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Glutathione supplementation improves 
fat graft survival by inhibiting ferroptosis 
via the SLC7A11/GPX4 axis
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Abstract 

Background Autologous fat grafting is hampered by unpredictable graft survival, which is potentially regulated 
by ferroptosis. Glutathione (GSH), a powerful antioxidant used in tissue preservation, has ferroptosis-regulating activ-
ity; however, its effects on fat grafts are unclear. This study investigated the effects and mechanisms of GSH in fat graft 
survival.

Methods Human lipoaspirates were transplanted subcutaneously into the backs of normal saline-treated (control) 
or GSH-treated nude mice. Graft survival was evaluated by magnetic resonance imaging and histology. RNA sequenc-
ing was performed to identify differentially expressed genes and enriched pathways. GSH activity was evaluated 
in vitro using an oxygen and glucose deprivation (OGD) model of adipose-derived stem cells.

Results Compared with control group, GSH induced better outcomes, including superior graft retention, appear-
ance, and histological structures. RNA sequencing suggested enhanced negative regulation of ferroptosis in the GSH-
treated grafts, which showed reduced lipid peroxides, better mitochondrial ultrastructure, and SLC7A11/GPX4 axis 
activation. In vitro, OGD-induced ferroptosis was ameliorated by GSH, which restored cell proliferation, reduced oxida-
tive stress, and upregulated ferroptosis defense factors.

Conclusions Our study confirms that ferroptosis participates in regulating fat graft survival and that GSH exerts 
a protective effect by inhibiting ferroptosis. GSH-assisted lipotransfer is a promising therapeutic strategy for future 
clinical application.
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Background
Fat transplantation is an important cosmetic and recon-
structive technique in plastic surgery for wound healing, 
soft-tissue defect repairing, and body shaping. However, 
its application is limited by the unpredictability of graft 
survival. Poor graft survival is mainly presented as an 
absorption rate of up to 80%, liquefaction necrosis, and 
fiber calcification, which ultimately lead to unsatisfactory 
or failed surgical results [1]. Many strategies have been 
proposed to promote fat graft survival, but few are clini-
cally effective. Therefore, the use of exogenous biolog-
ics, combined with advanced clinical methodologies and 
surgical techniques, represents a promising solution to 
safely promoting graft transplant success [2].

Glutathione (GSH) is used in the preservation of multi-
ple cell and tissue types because of its role in maintaining 
intracellular stability and defense mechanisms. Changes 
in its activity are associated with the activation of redox 
signaling, which in turn regulates the cell death machin-
ery [3]. Previous studies have shown that intravenous 
GSH administration was effective in preventing renal 
injury resulting from coronary angiography [4]; early and 
prolonged application of a GSH infusion improved car-
diac repair and prevented infarct expansion in patients 
with myocardial infarction undergoing primary percu-
taneous coronary intervention [5]; oral GSH adminis-
tration sensitized healthy and diabetic individuals to 
insulin [6]; and the perioperative use of GSH alleviated 
postoperative inflammation and promoted recovery [7]. 
However, the effects of GSH on fat grafts are unclear. 
Fat grafts commonly undergo ischemia and inflamma-
tion after transplantation, and most cells die within one 
week with only the ~ 300-μm superficial layer surviving 
[8]. Notably, N-acetylcysteine, a precursor of GSH, that 
has been reported to be able to improve graft survival 
[9, 10]. Therefore, we have reason to believe that GSH 
could potentially regulate the survival of fat cells after 
transplantation.

Cell death is an important determinant of graft sur-
vival [11], and research on the related mechanisms has 
increased in recent years [12]. Although various studies 
have emphasized the importance of necrosis and apop-
tosis, the current paradigm acknowledges various cell 
death pathways. Ewa [13] and Kim [14] reported that 
coenzyme Q10 (CoQ10) and deferoxamine (DFX) pro-
moted fat graft survival, respectively. While CoQ10 is 
an antioxidant and DFX is an iron chelator, both exert 
anti-ferroptotic effects. Although not explicitly indicated 
in these studies, we speculate that these interventions 
exerted their protective effects on fat grafts by inhibiting 
ferroptosis. Several studies have shown that GSH has a 
dual regulatory effect on ferroptosis [15, 16]. GSH deple-
tion can trigger ferroptosis, which has been exploited in 

cancer treatments [17], and supplementation with GSH 
is utilized by glutathione peroxidase 4 (GPX4) to pre-
vent lipid peroxidation, in turn inhibiting ferroptosis. The 
GSH-mediated regulation of ferroptosis has shown some 
promising results in the treatment of ischemic injury to 
the liver, kidney, brain, and heart as well as some neuro-
degenerative diseases [18]. However, whether ferroptosis 
participates in the regulation of fat graft survival requires 
further research.

