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Abstract: Objectives: Sodium hydroxide (NaOH) is known to cause severe injuries through lipid saponification; how-
ever, the mechanisms underlying NaOH-induced skin injuries, particularly their effects on lipid metabolism and fer-
roptosis, are unclear. Here, we aimed to elucidate these mechanisms based on lipid profile evaluations and ferrop-
tosis occurrence. Methods: We used experimental rat models of NaOH-induced skin burns (skin exposed to 0.05% 
NaOH for 90 or 180 s) alongside a sham-treated control group. Skin morphology and integrity were assessed. Dif-
ferentially expressed lipid profiles were monitored via untargeted lipidomics. Oxidative stress, lipid peroxidation, and 
iron metabolism were also assessed. The expression of ferroptosis-associated genes, including acyl-CoA synthetase 
long-chain family member 4 (ACSL4), lysophosphatidylcholine acyltransferase 3 (LPCAT3), and glutathione peroxi-
dase 4 (GPX4), was analysed using immunohistochemical and quantitative reverse transcription-polymerase chain 
reaction analyses. Results: NaOH exposure for 90 and 180 s caused second- and third-degree burns, respectively, 
leading to elevated and reduced levels of polyunsaturated and monosaturated fatty acid phospholipids, respec-
tively. Both groups showed significant increases in reactive oxygen species, ferrous iron, and malondialdehyde levels 
and significant decreases in glutathione levels. ACSL4 and LPCAT3 expression increased, and GPX4 expression 
decreased. Conclusion: NaOH-induced skin burns disrupt skin appendages, resulting in lipid metabolism alterations 
and ferroptosis induction. These findings could provide valuable insights for elucidating the precise mechanisms 
underlying ferroptosis in the context of NaOH burns and for identifying potential therapeutic strategies.

Keywords: Ferroptosis, lipid saponification, NaOH burn, skin burn 

Introduction

Although burns attributable to sodium hydrox-
ide (NaOH) represent only 6.5% of reported 
chemical burns [1], the burns can cause sub-
stantial damage to the skin and are more 
severe than typical burns or burns inflicted by 
strong acids, leading to considerable discom-
fort [2, 3]. NaOH reacts with proteins and lipids 
and causes tissue liquefaction and saponifica-
tion, which give the injured skin a characteristic 
‘greasy’ or ‘soapy’ appearance [4]. 

Lipids supply energy for cellular metabolism 
and contribute to the molecular framework of 
cells. As numerous major diseases are associ-
ated with abnormal lipid metabolism, changes 
in lipid composition, metabolism, and metabo-
lising enzyme levels during the onset of diseas-
es have been extensively investigated [5, 6]. 
However, the traditional methods used for de- 
tecting lipids are complex and cumbersome 
and are often limited to a single or a few lipid 
classes without offering a comprehensive anal-
ysis. Lipidomics has emerged as a methodologi-
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cal approach that can be used to systematically 
examine the roles of lipid molecules within their 
broader pathways and networks [7]. Similar to 
proteomics, lipidomics aims to directly analyse 
the phenotypes of biological activity based on 
big data, which can contribute to providing a 
holistic perspective of disease onset, thereby 
enhancing the early detection, prevention, and 
management of diseases [8].

Ferroptosis, named for its dependence on iron 
ions, was formally recognised in 2012 and is 
distinct from traditional forms of cell necrosis 
and apoptosis [9]. Morphologically, ferroptotic 
cells are characterised by reduced or no mito-
chondrial cristae and diminished mitochondrial 
volume, whereas the cytoplasmic membrane 
remains intact, and the nucleus appears nor-
mal. Biochemically, ferroptosis involves iron 
accumulation, glutathione (GSH) deficiency, 
and lipid peroxidation, with the latter consid-
ered pivotal to the process [10-12]. Ferroptosis 
has been demonstrated to play a key role in a 
range of diseases and has implications for 
tumour prevention and treatment [13].

