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Abstract: The present study aimed to explore the possible radioprotective effects of celastrol and
relevant molecular mechanisms in an in vitro cell and in vivo mouse models exposed to gamma
radiation. Human keratinocytes (HaCaT) and foreskin fibroblast (BJ) cells were exposed to gamma
radiation of 20 Gy, followed by treatment with celastrol for 24 h. Cell viability, reactive oxygen
species (ROS), nitric oxide (NO) and glutathione (GSH) production, lipid peroxidation, DNA
damage, inflammatory cytokine levels, and NF-κB pathway activation were examined. The survival
rate, levels of interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α) in blood, and p65 and
phospho-p65 expression were also evaluated in mice after exposure to gamma radiation and celastrol
treatment. The gamma irradiation of HaCaT cells induced decreased cell viability, but treatment
with celastrol significantly blocked this cytotoxicity. Gamma irradiation also increased free radical
production (e.g., ROS and NO), decreased the level of GSH, and enhanced oxidative DNA damage
and lipid peroxidation in cells, which were effectively reversed by celastrol treatment. Moreover,
inflammatory responses induced by gamma irradiation, as demonstrated by increased levels of IL-6,
TNF-α, and IL-1β, were also blocked by celastrol. The increased activity of NF-κB DNA binding
following gamma radiation was significantly attenuated after celastrol treatment. In the irradiated
mice, treatment with celastrol significantly improved overall survival rate, reduced the excessive
inflammatory responses, and decreased NF-κB activity. As a NF-κB pathway blocker and antioxidant,
celastrol may represent a promising pharmacological agent with protective effects against gamma
irradiation-induced injury.

Keywords: gamma radiation; celastrol; NF-κB; ROS; in vitro; in vivo

1. Introduction

A gamma ray is a kind of high-frequency electromagnetic radiation consisting of high-energy
photons that frees electrons from molecules and ionizes them. It can penetrate the body and cause
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damage directly at a cellular level, or indirectly on water molecules, which then generate free
radicals [1,2]. Free radicals further result in oxidation, DNA damage, and inflammation in the
body [1,3,4]. Currently, the probability of radiation exposure in human beings is increased due to the
wide use of nuclear energy in modern society, which makes the development of effective radioprotective
agents an urgent task [5–7].

Celastrol, also known as tripterine, is a pentacyclic triterpenoid that belongs to the family of
quinone methides [8–15]. It is a natural compound extracted from the root of Chinese medicinal plants
Tripterygium wilfordii (Thunder god vine) and Celastrus regelii. Tripterygium wilfordii has demonstrated a
significant potential for the treatment of rheumatoid arthritis [16–20], psoriasis vulgaris [21], idiopathic
membranous nephropathy and nephrotic syndrome [22,23], diabetic kidney disease [24,25], and Crohn’s
disease [26,27]. Meanwhile, the efficacy and safety of celastrol has also been tested in clinical samples.
Pinna et al. demonstrated that celastrol inhibited proinflammatory cytokine secretion in Crohn’s
disease biopsies from patients [28]. Fang et al. showed that the treatment of celastrol attenuated
both the proliferation and invasion of fibroblast-like synoviocytes from patients with rheumatoid
arthritis [29]. More importantly, a randomized, placebo-controlled, and double blinded trial showed
the potential role of celastrol serving as an effective and safe adjuvant to nifedipine against hypertension
in patients with preeclampsia [30]. The functions of celastrol have also been tested in the treatment
of neurodegenerative diseases such as Alzheimer’s disease [31,32], the inhibiton of dengue virus
replication [33], the protection against insulin resistance induced by mitochondrial dysfunction in
human skeletal muscle cells [34,35], the controlling of obesity [36], the prevention of cancer cell
proliferation [8–10,15,37], and even insecticidal activities [38]. Although the underlying molecular
mechanisms are not clear, various biological properties of celastrol, including being an antioxidant [32],
anti-inflammatory [39,40], and a modulator of the NF-κB signaling pathway [41], have been observed
in both in vitro and in vivo experiments.