This study investigated the effects of GSH on fat graft 
survival and determined the underlying mechanism in a 
nude mouse model. Based on previous findings regarding 
the activities of GSH, we hypothesized that GSH would 
promote fat graft survival by suppressing ferroptosis.

Materials and methods
Fat grafts and animal model
Human lipoaspirates were harvested from the lower 
abdomen and anterior thighs of five healthy women with 
no contraindications; informed consent was obtained 
prior to surgery. The lipoaspirates were washed with nor-
mal saline (NS) as a control or 1% GSH solution as an 
intervention, followed by centrifugation at 500  rpm for 
3 min. The interlayer, representing the fat graft, was then 
transferred to a 1-mL syringe (Fig. 1a).

Male BALB/c-nu nude mice aged 4 weeks and weigh-
ing 18 ~ 22  g were purchased from the Experimental 
Animal Centre of Southern Medical University (Guang-
zhou, China) and housed in a specific pathogen-free air-
conditioned room (25 ± 2 ℃ and 65% ± 5% humidity) with 
a 12-h light/dark cycle. They were randomly assigned 
to GSH and control groups (18 mice per group) and all 
surgical procedures were performed under general anes-
thesia with intraperitoneal injection of 1% sodium pento-
barbital solution (50 mg/kg body weight). The mice in the 
GSH group received a subcutaneous injection of 0.5 mL 
1  g/kg GSH on each side of the lower back for 3 con-
secutive days (-3, -2, and -1 days, prior to the start of the 
experiment), after which 0.2 mL of the prepared lipoaspi-
rate was transplanted subcutaneously at the same sites 
of injection at day 0 of the experiment under anesthesia 
(Fig.  1b). On days 0, 2, 4, and 6 of the experiment, the 
mice received intraperitoneal injections of 0.2 mL 1 g/kg 
GSH and were monitored over a 3-month period. NS was 
used instead of GSH in the control group.

Magnetic resonance imaging (MRI) of mice
During the early monitoring period, mice were anesthe-
tized with 2% isoflurane through a nose cone and the 
survival of fat grafts was evaluated using a 9.4-T small 
animal MRI scanner (BioSpec 94/30, Bruker, Billerica, 
MA, USA), while continuously monitoring the body tem-
perature and respiratory rate of the mice. T2-weighted 
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Fig. 1 Schematic diagram of the study design. a Preparation of fat grafts. b Construction of the nude mouse model and timeline of normal saline 
(NS) and glutathione (GSH) treatment interventions. Black arrowheads indicate prelipotransfer subcutaneous injections; white arrowheads refer 
to postlipotransfer intraperitoneal injections
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scans were performed, and the images were observed 
using RadiAnt DICOM Viewer software (Medixant, 
Poznań, Poland).

General analysis
The implanted fat grafts were harvested and photo-
graphed. The graft weights were recorded, and their vol-
umes were measured using the liquid overflow method 
[19]. Both weight and volume retention rates were cal-
culated. Subsequent to the data acquisition, the murine 
subjects were humanely euthanized via the administra-
tion of a lethal intraperitoneal injection of sodium pento-
barbital, culminating in cervical dislocation.

Histological analysis
Graft samples were harvested at 12  weeks after trans-
plantation and fixed in paraformaldehyde. After serial 
dehydration and vitrification, the tissues were cut into 
5-mm sections and subjected to hematoxylin and eosin 
(H&E) staining. The slides were scored using the Sho-
shani method to evaluate graft parameters, including the 
presence of intact and nucleated fat cells, cysts and vacu-
oles, inflammation, and fibrosis [20].

For immunofluorescence staining, sections were incu-
bated with primary antibodies targeting perilipin (1:500; 
cat. no. ab3626, Abcam, Cambridge, UK), von Wille-
brand factor (VWF, 1:400; cat. no. GB11020, Servicebio, 
Wuhan, China), GPX4 (1:200; cat. no. ab125066, Abcam), 
and SLC7A11 (1:200; cat. no. Ab307601, Abcam), fol-
lowed by incubation with secondary antibodies. Nuclei 
were stained with 4′,6-diamidino-2-phenylindole (cat. 
no. GB1012, Servicebio). The levels of positive staining 
were quantified as the mean fluorescence intensity using 
ImageJ software [21].