In clinical practice, the texture of NaOH burns 
[4] can obscure injury boundaries and depth, 
thereby resulting in potentially substantial pa- 
tient harm and presenting challenges for sur-
geons and specialists in burn care units [3, 14]. 
Although chemical burns rank second after 
thermal injuries in terms of prevalence, they 
constitute only a small proportion of total burn 
cases, with NaOH burns being particularly rare 
[15]. Previous research on NaOH-induced in- 
juries has predominantly focused on corneal 
damage, with limited investigations into skin 
wounds [2, 3]. Given the importance of skin 
integrity, further research is urgently needed to 
address this deficiency.

The present study was conducted to address 
the clinical challenges associated with NaOH-
induced skin burns. We hypothesised that by 
disrupting lipid metabolism, such burns can 
induce ferroptosis. Consequently, we aimed to 
assess the morphological and pathological 
changes in skin burns, focusing specifically on 
the damage caused to lipid-related structures, 
using a rat model of NaOH-induced skin burns. 
To confirm the occurrence of ferroptosis, we 
performed lipidomic differential analysis to 
identify specific alterations in lipid content and 
assess biochemical indicators and key genes.

Materials and methods

NaOH burn model

Male Sprague-Dawley (SD) rats (Yuanhe Biote- 
chnology Corporation, Hunan, China), aged 7-8 
weeks, were housed in a controlled environ-
ment under a 12 h:12 h light/dark cycle and 
provided with unrestricted access to food and 
water. The study was approved by the Animal 
Ethics Committee of Central South University 
(CSU-2023-0535), and all protocols and proce-
dures were performed in strict adherence to 
animal care principles. The mid- to lower dorsa 
of rats were shaved, exposing a skin area ade-
quate to accommodate a 4 × 4 cm square fil- 
ter paper. The rats were randomly assigned to 
three groups, namely, the sham, 90 s model, 
and 180 s model groups, with each group con-
taining three animals. Under isoflurane gas an- 
aesthesia (isoflurane concentration for anaes-
thesia induction: 3-3.5%; anaesthesia mainte-
nance: 2-2.5%; oxygen flow: 1 L/min), the sham 
group rats were treated with filter paper soaked 
in saline, whereas rats in the 90 and 180 s 
model groups were treated with filter paper 
soaked in 5% NaOH for 90 and 180 s, respec-
tively. After the experiments, the rats were 
placed into a euthanasia box, and 20% CO2 was 
instilled into the box at a rate of 5.8 L/min, until 
the rats were no longer moving or breathing, 
and their pupils were dilated. They were then 
observed for a further 2-3 min to ensure that 
they were dead.

Lipidomic analysis

Chromatographic separation was achieved us- 
ing a UHPLC Nexera LC-30A system (Shima- 
dzu Corporation, Kyoto, Japan) equipped with a 
C18 column operated at 45°C. As mobile phas-
es A and B, we used 4:6 water:acetonitrile and 
9:1 isopropanol:acetonitrile, respectively, with 
the following gradient profile: 30% B for 0 to 2 
min, increased linearly from 30% to 100% B 
over 2 to 25 min, and returned to 30% B from 
25 to 35 min. High-resolution detection was 
achieved using a Q Exactive Plus mass spec-
trometer (Thermo Fisher Scientific, Boston, MA, 
USA) with an electrospray ionisation source. 
Mass spectrometry (MS) detection was per-
formed in both the negative and positive ion 
modes within the mass-to-charge ratio (m/z) 
range of 200-1800.
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A data matrix was generated by extracting and 
transforming the raw data, which mainly includ-
ed information such as m/z, retention time  
(Rt), and peak area (intensity). Variables in the 
tables with a relative standard deviation of ≥ 
30% were excluded to minimise the signal inter-
ference caused by random errors. The resulting 
Excel files were imported into LipidSearch soft-
ware for multivariate mathematical and statis- 
tical analyses. Subsequently, differential vari-
ables were selected based on the variable 
importance in projection (VIP) index and Mann-
Whitney test analysis. Variables with VIP > 1 
and P-value < 0.05 were regarded as signifi-
cantly different variables.