Celastrol was demonstrated to decrease interlukein-6 (IL-6) secretion and gene expression via
downregulation of NF-κB in prostate carcinoma PC-3 cells [42], and inhibit colorectal cancer cell
growth and migration through the suppression of tumor necrosis factor alpha (TNF-α) expression and
IL-1b protein [43]. The gene expression and protein level of IL-6 and TNF-α were also observed to
be significantly lowered by celastrol pretreatment in human nucleus pulposus cells [44]. In addition
to the above anti-inflammatory effects, celastrol was demonstrated to be a potent NF-κB blocker in
attenuating hepatic dysfunction [45], protecting against diabetic liver injury [46], attenuating renal
injury [34], potentiating apoptosis, and suppressing tumor cell invasion [15]. As a crucial transcription
factor involved in inflammation and oncogenesis, NF-κB can be activated following a variety of stimuli,
including radiation-induced oxidative stress [11,47–54]. The NF-κB signaling pathway has been
demonstrated to be involved in DNA damage, nitric oxide (NO) production, and the activation of the
inflammatory cascade induced by radiation [47,48,55–58]. Treatment with baicalein [59], brazilin [60],
Corilagin [61], and Naringin [48] has been proven to block DNA oxidative damage and inflammation
by modulating NF-κB signaling pathway. Therefore, it is hypothesized that celastrol may also exhibit
protective effects against gamma radiation-induced injury through regulating NF-κB activity. This study
aims to explore the radioprotective effects of celastrol and relevant molecular mechanisms in an in vitro
cell and in vivo mouse models exposed to gamma radiation.

2. Results

2.1. Celastrol Dose-Dependently Reversed Gamma Irradiation-Induced Decrease in Cell Viability

Our previous study has demonstrated that gamma irradiation dose- (10 to 40 Gy) and time- (24
to 96 h) dependently decreased cell viability in HaCaT cells [62]. Twenty-four hours post-treatment
with 1 and 1.5 µM celastrol after irradiation with 20 Gy significantly reversed the irradiation-induced
cell viability decrease (Figure 1B), while treatment with 0.5 to 2 µM celastrol did not influence cell
viability in HaCaT cells without radiation exposure (Figure 1A). Exposure to 20 Gy gamma radiation
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also significantly decreased the cell viability in BJ human skin fibroblast cells at 24 h, but 1 µM celastrol
treatment reversed this decrease (Figure 1C).

Figure 1. Cell viability after celastrol treatment in HaCaT cells and human skin fibroblast cells.
(A) HaCaT cells were treated with celastrol at various concentrations of 0, 0.5, 1, 1.5, and 2 µM without
gamma radiation. Cell viability was evaluated by MTT after 24 h. (B) HaCaT cells were subjected to
gamma irradiation with 20 Gy followed by 24 h treatment with celastrol at various concentrations, and
cell viability was evaluated by MTT. Dulbecco’s modified Eagle medium (DMEM) group without any
drug treatment and gamma radiation served as control. (C) Human skin fibroblast cells were subjected
to gamma irradiation with 20 Gy, followed by celastrol treatment at 1µM. Cell viability was evaluated
by MTT 24 h post-exposure. Eagle’s Minimum Essential Medium (EMEM) group without any drug
treatment and gamma radiation served as control. All data are expressed as mean ± S.E.M (n = 5).
Comparisons between groups were analyzed by One-Way ANOVA followed by Tukey’s post-hoc test.
* p < 0.05 vs. non-irradiated. # p < 0.05 vs. irradiated and no drug treatment.

2.2. Celastrol Blocked the Increased Reactive Oxygen Species (ROS) and NO Production and Decreased
Glutathione (GSH) Levels Induced by Gamma Irradiation

The DHE assay demonstrated that ROS production in HaCaT cells was increased at 24 h following
exposure to 20 Gy of gamma radiation, but 1 and 1.5 µM celastrol treatment significantly reversed
this increase and decreased the ROS production (Figure 2A, left panel). Irradiation with 20 Gy also
increased the NO level and decreased the GSH level in HaCaT cells (Figure 2B,C). The effects were
reversed by treatment with 1 and 1.5 µM celastrol (Figure 2B,C), suggesting potent antioxidative
activities of celastrol in HaCaT cells. BJ human skin fibroblast cells exhibited similar results, with
enhanced ROS production after 20 Gy gamma radiation but a significant decrease following celastrol
treatment (Figure 2A, right panel).
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Figure 2. Effects of celastrol on free radical and glutathione (GSH) production in HaCaT and human
skin fibroblast cells after gamma irradiation. HaCaT and human skin fibroblast cells were subjected to
gamma irradiation with 20 Gy followed by 24 h treatment with celastrol at designated concentrations.
DMEM or EMEM group without any drug treatment and gamma radiation exposure served as the
control. (A) Reactive oxygen species (ROS) production in HaCaT (left panel) and skin fibroblast cells
(right panel) was assayed by DHE. (B) NO2

− concentration was evaluated in HaCaT cells by Griess
reagent. (C) GSH production was evaluated in HaCaT cells. All data are expressed as mean ± S.E.M
(n = 5). Comparisons between groups were analyzed by One-Way ANOVA followed by Tukey’s
post-hoc test. * p < 0.05 vs. non-irradiated. # p < 0.05 vs. irradiated and no drug treatment.

