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Radiation induced dermatitis by increasing 2
triglyceride levels to induce autophagy

and inhibit the PI3K/Akt/mTOR signaling
pathway

Yafang Hong'", Hongdan Guan'**", Yunhao Chen**, Yao Wang'”, Junjian Lin', Ying Wang'?, Yang Zhang®,
Rong Zheng'**", Xingchen Ding®’, Zihan Zhou'”" and Benhua Xu'**

Abstract

Background Radiodermatitis (RD) is the primary acute adverse effect experienced by patients receiving radiotherapy
(RT) for head and neck cancer (HNC). This study aimed to investigate the correlation between triglyceride (TG) levels
and the severity of RD, as well as the underlying mechanisms involved.

Methods Data were collected from 248 patients with locally advanced HNC treated with intensity-modulated
radiation therapy (IMRT). Clinical characteristics and blood profiles prior to RT were collected. After RT, RD severity
was assessed. A binary logistic regression analysis was used to determine risk factors. Mouse models of RD were
established by administering radiating at a dose of 9 Gy over two consecutive days. TG levels in the mice and cells
were quantified using an automatic biochemical analyzer and a TG assay kit, respectively. Cell viability was detected
by the Cell Counting Kit-8 (CCK-8) assay, while apoptotic cell percentages were measured via flow cytometry. Western
blotting assay was used to analyze the protein levels in the cells of interest.

Results The TG level was the sole independent risk factor for grade 3 or higher (grade 3+) RD. Radiation was found

to increase the TG content in both mouse blood and skin cells. Skin cells with high TG contents presented more
severe radiation-induced damage when the radiation dose administered was 9 Gy over two consecutive days. The
administration of 200 pmol/L palmitic acid (PA) or 2 Gy radiation independently did not affect HaCaT cell proliferation
or apoptosis rates. Their combination was shown to induce skin cell injury. Mechanistically, autophagy was excessively
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activated. Furthermore, the protein concentrations of phospho-PI3K, phospho-Akt, and phospho-mTOR were notably

decreased.

Conclusions TGs are crucially involved in the development of RD. Increased TG levels after radiation treatment
suppress the PI3K/Akt/mTOR pathway, induce autophagy, and exacerbate RD.

Keywords Head and neck cancer, Radiodermatitis, Triglyceride, Autophagy, PI3K/Akt/mTOR pathway

Background

Radiotherapy (RT) is the main approach for locally
advanced head and neck cancer (HNC). Nevertheless,
radiation unavoidably causes tissue damage within the
targeted area [1, 2]. The skin is extremely sensitive to
radiation-induced damage because of its role as the ini-
tial organ exposed during treatment and its rapid cell
turnover and proliferation rates [3—5]. The neck skin is
particularly sensitive to radiation because environmental
stressors can compromise its barrier integrity [6]. Hence,
the risk of radiodermatitis (RD) appears to be highest in
patients with HNC, reaching as high as 100% [7]. RD can
be categorized into two types: acute and chronic. Acute
RD typically manifests during treatment, approximately
2-3 weeks after the start of radiotherapy, and can lead to
temporary treatment interruptions, potentially reducing
the effectiveness of RT. Chronic RD can manifest from
three months to several years after RT, presenting symp-
toms such as hyperpigmentation, vascular alterations,
alopecia, skin atrophy, and dermal fibrosis. This form of
RD can significantly impair patients’ quality of life [8—
10]. The prevention and treatment of RD, therefore, are
particularly crucial for patients with HNC.

Triglycerides (TGs) are compounds composed of glyc-
erol esterified with three fatty acids. They constitute the
majority of natural fats and oils. According to Huang et
al., blood triglyceride levels increase following radio-
therapy in nasopharyngeal carcinoma patients [11]. High
levels of triglycerides in the blood cause excessive accu-
mulation of triglycerides in various parts of the body
[12]. High TG levels have been linked to lipotoxicity in
multiple organs, and the skin is not exempt [13, 14]. In
addition, some studies have reported that fibrates and
statins, which are commonly used to decrease TG levels,
can mitigate RD in cells and patients [15, 16]. However,
the mechanism by which high TG levels affect RD is not
clear.

