The antioxidant capacity of the CNC was determined using the ABTS method. n ≥ 3 in each group. ABTS: 2,2'-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid); CNC: Camellia nitidissima Chi; DPPH, 1,1-Diphenyl-2-picrylhydrazyl.

http://links.lww.com/AHM/A132
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cell viability (Figure 2A–C). At the same time, CNC 
had no radioprotective effect on colon cancer cells 
HT29 and demonstrated some inhibitory suppressive 
effect at higher drug concentrations, similar to 1 mg/
mL (Figure 2D). This suggests that the drug likely ame-
liorates the damage caused by radiation. Therefore, we 
performed a colony formation assay to examine the 
effect of the drug on the proliferative capacity of irradi-
ated cells[34]. Briefly, cells were treated with CNC at 30 
and 300 μg/mL based on the effect of different concen-
trations on HIEC-6 cell viability in the MTT assay and 
the consideration that CNC itself is not toxic to cells as 
a radioprotective agent.

The cells treated with CNC were irradiated at 
different doses (2, 4, 6, and 8 Gy) and stained with 
crystal violet. We found that the number of cells in 
the irradiated group decreased as the radiation dose 
increased. When the radiation dose reached 8 Gy, 
the cell survival rate was almost zero (Figure 2E, F). 
When the radiation dose was 0 Gy, CNC treatment 
significantly promoted cell proliferation compared 
to the blank group. When the irradiation dose was 
increased to 2, 4, 6, and 8 Gy, the CNC treatment 
groups demonstrated a significant increase in the 
number of cell colonies compared to the untreated 
cells. These results indicated that CNC could improve 

Figure 2.  CNC can increase intestinal epithelial cell viability, promote cell proliferation, and reduce radiation damage. Effects of different CNC con-
centrations on HIEC-6 cell viability at 24 (A), 48 (B), and 72 h (C). (D) The effect of CNC on HT29 cell viability. (E) Cell colony formation after CNC 
treatment. (F) Cell survival analysis. Data are expressed as the mean ± SD of three independent experiments (n = 3). A minimum of three indepen-
dent experiments were performed. #P < 0.05, compared with the control; ***P < 0.001, compared with the IR group. CNC: Camellia nitidissima 
Chi; IR: Irradiated; SD: Standard deviation.
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the proliferative ability of HIEC-6 cells both with and 
without irradiation.

CNC improves the survival rate of mice exposed to lethal 
doses of radiation

Some studies have shown that at radiation doses of 6 
to 8 Gy, the body tends to exhibit intense ARS until 
death[35]. Simultaneously, to confirm whether CNC could 
scavenge radiation damage, we performed a survival rate 
experiment at a lethal dose of 7.2 Gy[36] (Figure 3A–C), 
and found that mice in the irradiated group began dying 
on the 13th day after irradiation and continued to die 
over time; however, mice treated with 0.4 g/kg did not 
die and demonstrated 100% survival throughout the 
experiment (Figure 3A). The survival rate of the mice 
with the 0.8 and 1.2 g/kg doses was 90% (Figure 3B, C), 
which was significantly higher than that in the irradiated 
group, indicating that CNC can play a protective role 
and improve the survival rate of mice exposed to lethal 
doses of radiation.

The median survival times in the irradiated group and 
all CNC dose groups were 21.5 and 30 days, respectively, 
further proving the radioprotective effect of CNC on 
mice (Figure 3D). In summary, CNC can scavenge DPPH 
and ABTS free radicals with an antioxidant capacity sim-
ilar to that of Trolox; furthermore, CNC can improve 
the survival rate of mice subjected to 7.2 Gy whole-body 
irradiation.

CNC improves the damage to the hematopoietic system 
caused by 4 Gy TBI

The hematopoietic system is particularly sensitive to radi-
ation, and TBI of 2-6 Gy has been reported to damage 

the hematopoietic system[35,37]. To verify the radioprotec-
tive effect of CNC, we subjected mice to TBI at 4 Gy 
with or without CNC administration (Figure 4A).

The first changes that occur after exposure to ionizing 
radiation are hematological[38]. We examined the rou-
tine blood indices in each group of mice after TBI with 
4 Gy and found that compared to the control group, 
the RBCs, WBCs, PLTs, HGB levels, and percentage of 
lymphocytes (lymph) in the peripheral blood of mice in 
the irradiated group decreased significantly after irradi-
ation (Figure 4B–F). In contrast, all routine blood indi-
ces of the CNC-treated mice were significantly better 
than those of the irradiated group (P < 0.05). We exam-
ined the number of nucleated cells in the bone marrow 
(Figure 4G) and found that radiation seriously damaged 
the hematopoietic function of the mice. However, the 
number of nucleated cells in the femoral bone marrow 
of the mice in the CNC administration group was sig-
nificantly higher than that in the irradiated group. This 
suggests that CNC alleviates radiation-induced damage 
to the hematopoietic system.