Biochemical analysis

Skin tissue samples were resected from the 
rats in each group and mixed with 0.9% saline 
at a 1:9 ratio. For each sample, we obtained a 
10% homogenate via mechanical homogenisa-
tion in an ice water bath, followed by centrifuga-
tion at 2500-3000 rpm for 10 min at 4°C. The 
resulting supernatant was collected and used 
to quantify reactive oxygen species (ROS), fer-
rous ion (Fe2+), GSH, and malondialdehyde 
(MDA) levels using the relevant assay kits 
(Proteintech, Rosemont, IL, USA).

Histological analysis

Samples were fixed in 4% paraformaldehyde, 
embedded in paraffin, and cut into 5-µm  
sections for haematoxylin and eosin staining. 
Following de-paraffinisation and rehydration, 
the sections were blocked and incubated ov- 
ernight at 4°C with the following primary an- 
tibodies: anti-ACSL4 (1:50; Aifang Technology, 
Changsha, China), anti-LPCAT3 (1:200; Aifang 
Technology), and anti-GPX4 (1:200; Aifang 
Technology). Following subsequent incubation 

Kong, China), and the average optical density 
was calculated using ImageJ software (NIH, 
USA).

Quantitative reverse transcription-polymerase 
chain reaction analysis

Total cellular RNA was extracted using TRI- 
zol Reagent (Invitrogen, Carlsbad, CA, USA), 
according to the manufacturer’s instructions. 
Reverse transcription was performed using a 
kit from TaKaRa (Otsu, Japan), and subsequent 
quantitative reverse transcription-polymerase 
chain reactions (qRT-PCR) was performed us- 
ing a QuantiTect SYBR Green PCR Kit and an 
Applied Biosystems QuantStudio 1 thermocy-
cler (Thermo Fisher Scientific). Relative quanti-
fication was conducted using the 2-ΔΔCt method 
[16], with β-actin mRNA used as the standard 
for normalising the relative expression of the 
mRNA of each gene. The sequences of the spe-
cific primers used in this study are listed in 
Table 1.

Statistical analysis

All experimental results were analysed using 
Prism 9.1.12 (GraphPad, USA), and bar graphs 
were generated for visual representation. The 
significance of differences between groups was 
determined using the Bonferroni correction, fol-
lowing ANOVA for pairwise comparisons. Re- 
sults with a P-value < 0.05 were considered 
statistically significant.

Results

Morphological evaluation of the effects of 
NaOH on skin tissue

To establish a foundation for subsequent exper-
iments, we focused on examining the morpho-
logical changes in NaOH-exposed skin tissue. 

Table 1. Sequences of the primers used in this study
Gene Sequence
ACSL4 Forward 5’-CCGCTTGTGACTTTATATGCTACCC-3’

Reverse 5’-GCCGCCTTCAGTTTGCTTTCC-3’
LPCAT3 Forward 5’-CGCTGGCTTCTCCTACTTCTATGG-3’

Reverse 5’-GCTGTTTGGCATCTTTCCTGGTAC-3’
GPX4 Forward 5’-ACCAGTTCGGGAGGCAGGAG-3’

Reverse 5’-CACAGTGGGTGGGCATCGTC-3’
β-actin Forward 5’-GGAGTCTACTGGCGTCTTCAC-3’

Reverse 5’-ATGAGCCCTTCCACGATGC-3’

with biotinylated goat anti- 
rabbit IgG antibody (Prote- 
intech) for 30 min at 22°C, the 
samples were further incubat-
ed with a diaminobenzidine 
reagent (Solarbio Science and 
Technology, Beijing, China) for 
10 min at 37°C. The speci-
mens were thereafter coun-
terstained using haematoxy- 
lin (Beyotime, Rosemont, IL, 
USA) and photographed under 
a microscope (Motic, Hong 
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In the preliminary experiments, no significant 
differences were observed in wounds 24 h 
post-injury compared with the state at the time 
of injury. The 24-h post-injury time point was 
selected for further analysis, as the dorsal skin 
of each group exhibited distinct characteristics 
at this time point.

Among rats in the sham group (Figure 1A), the 
treated skin was characterised by normal hair 
growth without exudation. In contrast, the skin 
of rats in the 90 s model group was pale and 
moist with scattered translucent bases, indica-
tive of second-degree burns, whereas rats in 
the 180 s model group had wounds that were 
dry with carbonised eschar formation and 
leather-like alterations, consistent with third-
degree burns.

