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Abstract

Background: Ensuring the survival of the distal end of a random flap during hypoperfusion (ischaemia) is difficult in clinical practice. Effective
prevention of programmed cell death is a potential strategy for inhibiting ischaemic flap necrosis. The activation of stimulator of interferon genes
(STING) pathway promotes inflalmmation and leads to cell death. The epidermal growth factor family member neuregulin-1 (NRG1) reduces
cell death by activating the protein kinase B (AKT) signalling pathway. Moreover, AKT signalling negatively regulates STING activity. We aimed
to verify the efficacy of NRG1 injection in protecting against flap necrosis. Additionally, we investigated whether NRG1 effectively enhances
ischemic flap survival by inhibiting pyroptosis and necroptosis through STING suppression.

Methods: A random-pattern skin flap model was generated on the backs of C57BL/6 mice. The skin flap survival area was determined. The blood
supply and vascular network of the flap was assessed by laser Doppler blood flow analysis. Cluster of differentiation 34 immunohistochemistry
(IHC) and haematoxylin and eosin (H&E) staining of the flap sections revealed microvessels. Transcriptome sequencing analysis revealed the
mechanism by which NRG1 promotes the survival of ischaemic flaps. The levels of angiogenesis, oxidative stress, necroptosis, pyroptosis and
indicators associated with signalling pathways in flaps were examined by IHC, immunofluorescence and Western blotting. Packaging adeno-
associated virus (AAV) was used to activate STING in flaps.

Results: NRG1 promoted the survival of ischaemic flaps. An increased subcutaneous vascular network and neovascularization were found
in ischaemic flaps after the application of NRG1. Transcriptomic gene ontology enrichment analysis and protein level detection indicated that
necroptosis, pyroptosis and STING activity were reduced in the NRG1 group. The phosphorylation of AKT and forkhead box O3a (FOXO3a) were
increased after NRG1 treatment. The increased expression of STING in flaps induced by AAV reversed the therapeutic effect of NRG1. The ability
of NRG1 to phosphorylate AKT-FOXO3a, inhibit STING and promote flap survival was abolished after the application of the AKT inhibitor MK2206.
Conclusions: NRG1 inhibits pyroptosis and necroptosis by activating the AKT-FOXO3a signalling pathway to suppress STING activation and
promote ischaemic flap survival.
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Highlights

* NRG1 promotes ischaemic flap survival by reducing pyroptosis and necroptosis through the inhibition of STING activity.
* NRG1 inhibits STING activation by activating the AKT-FOX03a pathway to promote flap survival in ischaemic flaps.
* NRG1 is a potential therapeutic agent for ischaemic flaps.

In contrast, reconstruction surgery is primarily aimed at

Background restoring deficient functions through tissue transplantation,
There are two types of surgery in trauma and plastic such as reconstructing skin barrier function through skin
reconstruction: excision and reconstruction [1]. Excision grafting. An important technique in reconstructive surgery
surgery, such as scar resection surgery, mainly involves is flap transplantation [2]. The survival of the skin flap
the removal of abnormal proliferative tissues in the body. is mediated by the joint action of the subdermal vascular
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network and the vessels from the bed. Since flap transfer
cuts off most of the blood supply to the flap, reconstruction
of the capillaries distal to the flap often takes 5 to 10 days
[3]. During this period, the distal terminal of the flap suffers
from chronic ischaemia, which leads to an increased level
of oxidative stress in the flap tissue [4]. Moreover, due
to ischaemia, some cells inside the flap undergo necrosis
and lysis, leading to the secretion of multiple inflammatory
factors that exacerbate tissue injury and further affect flap
survival [5]. If the viability of random skin flaps could be
increased to inhibit ischaemic necrosis in the distal region
and allow flap survival at the same low perfusion level as
the skin graft, the various types of cell death of flaps at the
molecular level could be inhibited, thus breaking the vicious
cycle of ischaemia—oxidative stress—necrosis—inflammation—
exacerbation of ischaemia—exacerbation of necrosis. This
approach may increase the clinical applications of random
skin flaps.

Cell death is a basic biological phenomenon in all organisms
and is involved in functions such as embryonic development,
organ maintenance and senescence through the coordination
of the immune response and self-immunity [6]. Recently,
with the in-depth study of programmed cell death (PCD), an
increasing number of studies have confirmed the role of two
types of PCD in ischaemic diseases and ischaemia-reperfusion
injury [7,8]. Pyroptosis is caused by the activation of intracel-
lular sensors such as nucleotide-binding domain leucine-rich-
containing family pyrin domain-containing-3 (NLRP3) by
external stimuli [reactive oxygen species, lipopolysaccharide
and damage-associated molecular patterns (DAMPs)], which
recruit the adaptor apoptosis-associated speck-like protein
containing a caspase-recruitment domain (ASC), induce the
formation of inflammasomes and activate caspasel, which in
turn activates gasdermin D (GSDMD) and forms pores in the
cell plasma membrane, leading to cell membrane collapse and
triggering cell death and inflammatory mediator [interleukin
(IL)-18 and IL-18] release [9,10]. Necroptosis is activated
after stimulation by the accumulation of receptor-interacting
protein kinases (RIPKs), such as RIPK1 and RIPK3, which
form necrosomes by phosphorylation [11]. In the absence of
caspase8 activity, RIPK1 recruits and phosphorylates RIPK3,
forming a complex called the ripoptosome [12]. Mixed lineage
kinase domain-like protein (MLKL) is subsequently recruited
by the ripoptosome and phosphorylated. MLKL translocates
to the membrane and promotes membrane permeability,
leading to necrosis [11,13]. According to previous studies
and the results of transcriptome sequencing of mouse skin
flaps, pyroptosis and necroptosis are identified as the two
important forms of cell death resulting in skin flap necrosis
[12,14]. Therefore, effectively preventing these two kinds of
programmed death is likely to be an effective approach for
inhibiting flap necrosis.