2.3. Celastrol Reversed the Increased Lipid Peroxidation and DNA Oxidative Damage Induced by
Gamma Irradiation

HaCaT cells demonstrated increased lipid peroxidation at 24 h following exposure to 20 Gy of
gamma radiation (Figure 3A, left panel). Both 1 and 1.5 µM celastrol treatment significantly reversed
this increase (Figure 3A). Enhanced DNA damage induced by gamma radiation was also significantly
blocked with the treatment of 1 and 1.5 µM celastrol in HaCaT cells (Figure 3B, left panel). This suggests
that the radioprotection of celastrol against gamma radiation-induced injury in HaCaT cells was
through inhibiting the oxidative stress cascade. BJ human skin fibroblast cells showed similar effects.
The increased DNA oxidative damage and lipid peroxidation following 20 Gy gamma radiation were
significantly reversed with 1µM celastrol treatment (Figure 3A, right panel and B, right panel).
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Figure 3. Effects of celastrol on lipid peroxidation (A) and oxidative DNA damage (B) in HaCaT cells
(left panel) and skin fibroblast cells (right panel) after gamma irradiation. Cells were subjected to
gamma irradiation with 20 Gy followed by 24 h treatment with celastrol at designated concentrations.
DMEM or EMEM group without any drug treatment and gamma radiation exposure served as control.
(A) Lipid peroxidation was assayed by DPPP. (B) Oxidative DNA damage was evaluated by 8-OH-dG
EIA kit. All data are expressed as mean ± S.E.M (n = 5). Comparisons between groups were analyzed
by One-Way ANOVA followed by Tukey’s post-hoc test. * p < 0.05 vs. non-irradiated. # p < 0.05 vs.
irradiated and no drug treatment.

2.4. Celastrol Blocked the Increased Levels of proInflammation Cytokines and the Activation of NF-κB Pathway
Induced by Gamma Irradiation

IL-6, TNF-α, and IL-1β levels were increased in HaCaT cells at 24 h following exposure to 20 Gy
gamma radiation when compared with nonirradiated control group (Figure 4A). The enhancement was
significantly inhibited by treatment with 1 and 1.5 µM celastrol, suggestive of the anti-inflammatory
activities of celastrol in HaCaT cells.

Exposure to gamma radiation of 20 Gy also increased the DNA binding activity of NF-κB in
HaCaT cells (Figure 4B), indicative of activation of the NF-κB pathway after gamma irradiation.
Celastrol treatment at 1 and 1.5 µM significantly reversed this increase (Figure 4B), suggesting the
NF-κB inhibition potential of celastrol. DNA binding activity of NF-κB increased following exposure
to 20 Gy of gamma radiation in BJ human skin fibroblast cells, and this enhancement was reversed by
1µM celastrol treatment (Figure 4B).
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Figure 4. Effects of celastrol on the levels of inflammatory cytokines and NF-κB activation. Cells were
subjected to gamma irradiation with 20 Gy, followed by 24 h treatment with celastrol at designated
concentrations. DMEM or EMEM group without any drug treatment and gamma radiation exposure
served as control. (A) The levels of tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), and IL-1β
in HaCaT cell lysate were evaluated using ELISA. (B) NF-κB DNA binding assay was performed 24
h post gamma-radiation in HaCaT (left panel) and human skin fibroblasts (right panel). All data are
expressed as mean ± S.E.M (n = 3). Comparisons between groups were analyzed by One-Way ANOVA
followed by Tukey’s post-hoc test. * p < 0.05 vs. non-irradiated. # p < 0.05 vs. irradiated and no
drug treatment.

2.5. Celastrol Treatment Significantly Increased Mouse Survival Rate Following Gamma Radiation Exposure

Mice from nonirradiated control and nonirradiated celastrol groups exhibited no death after
30 days with saline or celastrol treatment. Gamma-irradiation with 6.4 Gy induced 80% animal death
at 30 days, while celastrol treatment at 0.25 mg/kg body weight (bw) in the mice significantly enhanced
the survival rate to 70% (Figure 5A), indicating that the treatment with celastrol effectively protected
against the damage induced by gamma irradiation in mice.
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Figure 5. Effects of celastrol treatment on the survival rate (A) and hematopoietic level (B) in gamma
irradiated mice. Four groups of mice were employed. Nonirradiated control and celastrol groups
received either ip injection of 0.1% DMSO or celastrol at 0.25 mg/kg bw for 30 days without exposure to
gamma irradiation. The irradiated mice were subjected to 6.4 Gy gamma irradiation at day 1, followed
by ip injection of 0.1% DMSO or celastrol at 0.25 mg/kg bw for 30 days. (A) Kaplan–Meier curve of the
effects of celastrol on the survival rate of mice. (B) The numbers of white blood cells, lymphocytes,
monocytes, and platelets. Data are expressed as mean ± S.E.M (n = 3 for 6.4 Gy group and n = 5 for
other groups). Comparisons between groups were analyzed by One-Way ANOVA followed by Tukey’s
post-hoc test. * p < 0.05 vs. non-irradiated and no drug treatment group. # p < 0.05 vs. irradiated and
no drug treatment group.