RNA sequencing (RNA‑seq)
RNA samples from the control and GSH groups were 
sequenced by Oebiotech Co. Ltd. (Shanghai, China) using 
an Illumina HiSeq X Ten platform to generate 150-bp 
paired-end reads. The raw data (fastq format) were pro-
cessed using Trimmomatic to remove low-quality reads 
and retain clean reads. The clean reads were mapped to 
the human genome (GRCh38) using HISAT2. Fragments 
per kilobase of exon per million reads mapped were cal-
culated for each gene using Cufflinks, and read counts 
for each gene were obtained using htseq-count. Differen-
tial expression analysis was performed using the DESeq 
R package, with p < 0.05 and fold change > 1.5 or < 0.667 
indicating statistical significance. We performed a hier-
archical cluster analysis of differentially expressed genes 
(DEGs) to evaluate gene expression patterns between 
groups and samples. Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment analysis of DEGs 

was performed using R based on the hypergeometric 
distribution.

qRT‑PCR assay
Total RNA was extracted using a total RNA extraction 
kit (cat. No. R1200, Solarbio, Beijing, China) and reverse 
transcribed into cDNA using a PrimeScript RT reagent 
kit (cat. No. RR014B, Takara Bio, Kusatsu, Japan). qRT-
PCR was carried out using SYBR Green Master Mix (cat. 
No. 11201ES03, Yeasen, Shanghai, China) on a CFX384 
real-time PCR system (Bio-Rad Laboratories, Hercules, 
CA, USA). Relative mRNA expression was quantified 
using the 2 − ΔΔCt method. The primers are listed in 
Additional file 1.

Ultrastructural analysis
Graft samples were fixed in glutaraldehyde, dehydrated, 
impregnated, embedded in epoxy resin and acrylic, and 
cut into 60-nm sections using an ultramicrotome. The 
morphology of mitochondria was studied by transmis-
sion electron microscopy (TEM) using a Hitachi TEM 
system (HT7800, Tokyo, Japan).

Cell culture
For primary culture of adipose-derived stem cells 
(ADSCs), the lipoaspirates were washed with phosphate-
buffered saline (PBS) and rested for 10  min at room 
temperature. The sedimented liquid layer containing 
tumescent fluid and blood components was discarded. 
The remaining fat particles were digested with 0.2% colla-
genase (Gibco, Billings, MT, USA) in a water bath shaker 
at 37  °C for 30 min, and the mixture was centrifuged at 
1000 rpm for 5 min to remove undigested fat. After filtra-
tion and centrifugation, the cell pellet was resuspended 
with low glucose Dulbecco’s modified Eagle’s medium 
(DMEM, Gibco) containing 10% fetal bovine serum (FBS, 
Gibco) and 1% penicillin–streptomycin (Gibco) at 37  °C 
and 5% CO2 in 10-cm dishes. Cells at passages 3–5 were 
used for subsequent experiments.

ADSCs identification
Flow cytometry analysis of specific mesenchymal surface 
markers was performed with Human MSC Analysis Kit 
(cat. no. 562245, BD Bioscience, USA), which contains 
positive markers of CD73 APC, CD90 FITC, CD105 
PerCP and negative cocktail (CD11b, CD19, CD34, 
CD45, HLA-DR PE). ADSCs at passage 3–4 were and 
resuspended and incubated with the antibodies or iso-
type. After washing and resuspension, the sample tubes 
were analyzed by flow cytometry by BD FACSymphony™.

ADSCs at passage 3–4 were seeded on 12 well plate 
until the confluency reached about 80%. The medium 
was replaced with adipogenic medium in hMACs 
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Adipogenesis Differentiation Kit (cat. no. PWL081, mei-
lunbio, China) and osteogenic medium in hMSCs Oste-
ogenic Differentiation Kit (cat. no. PWL080, meilunbio, 
China). With a 21-day culture, the cells were fixed with 
4% formaldehyde and stained with Oil Red O or Alizarin 
Red.

Oxygen and glucose deprivation (OGD) model 
and cell viability
To imitate the in  vivo environment of ischemia and 
hypoxia after fat transplantation, ADSCs were cultured 
under hypoxic and glucose-free conditions to induce 
an OGD model. After the cells reached ~ 80% conflu-
ence under normal culture conditions, the medium was 
changed to glucose-free DMEM (Gibco) and the dish was 
placed in an anaerobic chamber (5% CO2, 95% N2) to 
induce OGD-related cell injury. ADSCs cultured under 
normal conditions were used as controls.

Cell viability was assessed using a Cell Counting Kit-8 
(Dojindo, Kumamoto, Japan) according to the manu-
facturer’s instructions, with absorbance measured 
at 450  nm. The most appropriate OGD duration and 
GSH concentration were determined by cell viability 
comparisons.