Regarding uncontrollable PCD and autoimmune inflam-
matory damage, another set of proteins that have been stud-
ied extensively recently are interferon gene-stimulating pro-
teins [stimulator of interferon genes (STING), transmembrane
protein 173 (TMEM173) and mediator of IRF3 activation
(MITA)] [15]. STING has been revealed to be associated with
the TMEM173-encoded ER, which detects abnormal DNA
species in the cell cytoplasm and induces the secretion of
multiple proinflammatory cytokines as well as type 1 inter-
feron (IFN) [16]. STING activation is one of the key fac-
tors in uncontrolled sepsis and inflammation [17]. Recently,
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STING-mediated inflammation, the type I IFN response and
cell death (such as apoptosis, pyroptosis and necroptosis) were
shown to likely lead to sepsis or septic shock [17]. Abnormal
activation of STING might lead to uncontrolled inflamma-
tion or even cell death [18]. The vicious cycle of ischemia,
necrosis and inflammation exacerbating flap necrosis is akin
to the uncontrolled inflammatory necrosis induced by STING.
However, no study has yet examined the STING pathway in
conjunction with flap necrosis. It remains unclear whether the
STING pathway is involved in the inflammatory programmed
necrosis pathway that results in uncontrollable pyroptosis and
necroptosis in the ischaemic flap, and whether a breakthrough
could be achieved to further research on suppressing flap
necrosis.

Growth factor treatments offer benefits such as promoting
tissue repair and regeneration, expediting healing, improving
treatment outcomes and enabling personalized therapy
[19,20]. Neuregulin-1 (NRG1) is an epidermal growth factor-
like protein primarily found in the nervous and cardiovascular
systems and is considered a key driver of tissue regeneration in
multiple organs [21]. In hind-limb ischaemia models, NRG1
has been identified as a crucial mediator of angiogenesis [20],
while its activation during myocardial injury protects against
microvascular endothelial damage and reduces oxidative
stress and cell death [22,23]. Additionally, this molecule
is involved in suppressing immune inflammation during
septic cardiomyopathy [21]. NRG1 has been shown to
stimulate intestinal crypt proliferation and induce organoid
budding via the mitogen-activated protein kinase and protein
kinase B (PKB/AKT) pathways [24]. A recent study has
revealed that NRG1 regulates the growth and migration of
fibroblasts and keratinocytes through the extracellular signal-
regulated kinase pathway, thereby promoting wound healing
[25]. As a multifunctional endogenous protein that inhibits
inflammatory responses, promotes angiogenesis, facilitates
tissue repair and regeneration, and suppresses cell death,
NRG1 may be the optimal choice for increasing the survival
of ischaemic regions in skin flaps. Moreover, AKT kinase
plays a negative regulatory role in antiviral immune responses
mediated by cyclic GMP-AMP synthase (cGAS)-STING [26].
Therefore, we hypothesized that the suppressive effects of
NRG1 on cell death and oxidative stress are associated
with STING inhibition. In addition, the role of NRG1 in
skin flap tissue has never been studied. We also speculated
that NRG1 could improve the survival of ischaemic flaps
by modulating STING and PCD, and further explored the
underlying mechanism involved.

Methods
Animals

Healthy C57BL/6 mice (adult males, 20-30 g) were provided
by the Experimental Animal Center of Wenzhou Medical
University (SCXK [Z]] 2015-0001). The animal experiments
performed in this study conformed to the Guidelines for
the Welfare and Usage of Laboratory Animals of the China
National Institutes of Health and were approved by the
Animal Welfare and Use Committee of Wenzhou Medical
University (wydw2024-0058). Animals were fed under stan-
dard conditions (temperature: 21-25°C, humidity: 50-60%,
light/dark cycle: 12/12 h) and allowed to drink and eat
freely. The surgery, treatment and perioperative nursing of the
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experimental animals were conducted according to the Guide-
lines for the Care and Use of Experimental Animals of The
Chinese Academy of Health.

Random-pattern skin flap modelling

According to previous studies, mice were anaesthetized with
1% pentobarbital sodium (50 mg/kg) via intraperitoneal injec-
tion [12,14]. All hair on the back of the mice, from below
the ears to the base of the tail, was then removed. The dorsal
flap was designed with the bilateral posterior superior iliac
spine as the base (size: 1.5 x 4.5 cm?). The root and all
visible vessels around the flap were removed and only the
skin was connected. Finally, the edges of the flap were gently
sutured with a 4-0 nonabsorbable line. The random flaps
were grouped into proximal (zone-I), middle (zone-II) and
distal (zone-III) groups, each of which was of equal size. The
division of the mouse dorsal skin flap into three distinct areas
was guided by the modified McFarlane flap model and pre-
vious studies [27-29]. Zone-I represents healthy tissue, zone-
III is predisposed to necrosis without intervention and zone-II
serves as the pivotal intermediate zone prone to ischaemia and
subsequent necrosis. Focusing therapeutic interventions on
zone-II, the watershed region, allows us to mitigate ischaemia
and forestall necrosis, which is considered a crucial part of
increasing flap survival. Therefore, zone-II was the focal point
of histological and molecular biological evaluations. All mice
were sacrificed on 7 days after the operation for the next step
of the experiment.