Microscopic examination of wound morphology 
revealed continuous keratin and a well-struc-
tured epidermis in the skin tissues of the sham 
group (Figure 1B), whereas in the 90 s model 
group, the skin was characterised by disrupted 
keratin and epidermal structures. The rats in 

the 180 s model group exhibited epidermal 
detachment with residual epidermal cells.

Examination of the deep dermis (Figure 1C) 
revealed regularly arranged collagen fibres wi- 
thout hyperplasia in the sham group, with intact 
sebaceous glands adjacent to hair follicles. 
Contrastingly, the skin of the 90 s model rats 
was characterised by swollen collagen fibres 
and residual sebaceous glands, and that of the 
180 s model rats exhibited broken collagen 
fibres, atrophied outer root sheath cells, and 
thrombosis of the dermal blood vessels.

Examination of the changes in subcutaneous 
tissues (Figure 1D) revealed a serrated adipose 
layer and a clear striated muscle fibre margin 
without inflammatory exudates in the sham 
group rats. In contrast, in the 90 s model rats, 
the serrated appearance of the adipose layer 
was lost, and oedematous muscle fibres and 
immune cell infiltration were observed. The 
180 s model rats exhibited increased fat vacu-
oles, loss of adipose layer serration, and indis-
tinct muscle cell margins.

Figure 1. Comparison of macroscopic and microscopic views of rat skin wounds. (A) Rat skin wounds in the 90 
and 180 s model groups exhibiting characteristics of second- and third-degree burns, respectively. Tissue sections 
were stained with haematoxylin and eosin. (B) Superficial epidermal and dermal layers: blue arrow, intact epider-
mal structures; yellow arrows, damaged epidermal structures; red arrow, immune cell infiltration. (C) Deep dermal 
layers: blue arrow, sebaceous gland; red arrow, immune cell infiltration; green arrow, ‘paving stone-like’ changes; 
yellow arrow, necrosis. (D) Subcutaneous tissues: red arrow, plasma cell; blue arrows, lymphocytes; yellow arrow, 
neutrophil. Magnification (A-D) ×200.
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Quality control of UHPLC-QTOF/MS

Microscopic analysis revealed significant NaOH- 
induced changes in fat-related appendages 
within the skin tissues. Consequently, ultra-
high-performance liquid chromatography cou-
pled with quadrupole time-of-flight mass spec-
trometry (UHPLC-QTOF/MS) was employed to 
further investigate the changes in the lipid pro-
files. In both positive and negative ion modes 
(Figure 2A, 2B), the quality control base peak 
chromatograms revealed an overlap in ion in- 
tensity and retention time across the quality 
control samples. Pearson correlation coeffi-
cients among these samples exceeded 0.9, 

thereby indicating excellent repeatability and 
stability (Figure 2C).

Identification and component analysis of lipids

We identified 29 lipid subclasses and 611 
types of lipid molecules using UHPLC-QTOF/MS 
(Figure 3A). The ranges of the lipid molecule 
content and composition among the three 
groups were also analysed (Figure 3B, 3C).

Differential metabolite profile analysis

Differences between the treatment and sham 
groups with respect to the contents of different 
lipid classes are illustrated in Figure 4A, 4B, 

Figure 2. Quality control of UHPLC-QTOF/MS. (A, B) Quality control (QC) base peak chromatograms in positive (A) and 
negative (B) ion modes. (C) Pearson correlation analysis of QC samples.

Figure 3. Identification and 
component analysis of lip-
ids. A. Bar chart of lipid class 
and species. B. Dynamic 
distribution range of lipid 
content in each group. C. 
Composition of lipid classes 
in each group, with different 
colours within each ring dif-
ferentiating the lipid class.
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and lipid molecules identified based on univari-
ate analysis are shown in Figure 4C, 4D. 