Similarly, the results of the organ indices demonstrated 
that the spleen and thymus organ indices in the irradi-
ated group were significantly decreased compared with 
those in the control group, whereas these were improved 
to some extent in the CNC group compared with those 
in the irradiated group. However, there was no signifi-
cant change in other organ indices compared with those 
in the irradiated group (Figure 5A–4G).

To verify whether CNC can exert antioxidant capac-
ity in vivo and scavenge a large number of free radi-
cals produced by radiation, we first measured T-SOD 
activity in the livers of mice (Figure 5H). The results 
demonstrated that the hepatic T-SOD activity of mice 
in the irradiated group was significantly lower than that 

Figure 3.  Effect of different CNC concentrations on the 30-day survival of mice exposed to a lethal dose of radiation (7.2 Gy). Differences in survival 
between the CNC and IR groups at different doses: (A) 0.4 g/kg, (B) 0.8 g/kg, and (C) 1.2 g/kg. (D) Comparison of the median survival times between 
the CNC and irradiated groups. n = 10 mice/group. A minimum of three independent experiments were performed. **P < 0.01 compared to the IR 
group, ***P < 0.001 compared to the IR group. CNC: Camellia nitidissima Chi; IR: Irradiation.
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in the control group, indicating damage to the antiox-
idant enzyme activity of the body caused by the large 
number of free radicals produced by radiation, which 
disrupted the redox balance[39]. However, compared 
to the irradiated group, the hepatic T-SOD activity of 
the CNC group was significantly higher (Figure 4H), 
indicating that CNC can exert antioxidant activity in 
vivo and scavenge radiation-generated free radicals to a 
certain extent to decrease the degree of damage to the 
organism. We also examined GSH content in the liver 
(Figure 5I). The hepatic GSH content of mice in the 
irradiated group was significantly higher than that in 
the control group, indicating that the content of non-
enzymatic antioxidants in the livers of mice was also 
affected by irradiation[39,40]. Compared to the irradiated 
group, the CNC-administered mice demonstrated sig-
nificantly higher GSH content in the liver, suggesting 
that CNC can exert antioxidant capacity in vivo and 
reduce radiation-induced damage.

CNC reduces radioactive intestinal damage caused by 
abdominal irradiation

Local irradiation at 8 to 15 Gy has been reported to cause 
gastrointestinal syndromes[41,42]. Therefore, to determine 

whether CNC plays a radioprotective role in local irradi-
ation, we used TAI at 13 Gy to generate a model of radi-
ation-induced damage to the gastrointestinal system and 
evaluated the radioprotective effect of CNC (Figure 6A).

Changes in body weight are often considered direct 
indicators of the protective effects in irradiated mice. 
We found that, compared with the control group, the 
body weight of irradiated mice decreased significantly, 
whereas the body weight of the CNC (0.4 g/kg) group 
was preserved with some significance (Figure 6B). Thus, 
CNC can reduce weight loss caused by irradiation to 
some extent. Colon length is often used to evaluate the 
severity of intestinal injury[43]. The colon length of the 
mice in each group was analyzed 3.5 days after irra-
diation (Figure 6C, D). The results demonstrated that 
compared with the control group, the colon length of 
mice in the irradiated group was significantly decreased; 
however, the colon length in the CNC-administered 
group was significantly higher than that in the irradi-
ated group.

High doses of radiation to the abdomen often dam-
age the gastrointestinal system, resulting in diarrhea[44]. 
Based on the fecal analysis of each group, we found that 
the control group demonstrated normal feces, whereas 
the irradiated mice demonstrated obvious blood and a 

Figure 4.  Protective effect of CNC against radiation damage to the hematopoietic system. (A). Duration of CNC administration and IR dose. 
Changes in peripheral blood cells: (B) RBCs, (C) WBCs, (D) PLT, (E) HGB, and (F) lymph. (G) Number of BMNC in mouse femora. n = 10 mice/group. 
A minimum of three independent experiments were performed. #P < 0.05, ##P < 0.01, ###P < 0.001 compared to the control; *P < 0.05, **P < 0.01, 
***P < 0.001 compared to the IR group. BMNC: Bone marrow nucleated cells; CNC: Camellia nitidissima Chi; HGB: Hemoglobin; IR: Irradiation; 
lymph: Lymphocyte percentages; PLT: Platelets; RBCs: Red blood cells; TBI: Total body irradiation; WBC: White blood cells.
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large amount of fecal residue near the anus, indicating 
severe damage to the intestine accompanied by severe 
diarrhea after irradiation (Figure 6E).