Adeno-associated virus vector packaging

pAV-U6-STING-CGA-EGFP was generated by synthesizing a
Sting1 sequence and cloning it into the pAV-U6-MCS-CGA-
EGFP (GV478) plasmid. Subsequently, the pAV-U6-STING-
CGA-EGFP, Ad helper (adenovirus helper plasmid), and
Adeno-associated virus (AAV) Rep/Cap expression plasmids
were utilized to generate AAV9-U6-STING-CGV-EGFP by
transfecting AAV-293 cells. Similarly, a scramble control was
generated via AAV9-U6-scramble-CGV-EGFP. An iodixanol
gradient approach was used to purify the viral particles.

Drugs and AAV vector administration

For the determination of the optimal therapeutic drug
concentration, 30 C57BL/6 mice were randomly assigned to
the NRG1 (0,1, 5,15, 30 or 50 ug/kg/d) group, with 5 mice in
each group. For the analysis of changes in endogenous NRG1
at different time points, 12 C57BL/6 mice were randomly
assigned to four groups: days 0, 1, 3 and 7, with 3 mice in each
group. A total of 150 C57BL/6 mice were randomly divided
into 7 groups: control group (n=35), NRG1 group (n=35),
AAV-STING group (n=20), NRG1 + AAV-scramble group
(n=20), NRG1+ AAV-STING group (n=20), MK2206
group (n=10) and NRG1 + MK2206 group (n=10). Recom-
binant human NRG1-81 was first reconstituted at a concen-
tration of 100 ug/ml in sterile phosphate-buffered saline (PBS)
containing 0.1% bovine serum albumin (BSA). At a dosage of
15 ng/kg/day, the protein was further diluted in 50 ul of sterile
PBS for intraperitoneal injection 7 days after flap surgery
for the NRG1 group [24,30], while the control group was
treated with an equal volume of saline. The NRG1 + AAV-
scramble group, AAV-STING group and NRGI1+ AAV-
STING group were intravenously injected with 100 ul of viral
vector containing 2.5 x 1010 packaged genomic viral particles
in PBS 14 days prior to surgery. Fourteen days later, the

NRG1 + AAV-scramble group, NRG1 + AAV-STING group
and NRG1 group received the same treatment (flap surgery
and NRG1 intraperitoneal injection for 7 days). MK2206
was orally administered to mice in the NRG1+ MK2206
and MK2206 groups at a dosage of 120 mg/kg three times a
week for two consecutive weeks [31]. Following flap surgery,
both the NRG1 + MK2206 and MK2206 groups received
either NRG1 or an equivalent volume of saline for 7 days. All
animals were sacrificed with excessive pentobarbital sodium
7 days after surgery and tissues were sampled.

Reagents and antibodies

Hematoxylin and eosin (H&E) staining kit (Cat. No. G1120)
was provided by Solarbio Science & Technology (Beijing,
China). An enzyme-linked immunosorbent assay (ELISA) kit
(Cat. No. EM1239) was purchased from FineTest (Wuhan,
China). AAV-Stingl AAV (serotype-9, GENE-ID: 72512,
GenBank: NM-028261) was designed and provided by
GeneChem Chemical Technology Co, Ltd (Shanghai, China).
Recombinant human NRG1-81 (Cat. No. 396-HB-50) was
prepared by R&D Systems (MN, USA). MK2206 (Cat. No.
HY-10358) was provided by MedChemExpress (NJ, USA).
The protease inhibitor cocktail (Cat. No. P8340) and phos-
phatase inhibitor cocktail (Cat. No. P0044) were purchased
from Sigma—Aldrich (MO, USA). Primary antibodies against
NLRP3 (Cat. No. 15101), caspase8 (Cat. No. 4790), RIPK1
(Cat. No. 3493), phosphorylated RIPK1 (pRIPK1) (Cat. No.
44590), RIPK3 (Cat. No. 10188), pRIPK3 (Cat. No. 91702),
AKT (Cat. No. 4691), pAKT (Cat. No. 4060), forkhead
box O3a (FOXO3a) (Cat. No. 12829), pFOXO3a (Cat. No.
9464), B-actin (Cat. No. 8457), MLKL (Cat. No. 37705),
c¢GAS (Cat. No. 79978), pSTING (Cat. No. 50907) and
endothelial nitric oxide synthase (eNOS) (Cat. No. 9586)
were all purchased from Cell Signaling Technology (CST,
USA). Superoxide dismutase 1 (SOD1) (Cat. No. 10269-
1-AP), heme oxygenase 1 (HO1) (Cat. No. 10701-1-AP),
vascular endothelial growth factor (VEGF) (Cat. No. 19003-
1-AP), matrix metalloproteinase 9 (MMP9) (Cat. No. 10375-
2-AP), caspasel (Cat. No. 22915-1-AP), GSDMD (Cat.
No.66387-1-Ig), secondary antibodies goat anti-mouse IgG
(H+L), goat anti-rabbit IgG (H + L), horseradish peroxidase
(HRP) conjugate (Cat. No. SA00001-1) and HRP conjugate
(Cat. No. SA00001-2) were obtained from Proteintech
Group (PG, USA). GSDMD-N (Cat. No. DF13758) was
purchased from Affinity Biosciences (Nanjing, China).
pMLKL (Cat. No. ab196436), STING (Cat. No. ab239074),
IL-18 (Cat. No. ab207323), goat anti-mouse IgG H&L
(DyLight® 488) (Cat. No. ab96871), goat anti-rabbit IgG
H&L (DyLight® 488) (Cat. No. ab96883), goat anti-mouse
IgG H&L (DyLight® 594) (Cat. No. ab96873), goat anti-
rabbit [gG H&L (DyLight® 594) (Cat. No. ab96885) and 4,6-
diamino-2-phenyl indole (DAPI) mounting medium aqueous,
Fluoroshield (Cat. No. ab104139) were all purchased from
Abcam (Cambridge, UK). IL-18 (Cat. No. A11369) and
cadherin 5 (Cat. No. A0734) were obtained from ABclonal
Technology (Boston, MA, USA). NE-PER™ nuclear and
cytoplasmic extraction reagents (Cat. No. 78835) and a
bicinchoninic acid (BCA) kit (Cat. No. 23227) were provided
by Thermo Fisher Scientific (Rockford, IL, USA). The 10,
12.5 and 15% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) gels (Cat. No. PG112,113 114)
and the enhanced chemiluminescence HRP kit (Cat. No.
SQ101) were obtained from EpiZyme (Shanghai, China).