Multivariate analysis was employed to identify 
key differentially expressed lipids among all 
groups. We subjected the orthogonal projec-
tions to latent structures discriminant analysis 
model to permutation testing (Figure 5A, 5B), 
which successfully distinguished the 90 and 
180 s model groups from the sham group 
(Figure 5C, 5D). Compared with those in rats in 
the sham group, there were 20 and 12 differen-
tially expressed lipids in rats in the 90 and 180 
s model groups, respectively (Tables 2, 3). 
These differentially expressed metabolites are 
summarised in Figure 5E, 5F. The primary lipid 
classes showing differential patterns in the 90 
s model and sham groups included sphingomy-
elin (SM), phytosphingosine (phSM), phospha- 

tidylglycerol (PG), phosphatidylethanolamine 
(PE), phosphatidylcholine (PC), lysophospha- 
tidylcholine (LPC), ceramide phosphate (CerP), 
and ceramide (Cer), whereas those differ- 
ing between the 180 s model and sham gr- 
oups included PG, PC, lysophosphatidylglycerol 
(LPG), dihexosylceramide (Hex2Cer), and Cer.

Based on the hierarchical clustering analysis, 
we constructed heat maps to illustrate differen-
tial levels of lipid expression (Figure 5G, 5H). In 
the 90 s model group, significant increases 
were detected in the levels of SM (d34:1), SM 
(d42:3), phSM (t36:1), PC (18:0_18:2), PG 
(40:1), PC (16:0e_20:4), PC (20:1e_14:0), PC 
(16:0e_16:0), LPC (32:0), and PC (16:0e_18:2), 
whereas decreases were observed in the le- 
vels of PC (16:0_16:1), CerP (t40:2+O), PC 
(16:1_16:1), PE (34:2), PE (16:0_18:1), Cer 
(t42:1+O), Cer (d41:1), Cer (d34:1+O), Cer 

Figure 4. Differences in the content of lipid classes and identification of key differentially expressed lipids using 
univariate analysis. (A, B) Bar charts showing differences in lipid class content: (A) 90 s model group vs. sham group 
and (B) 180 s model group vs. sham group. (C, D) Volcano plots based on univariate analysis: (C) 90 s model group 
vs. sham group and (D) 180 s model group vs. sham group. Red points in the volcano plots indicate differentially 
expressed lipids.
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Figure 5. Identification of differentially expressed lipids using multivariate analysis. (A, B) Permutation tests on orthogonal projections to latent structures discrimi-
nant analysis (OPLS-DA) model: (A) 90 s model group vs. sham group and (B) 180 s model group vs. sham group. (C, D) OPLS-DA score charts: (C) 90 s model group 
vs. sham group and (D) 180 s model group vs. sham group. (E, F) Bubble charts: (E) 90 s model group vs. sham group and (F) 180 s model group vs. sham group. 
(G, H) Clustered heat maps: (G) 90 s model group vs. sham group and (H) 180 s model group vs. sham group. Red blocks indicate high lipid expression, whereas 
blue blocks denote low lipid expression.
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(t42:0), and Cer (m34:1+2O). In the 180 s model 
group, we observed significant increases in the 
levels of PG (34:0), PG (37:0), PC (20:1e_14:0), 
Hex2Cer (d39:1), PC (16:0e_20:4), PG (44:1), 
LPG (34:1), and PG (36:2e), whereas decreases 
were observed in the levels of Cer (d38:1), Cer 
(t42:0), and PG (29:1_18:2).

Immunohistochemical analysis of ferroptosis-
related genes

The lipidomic analysis indicated an increase in 
the levels of polyunsaturated fatty acid (PUFA)-
PC and a decrease in the levels of monounsatu-
rated fatty acid (MUFA)-PC in the model groups, 