CNC ameliorates the intestinal villus and crypt injury caused 
by TAI

To investigate the effect of CNC on radiation-induced 
intestinal injury, we analyzed the histological changes in 
the colons of mice. H&E staining results demonstrated 
that 3.5 days after TAI with 13 Gy, the colons of mice 
in the irradiated group demonstrated significant changes, 
such as crypt destruction and shortening of villi, relative 
to those in the control group. Compared with the irradi-
ated group, the length of the villi in the colon of CNC-
administered mice was significantly longer (Figure 7A, B).

Because ionizing radiation can damage intestinal 
permeability and produce numerous inflammatory 
factors, thus affecting intestinal epithelial cell prolifer-
ation and differentiation, we analyzed the expression 

of these genes in mouse intestines[12,45]. The experimen-
tal results demonstrated that the mRNA expression of 
Lgr5, Axin2, and ZO-1 in the irradiated group was sig-
nificantly lower than that in the control group, whereas 
the interleukin-6 (IL-6) mRNA expression increased 
significantly, indicating that irradiation caused serious 
damage to the intestinal permeability. Compared to the 
irradiated group, the mRNA expression of Lgr5, Axin2, 
and ZO-1 was significantly higher in the CNC group, 
whereas the IL-6 expression was lower, indicating that 
CNC could prevent radiation-induced intestinal damage 
(Figure 7C–F).

CNC exerts radiation protection by inhibiting radiation-
induced cell death

We examined the expression of BAX, BCL-XL, and 
PARP using western blot analysis in each group of cells 
48 h after irradiation. The results demonstrated that 
the expression of BCL-XL was significantly decreased 

Figure 5.  Effect of CNC on organ indices and antioxidants in the body after total body IR at 4 Gy. (A) Spleen indices of mice in control, irradiated, 
and CNC-administered groups. (B) The thymic index of mice in each group after CNC administration. (C). Changes in liver indices. (D). Lung organ 
indices by group. (E). Kidney organ index. (F). Gonadal organ index. (G). Pancreatic organ index. Changes in the T-SOD activity (H) and GSH con-
tent (I) in the liver of each mouse group. n = 10 mice/group. A minimum of three independent experiments were performed. #P < 0.05, ##P < 0.01, 
###P < 0.001 compared to the control, *P < 0.05, **P < 0.01 compared to the IR group. CNC: Camellia nitidissima Chi; GSH: Glutathione; IR: 
Irradiation; T-SOD: Total superoxide dismutase.
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after irradiation but increased after drug administra-
tion (Figure 8A). We also examined the expression of 
the apoptosis regulatory proteins BAX and PARP and 
found that irradiation significantly increased the expres-
sion of BAX and PARP compared with that in the con-
trol group, whereas the expression of BAX and PARP 
was significantly decreased in the CNC-administered 
group when compared with that in the irradiated group 
(Figure 8B–D). We selected the BCL-2 inhibitor, navito-
clax, for validation. The results demonstrated that the 
expression of BAX was significantly upregulated, and 
the expression of BCL-XL was inhibited to a certain 
extent after adding navitoclax, which further proved 
that CNC could inhibit radiation-induced apoptosis. 
Furthermore, the colony formation assay demonstrated 
that the pro-proliferative ability of irradiated cells was 
significantly inhibited by CNC after adding navitoclax 
(Figure 8E–G).

Discussion

The hematopoietic[46], gastrointestinal[47], reproduc-
tive[48], and central nervous systems[49] are highly 
sensitive to radiation. Hematopoietic and gastrointes-
tinal systems are important for radioprotective agent 
development[50,51]. However, drug development is often 
limited by toxic side effects. Therefore, the search for 
potential drugs with low or no toxicity has gained 
increasing importance and is challenging in the field of 
radiation[52].

To determine the antioxidant capacity of CNC in 
vivo, we performed a 30-day survival experiment in 
mice subjected to 7.2 Gy irradiation and determined 

the survival rate difference between the irradiated 
and CNC-administered groups. The results demon-
strated that the irradiated group had a final survival 
rate of 30%, whereas the survival rates of the CNC-
administered mice were significantly higher than those 
of the irradiated group.