The level of OGD-induced ferroptosis in ADSCs was 
assessed according to the viability of cells treated with 
the ferroptosis inhibitor Ferrostatin-1 (Fer-1) 5  μM, 
autophagy inhibitor 3-Methyladenine (3-MA) 5  mM, 
apoptosis inhibitor Z-VAD-FMK 10  μM, necroptosis 
inhibitor Necrostatin-1 (Nec-1) 50  μM, or ferroptosis 
activator erastin.

Malondialdehyde (MDA) and superoxide dismutase 
(SOD) detection
The levels of MDA and SOD in graft samples were deter-
mined using a lipid peroxidation MDA assay kit (cat. no. 
S0131S, Beyotime, Shanghai, China) and total SOD assay 
kit (cat. no. S0101S,  Beyotime), respectively, according 
to the manufacturer’s instructions. Both MDA and SOD 
levels were normalized per milligram of total protein.

Determination of intracellular reactive oxygen 
species (ROS) levels
Total intracellular ROS levels were determined using a 
ROS assay kit (cat. no. S0033S, Beyotime) according to 
the manufacturer’s instructions. Cells treated with test 
compounds were washed with PBS and incubated with 
10 μM 2′,7′-dichlorofluorescein diacetate (DCFH-DA) at 
37 °C for 30 min, followed by washing with PBS, digestion 
with trypsin, and collection. The final cell suspensions 
were analyzed by flow cytometry to test the intensity of 
DCFH-DA fluorescence at excitation and emission wave-
lengths of 480 nm and 530 nm, respectively.

Lipid peroxidation staining
Intracellular lipid peroxide (LPO) levels were measured 
using a lipid peroxidation kit (Thermo Fisher Scientific, 
Waltham, MA, USA) according to the manufacturer’s 
instructions. Adherent cultured cells in each intervention 
group were stained with a BODIPY 581/591 C11 probe 
for 30 min at 37  °C. Upon lipid peroxidation, the probe 
causes a fluorescence shift from red (590  nm) to green 
(510 nm). After being washed three times with PBS, the 
cells were observed and imaged under a fluorescence 
microscope (Nikon, Japan).

Western blotting
Samples were lysed in RIPA buffer containing a protease 
inhibitor, and the total protein content was quantified 
using a bicinchoninic acid protein assay kit (Beyotime). 
Equal amounts of protein were separated by 10% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis and 
transferred onto polyvinylidene difluoride membranes. 
After blocking, membranes were incubated with pri-
mary antibodies against SLC7a11 (1:1000, Abcam), GPX4 
(1:1,000, Abcam), and PPAR (1:1,000; cat. no. ab178860, 
Abcam) overnight at 4 °C followed by incubation with a 
horseradish peroxidase-linked secondary antibody. Blots 
were detected using an enhanced chemiluminescence 
reagent [22]. The relative protein levels were normalized 
to that of β-actin and quantified using ImageJ.

Statistical analysis
Data are expressed as the mean ± standard deviation (SD) 
of at least three independent experiments. All analyses 
were performed using GraphPad Prism software (Graph-
Pad Software, San Diego, CA, USA). Differences between 
groups were analyzed using a Student’s t test (two-group 
comparisons) or one-way analysis of variance (multiple-
group comparisons) with Tukey’s post-hoc multiple 
comparisons test. Pearson’s correlation coefficient was 
calculated to assess the strength of association between 
qRT-PCR and RNA-sequencing data. Statistical signifi-
cance was set at p < 0.05.

Results
GSH effectively improves fat graft survival
All experimental animals survived well. The grafts in both 
the GSH and control groups were remodeled into a fat 
mass with a vascularized capsule; however, those in the 
GSH group were denser and larger (Fig. 2a). The volumes 
and weights of the grafts in both groups decreased over 
time. In the first 2  weeks, no differences were observed 
between the groups. At 4  weeks, the weight, volume, 
and retention rate of the grafts were lower in the con-
trol group than those in the treatment group. According 
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to the retention curves, the shrinking of the grafts was 
particularly pronounced at 4–8 weeks. At the end of the 
experiment, the retention rate in the GSH group was 
superior to that in the control group (weight: 117 mg vs. 
86 mg; retention ratio: 56.4% vs. 42.2%; volume: 108 μL 
vs. 82 μL; ratio: 54.2% vs. 41.2%; p < 0.05; Fig. 2b).