Autophagy is an adaptive cellular process that degrades
and recycles abnormal cytoplasmic components and
organelles to supply nutrients to cells. Excessive autoph-
agy activation initiates a cell death program. On the
one hand, radiation can induce cellular autophagy [17].
On the other hand, exposure to high TG levels can also
induce autophagy [18—20]. Mammalian target of rapamy-
cin (mTOR), a serine/threonine kinase, inhibits the pro-
cess of autophagy [21]. Research indicates that autophagy

initiation is facilitated by the inhibition of the phospha-
tidylinositol 3-kinase (PI3K)/ Protein Kinase B (Akt)/
mTOR signaling pathway [22]. In addition, autophagy
is also an important mediator of RD [23-25]. It can be
speculated that a mechanism of RD involves radiation-
induced increases in TG levels, which induce autoph-
agy and inhibit the PI3K/Akt/mTOR signaling pathway.
Therefore, we investigated the role and mechanism of
TGs in RD, aiming to enhance the management, preven-
tion and treatment of RD.

Patients and methods

Patients

From May 2020 to October 2023, 248 patients with
locally advanced HNC undergoing intensity-modulated
radiation therapy (IMRT) were enrolled at Shandong
Cancer Hospital. Each participant provided their consent
to join the research project. The eligibility requirements
included: (1) individuals aged 18 or above; (2) newly
diagnosed with locally advanced HNC in the nasophar-
ynx, larynx, oropharynx, or hypopharynx according to
the eighth edition of the American Joint Committee on
Cancer (AJCC) TNM staging system; and (3) daily IMRT
treatment with 2.0 Gy fractions. The overall dosage var-
ied between 60 and 70 Gy. The exclusion criteria encom-
passed: (1) the presence of multiple primary cancers; (2)
a history of prior radiotherapy; and (3) the presence of
skin or active knot hoof tissue diseases.

RD assessment and data collection

RD was evaluated using the late effects of normal tissue-
subjective objective management analytical (LENT/
SOMA) scale, which ranges from 1 to 4 [26]. The symp-
toms to RD were recorded by a physician and research-
ers. The maximum grade across the subjective measures
and objective measures was used as a single value to rep-
resent the highest-grade late toxicity. The clinical char-
acteristics and blood test results of patients prior to RT
were gathered from institution’s electronic health record
system. Measurements of hematological indices before
RT required participants to fast for more than 8 h.

Mouse models

Female C57BL/6] mice aged 6—8 weeks from Beijing
Sibeifu Experimental Animal Co., Ltd., were accli-
mated for one week in a controlled environment (22 +2
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C, 12-hour light/dark cycle). A control group and a
radiation group were formed by randomly dividing the
animals. The RD mouse models were subsequently con-
structed. The radiation group of mice was exposed to
9 Gy of radiation for two consecutive days (9 Gyx2 F)
using a Rad Source RS2000pro biological X-ray irradia-
tor (Rad Source Technologies, GA, USA) at a dose rate
of 1.63 Gy/min. Mouse body weight was recorded at
three-day intervals. At the end of the experiments, all of
the mice were sacrificed by cervical dislocation. Tissues
were harvested at 1 month after radiation and bimonthly
thereafter to determine the effect of injury.

Hematoxylin-eosin staining and Masson'’s trichrome
staining

Mouse skin tissues were kept in 4% paraformaldehyde
at 4 ‘C for 48 h. The tissues were dried out with xylene
and a series of ethanol solutions of varying concentra-
tions, embedded in paraffin, sliced into 4 pm sections,
and stained with hematoxylin-eosin and Masson’s tri-
chrome solutions. Epidermal thickness was computation-
ally defined as the distance between the distal border and
the dermis-epidermis interface for the skin injury assess-
ment. Collagen deposition was measured in Masson’s
trichrome-stained sections by calculating the ratio of the
blue-stained area to the total stained area. The sections
were viewed under a light microscope at 400x magnifica-
tion. Two investigators independently reviewed each sec-
tion in a blinded manner. Image] software was used for
the statistical analyses.