At radiation doses of 1 to 7 Gy, the hematopoietic sys-
tem is often susceptible to damage, resulting in reduced 
blood and platelet counts[51]. Therefore, we investigated 
the ability of CNC to improve hematopoietic system 
damage after radiation and found that upon whole-body 
irradiation at 4 Gy, CNC improved the radiation-induced 
blood indices of blood cells. It can also exert antioxidant 
effects in vivo, as indicated by increased T-SOD activity 
and GSH content in the liver, thus maintaining a balance 
between pro-oxidants and antioxidants, reducing ROS-
mediated cell damage, and exerting protective effects. 
These results further confirm the DPPH and ABTS assay 
results.

At radiation doses ≥8 Gy, the gastrointestinal system 
exhibits damage and is prone to acute gastrointesti-
nal syndromes, as evidenced by the loss of intestinal 
crypts, villus shortening, and gastrointestinal mucosal 
barrier disruption, owing to a combination of oxidative 
stress, DNA strand breaks, and altered expression of 
apoptotic signaling proteins[51,53,54]. We irradiated mice 
with 13 Gy to the abdomen and evaluated the changes 
after 3.5 days; we found that irradiation destroyed the 
villi and crypts of the colon and shortened the colon 
length, which is key to intestinal regeneration, whereas 
the CNC-administered group demonstrated retention 
of colon length along with integrity of the epithelial 
villi and crypts to some extent. Furthermore, the fecal 

Figure 6.  CNC can relieve intestinal damage caused by TAI at 13 Gy. (A) TAI duration and dose. (B) Changes in the body weight of mice in each 
group after TAI. (C) Comparison of colon lengths after irradiation at 3.5 days. (D). Changes in colon length after irradiation and drug administration. 
(E). Diarrhea scores of mice in each group after irradiation. n = 10 mice/group. A minimum of three independent experiments were performed. 
##P < 0.01, ###P < 0.001 compared to the control, *P < 0.05 compared to the IR group. CNC: Camellia nitidissima Chi; IR: Irradiated; TAI: Total 
abdominal irradiation.
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analysis indicated that the anal canals of mice in the irra-
diated group had obvious fouling with bloody stools, 
indicating that radiation severely disrupted intestinal 

homeostasis and caused abnormal feces. Although the 
CNC-treated mice had diarrhea symptoms, no bloody 
stools were observed, indicating that CNC alleviated 

Figure 7.  Intestinal protective effect of CNC under 13 Gy TAI. (A) H&E staining of mouse intestinal tissues. The “→” symbols in the figure mark the 
villi of the small intestine. (B) Villus length in the small intestines of each group. Lgr5 (C) and Axin2 (D) mRNA expression in the intestinal tissues of 
each group. (E). Effect of CNC on intestinal mucosal barrier permeability after irradiation. (F). Ameliorative effects of CNC on intestinal inflammation 
after irradiation. (G). TUNEL staining of mouse intestinal tissues. (H). Percent of tunel+ cells in each group. n = 10 mice/group. A minimum of three 
independent experiments were performed. ##P < 0.01, ###P < 0.001 compared to control; *P < 0.05, **P < 0.01 compared to IR group. CNC: 
Camellia nitidissima Chi; H&E: Hematoxylin and eosin; IR: Irradiated; TAI: Total abdominal irradiation.
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the gastrointestinal damage caused by irradiation to 
some extent.

After assessing the impact of CNCs on cell viability, 
we discovered that CNCs increased cell viability with-
out affecting HIEC-6 cells exposed for 24, 48, and 
72 h. Subsequently, the colony formation experiment 
results demonstrated that CNC could effectively pro-
mote HIEC-6 cell proliferation compared to those in the 
untreated control and irradiated groups, indicating that 
CNC may exert a radioprotective effect by promoting 
cell proliferation. Using western blotting, we found that 
CNC increased the expression of BCL-XL[55] and inhib-
ited the expression of BAX[56] and PARP[55,57,58]. At the 
same time, we selected Navitoclax, a BCL-2 inhibitor, 
to verify the inhibitory effect of CNC on BAX. These 
results further verify the previous experimental results 
and prove that CNC exerts radiation-protective effects 
by inhibiting apoptosis (Figure 9).

Conclusions

CNC has a strong antioxidant ability, can improve the 
survival rate of mice under lethal dose irradiation, and 
plays a protective role against radiation-induced dam-
age to the hematopoietic and gastrointestinal systems. 
Overall, this Chinese herbal medicine has significant 
potential as a protective agent against radiation damage 
and warrants further in-depth studies.
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