T2-weighted imaging of the early stage implants 
showed a unique and bright signal that was clearly con-
trasted with the surrounding muscles. Coronal and trans-
verse images showed that the fat grafts in both groups 
had a homogeneous intensity on the first day after trans-
plantation. Meanwhile, on day 28, the control-group 
grafts showed a well-defined lobulated mass of inhomo-
geneous signal intensity with a hypointense rim, cor-
responding to a low survival status. In addition, local 
necrosis was evident from the centralized globular hyper-
intense signal in both coronal and transverse images. In 

contrast, T2-weighted imaging of the GSH-treated grafts 
showed a homogeneous signal intensity, which indicated 
good survival. These preliminary results suggested that 
GSH can improve the survival of fat grafts (Fig. 2c).

GSH‑treated fat grafts present a better histological 
structure
H&E staining showed that the fat grafts in the GSH-
treated group exhibited better morphologic integrity, 
with fewer vacuoles, fibrotic cells, and inflammatory 
cells (Fig. 3a, b). We evaluated adipogenic and angiogenic 
activities by immunofluorescence and observed a higher 
number of intact perilipin-positive mature adipocytes in 
the GSH-treated group than in the control group. Posi-
tive vWF staining in the GSH-treated group confirmed 
the occurrence of vascular lumens, whereas the scattered 

Fig. 2 Survival of fat grafts in GSH-treated and control (Con) nude mice. a Survival of fat grafts in situ (n = 3). b Appearance of harvested fat grafts 
at 4, 8, and 12 weeks (left); variation in graft weights, volumes, and retention rates over time (right; n = 3). c Magnetic resonance imaging (MRI) 
imaging of implanted fat grafts at days 1 and 28. Representative T2 images of coronal and transverse planes presenting graft survival status (n = 3). 
Data are presented as the mean ± SD. *p < 0.05, **p < 0.01
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vWF fluorescence in the control group demonstrated 
limited angiogenesis (Fig. 3c, d).

Ferroptosis‑inhibiting genes are enriched by GSH 
treatment
We used RNA sequencing (RNA-seq) to identify differ-
entially expressed genes (DEGs) between the treatment 
groups (Fig.  4a) and found that ferroptosis was among 
the top 20 enriched Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways (Fig.  4b). Relative to “cell 
growth and death” and “aging,” ferroptosis had the highest 
enrichment score (Additional file 2: Figure S1). Addition-
ally, gene set enrichment analysis confirmed that ferrop-
tosis was positively related to GSH treatment (Fig.  4c). 
We identified eight DEGs in the ferroptosis signaling 
pathway (Fig. 4d), among which six ferroptosis-inhibiting 
genes (Slc7a11, Slc40a1, Gclm, Fth1, Gclc, and Gss) were 
upregulated, one ferroptosis-promoting gene (Slc39a14) 
was downregulated, and one ferroptosis-promoting gene 
(Hmox1) was upregulated. Collectively, these results sup-
port our hypothesis that GSH promoted fat graft survival 
by inhibiting ferroptosis. The transcriptomic results were 

verified by quantitative reverse transcription-polymerase 
chain reaction (qRT-PCR) analysis (Fig.  4e). The RNA-
seq and qRT-PCR results for both up- and downregulated 
genes showed a strong positive association (r = 0.854, 
p = 0.007; Fig. 4f ).

GSH protects transplanted fat grafts 
against ferroptosis
We examined the levels of ferroptosis in the trans-
planted fat grafts by immunofluorescence and observed 
a stronger positive staining for the anti-ferroptosis mark-
ers GPX4 and SLC7A11 in the GSH-treated group than 
in the control group (Fig. 5a, b). Mitochondria in the con-
trol group consistently showed a decrease in size and an 
increase in membrane density according to TEM imag-
ing. In contrast, the GSH-treated samples appeared rela-
tively normal, and their mitochondria were characterized 
by abundant, large, and clear cristae (Fig. 5c). The levels 
of the oxidative stress indicators MDA and SOD sug-
gested an enhanced oxidation state in the control group, 
while the opposite trends were observed in the GSH-
treated group (Fig. 5d, e). Western blotting showed that 