Immunohistochemical staining

The paraffin slices of skin tissues were dehydrated twice
with xylene, hydrated using a gradient series of ethanol
solutions (100%, 100%, 95%, 80%, 75%), and underwent
high-pressure antigen retrieval in a citrate buffer with
a concentration of 10 mM (pH 6.0). Following the cool-
ing of the glass slides to room temperature, they were
blocked with 10% goat serum for an hour. They were then
incubated overnight at 4 °C using primary antibodies
against vimentin (1:200; 5741T; Cell Signaling Technol-
ogy, Boston, USA) and a-smooth muscle actin (a-SMA;
1:640; 19245 S; Cell Signaling Technology, Boston, USA).
Next, the samples were incubated for two hours at room
temperature with goat anti-rabbit IgG secondary anti-
bodies bound to horseradish peroxidase (HRP; 1:1000;
ab6721, Abcam, Cambridge, UK). After diaminobenzi-
dine (DAB) staining, the slices were thoroughly rinsed for
2-5 min, dehydrated, and counterstained with hematoxy-
lin for 30 s. Dehydration was performed using an ethanol
gradient (75%, 80%, 95%, 100%, 100%). After dehydration,
the tissue was cleared with xylene and sealed with neutral
gum. Images were captured with a light microscope and
quantitatively assessed using Image] software.
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Cell culture and experimental treatment

HaCaT human keratinocytes were acquired from the
National Biomedical Experimental Cell Resource Bank
located in Beijing, China, and maintained in DMEM
enriched with 10% fetal bovine serum and 1% antibiotics
at 37 °C in a humidified atmosphere with 5% CO,. HSF
(SV40) immortalization of human dermal fibroblasts was
acquired from the Cellverse Co., Ltd located in Shang-
hai, China, and maintained in HSF cell basal medium
enriched with 1% HSF cell culture additives, 10% fetal
bovine serum and 1% antibiotics at 37 °C in a humidified
atmosphere with 5% CO,. Cells were incubated with pal-
mitic acid (PA; SYSJ-KJ001/KC001; Kunchuang Biotech-
nology, Xi'an, China) for 36 h and collected for detection.
The autophagy inhibitor 3-methyladenine (3-MA, 5 mM;
HY-19312, MCE, Dallas, TX, USA) was utilized to exam-
ine the role of autophagy in RD development.

Cell proliferation and apoptosis

For the evaluation of proliferation, each well of a 96-well
plate was seeded with 6 x 10*> HaCaT cells or 8 x 10°> HSF
cells. After 24 h, each well received 10 pL of Cell Count-
ing Kit-8 (CCK-8, K1018, Apexbio, Houston, USA) solu-
tion and incubated for 2 h at 37 °C with 5% CO,. The
absorbance at 450 nm was then measured using a Spec-
traMax i3x microplate reader (San Jose, CA, USA). For
the apoptosis analysis, each well in a 6-well plate was
seeded with 2 x 10° HaCaT cells or 2 x 10° HSF cells. The
cells were collected, rinsed with cold PBS, and stained
using the Annexin V-APC and 7-AAD Apoptosis Kit
(E-CK-A218, Elabscience, Wuhan, China) according to
the manufacturer’s instructions. Apoptotic cell percent-
ages were measured using a BD Accuri C6 Plus flow
cytometer. FlowJo software (v10.8.1) was used to analyze
apoptotic cells.

TG levels assay and lipid droplet fluorescence assay

The levels of TG in human serum and mouse serum
were measured with an automatic biochemical ana-
lyzer. HaCaT cells were kept at 37 °C in an environment
with 5% CO, for 24 h. If the aim was to detect TG lev-
els, 1 x 107 cells were inoculated into 10 cm dishes; if the
aim was to detect lipid droplet fluorescence, 1 x 10* cells
were inoculated on a mu-slide 6-well plate. The super-
natant was taken off, followed by two washes of the cells
using a serum-free medium. DMEM containing 100,
200, 300, or 400 pmol/L PA or its solvent control was
added to each well and incubated overnight at 37 °C in
a 5% CO, atmosphere. After 36 h, following the removal
of the supernatant, the cells underwent two washes with
a medium lacking serum. The TG levels in HaCaT cells
were measured using a TG assay kit (BC0625, Solarbio,
Beijing, China). A Lipid Droplet Fluorescence Assay Kit
(LD02, Dojindo, Kyushu Island, Japan) was used to stain
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the intracellular lipid droplets. After a 30-minute incuba-
tion with the working liquid prepared with serum-free
medium, the fluorescent lipid droplets were immediately
viewed using a confocal microscope (Leica TCS SP§,
Germany).