Skim milk (Cat. No. P0216), 4% paraformaldehyde (Cat.
No. P0099) and goat serum (Cat. No.C0265) were provided
by Beyotime (Shanghai, China).

Calculation of the flap survival area

On days 1, 3 and 7, a SONY RX100 III camera was used to
capture high-resolution images for evaluating flap survival.
The images were then imported into Image] software (version
2.14, NIH, Germany) to quantify the flap viability area. The
formula for calculation is as follows: proportion of flap living
area =flap living area/total area x 100%.

Laser Doppler blood flow analysis

The blood supply and vascular network of the flap were
assessed using laser Doppler blood flow (LDBF) analysis.
On postoperative days 1 and 7, anaesthetized mice were
positioned prone and the dorsal region was scanned using a
laser Doppler flow analyzer (Moor Instruments, Axminster,
UK). The LDBF analysis data were quantified using moorLDI
software (version 6.1). Perfusion units were calculated and
each scan was repeated at least three times.

H&E staining

On day 7 after surgery, mice were sacrificed and six tissue
specimens (1 x 1 c¢m) were extracted from zone-II of the
flap. The samples were fixed with 4% paraformaldehyde
and subsequently paraffin embedded. Tissue sections (4 um
thick) were prepared and subjected to H&E staining, with
slides observed under a light microscope (200x, Olympus Cor-
poration, Japan). The modulations of inflammatory infiltra-
tion and microvascular reconstruction were assessed through
microscopic examination. The average vascular density of the
flap was calculated by determining the number of vessels per
unit area (/mm?) in at least five randomly selected sections,
providing an indication of microcirculation.

Immunohistochemistry

After baking, the tissue sections were dewaxed in xylene, fol-
lowed by rehydration in a gradient ethanol bath. For antigen
repair, the sections were cleaned, blocked with 3% (v/v) H, O3,
and boiled in sodium citrate solution (10.2 mM). After cool-
ing, the slices were blocked using 10% goat serum, followed
by incubation overnight with primary antibodies, including
anti-cluster of differentiation (CD)34 (1: 100) and anti-SOD1
(1:100), in a wet box at 4°C. After rewarming and washing,
the samples were coincubated with an enzyme-conjugated
secondary antibody, stained with 3,3’-diaminobenzidine DAB
solution and counterstained with haematoxylin. Images were
taken with a DP2-TWAIN Image Acquisition System (dual
targeted intracellular activity sensor (DTIAS), 200x, Olympus
fluorescence microscope, Japan) and subjected to Image] soft-
ware analysis to quantify the densities of CD34% vessels and
the overall absorbance of SOD1V tissues. All measurements
were taken from at least five random regions selected from
three independent random slices.

Immunofluorescence

Similar to the immunohistochemical protocol, the sections
were dewaxed, rehydrated, sealed with 3% H;O, and boiled
in sodium citrate (SC) buffer (10.2 mM) for antigen repair.
Then, the sections were incubated with primary antibodies
against caspasel (1 : 100), GSDMD-N (1 : 200), RIPK3 (1
: 200), pMLKL (1 : 100), CD31 (1 : 200), STING (1 : 200)
and FOXO3a (1 : 400) at 4°C overnight. After 24 h, the
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samples were coincubated at room temperature in the dark
with secondary antibodies, followed by DAPI counterstaining.
The specimens stained with caspasel, GSDMD-N, RIPK3,
pMLKL and CD31 were imaged using a Zeiss LSM 800
confocal microscope (Carl Zeiss, Germany). Image acquisition
and processing were performed using Zeiss Zen Blue software.
Specimens stained with STING and FOXO3a were imaged
using a DTIAS. All slice images were captured within the
dermis of the skin; five random areas of three random slices
from zone-II of the skin flaps of each animal were imaged.
The fluorescence intensity of caspasel, GSDMD-N, RIPK3
and pMLKL in each endothelial cell marked by CD31 and
the fluorescence intensity of STING-positive cells within the
dermal layer of the skin were quantified using Image]. The
percentage of FOXO3a nuclear-excluded cells was calculated.