Fig. 3 Histological analysis of fat grafts in the GSH-treated and control (Con) groups. a Representative images of H&E-stained fat grafts at week 12. 
b H&E scoring of cell integrity, tissue inflammation, vacuolation, and fibrosis (n = 7). Asterisk, vacuoles. Triangle, fibrotic cells. Arrow, inflammatory 
cells c Immunofluorescence staining for perilipin (green) and von Willebrand factor (vWF, red) in fat grafts between treatment groups. The bottom 
images are the magnified fields contained in the above dotted frames d Quantification of positive perilipin and vWF staining based on mean 
fluorescence intensity (n = 3). Data are presented as the mean ± SD. *p < 0.05, **p < 0.01
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Fig. 4 Transcriptomic analysis of fat grafts from the GSH-treated and control (Con) groups. a Volcano plot of DEGs between the control and GSH 
groups (p < 0.05, fold change > 1.5 or < 0.667). b KEGG pathway enrichment analysis of DEGs. Ferroptosis was ranked third among the top-20 
enriched pathways. c Gene set enrichment analysis of ferroptosis pathways. d Heatmap of genes involved in ferroptosis. Significant DEGs are shown 
in red. e Validation of DEGs by qRT-PCR. f Pearson’s correlation analysis of DEG fold-change levels determined by RNA-seq and qRT-PCR. Solid line 
indicates the fitting curve
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both SLC7A11 and GPX4, which activate inhibitory sig-
nals, were expressed at higher levels in the GSH-treated 
group than in the control group, similar to the expres-
sion pattern of the adipogenesis-related marker PPARγ 
(Fig.  5f ). Collectively, these findings further confirmed 
our hypothesis that GSH exerts a protective effect on fat 
grafts by inhibiting ferroptosis.

OGD triggers ferroptosis in ADSCs in vitro
The cells employed in our experiment were identified as 
ADSCs by Flow cytometry and osteogenic and adipo-
genic induction (Additional file 3: Fig S2). With increas-
ing OGD intervention time, the viability of ADSCs 
decreased (Fig.  6a). Based on the cell viability results, 
we selected 4  h as the OGD duration for subsequent 
experiments. We treated ADSCs with various inhibitors 
to determine the type of OGD-induced cell death. Nota-
bly, Fer-1 and Nec-1 prevented OGD-induced cell death, 
while inhibitor 3-MA and Z-VAD-FMK did not (Fig. 6b). 

Intracellular oxidative stress was enhanced in the OGD- 
and erastin-treated (positive control) group but was 
attenuated in the Fer-1 group, based on MDA and SOD 
levels (Fig. 6c, d). The western blot results indicated that 
OGD and erastin caused a decrease in SLC7A11 and 
GPX4 protein levels, which were rescued with the addi-
tion of Fer-1 (Fig. 6e).

GSH reverses OGD‑mediated ferroptosis 
by activating the SLC7A11/GPX4 axis
We investigated the mechanism by which GSH 
enhances the resistance of ADSCs to ferroptosis. Pre-
treatment of cells with GSH significantly improved the 
viability of OGD-treated cells; 5  mM was confirmed 
to be the optimum GSH concentration (Fig.  7a). GSH 
also attenuated erastin-induced cell death, demonstrat-
ing its ferroptosis suppressing effects (Fig.  7b). Flow 
cytometry using the DCFH-DA probe indicated that 
the marked elevation in ROS levels caused by the OGD 

Fig. 5 Effects of GSH supplementation on ferroptosis in fat grafts. a Immunofluorescence staining for GPX4 (green) and SLC7A11 (red) in fat grafts 
from control and GSH-treated mice. The bottom images are the magnified fields contained in the above dotted frames. b Mean fluorescence 
intensity of positive GPX4 and SLC7A11 staining (n = 3). c Ultrastructure of fat grafts based on TEM. The bottom images are the magnified fields 
contained in the above dotted frames (n = 3). Arrowheads indicate mitochondria. M: mitochondrion; LD: lipid drop. d, e Malondialdehyde (MDA) 
and superoxide dismutase (SOD) levels in control and GSH-treated grafts (n = 3). f Protein expression and quantification of GPX4, SLC7A11, 
and PPARγ in fat grafts (n = 3). Full-length blots are presented in Additional file 4. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01
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and erastin treatments was rescued by the GSH treat-
ment (Fig. 7c). We visualized lipid peroxides (LPOs) in 
ADSCs by staining with a BODIPY 581/591 C11 probe 
and found that cells in the OGD- and erastin-treated 
groups showed extensive green staining, indicating 
the production of a large amount of LPOs, whereas 
GSH-supplemented cells displayed only sporadic green 
staining (Fig.  7d). GSH also reduced oxidative stress 
in ferroptotic ADSCs, based on MDA and SOD levels 
(Fig.  7e, f ). The OGD and erastin treatments inhib-
ited the activity of the antioxidant system by down-
regulating the activation of the SLC7A11/GPX4 axis. 
GSH abolished this inhibitory effect and promoted the 
recovery of SLC7A11 and GPX4 levels (Fig. 7g).