Western blot analysis

For the Western blot analysis, HaCaT cells (6 x 10° per
well) were incubated in 6-well plates for 24 h and sub-
jected to the following treatments: untreated, 2 Gy of
radiation, 200 pmol/L PA, and 2 Gy of radiation with
200 pumol/L PA. The assay was carried out as previously
detailed [27] using antibodies against PI3K (1:1000;
4249T, Cell Signaling Technology, Boston, USA), p-PI3K
(1:1000; 17366T, Cell Signaling Technology, Boston,
USA), Akt (1:1000; AF0016, Affinity Biosciences, Jiangsu,
China), p-Akt (1:1000; AP0140, ABclonal, Wuhan,
China), mTOR (1:1000; ab32028, Abcam, Cambridge,
UK), p-mTOR (1:1000; ab137133, Abcam, Cambridge,
UK), LC3 (1:1000; 3868 S, Cell Signaling Technology,
Boston, USA), p62 (1:1000; A11250, ABclonal, Wuhan,
China), p16 (1:1000; ab51243, Abcam, Cambridge, UK),
p21 (1:1000; A19094, ABclonal, Wuhan, China), YH2AX
(1:1000; 7631T, Cell Signaling Technology, Boston, USA),
and horseradish peroxidase (HRP)-labeled secondary

Table 1 Patients characteristics
Characteristics

Total (N=248)

Age
> 60 88 (35.48%)
<60 160 (64.52%)
KPS
>90 180 (72.58%)
<90 68 (27.42%)
Smoking
No 126 (50.81%)
Yes 122 (49.19%)
Alcohol
No 138 (55.65%)
Yes 110 (44.35%)
Hypertension
No 198 (79.84%)
Yes 50 (20.16%)
Diabetes
No 236 (95.16%)
Yes 12 (4.84%)
T stage
1-2 97 (39.11%)
3-4 151 (60.89%)
N stage
0-1 57 (22.98%)
2-3 191 (77.02%)
TNM stage
Il 95 (38.31%)
v 153 (61.69%)
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antibodies (1:1000; AS014, ABclonal, Wuhan, China). A
ChemiDoc™ Touch imaging system (Bio-Rad, CA, USA)
facilitated hypersensitivity-enhanced chemilumines-
cence. Western blot bands were quantified with Image]
software.

Statistical analysis

Each experiment was repeated in triplicate at least three
times. Chi-square or Fisher’s exact tests were applied to
evaluate categorical variables in the clinical data, charac-
terizing the research group. Quantitative data are shown
as medians (Q1, Q3) and were evaluated using the Mann-
Whitney U test. A binary logistic regression analysis was
conducted to assess the relationships between the vari-
ables and the grade 3 +RD predictors. For the multivari-
ate analyses, factors with a P value lower than 0.2 from
the univariate analysis were included. The strength of
these relationships was represented using odds ratios
(ORs) and 95% confidence intervals (CIs). All the sta-
tistical analyses were performed with SPSS (version 26)
software. Charts were created with GraphPad Prism
(v10.1.2) and the R programming language (v3.5.3). The
Mann-Whitney U test was applied in every experiment
to determine significant differences, with significance
defined as a P value under 0.05 divided by the number of
relevant comparisons. For all figures, the following sym-
bols denote significance levels: * P<0.05, ** P<0.01, ***
P<0.001, and **** P<0.0001.

Results

TG levels are an independent predictor of RD in HNC
patients

The study included 248 patients with locally advanced
HNC, comprising 87.90% males and 12.10% females.
The median age was 56.00 (49.00, 63.00) years. Eighteen
(7.26%) participants were diagnosed with grade 3 RD,
and no patients were diagnosed with grade 4 RD. Inter-
estingly, all patients whose RD grade was 3 were male.
Patients were divided into a grade 1-2 RD group and a
grade 3+RD group, which is due to the severe impact
of an RD of grade three or higher on patients’ quality of
life in clinical settings. The baseline characteristics are
displayed in Table 1. A logistic regression analysis was
conducted to determine risk factors for a grade 3+RD.
The univariate analysis indicated that higher TG and
TC contents in the blood were significantly linked to an
increased likelihood of having grade 3 + RD (Fig. 1A). The
multivariate analysis revealed that TG contents were the
sole independent risk factor for grade 3 +RD (OR=1.010,
95% CI: 1.004-1.016, P=0.002). TG levels showed a
skewed distribution, ranging from 33.67 to 392.50 mg/
dL. The median level, along with the first and third quar-
tiles, was 105.88 (80.85, 142.53), as depicted in Fig. 1B.
The violin plot (Fig. 1C) shows that TG contents were
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Fig. 1 TG levels are closely associated with RD grades in patients with locally advanced HNC. (A) Forest plot of grade 3+ RD. (B) TG levels exhibit a skewed
distribution. (C) The TG contents in the grade 3+RD group were higher than those in the grade 1-2 RD group. (D) The ROC curve showed that TG levels