Western blotting

After the animals were sacrificed, tissue samples were col-
lected from the same size area (5 x5 mm) in Zone II of
the skin flaps of each group. After the tissue protein was
extracted from the flap with lysis buffer containing protease
inhibitor cocktail and phosphatase inhibitor cocktail, protein
concentrations were determined with a Pierce BCA protein
assay kit. Protein (30 pg) was electrophoresed on a 10-
15% SDS-PAGE gel and then transferred to a polyvinylidene
fluoride (PVDF) membrane. The membrane was then blocked
with 5% (w/v) skim milk at room temperature followed
by incubation overnight at 4°C with the following protein
probes (all 1 : 1000): IL-18, IL-18, ASC, NLRP3, caspasel,
GSDMD, RIPK1, RIPK3, MLKL, pMLKL, casepase8, SOD1,
HO1,eNOS, VEGE, cadherin5, MMP9, B-actin, AKT, STING,
FOXO3a, pAKT, pFOXO3A, pSTING and cGAS. Finally, pro-
tein bands were visualized by an enhanced chemiluminescence
HRP kit after incubation with the enzyme-conjugated IgG
secondary antibody at room temperature for 2 h. The signals
were analysed using a ChemiDicTM XRS plus imaging system
(Bio-Rad, USA).

RNA sequencing and differential gene expression
analysis

Total RNA was extracted from the second region of the skin
flap using TRIzol reagent. The RNA purity and quantity were
determined with a NanoDrop 2000 spectrophotometer. The
RNA integrity was verified using an Agilent 2100 biological
analyser. A ¢cDNA library was constructed with a TruSeq
single-chain messenger RNA long transcript (mMRNA LT) sam-
ple preparation kit. RNA sequencing and bioinformatics anal-
ysis were performed by OE Biotechnology. Library sequencing
was conducted on an Illumina HiSeq-X Ten platform, gen-
erating 125/150 bp reads at both ends. After processing by
Trimmomatic, clean reads were finally obtained by discard-
ing reads harbouring poly-N or low-quality sequences and
subsequently localized to the mouse genome using HISAT2
(GRCM38.p6). Cufflinks was used to analyse the count for
each gene and HTSeq-count was applied to compute the
number of read codes. The DESeq2 package was utilized
for differentially expressed gene (DEG) analysis. A p value
< 0.05 combined with a fold-change of either >2 or <0.5
was set as the threshold for DEG identification. Hierarchical
cluster analysis of DEGs was further conducted to reveal
gene expression patterns in different experimental groups and
samples. According to the hypergeometric distribution, Gene
Ontology (GO) enrichment and Kyoto Encyclopedia of Genes
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and Genomes (KEGG) analysis of DEGs was conducted using
R software.

ELISA

The flap tissues were homogenized in PBS and subjected
to repeated freeze-thaw cycles in liquid nitrogen. The
homogenate was centrifuged at 10,000 x g for 10 min at 4°C
and the supernatant was collected for further analysis. The
levels of NRG1 in the flaps were determined using the ELISA
kit according to the manufacturer’s instructions. The optical
density was measured at a wavelength of 450 nm.

Statistics

Statistical assays were completed via the SPSS 22 program
(USA). Data normality was assessed with the Shapiro—
Wilk test. Normally distributed data are expressed as the
mean & standard deviation (SD) and were analysed using
independent-sample t tests or one-way analysis of variance
(ANOVA) with appropriate post hoc tests. Non-normally
distributed data are reported as medians with interquartile
ranges and were analysed using Mann—Whitney U or Kruskal—-
Wallis tests, as applicable. A p value <0.05 was considered
to indicate statistical significance, ensuring the application of
appropriate statistical methods based on the data distribution.

Results
NRG1 increased the survival of ischaemic flaps

After random skin flap surgery in mice, necrosis usually
begins gradually on the third day, and the skin becomes
dark, dry, shrunken and stiff (Fig.1a). First, an ELISA
was used to track alterations in the endogenous NRGI1
levels in the skin flap after model establishment. The
results indicated a gradual increase in endogenous NRG1
levels over time (0, 1 and 3 days), suggesting a potential
association between NRG1 and ischaemic flap survival
(Fig. Sla, see online supplementary material). Then, based
on the concentrations of NRG1 utilized in previous research
[24,30], various concentrations (0, 1, 5, 15, 30 and 50 ug/kg)
were selected to assess the impact of NRG1 on ischaemic
flaps. Mice treated with NRG1 (15 pg/kg/day) exhibited sig-
nificantly higher survival rates compared to those treated with
0, 1 and 5 ug/kg/day, demonstrating statistical significance.
Although the average survival rate in the 15 pg/kg/day group
was higher than that in the 30 and 50 pg/kg/day groups, no
statistical significance was observed. (Fig. S1b, ¢). Analysis
of the LDBF signal revealed a consistent trend with the
flap survival outcome, determining 15 ug/mg as the optimal
therapeutic concentration (Fig. S1d, e). The survival areas of
the mouse skin flaps were significantly greater in the NRG1
group than in the control group (Fig. 1a, b, e). LDBF analysis
further revealed differences in the intensities of blood flow
signals in the mouse flaps (Fig. 1c, d). The LDBF signal on the
seventh postoperative day was much stronger in the NRG1
group than in the control group (Fig. 1f). H&E staining and
examinations were performed on tissues in zone-1I of the flaps
(Fig. 1g). Compared to that in the control group, the degree
of vascularization of the flap tissue in zone-II of the NRG1
group increased. As shown in the enlarged H&E images,
fewer visible micro-vessels were observed in the dermal region
of the skin flap in the control group, and the mean vessel
density was significantly lower than that found in the NRG1