2.6. Celastrol Treatment Exerted Protective Effects in Mice Against Myelosuppression Induced by
Gamma Irradiation

Exposure to 6.4 Gy gamma irradiation promoted the development of myelosuppression:
leucopenia, monocytopenia, lymphocytopenia, and thrombocytopenia in mice, demonstrated by
the decreased numbers of white blood cells, monocytes, lymphocytes, and platelets in mouse blood
(Figure 5B). The treatment with celastrol for 30 day in mice significantly improved the levels of
hematopoietic cells. The nonirradiated celastrol group also showed increased levels of white blood
cells and lymphocytes compared with the control mice. These observations demonstrated the function
of celastrol in improving myelosuppression in mice at the hematopoietic level.
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2.7. Celastrol Exhibited Anti-Inflammatory Activities in Animals Following Exposure to Gamma Irradiation

Exposure to gamma irradiation of 6.4 Gy significantly increased the concentration of inflammatory
cytokines TNF-α and IL-6 in mouse plasma when compared with those from nonirradiated control mice
(Figure 6A). Treatment with celastrol significantly downregulated the expression levels of TNF-α and
IL-6 in plasma, indicating anti-inflammatory activities of celastrol after exposure to gamma-irradiation
in mice.

Figure 6. Effects of celastrol treatment on the expression of inflammatory cytokines (A) and NF-κB
activation (B). Nonirradiated control mice received the ip injection of 0.1% DMSO for 30 days without
exposure to gamma irradiation. Both 6.4 Gy and cel + 6.4 Gy were subjected to gamma irradiation
with 6.4 Gy at day 1, followed by ip injection of 0.1% DMSO or celastrol at 0.25 mg/kg bw for 30 days
respectively. (A) The expression levels of inflammatory cytokines TNF-α and IL-6 in plasma were
evaluated by ELISA (n = 3 for 6.4 Gy group and n = 5 for other groups). (B) Protein expressions of
p65, phospho-p65, and β-actin were evaluated by Western blot analysis in the colon tissue of mice.
The results were calculated and expressed as fold change relative to control (n = 3). Data are expressed
as mean ± S.E.M. Comparisons between groups were analyzed by One-Way ANOVA followed by
Tukey’s post-hoc test. * p < 0.05 vs. non-irradiated. # p < 0.05 vs. irradiated and no drug treatment.

2.8. Celastrol Reversed NF-κB Pathway Activation Induced by Gamma Irradiation in Mice

The protein level of p65 and phospho-p65 was enhanced in the animal colon tissues following
exposure to 6.4 Gy gamma irradiation, indicating NF-κB pathway activation. This increase was
reversed upon celastrol treatment (Figure 6B). These results demonstrated that celastrol acts as an
inhibitor of the NF-κB pathway in reducing the activity and phosphorylation of NF-κB.
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3. Discussion

The possibility of humans being exposed to gamma radiation is increased due to the use
of radiation for medical diagnosis or treatment and the generation of nuclear power. This has
made the development of effective and safe radioprotectors an important issue. The discovery of
compounds with fewer toxic effects isolated from natural sources has enabled the identification of
new potential radioprotective agents [63,64]. A traditional Chinese herb, Dragon’s blood, and its
extracts were found to show antioxidative and anti-inflammatory activities and effectively alleviate
radiation-induced damage in bone marrow [65]. Treatment with Ligustrazine, a key component of
the Chinese herb Chuanxiong, decreased mortality in mice after whole-body γ-irradiation through its
antioxidative function in reducing ROS levels, DNA damage, and apoptosis as well as activating survival
signal Akt pathways [66]. Polysaccharides, which are the most important functional constituents
in Lycium barbarum fruits, showed significant protective effects on the reproductive system of male
rats impaired by local exposure to gamma irradiation [67]. Podophyllum hexandrum, also known
as the Himalayan May Apple, showed radioprotective effects in lethally irradiated mice [68,69].
Its extracts exhibited antioxidative potential in inhibiting nitric oxide production and promoting DNA
repair [70,71]. REC-2006, a bioactive fractionated extract from the rhizome of Podophyllum hexandrum,
prevented radiation-induced DNA damage and stimulated its repair in murine thymocytes in vivo [72].
Acorus calamus, from the Acoraceae family, was found to exert radioprotective effects in mouse
liver homogenates [73] or in mice that received whole-body gamma irradiation [74]. These studies
highlight that extracts from natural products may represent potential protective agents against
radiation-induced injuries.