could predict grade 3+RD events. (E) RCS curve indicating that TG levels were linearl

y associated with the RD grade
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elevated in the grade 3 + group relative to the grade 1-2
group. Receiver operating characteristic (ROC) curves
indicated that TG levels effectively predicted grade
3+RD (Fig. 1D). Restricted cubic splines (RCSs) analyses
were conducted to identify the linear relationship with
the RD grade (Fig. 1E).

TG levels increase in mouse blood and HaCaT cells after
radiation treatment

RD model mice were established according to the meth-
ods shown in Fig. 2A. The mice started to experience hair
loss beginning on Day 17 after exposure to radiation. By
Day 31, the skin damage in the radiated mice was the
worst, and the damage did not subside after that point
(Fig. 2B-D). Additionally, the irradiated group presented
a decrease in weight compared with the control group by
Days 30 and 60 (Fig. 2E-F). These findings indicate that
the model effectively simulates the reduction in weight
experienced by patients with HNC following radiother-
apy. The skin tissue of the mice in the radiation group
exhibited significant histopathological alterations at both
Day 30 and Day 60. HE staining revealed that epidermal
thickness was markedly increased in the radiation group
(Supplementary Fig. 1A, Fig. 2G). Masson’s trichrome
staining showed a substantial loss of collagen from the
skin of irradiated mice (Supplementary Fig. 1B, Fig. 2H).
Immunohistochemical staining revealed that the per-
centages of vimentin- and a-SMA- positive cells were
obviously increased, which indicated that the extent of
skin fibrosis was significantly more severe (Supplemen-
tary Fig. 1C-D; Fig. 2I-J). Mouse serum TG levels were
measured to prove that elevated TG levels were induced
by radiation. At 60 days, a significant statistical difference
in TG levels was found between the two groups (Fig. 2K).
TG levels in HaCaT keratinocytes were measured to
explore the underlying mechanisms more conveniently,
and the same trend was detected (Fig. 2L). Lipid drop-
lets were visualized using confocal microscopy to further
confirm the results (Fig. 2M).

High TG contents can aggravate radiation-induced skin
damage

HaCaT cells were incubated with PA at concentrations
of 100, 200, 300, or 400 pumol/L for 36 h to establish the
high-TG cell model. The results revealed that both TG
levels and lipid droplet contents increased in cells treated
with the four varying concentrations of PA (Fig. 3A-C).
The effects of TG levels on skin cell viability were investi-
gated at 36 h via CCK-8 assays. Figure 3D shows that cell
viability remained largely unchanged in the low-concen-
tration groups (100 pmol/L and 200 pmol/L) after 36 h of
incubation. This finding aligns with the results from opti-
cal microscopy and CCK-8 assays, as depicted in Fig. 3E.
The flow cytometry analysis also confirmed the lack of
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toxic effects of low concentrations of PA on skin cells
(Fig. 3F-G). Compared with those in the high-concentra-
tion groups (300 pmol/L and 400 umol/L), apoptotic cells
in the low-concentration groups did not increase signifi-
cantly. Thus, a concentration of 200 pmol/L was used and
an incubation time of 36 h were used in the following
experiments. The amplified damage caused by increas-
ing TG levels in irradiated skin cells was next identified.
The radiation regimen of 9 Gyx2 E, known to induce RD,
was selected. CCK-8 assays revealed that, compared with
radiation alone, high TG concentrations (200 umol/L PA)
potently decreased the viability of irradiated skin cells
(Fig. 3H). The flow cytometry analysis of cell apoptosis
showed that 9 Gyx2 F of radiation plus 200 pmol/L PA
markedly increased cell apoptosis (Fig. 3I).