Discussion
Researchers have long attempted to improve fat graft sur-
vival; however, no substantial progress has been made 
in clinical practice. In our opinion, this is mainly due to 
the fact that many laboratory-stage techniques are lim-
ited by safety and ethical concerns. Additionally, because 
the survival mechanism of fat grafts has not yet been 
fully elucidated, there is a lack of effective targeted inter-
ventions. In this study, we propose that the commonly 
applied antioxidant GSH can improve fat graft survival 
and confirmed that its protective effects were achieved by 
inhibition of ferroptosis.

Using MRI, we found that GSH maintained the cell 
retention, appearance, and tissue structure of fat grafts. 

Fig. 6 Effect of oxygen and glucose deprivation (OGD) culture on the levels of ferroptosis in adipose-derived stem cells (ADSCs). a Cell viability 
at 2, 4, 6, 8, and 10 h in the OGD model (n = 3). b Cell viability under OGD conditions with different inhibitors (n = 3). c, d Intracellular MDA and SOD 
levels in ADSCs (n = 3). (e, f ) GPX4 and SLC7A11 expression in ADSCs (n = 3). Full-length blots are presented in Additional file 4. Data are presented 
as the mean ± SD. *p < 0.05, **p < 0.01
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Fig. 7 GSH rescues ADSCs from ferroptosis by activating the SLC7A11/GPX4 axis. a Cell viability in the OGD model at different concentrations 
of GSH (n = 3). b Attenuation of decreased cell viability in the OGD- and erastin-treated groups by GSH (n = 3). c Intracellular reactive oxygen species 
(ROS) levels determined by flow cytometry (n = 3). d BODIPY staining for lipid peroxidation in ADSCs (n = 3). e, f Intracellular MDA and SOD levels 
in each treatment group (n = 3). g, h Protein expression and quantification of GPX4, SLC7A11 by western blotting (n = 3). Full-length blots are 
presented in Additional file 4. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01
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MRI is an effective diagnostic tool that enables the char-
acterization of a graft (e.g., whether it is solid or liquid; 
the extent and location of necrosis) without requiring an 
autopsy. It is also possible to describe the relationship 
between the graft and the host, i.e., whether the trans-
planted graft grows invasively or is locally confined [23]. 
T2-weighted imaging showed that the off-center region 
within the control grafts exhibited liquefaction-equiva-
lent hyperintense signals with recognizable boundaries. 
This suggested that the superficial layer of the grafts had 
a greater viability compared to the deeper layers, consist-
ent with Kotaro’s three zones theory [8]. In the periphery 
of the control grafts, we also observed hyperintense sig-
nals from small separate lobulated fat masses—structures 
that may eventually develop into cysts or foci of calcifica-
tion and are a common clinical complication of fat graft-
ing. However, these phenomena were not observed in 
the GSH-treated grafts, even in the early post-transplant 
period, confirming the potent and efficient protective 
effect of GSH. Although not commonly used in fat graft 
research, our findings indicated that MRI can be used for 
early graft prognosis, which can benefit early interven-
tion and overall clinical management. It should be noted 
that both T1- and T2-weighted scans were performed in 
our study, but the T1 images were not clear enough for 
analysis.

We confirmed the occurrence of ferroptosis in the 
transplanted fat grafts, which was another important 
finding of our study. Ferroptosis—a more recently dis-
covered type of programmed cell death—is distinct from 
apoptosis, necroptosis, or pyroptosis in terms of mor-
phology, biochemistry, and development. It is driven by 
the accumulation of iron-dependent LPOs. Ferroptosis 
is characterized by the dysregulation of oxidant and anti-
oxidant levels, which leads to plasma membrane dam-
age. Shrunken mitochondria with condensed ruptured 
outer membranes as well as vestigial cristae are a physi-
cal hallmark of ferroptosis [24]. Moreover, ferroptosis is 
increasingly recognized as an important driver of dis-
ease pathogenesis, including but not limited to cancer, 
degenerative diseases, ischemic injury, and infections 
[25]. However, the role of ferroptosis in fat graft survival 
was hitherto unclear. In this study, we confirmed our 
hypothesis that ferroptosis was involved in the survival 
of fat grafts. First, RNA-seq confirmed that the DEGs 
were mainly enriched in the ferroptosis pathway. Subse-
quent experiments indicated that control grafts showed 
features associated with exacerbated ferroptosis, includ-
ing elevated LPO levels and suppression of the antioxi-
dant system. In addition to the effects of necrosis and 
apoptosis, other regulatory pathways, such as autophagy 
and necroptosis, have been proposed to play important 
roles in fat graft survival [26, 27]. Although we did not 

investigate each of these cell death pathways, we do not 
deny their potential roles. Future studies should con-
sider the different forms of cell death, whether they act 
simultaneously or successively through interactions, and 
whether any one of these cell death pathways plays a pre-
dominant role.