Table 2. Differentially expressed lipids (90 s model group vs. sham group)
Lipid Ion Class Rt (min) p-value VIP
Cer (t42:0)+HCOO Cer 15 0.046224277 1.954983887
Cer (t42:1+O)-H Cer 15.027 0.026997339 1.390555642
Cer (d34:1+O)+HCOO Cer 10.437836 0.029823425 4.079598457
Cer (d41:1)+HCOO Cer 15.052 0.023903005 1.378080166
Cer (m34:1+2O)+HCOO Cer 10.501 0.027725717 2.224750207
CerP (t40:2+O)+HCOO CerP 9.733 0.007821324 1.929052686
LPC (32:0)+HCOO LPC 11.592 0.020057999 1.046224849
PC (16:0e_16:0)+HCOO PC 11.60909992 0.018930091 1.762325824
PC (16:0_16:1)+HCOO PC 9.714386949 0.03195169 1.654939042
PC (16:1_16:1)-CH3 PC 10.15142864 0.030413182 1.076500123
PC (20:1e_14:0)+HCOO PC 11.65570861 0.025601251 1.393411878
PC (16:0e_18:2)+HCOO PC 10.74781713 0.039447582 1.264889094
PC (18:0_18:2)+HCOO PC 11.17336854 0.03740992 2.345953231
PC (16:0e_20:4)+HCOO PC 10.53125347 0.007263116 1.959330547
PE (16:0_18:1)-H PE 11.2667001 0.016577854 1.621650673
PE (34:2)-H PE 10.15593415 0.025500646 1.076770111
PG (40:1)+H PG 15.5778927 0.014447777 2.630595665
phSM (t36:1)-CH3 phSM 9.510822921 0.031048181 1.94700059
SM (d34:1)+HCOO SM 9.533980592 0.045498875 1.797460262
SM (d42:3)+HCOO SM 12.16995617 0.004754097 1.335619152
Rt, retention time; VIP, variable importance in projection; PG, phosphatidylglycerol; PE, phosphatidylethanolamine; PC, phos-
phatidylcholine; LPC, lysophosphatidylcholine; CerP, ceramide phosphate; Cer, ceramide; LPG, lysophosphatidylglycerol; SM, 
sphingomyelin; phSM, phytosphingosine.

Table 3. Differentially expressed lipids (180 s model group vs. sham group)
Lipid Ion Class Rt (min) p-value VIP
Cer (t42:0)+HCOO Cer 15 0.044440691 2.141100444
Cer (d38:1)+HCOO Cer 13.44370432 0.048762086 1.876005854
Hex2Cer (d39:1)-H Hex2Cer 17.43169392 0.018416665 1.233948292
LPG (34:1)+NH4 LPG 11.411 0.045629958 2.021091673
PC (16:0_16:0)+HCOO PC 10.81110611 0.029738757 1.897272506
PC (20:1e_14:0)+HCOO PC 11.65570861 0.013904461 1.498590401
PC (16:0e_20:4)+HCOO PC 10.53125347 0.013570113 2.022577822
PG (34:0)+NH4 PG 11.238 0.006917554 3.527771464
PG (36:2e)+NH4 PG 11.505 0.043045046 1.002916653
PG (37:0)+NH4 PG 10.919 0.004254209 9.13158506
PG (44:1)+Na PG 15.53198528 0.018720124 1.048982535
PG (29:1_18:2)+H PG 16.53344648 0.035805427 1.184617036
Rt, retention time; VIP, variable importance in projection; PG, phosphatidylglycerol; PC, phosphatidylcholine; Cer, ceramide; 
LPG, lysophosphatidylglycerol; Hex2Cer, dihexosylceramide.
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which are consistent with the established met-
abolic profile of ferroptosis [17]. Further experi-
mental validation was obtained to confirm the 
occurrence of ferroptosis in the model groups. 
Immunohistochemical (IHC) staining revealed 
the expression patterns of acyl-CoA synthetase 
long-chain family member 4 (ACSL4), lysophos-
phatidylcholine acyltransferase 3 (LPCAT3), 
and GSH peroxidase 4 (GPX4) in the sham and 
model groups (Figure 6A-C). In the model gr- 
oups, the average optical density of ACSL4 and 
LPCAT3 was significantly higher and that of 
GPX4 was significantly lower than those in the 
sham group (Figure 6E).