In this study, we employed celastrol, a pentacyclic triterpenoid from the quinone methides family,
and evaluated its potential protective activities in alleviating gamma radiation-induced cell and tissue
injury. It was found that treatment with celastrol from 0.5 to 2 µM showed no toxicity in HaCaT cells.
Our in vivo study also demonstrated that mice with daily administration of 0.25 mg/kg bw celastrol
for 30 days exhibited no adverse effects. So far, very few studies have been published regarding the
protective effect of celastrol against the damage induced by gamma radiation, although its functions
in inhibiting the proliferation of cancer cells are well recognized [8–10,15]. This is the first study to
explore the effect of celastrol on the injury induced by gamma radiation in animals and in keratinocytes
and fibroblasts.

It is well known today that oxidative and nitrosative stresses are potent pathogenic mechanisms
contributing to gamma radiation-induced damage. Recent studies have proposed that gamma radiation
significantly increased intracellular ROS and reactive nitrogen species formation [1,62]. Our results
demonstrated that gamma irradiation with 20 Gy significantly decreased cell viability in keratinocytes,
accompanied by increased ROS production and NO release and decreased GSH levels. These changes
further increased lipid peroxidation and DNA damage levels, which are responsible for the cell death
induced by gamma radiation. Some assays were also conducted in the BJ human skin fibroblast cell line
in order to confirm our observation in keratinocytes. The inflammatory process is a key consequence
after gamma radiation exposure, which is characterized by the increased levels of pro-inflammatory
cytokines, including IL-6, TNF-α, and IL-1β [75,76]. Our study detected the enhancement in these
inflammatory cytokines in cells and mice after gamma radiation exposure. Inflammation, lipid
peroxidation, and oxidative DNA damage are all critical events in the reaction of the free radical chain,
which contributes to the various deleterious effects after gamma radiation exposure. Celastrol, as an
anti-inflammatory agent and antioxidant, was demonstrated to block gamma irradiation-induced cell
death at 1 and 1.5 µM concentrations. The effect was implemented by the decrease in the production
of ROS and NO, lipid peroxidation, oxidative DNA damage, and inflammatory response in human
keratinocytes and fibroblasts. Our results are in agreement with a report that showed the ability of
celastrol to reduce DNA damage in human prostate cancer [77]. Another study also elaborated the
protective effects of celastrol on human peripheral blood mononuclear cells against radiation-induced
oxidative stress through reducing ROS production and increasing antioxidant enzymes such as
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manganese superoxide dismutase (MnSOD) and catalase [78]. Han et al. recently reported that
celastrol treatment not only attenuated gamma radiation-induced cytotoxicity in human umbilical
vein endothelial cells, but it also effectively blocked the enhanced oxidative stress through increasing
the levels of superoxide dismutase (SOD), catalase, glutathione S-transferase (GST) and glutathione
peroxidase (GPx) [79]. All these studies highlight the potential protective effect of celastrol against
gamma radiation-induced damage.

NF-κB signaling pathways have been known to be activated by diverse mechanisms after gamma
irradiation [80]. The regulation of the NF-κB pathway is involved in the survival and death of cells
exposed to gamma radiation [48]. Our previous study indicated that gamma radiation exposure time-
and dose-dependently enhanced NF-κB DNA binding activities in HaCaT cells [62], while celastrol
treatment was found to suppress this increase. Our observations were in agreement with a recent
study [48]. Naringin was proved to inhibit inflammation and oxidative DNA damage induced by
gamma radiation through the regulation of p53 and NF-κB signaling pathways in animal splenocytes.
In another study, Lee et al. (2014) demonstrated that skin melanoma cells showed a proliferation
loss and NF-κB pathway activation after UV light exposure [81]. All the above findings support our
hypothesis that the protective effect of celastrol against gamma radiation-induced ROS production,
lipid peroxidation, and DNA damage could be mediated through negative regulation of the NF-κB
signaling cascade.