In this study, GSH inhibited ferroptosis by activat-
ing the SLC7A11/GPX4 axis and reducing LPO levels 
to ultimately alleviate graft injury and promote survival. 
This was also confirmed in  vitro, where GSH promoted 
the resistance of ADSCs to ferroptosis. SLC7A11 is a key 
component of the cystine/glutamate antiporter system 
Xc–, which imports cystine for GSH biosynthesis. In the 
presence of GSH, GPX4 mediates the conversion of toxic 
LPOs to nontoxic lipid alcohols. SLC7A11 inhibition 
results in GSH depletion, which downregulates GPX4 
levels, thereby promoting cellular/subcellular membrane 
damage caused by LPOs [28]. The SLC7A11/GPX4 axis, 
serving as a pivotal inhibitory pathway in the orchestra-
tion of ferroptosis, has garnered substantial attention. 
It is increasingly recognized as a promising therapeutic 
target for diseases linked to ferroptosis, and its potential 
to enhance outcomes of fat transplantation has come to 
light [29, 30]. Our study provides strong evidences, elu-
cidating that the induction of ferroptosis resistance as an 
effective strategy to promote the survival of transplanted 
fat grafts.

It was demonstrated in in vitro experiments that OGD 
effectively induced the death of ADSCs. To gain deeper 
insights into the precise classification of cell death, we 
employed a diverse array of inhibitors. Caspases assume 
a pivotal role in apoptosis, serving as primary executors 
through the cleavage of cellular proteins, thereby insti-
gating and executing the apoptotic cascade. Hence, we 
employed the broad spectrum inhibitor Z-VAD-FMK 
to selectively target caspases and impede the apop-
totic pathway. 3-MA stands as a commonly employed 
autophagy inhibitor. Through the inhibition of phos-
phoinositide 3-kinase (PI3K), 3-MA disrupts the forma-
tion of autophagosomes, thereby impeding the initiation 
of the autophagic process. Nec-1 functions through the 
specifically targeting of Receptor-Interacting Protein 
Kinase 1 (RIPK1), inducing disruption in the assembly 
of the necrosome, consequently impeding the execution 
of necroptotic cell death. Fer-1 operates as a ferroptosis 
inhibitor, predominantly through the scavenging of lipid 
peroxides. In this capacity, it serves to shield cells from 
oxidative harm, thereby contributing to the preservation 
of cellular membrane integrity. Within these compara-
tively autonomous mechanisms governing cell death, the 
introduction of Fer-1 substantially elevated cell survival 
rates, indicative of the effective suppression of OGD 
induced ferroptosis. Additionally, we noted the inhibition 
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of cell death with Nec-1, suggesting that OGD has the 
potential to induce necroptosis, aligning with findings 
by Qi et  al. [27]. Thus, our study provides additional 
substantiation for the appropriateness of this model in 
simulating the environment wherein the replanted grafts 
reside post-transplantation, and investigating the mecha-
nisms governing cell death.

Since the conception of cell-assisted lipotransfer by 
Yoshimura in 2006 [31], numerous approaches have been 
proposed to improve the long-term efficacy of lipotrans-
fers. Based on our results, we propose that GSH-assisted 
lipotransfer could be a safe and effective alternative to 
traditional procedures. GSH has long been used in clini-
cal practice via various routes of administration, with 
good therapeutic effects and safety [32–34]. Therefore, it 
can be applied directly as a topical (graft washing), oral 
supplement, subcutaneous/intravenous injection, or a 
combination of multiple routes (similar to the approach 
applied in our study). However, the optimization of treat-
ment route and dosage requires further research. A pre-
vious study showed that graft washing induced better 
survival [35], which, if confirmed, could reduce the side 
effects related to local injections.

Conclusions
This study describes a novel lipotransfer approach and 
our findings complemented the existing fat graft survival 
theory. GSH is a promising and clinically feasible drug 
that promotes fat graft survival by inhibiting ferropto-
sis via the SLC7A11/GPX4 axis. This study is the first to 
describe the role of ferroptosis in fat graft survival and 
demonstrate the potential of this pathway as a thera-
peutic target for improving lipotransfer success. Fur-
ther research and clinical studies are needed to evaluate 
the performance of this GSH-based modification in fat 
transplantation.
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