High TG contents can induce radiation-induced skin
damage

In order to further clarify the important role of high TG
levels on RD, we explored the radiotherapy dose that did
not affect HaCaT cell proliferation or apoptosis rates.
The effects of various single radiation doses (1, 2, 4, 6,
and 9 Gy) on cell viability were assessed. Then, 2 Gy was
chosen as a suitable dose that did not impact cell viability
(Fig. 4A-B). CCK-8 assays and flow cytometry analyses
of cell apoptosis revealed no significant difference in cell
viability or the apoptosis rate between the 200 umol/L
PA alone group and the 2 Gy radiation alone group com-
pared with the control group. Interestingly, 200 pmol/L
PA plus 2 Gy radiation significantly suppressed cell pro-
liferation and increased the cell apoptosis rate (Fig. 4C-
D). To validate these findings, HSF cell line was used and
consistent conclusion was obtained (Fig. 4E-F). These
results indicate that high TG levels play a significant role
in RD.

High TG levels in skin cells can cause RD by inducing
excessive autophagy

Autophagy and senescence are common causes of injury.
Detection of the autophagy-related proteins LC3 and
p62 was performed through Western blotting to confirm
whether autophagy was related to RD. These findings
indicated a significant decrease in p62 levels and a sig-
nificant increase in LC3 II levels, suggesting that 2 Gy of
radiation combined with 200 pumol/L PA induced exces-
sive autophagy (Fig. 5A-C). The contents of senescence-
associated proteins such as p16, p21, and yH2AX showed
no significant differences across the four groups (Fig. 5D-
G). The inhibitor 3-MA was employed to elucidate the
function of autophagy in RD. These findings indicated
that 3-MA decreased LC3 II expression while increasing
p62 protein levels. These findings suggested that 3-MA
successfully suppressed autophagy (Fig. 5H). 3-MA
reversed the inhibitory effect of 2 Gy of radiation plus
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Fig. 3 High TG contents can aggravate are more susceptible to radiation-induced skin damage. (A-C) TG contents and numbers of lipid droplets in skin
cells incubated with different concentrations of PA for 36 h. (D-G) CCK-8 assay, microscopy and flow cytometry images show the effects of different con-
centrations of PA on the viability, morphology and apoptotic rate of skin cells. (H-I) CCK-8 and flow cytometry assays revealed that high-TG-content skin
cells subjected to 9 Gyx2 F of radiation presented a significant decrease in cell viability and an increased apoptosis rate

200 pumol/L PA on cell proliferation (Fig. 5I). The flow
cytometry analysis showed a notable reduction in the
apoptosis rate following the introduction of the autoph-
agy inhibitor (Fig. 5J-K). These findings revealed that
high TG contents in skin cells can trigger RD by inducing
excessive autophagy.

Elevated TG levels in skin cells can trigger autophagy by
suppressing the PI3K/Akt/mTOR signaling pathway

Given that the PI3K/Akt/mTOR pathway negatively reg-
ulates autophagy, Western blot analyses were conducted
to assess alterations in protein levels in this pathway

across the four groups. Compared with those in the
other three groups, the concentrations of PI3K, Akt, and
mTOR were stable, while the levels of their phosphory-
lated forms, p-PI3K, p-Akt, and p-mTOR, were lower in
the group treated with 2 Gy of radiation and 200 umol/L
PA (Fig. 6A-G). High TG levels in skin cells may trigger
autophagy by suppressing the PI3K/Akt/mTOR pathway,
leading to RD (Fig. 6H).
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Discussion

RD is a significant issue for HNC patients after RT [28].
Research indicates that lipid metabolism is crucial in RD
development, and the underlying mechanisms need to be
further explored [29]. While previous research has indi-
cated that reducing TG levels can alleviate RD in both
cellular models and patients [15, 16], to our knowledge,
no studies have elucidated the underlying mechanisms by
which TG levels influence RD. In the present study, the
TG contents were found as an independent predictor of
RD in HNC patients. Given that HNC has a higher inci-
dence rate in male than in female [30], the study popula-
tion included a greater proportion of male participants.
This is further supported by the fact that male skin is
characterized by more vigorous sebaceous gland secre-
tion compared to female skin [31]. The observations indi-
cate that radiation induces RD by increasing TG levels,
which triggers autophagy and suppresses the PI3K/Akt/
mTOR pathway.