The protective effect of celastrol in gamma radiation was also evaluated in vivo in the present
study. Oxidative stress, lipid peroxidation, DNA breaks, and p53/ NF-κB activities have been previously
studied in animal models after exposure to gamma radiation [82,83]. It has previously been
demonstrated that death of mice occurred after 137Cs [84] and 60Co gamma radiation [82,85,86].
Our study also observed 80% animal death at 30 days after exposure to radiation of 6.4 Gy using
137Cs as an irradiating source, and post-treatment with celastrol for 30 days significantly increased
the mouse survival rate after whole-body gamma irradiation exposure. One possible mechanism
contributing to the radioprotective effect of celastrol might be via alleviating the damage induced
in the animals’ hematopoietic system. Hematopoietic syndrome has been shown to be a cause of
death in animals exposed to total body gamma irradiation, and it mainly occurs within 30 days
post-exposure [87–89]. In our study, the numbers of white blood cells, monocytes, lymphocytes,
and platelets dropped in mouse plasma after gamma irradiation exposure, indicative of leucopenia,
monocytopenia, lymphocytopenia, and thrombocytopenia in the animals. The thirty-day post-treatment
with celastrol significantly mitigated this syndrome, as suggested by the enhanced levels of white
blood cells, monocytes, lymphocytes, and platelets when compared to the irradiated mice without
celastrol treatment. These data suggest that celastrol treatment can result in the restoration of the
hematopoietic system. A slight increase in the number of lymphocytes and white blood cells was
also observed in animals without gamma irradiation after celastrol treatment. Lymphocytes contain
different cell types (e.g., B cells and T cells), and the levels change according to gender, drug treatment,
disease, and so forth. So far, no report has been published on the direct function of celastrol on
lymphocyte numbers in mice or humans, although evidence showed that celastrol acts as a modulator
of the hematopoietic system in mice [90]. Several studies pointed out the role of celastrol in altering the
balance between T helper 17 (Th17) and regulatory T cells (Treg) by suppressing Th17 cell induction
and promoting the generation of Treg cells [91–93]. Celastrol also increased Th2 cells while decreased
Th1 cells accompanied by a significant reduction in NF-κB expression in multiple sclerosis in rats [94].
In order to clarify the exact role of celastrol in the hematopoietic system, our future work may examine
the individual cell types of lymphocytes after celastrol treatment in mice.

Another possible mechanism contributing to the radioprotective effects of celastrol was its ability
to attenuate the inflammatory reactions in animals after gamma radiation exposure. The circulating
concentrations of two inflammatory cytokines, TNF-α and IL-6, were increased in the plasma of
surviving mice after gamma irradiation, while treatment with celastrol significantly lowered the levels.
This result is supported indirectly by a few studies. One showed that the increased levels of circulating
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TNF-α and IL-6 in mice exposed to gamma radiation were attenuated by ferulic acid treatment [82].
Another study demonstrated the increased IL-6 and TNF-α expression and lipid peroxidation in
mice after gamma radiation exposure, accompanied by NF-κB pathway activation [95]. It is well
accepted that gamma radiation is associated with ROS generation and the activation of redox-sensitive
transcription factor NF-κB [96]. NF-κB further promoted the inflammatory responses by controlling
the levels of inflammatory cytokines (e.g., IL-6 and TNF-α). Our study showed that treatment with
celastrol suppressed gamma irradiation-induced enhancement of p65 and phospho-p65 expression.
It was found that some antioxidants such as ferulic acid and epicatechin showed similar mechanisms
as celastrol, in terms of reducing NF-κB activity and oxidative stress in gamma-irradiated mice [82,95].

In summary, celastrol, functioning as a potent NF-κB pathway inhibitor and an antioxidant,
showed protective effects against gamma radiation-induced damage. It decreased cell death, ROS
and NO production, lipid peroxidation, DNA oxidative damage, and inflammatory responses via
suppressing the NF-κB pathway. Moreover, treatment with celastrol improved survival rate in
mice after gamma irradiation exposure, reduced excessive inflammatory responses, protected the
hematopoietic system, and reversed the increased levels of phospho-p65 and p65 induced by gamma
irradiation. Given its pharmaceutical properties and radioprotective efficacy, celastrol may act as a
potential radioprotective agent against the deleterious effects induced by gamma irradiation.

4. Materials and Methods

4.1. Reagents

Celastrol, nuclease P1, alkaline phosphatase, dihydroethidium (DHE), dimethyl sulfoxide
(DMSO), sodium dodecyl sulfate (SDS), Tris, glycine, bovine serum albumin (BSA),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and CelLyticTM mammalian
tissue lysis/extraction reagent were from Sigma-Aldrich (St. Louis, MO, USA). Monobromobimane
(mBBr) was obtained from Thermo Fisher Scientific (Waltham, MA, USA). Dulbecco’s modified Eagle
medium (DMEM), fetal bovine serum (FBS), and antibiotic/antimycotic mixtures were purchased
from Invitrogen (Carlsbad, CA, USA). Purification kits for genomic DNA and Griess reagent were
from Promega (Madison, WI, USA). Diphenyl-1-pyrenylphosphine (DPPP) and 8-hydroxy-2-deoxy
Guanosine (8-OH-dG) EIA kits were purchase from Cayman Chemical Company (Ann Arbor, MI, USA).
Kits for nuclear extraction and NF-κB DNA binding were purchased from Active Motif (CA, USA). ELISA
kits for tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1beta (IL-1β) were
from R&D systems (Minneapolis, MN, USA). Antibodies against β-actin, p65, and phospho-specific
p65 (Ser 536) were from Cell Signaling Technology (Beverly, MA, USA). Horseradish peroxidase
(HRP)-conjugated goat anti-mouse and anti-rabbit antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Nitrocellulose membranes and Bradford reagents were
purchased from Bio-Rad (Hercules, CA, USA). ECL Reagent for Western blotting was obtained
from GE healthcare (Buckinghamshire, UK).