Biochemical indices of ferroptosis

Compared with those in the sham group, we 
detected significant increases in the levels  
of ROS, Fe2+, and MDA in the 90 and 180 s 
model groups, whereas there was a significant 
decrease in the level of GSH (Figure 6D).

qRT-PCR analysis of key ferroptosis-associated 
genes

The expression of ACSL4, LPCAT3, and GPX4 
was quantified using qRT-PCR. Consistent with 
the IHC results, compared with the expression 
levels in the sham group, there were signifi- 
cant increases in the expression of ACSL4 and 
LPCAT3 and a significant decrease in the ex- 
pression of GPX4 in the model groups (Figure 
6F).

Discussion

In this study, we examined the injury depth and 
pathological changes induced by exposure to 
NaOH. Macroscopically, the skin of rats in the 
90 and 180 s model groups exhibited charac-
teristics of second- and third-degree burns, 
respectively. Changes in fat-related skin struc-
tures, such as sebaceous gland epithelial lysis, 
an increase in the number of subcutaneous fat 
vacuoles, and loss of the serrated appearance 
of the fat layer, were observed in both groups. 
These findings indirectly support the hypothe-
sis that alkaline substances saponify lipids, 
thereby rendering them more corrosive than 
acidic substances, and suggest that NaOH dis-
rupts lipid metabolism in skin tissues, thereby 
enhancing its damaging effects.

The lipid components in organisms, including 
phospholipids (PLs), glycerides, sphingolipids, 

and sterols [18], play essential roles in main-
taining normal physiological activities via their 
synthesis and degradation, and the dysregula-
tion of lipid metabolism can lead to the devel-
opment of various diseases [19]. Our lipidomics 
results revealed elevated levels of PUFA-PLs, 
including PC (16:0e_18:2), PC (18:0_18:2),  
and PC (16:0e_20:4), and reduced levels of 
MUFA-PLs, including PC (16:0_16:1) and PC 
(16:1_16:1), in the model group rats, consis-
tent with the metabolic characteristics of fer-
roptosis [17]. 

Typically, MUFA-PCs confer cell membrane ri- 
gidity, whereas PUFA-PCs enhance membrane 
flexibility [20, 21]. However, although elevated 
PUFA-PC levels can contribute to enhancing cell 
fluidity and function, they are highly susceptible 
to oxidation and peroxidation owing to their 
polyunsaturated structure with multiple double 
bonds [17, 22]. Thus, elevated PUFA-PC levels 
can heighten the intrinsic risk of ferroptosis. 
Conversely, MUFA-PCs, which have fewer dou-
ble bonds, tend to be more resistant to peroxi-
dation and can competitively inhibit the pro-
ferroptotic effects of PUFAs, thereby acting  
as protective factors against ferroptosis [11]. 
Notably, unmodified free PUFAs do not drive 
ferroptosis, which occurs only when these PU- 
FAs are esterified with PLs. Thus, ferroptotic 
lipid metabolism involves PUFA-PL synthesis, 
during which PUFAs are initially acylated by 
ACSL4 to form PUFA-CoA [23, 24] and are then 
esterified by LPCAT3 to form PUFA-PLs, which 
can participate in chain oxidation reactions 
[25, 26].

Physiologically, the body employs several me- 
chanisms to counteract ferroptosis, with the 
GPX4 system being the most notable [27]. 
GPX4, a downstream reductase of the xc- sys-
tem, uses its cofactor GSH to reduce peroxi-
dised lipid components to form more stable 
hydroxyl lipids, thereby protecting against fer-
roptosis [28, 29]. Thus, inhibiting GPX4 activity 
or expression can induce ferroptosis.