Many studies have identified the strong associations
between TG levels and injury, including kidney injury,
osseous or articular injury, and spinal cord injury [32—
34]. The research revealed a link between TG levels and
the severity of RD in HNC patients, indicating a nota-
ble correlation where a higher TG level corresponds to

more severe RD. TG levels, as a risk factor for RD, are
advantageous to measure because of their convenience,
speed, practicality, and ease of implementation in clinical
settings.

At 60 days, mice exposed to radiation presented sig-
nificant histopathological alterations in their skin tissue
and elevated TG levels. The damage caused by high TG
contents in HaCaT cells was confirmed via a 9 Gyx2 F
radiation scheme. A single dose of 2 Gy of radiation,
which had no effect on the proliferation or apoptosis
of HaCaT cells, was subsequently used to elucidate the
role of elevated TG levels in skin cells in relation to the
occurrence of RD. These results suggest that the skin cells
with high TG contents are more susceptible to radiation-
induced injury. Similarly, Cui et al. found that elevated
levels of PA can trigger an inflammatory response in epi-
dermal keratinocytes [35]. Researchers have shown that
activated autophagy is crucial for increasing the survival
of keratinocytes under various stresses. Autophagy can
modulate inflammatory pathways by clearing poten-
tial proinflammatory agents within the cell and directly
degrading inflammasome components [36]. In addi-
tion, some studies have demonstrated that high fat stress
or PA can induce autophagy [37-39]. Hence, it could
be inferred that autophagy may be activated to limit
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Fig. 5 High TG levels in skin cells can cause RD by inducing excessive autophagy. (A-C) Significant changes in the protein expression of LC3 and p62 in
HaCaT cells were measured by Western blotting and quantitatively analyzed. (D-G) Western blot analysis revealed that the protein expression levels of
p21, p16, and YH2AX did not differ among the four groups. (H) The autophagy inhibitor 3-methyladenine (3-MA) inhibited autophagy. (I-K) CCK-8 and
flow cytometry assays revealed that inhibiting autophagy led to a reduction in RD

excessive PA-induced inflammatory responses, which is
similar to radiation induced injury. These findings indi-
cate that 2 Gy of radiation combined with PA triggers
autophagy, a process that can be inhibited by 3-MA. The
inhibition of autophagy rescued apoptosis and promoted
cell proliferation. Cellular senescence is a key indicator
of aging [40] and a significant contributor to RD [41].
Senescent cells negatively affect nearby healthy cells by

releasing cytokines, chemokines, growth factors, and
signaling molecules [40, 42]. Previous studies have indi-
cated that radiation and high-fat conditions can induce
senescence in a variety of cells [43—45]. Regrettably, the
study revealed no substantial difference in the level of
the senescence-related proteins p16, p21, and YH2AX
between the 2 Gy plus PA group and the other groups.
This discrepancy may be due to the radiation doses
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and PA induction concentrations that previous studies
reported inherently can cause damage, whereas the study
chose radiation doses and PA concentrations that do not
induce damage. Previous studies have shown that both
radiation and PA can induce autophagy and downregu-
late the PI3K/Akt/mTOR pathway [46—48]. In addition,
mTOR inhibitors can also induce autophagy [49, 50].
The PI3K/Akt/mTOR pathway is crucial for autophagy in
epidermal cells. Inhibiting the PI3K/Akt/mTOR pathway
can enhance autophagy by modulating autophagy-related

gene expression or activating associated signaling path-
ways [51-53]. The results indicate that radiation com-
bined with PA triggers autophagy by suppressing the
PI3K/Akt/mTOR pathway, resulting in RD.

Strengths and limitations

The study not only verified the association between TG
levels in blood before RT and the RD grade in HNC
patients but also revealed one of the TG-related mecha-
nisms underlying the occurrence of RD. This research
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provides fresh perspectives on innovative approaches for
preventing and treating RD.

However, it is essential to acknowledge the limitations
of this study. First, PA was used to induce an increase
in TG levels. However, the process inevitably induced
changes of other lipids. Additionally, the analysis in this
study was limited to cell samples; however, analyzing skin
samples in future research would provide a more detailed
and accurate assessment of the effects of TG on RD.

Conclusions

In conclusion, the TGs are crucial in the process of RD.
Elevated TG levels after radiation suppress the PI3K/
Akt/mTOR pathway, promote autophagy, and initiate RD
(Fig. 5H). This research offers a fresh perspective on pre-
venting and managing RD.
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