4.2. Cell Lines

HaCaT and BJ cells were obtained and maintained as previously described [62]. HaCaT cells were
provided by Dr. Francoise Thierry, Institute of Medical Biology, Agency for Science Technology and
Research (A*STAR), Singapore. HaCaT cells are in vitro, spontaneously transformed immortalized
keratinocytes from histologically normal skin. These cells were cultured in DMEM containing 10% FBS
and 1% antibiotic/antimycotic solution. BJ human skin fibroblast cells were purchased from ATCC
(CRL-2522, Manassas, VA, USA) and cultured in ATCC-formulated Eagle’s Minimum Essential Medium
(EMEM) containing 10% FBS and 1% antibiotic-antimycotic solution. All cells were maintained at
37 ◦C in a humidified 5% CO2 atmosphere.
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4.3. Irradiation Procedure and Drug Treatment

BIOBEAM 8000 using Cesium-137 as a radioactive source (Gamma-Service Medical GmbH,
Leipzig, Germany) was used in this study. Cells were exposed to gamma radiation with indicated
doses at a dose rate of 2.6 Gy/min and then treated with celastrol at designated concentrations for
24 h. Celastrol at 100 mM in DMSO was kept at 4 ◦C as a stock solution. The cells were collected at
designated time points post-irradiation for various assays. The nonirradiated DMEM or EMEM group
was used as the control.

4.4. Cell Viability Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method was used to
evaluate cell viability after irradiation and celastrol treatment. Briefly, 100 µL cells were incubated
in a 96-well plate with or without drug treatment. Twenty microliters of 5 mg/mL MTT in PBS was
added to the plate and incubated at 37 ◦C. After 4 h, the supernatant was removed, and 100 µL DMSO
was added and incubated at 37 ◦C for 1 h. A Tecan Safire microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA) was used to measure optical density (OD) at 570 nm.

4.5. Reactive Oxygen Species (ROS), NO, and Glutathione (GSH) Assays

Dihydroethidium (DHE) was employed to measure ROS production. Cells were treated with 5 µM
DHE for 30 min at 37 ◦C in the dark. The fluorescence intensity was measured using a Varioskan Flash
microplate reader (Thermo Scientific, Waltham, MA, USA) at the excitation and emission wavelengths
of 535 and 610 nm.

The concentration of NO2
− was assayed by Griess reagent. A 50 µL sample or nitrite standard,

50 µL N-1-naphthylethylenediamine dihydrochloride (NED) Solution, and 50 µL sulfanilamide solution
were mixed and incubated for 10 min at room temperature in the dark. The absorbance of the formed
purple/magenta color at 520 nm was measured within 30 min using a Tecan Safire microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA). GSH levels were assayed by monobromobiman (mBBr),
which turns from a nonfluorescent to fluorescent form when conjugated with low molecular weight
thiols (e.g., glutathione). Cells were treated with 2mM mBBr at 37 ◦C for 30 min in the dark, followed
by the fluorescent reading using a Varioskan Flash microplate reader (Thermo Scientific, Waltham,
MA, USA). The glutathione conjugate of mBBr has absorption/emission spectra at about 394/490 nm.

4.6. Lipid Peroxidation Assay

Diphenyl-1-pyrenylphosphine (DPPP) was used to evaluate lipid peroxidation. It yields
the fluorescent diphenyl-1-pyrenylphosphine oxide (DPPP-O) upon stoichiometric reaction with
hydroperoxides. HaCaT cells were incubated with 50 µM DPPP for 60 min at 37 ◦C in the dark.
The fluorescence was measured using a Varioskan Flash microplate reader (Thermo Scientific, Waltham,
MA, USA) at excitation wavelength of 351 nm and emission wavelength of 380 nm, respectively.