group (Fig. 1g, j). CD34 immunohistochemical staining was
used to label the microvessels of the flap (Fig. 1h), and the
numbers of microvessels were calculated by microscopic
observation. Consistent with the H&E staining results, the
numbers of microvessels in the NRG1 group was significantly
promoted (Fig. 1k). The expression levels of the angiogenesis-
related proteins (cadherin 5, VEGF and MMP9) were further
assessed by western blotting. The results showed that protein
expression was significantly upregulated in the NRG1 group
(Fig. S2a, b, see online supplementary material). Oxidative
stress is an important component of skin-flap ischaemic
injury [32]. Therefore, SOD1, HO1 and eNOS, which have
inhibitory effects on oxidative stress, were identified as key
indicators of oxidative stress. As indicated in Fig. 1i, |, the
SOD1 expression level was significantly increased in the
NRG1 group, while Western blotting revealed that HO1,
SOD1 and eNOS were upregulated in the NRG1 group
(Fig. S2¢, d), suggesting that NRG1 effectively inhibited
oxidative stress caused by skin flap injury. These results
revealed that NRG1 was beneficial for flap survival.

To further investigate the underlying mechanisms involved,
we performed transcriptome sequencing of both the control
and NRG1 groups. It was found that NRG1 administration
induced 2162 gene expression changes (1275 gene candidates
were upregulated and 887 were downregulated), as indi-
cated in the heatmap (Fig. S2e). Principal component analysis
revealed significant disparities in mRNA expression profiles
between control and NRG1 groups, while samples within each
group demonstrated reproducibility (Fig. S2f). In addition,
GO analysis suggested that most of the DEGs were correlated
with inflammatory responses, cell necroptosis and pyroptosis,
as well as oxidative stress (Fig. 2a). According to the RNA-seq
data, NRG1 promoted flap survival by potentially inhibiting
cell death processes, such as cell pyroptosis and necroptosis.

NRG1 inhibited pyroptosis in ischaemic flaps

Previous studies have revealed the role of pyroptosis in
flap necrosis, as this process inhibits vascular regeneration
and reduces the viability of the flap [33,34]. Transcriptome
sequencing suggested that pyroptosis levels in the NRG1
group were much lower than those in the control group.
Here, western blotting revealed that the expression levels
of the pyroptosis-related proteins (cleaved-caspasel, ASC,
NLRP3, GSDMD-N, IL-18 and IL-18) were significantly
decreased in the NRG1 group (Fig.2b,c). In addition,
immunofluorescence staining was used to determine whether
this treatment reduced the expression levels of pyroptosis
markers (caspasel and GSDMD-N) in the CD317" endothelial
cells of the flap (Fig. 2d, e). Quantitative analysis revealed
that NRG1 substantially reduced the integrated intensity of
both GSDMD-N* and caspasel™ cells among the CD317"
endothelial cells of the flap’s dermal layer (Fig. 2f, h). These
results indicated that NRG1 inhibited pyroptosis in ischaemic
flaps.

NRG1 inhibited necroptosis in ischaemic flaps

Necroptosis is another cell death form of ischaemic flap
necrosis [35]. The RNA-seq results indicated that necroptosis
in the NRG1 group was significantly lower than that in
the control group. Therefore, the expression levels of the
necroptosis-associated proteins were further determined by
western blotting and immunofluorescence assays (Fig. 3a, b).
Compared to the control group, the levels of RIPK1, RIPK3
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Figure 1. NRG1 increased the survival rate of ischaemic skin flaps. (a,b) Survial areas of control and NRG1 groups on days 1, 3 and 7 after surgery. (c,d)
LDBF analysis on days 1 and 7. (e) Comparison of the percentage of survival area between two groups (n=5). (f) Comparison of the LDBF analysis
signals between two groups on day 7 (n=5). (g) H&E staining of zone-II of the flaps in the two groups (scale bar =50 um, scale bar in the enlarged
image = 10 um). Yellow arrows indicate microvessels. (h) Immunohistochemical staining of CD34 (brown) in Zone-II of flaps in the two groups (scale
bar =50 um, scale bar in the enlarged image = 10 um). Yellow arrows indicate microvessels. (i) Immunohistochemical staining for SOD1 (brown) in
zone-I of flaps in the two groups (scale bar = 50 um, scale bar in the enlarged image = 10 um). (j) Comparison of the vessel density (/mm 2) determined
by H&E staining between two groups (n =5). (k) Comparison of the number of CD34" vessels (/mm 2) between two groups (n = 5). (I) Comparison of
the integrated intensity of SOD1 between two groups (n =5). Two-tailed, unpaired t tests were conducted and the data are presented as the means +
SD, **p <0.01. NRGT neuregulin-1, H&E haematoxylin and eosin, CD34 cluster of differentiation 34, SOD17 superoxide dismutase 1
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and pMLKL were markedly lower in the NRG1 group, while
the level of caspase8 was markedly greater. As shown in
Fig. 3¢, the fluorescence integrated intensities of RIPK3 and
pMLKL in the CD317" endothelial cells of the flap’s dermal
layer in the NRG1 group were significantly lower than those
in the control group. Overall, the protective effects of NRG1
on ischaemic flaps were found to be associated with inhibition
of necroptosis.