Iron, an essential trace element for biological 
activity, requires complex and efficient homeo-
static regulation [30]. An imbalance in iron me- 
tabolism can also lead to the development of 
various diseases [31, 32]. Intracellular Fe2+ can 
react with hydrogen peroxide to produce ROS 
via the Fenton reaction [33], and therefore, iron 
overload serves as a hallmark of ferroptosis 
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Figure 6. Ferroptosis in NaOH-induced burn wounds. (A-C) Immunohistochemical staining of (A) acyl-CoA synthetase long-chain family member 4 (ACSL4), (B) lyso-
phosphatidylcholine acyltransferase 3 (LPCAT3), and (C) glutathione peroxidase 4 (GPX4) in each group (magnification ×200). (D) Comparison of reactive oxygen 
species, Fe2+, glutathione, and malondialdehyde content among the groups. (E) Average optical density levels of ACSL4, LPCAT3, and GPX4 in each group. (F) Mes-
senger RNA expression levels of ACSL4, LPCAT3, and GPX4 in each group.
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[25]. ROS are the reduced products of oxygen 
molecules, and play contrasting roles in oxida-
tive stress and cell cycle regulation [34, 35]. 
ROS can directly damage phosphoribose back-
bones, leading to cell death, or act on the dou-
ble bonds of DNA bases, causing ring-opening 
reactions and potential base mismatches, re- 
sulting in erroneous protein synthesis [36].

By virtue of its thiol structure, GSH can counter 
ROS toxicity by undergoing oxidation to glutathi-
one disulfide. During this process, it provides 
electrons that can neutralise peroxides and 
functions in tandem with superoxide dismutase 
to exert antioxidant effects [37]. GSH deficien-
cy or dysfunction can lead to the accumulation 
of ROS, which can attack molecules with dou-
ble carbon bonds, causing oxidation and per-
oxidation. PUFAs are particularly susceptible-a 
process referred to as lipid peroxidation [38]. 
MDA, an end-product of lipid peroxidation that 
is often used as a biomarker of oxidative stress, 
can bind to biomolecules to form new epitopes 
with different biological and immunogenic prop-
erties [39].

In this study, we measured the levels of Fe2+, 
ROS, GSH, and MDA in the skin tissues of 
experimental rats. The model group rats were 
characterised by significantly higher levels of 
Fe2+, ROS, and MDA and significantly lower lev-
els of GSH than the sham-treated rats, thereby 
providing evidence of substantial peroxidative 
damage and the occurrence of ferroptosis in 
NaOH-induced skin wounds. Based on these 
observations, we assessed the expression of 
key ferroptosis-related genes, namely ACSL4, 
LPCAT3, and GPX4. 

IHC staining for ACSL4 and LPCAT3 revealed 
larger and deeper brownish-yellow areas in the 
superficial and deep dermis and subcutaneous 
tissue obtained from rats in the model groups, 
indicating the increased expression of these 
genes compared with that in the sham group. 
Furthermore, qRT-PCR analysis enabled us to 
confirm significant increases in the expression 
of these markers in the model rats, thus provid-
ing evidence of enhanced PUFA-PL synthesis in 
NaOH-induced skin wounds. In contrast, stain-
ing for GPX4 revealed smaller, lighter brown-
yellow areas in the epidermis and dermis of the 
skin tissues of the model rats. Consistently, 
qRT-PCR analysis revealed significantly lower 
GPX4 expression in the model rats than in the 

control rats, indicating insufficient antioxidant 
capacity. Collectively, these results indicate 
that NaOH induces ferroptosis in skin wounds 
by promoting the accumulation of lipid perox-
ides and inhibiting GPX4 activity.

This study has certain limitations. First, IHC 
staining revealed an increase in the expression 
of GPX4 in inflammatory cells within the subcu-
taneous tissue of both model groups, suggest-
ing that inflammatory cells play a pivotal role in 
NaOH-induced skin damage, which warrants 
further investigation. Second, the experimental 
validation in this study was primarily perform- 
ed at the tissue and organ levels, and sample 
sizes were limited owing to insufficient research 
funding. Accordingly, further research at the 
cellular level, using larger samples, is needed 
to elucidate the mechanisms underlying ferrop-
tosis in the context of NaOH burns and to iden-
tify potential therapeutic strategies.

Conclusions

In conclusion, we assessed the depth and pa- 
thological changes in NaOH-induced skin burns 
through morphological observations. Lipidomic 
analysis revealed a metabolic profile consistent 
with that of ferroptosis. Subsequent evalua-
tions of oxidative stress, lipid peroxidation, iron 
metabolism, and key ferroptosis gene expres-
sion confirmed the disturbance of lipid metabo-
lism and the occurrence of ferroptosis in NaOH-
induced skin wounds.
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