4.7. DNA Oxidative Damage Assay

An EIA kit for 8-OH-dG detection was used to evaluate DNA damage as previously described [62].
Briefly, cells were harvested by trypsinization. DNA was isolated and incubated with nuclease P1
and alkaline phosphatase at 37 ◦C for 30 min. A total of 50 µL sample or standard, 50 µL antibodies,
and 50 µL tracer were added into the testing plate. After overnight incubation at 4 ◦C, the plate
was washed and incubated with 200 µL Ellman’s reagent for 90–120 min in the dark for optimum
development. The absorbance was measured at a wavelength of 420 nm using a Tecan Safire microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA). The concentration of 8-OH-dG was calculated
according to the standard curve.
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4.8. Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of IL-6, TNF-α, and IL-1β were evaluated in cell lysates using ELISA. A 100 µL
sample or standard was added into a 96-well plate coated by capture antibody. The plate was then
incubated at room temperature for 2 h and blocked by reagent diluent. The plate was washed and
then incubated with respective detection antibodies, followed by streptavidin-HRP and substrate.
The absorption of each well was measured at 450 nm using a Tecan Safire microplate reader (Thermo
Fisher Scientific, Waltham, MA, USA). The levels of IL-6, TNF-α, and IL-1β were calculated according
to the standard curve.

4.9. Extraction of Nuclear and Cytoplasmic Fraction

This procedure was performed as described previously [62]. Cells were washed and collected in
1 x hypotonic buffer. Twenty-five microliters of detergent was added, and the cytoplasmic fraction
supernatant was collected after centrifugation at 14,000× g. Complete lysis buffer was used to
re-suspend the nuclear pellet. After vortexing and centrifugation, the nuclear fraction supernatant was
collected and stored at −80 ◦C.

4.10. NF-κB DNA Binding Activity Assay

This procedure was performed as described previously [62]. A 20 µL sample and 30 µL
complete binding buffer were incubated at room temperature for 1 h. After washing, the plate was
added sequentially with 100 µL NF-κB antibody, HRP-conjugated antibody, and developing solution.
The absorbance was measured at a wavelength of 450 nm using a Tecan Safire microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA).

4.11. In Vivo Irradiation Procedure in Mice

Seven to eight week old Balb/c female mice were obtained from InVivos, Singapore. Animals were
housed in the Comparative Medicine Facility, National University of Singapore, with free access to
water and food. The protocol was approved by the Institutional Animal Use and Care Committee,
National University of Singapore (Institutional Animal Use and Care Committee (IACUC) Number:
081/12). All the in vivo experiments and procedures were performed in accordance with relevant
regulations and guidelines specified by IACUC. Forty mice were randomly divided into four groups:
nonirradiated control, nonirradiated celastrol, 6.4 Gy, and celastrol + 6.4 Gy. Nonirradiated control
and nonirradiated celastrol mice were intraperitoneally injected with 0.1% DMSO or 0.25 mg/kg body
weight (bw) celastrol for 30 days without exposure to gamma irradiation. Mice in the 6.4 Gy and cel +

6.4 Gy groups were exposed to 6.4 Gy gamma irradiation at day 1, followed by intraperitoneal injection
of 0.1% DMSO or celastrol at 0.25 mg/kg bw for 30 day. The animals’ general health was monitored
daily. After animals were euthanized at day 30, blood and colon tissue were collected.

4.12. Whole Blood Count

The blood was collected from each surviving animal by heart puncture at day 30 in EDTA tubes.
The complete blood count was performed, and the numbers of blood cells (white blood cells, monocytes,
and lymphocytes) and platelets were compared.

4.13. TNF-α and IL-6 Assayed by ELISA in Animal Plasma

Plasma was collected by centrifugation of blood at 2000× g for 10 min. The level of TNF-α and
IL-6 in animal plasma was measured using ELISA kits as described above.

4.14. Western Blotting for Phospho-p65 and p65 in Mouse Colon Tissues

Protein isolation from mouse colon tissues and Western blotting were performed as described
previously [62]. Briefly, cell lysates were loaded on a 10% SDS-PAGE gel and then transferred to a
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nitrocellulose membrane. The membrane was blocked by 5% BSA and incubated with the respective
primary antibodies (β-actin, 1:1000 dilution; p65 and phospho-p65, 1:500 dilution) overnight at 4 ◦C.
After washing, the membrane was then incubated with the respective HRP-conjugated secondary
antibodies at room temperature for 1 h. The ECL method was used to visualize the membrane.
The images were captured and analyzed using the Bio-Rad Laboratories Gel Doc system. The results
were calculated and expressed as fold change relative to control.

4.15. Statistical Analysis

Data in a normal distribution were expressed as mean ± S.E.M. One-Way ANOVA and Tukey’s
post-hoc tests were employed to compare the between-group differences. The survival rate in the
four groups of mice was analyzed by the Kaplan–Meier method. Statistical significance was set as
p value < 0.05.
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