NRG1 inhibited STING activity in ischaemic flaps

Oxidative stress-induced DNA damage promotes activation
of the cGAS-STING signalling pathway, which stimulates
necroptosis and pyroptosis [36]. RNA-seq revealed a sig-
nificantly lower Stingl mRNA level in the NRG1 group
(Fig. 3h), but whether the effect of NRG1 on pyroptosis and
necroptosis is related to the cGAS-STING pathway is unclear.
Key proteins of the cGAS-STING pathway were assessed.
The western blotting outcomes showed that the expression
levels of pSTING, STING and cGAS in the NRG1 group
were downregulated (Fig. 31, j). In addition, the immunofluo-
rescence results demonstrated that the fluorescence integrated
intensity of the STING-positive cells in the dermal layer of the
flap was much lower in the NRG1 group than in the control
group (Fig. 3k, I). In conclusion, these results confirmed that
NRGT1 decreased the activity of STING in ischaemic flaps.

NRG1 reduced pyroptosis and necroptosis in
ischaemic flap survival by inhibiting STING activity

To further confirm whether NRG1 inhibited pyroptosis
and necroptosis in flaps by suppressing STING activity
to promote flap survival, we overexpressed STING with
AAV-STING. Five groups were used for comparison: the
control group, the AAV-STING group, the NRG1 group, the
NRG1 + AAV-scramble group and the NRG1 + AAV-STING
group. Immunofluorescence and western blotting results
(Fig. 4a—e) demonstrated that compared to those in the NRG1
and NRG1 + AAV-scramble groups, the STING level in the
NRG1 + AAV-STING group was significantly greater. Com-
pared to the control and NRG1 + AAV-STING groups, the
AAV-STING group had a significantly greater STING level.
Subsequently, the potential therapeutic effects of NRG1
following AAV-STING transfection were assessed to further
determine whether the inhibition of STING activity indeed
increased flap survival. As shown in Fig. 5a, compared to
those in the NRG1 and NRGI1 + AAV-scramble groups,
the flap survival areas in the NRG1+ AAV-STING group
were significantly decreased. Additionally, the control and
NRG1 + AAV-STING groups had a greater flap survival area
than the AAV-STING group (Fig. 5a, €). The LDBF analysis
results on day 7 showed that the blood flow signal intensities
in the NRG1 + AAV-STING group were much lower than
those in the NRG1 group and the NRG1+ AAV-scramble
group, and those in the AAV-STING group were significantly
lower than those in the NRG1+ AAV-STING group and
the control group (Fig. 5b, f). Similarly, the gross results of
H&E staining and flap survival were consistent. As indicated
in Fig. 5S¢ and the magnified H&E image in Fig. 5d, fewer
visible microvessels were observed in the NRG1+ AAV-
STING group, with a mean vessel density significantly lower
than those found in the NRG1 and NRG1+ AAV-scramble
groups; however, the mean vessel density in the AAV-STING
group was much lower than that in the NRG1 + AAV-STING
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group and the control group. Finally, we further validated the
levels of angiogenesis-related proteins (cadherin 5, VEGF and
MMPY) and oxidative stress-related proteins (HO1, SOD1
and eNOS), demonstrating the same trend as previously
described (Fig. S2g—j). These results indicated that NRG1
promoted the survival of ischaemic flaps by inhibiting STING
activity.

The levels of pyroptosis and necroptosis were further
investigated to determine whether the suppression of STING
activity by NRG1 modulated PCD-related proteins. The
results showed that the fluorescence integrated intensities
of GSDMD-N and pMLKL in the CD31% endothelial cells
of the flap’s dermal layer were significantly greater in
the NRG1 + AAV-STING group than in the NRG1 group
and NRG1 + AAV-scramble group, while the fluorescence
integrated intensities in the AAV-STING group were much
greater than those in the NRG1+ AAV-STING group and
the control group (Fig. 6a, b, e, f). In addition, the expression
levels of pyroptosis-associated proteins (NLRP3, GSDMD-N,
ASC, cleaved-caspasel, IL-18 and IL-18) and necroptosis-
associated proteins (RIPK1, RIPK3 and pMLKL) were
significantly greater in the NRG1 + AAV-STING group than
in the NRG1 group and NRG1 + AAV-scramble group, while
the expression levels of these proteins in the AAV-STING
group were greater than those in the AAV-STING group and
the control group (Fig. 6¢,d, g, h). These results suggested that
the inhibition of STING activity after NRG1 treatment was an
important mechanism by which NRG1 inhibited pyroptosis
and necroptosis in ischaemic flaps and played a beneficial role.

NRG1 activated the AKT-FOXO3a signalling
pathway in ischaemic flaps

Many studies have proposed that the effects of NRG1 on
tissue repair and anti-cell death are closely related to AKT
activation [37,38]. Recent studies on STING have confirmed
that AKT activation inhibits STING activity [26,39]. Thus,
we hypothesized that the regulation of STING by NRG1 in
ischaemic flaps might be related to its activation of AKT.
As shown in Fig. 7a, KEGG enrichment revealed significant
differences in the PI3K-AKT and FOXO signalling pathways
between the NRG1 group and the control group. Further
analysis of the expression levels of related proteins revealed
that pAKT and pFOXO3a expression in the NRG1 group
was significantly upregulated (Fig. 7b, ¢), suggesting that
NRG1 activated the AKT-FOXO3a cell signalling pathway.
To further determine whether the inhibition of STING after
NRG1 treatment was regulated by the AKT-FOXO3a axis,
we investigated the effects of the AKT-specific inhibitor
MK2206 on the AKT-FOXO3a axis and ischaemic flap
survival. The study was divided into four groups: the
control group, the MK2206 group, the NRG1 group and
the NRG1 + MK2206 group. The results shown in Fig. 7d, f
revealed that the survival area of the flaps on the seventh
day post-surgery was decreased in the NRG1+ MK2206
group compared to the NRG1 group. However, the survival
area of the flaps in the NRG1+ MK2206 group was greater
than that in the MK-2206 group. As depicted in Fig. 7e, g,
the LDBF analysis results on the seventh day post-surgery
showed that the blood flow signal intensity was lower in
the NRG1 + MK2206 group compared to the NRG1 group,
while the blood flow signal intensity in the MK-2206 group
was lower than that in the NRG1+ MK2206 group. NRG1
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Figure 3. NRG1 inhibited cell necroptosis in ischaemic flaps. (a) Western blot results of RIPK1, RIPK3, MLKL, pMLKL and caspase8 expression

in control and NRG1 groups presented as typical images. B-Actin was utilized as a loading control. (b) Quantification of the protein levels

of RIPK1, RIPK3, pMLKL/MLKL and caspase8 (n=5). (¢) Immunofluorescence staining of RIPK3 (green), CD31 (red) and DAPI (blue) (scale bar =50 um,
scale bar in the enlarged image = 10 um). (d) Immunofluorescence staining of pMLKL (green), CD31 (red) and DAPI (blue) (scale bar =50 um, scale

bar in the enlarged image = 10 um). (e,f) Comparison of the integrated intensities of RIPK3 and pMLKL in CD31F endothelial cells of the flap’s dermal
layer between two groups (n =5). (g) schematic diagram of the flap tissue; the section positioned in the dermis layer. (h) Heatmap of genes upregulated
or downregulated by NRG1 injection in mouse skin tissue. (i) Western blot results of pSTING, STING and cGAS expression in control and NRG1

groups presented as typical images. B-Actin was utilized as a loading control. (j) Quantification of the protein levels of pSTING, STING and cGAS (n=5).
(k) Immunofluorescence staining of STING (green) and DAPI staining (blue), scale bar =10 um. (I) Comparison of the integrated intensity of STING™
(green) cells between two groups (n =5). Two-tailed, unpaired t tests were conducted and the data are presented as the means + SD, *p < 0.05,

**p < 0.01. NRG1 neuregulin-1, C control1, N neuregulin-1, DAPI 4,6-Diamino-2-phenyl indole, CD317 cluster of differentiation 31, RIPK receptorinteracting
serine/threonine-protein kinase, MLKL mixed-lineage kinase domain-like, STING stimulator of interferon genes, cGAS cyclic GMP-AMP synthase
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activated the AKT-FOXO3a axis and increased FOXO3a
levels in the cytoplasm, and these effects were reversed by
MK-2206 (Fig. 7h, i). Furthermore, Western blotting results
demonstrated that MK2206 markedly reversed NRG1-
mediated inhibition of STING activity, pyroptosis and
necroptosis through the AKT-FOXO3a signalling pathway.
As illustrated in Fig. 7j—q, compared to the NRG1 group, the
expression of pAKT and pFOXO3a in the ischemic flap were
decreased in the NRG1+ MK2206 group. Meanwhile, the
expression of pSTING, STING, cGAS, as well as pyroptosis-
related proteins (GSDMD-N, NLRP3, cleaved-caspasel,

ASC, IL-18 and IL-18), and necroptosis-related proteins
(RIPK1, RIPK3 and pMLKL) were increased. Additionally,
the expression levels of pAKT and pFOXO3a in the NRG1
group were higher than that in the NRG1+ MK2206
group. Simultaneously, the expression levels of pSTING,
STING, cGAS, as well as pyroptosis-related proteins and
necroptosis-related proteins were lower in the NRG1 group
than those in the NRG1+ MK2206 group. These results
confirmed that NRG1 inhibited STING activity in ischaemic
flaps through activating the AKT-FOXO3a signalling
pathway.
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Figure 6. NRG1 decreased pyroptosis and necroptosis during ischaemic flap survival by inhibiting STING activity. (a) Immunofluorescence staining of
GSDMD-N (green), CD31 (red) and DAPI staining (blue) (scale bar =50 um, scale bar in the enlarged image = 10 um). (b) Immunofluorescence staining
of pMLKL (green), CD31 (red) and DAPI (blue) (scale bar =50 um, scale bar in the enlarged image = 10 u©m). (¢) Western blot results of caspase1,
GSDMD, ASC, NLRP3, I-18 and IL-18 expression in control, AAV-STING, NRG1, NRG1 + AAV-scramble, and NRG1 + AAV-STING groups presented as
typical images. B-Actin was utilized as a loading control. (d) Western blot results of caspase8, RIPK1, RIPK3, MLKL and pMLKL expression in five groups
presented as typical images. B-Actin was used as a loading control. (e) Comparison of the integrated intensity of GSDMD-N among the five groups
(n=5). (f) Comparison of the integrated intensity of pMLKL among the five groups (n=5). (g) Quantification of the protein levels of cleaved-caspase1,
GSDMD-N, ASC, NLRP3, Il:18 and Il=18 (n =5). (h) Quantification of the protein levels of caspase8, RIPK1, RIPK3 and pMLKL/MLKL (n =5). Statistical
analysis was performed using ANOVA with least significant difference post hoc tests or Dunnett’s T3 test. The data are presented as the means + SD,
*p <0.05, ¥**p <0.01. NRG1 neuregulin-1, AAV adeno-associated virus, STING stimulator of interferon genes, CD31 cluster of differentiation 31, GSDMD
gasdermin D, NLRP3 nucleotide-binding domain leucine-rich-containing family pyrin domain-containing-3, ASC adaptor apoptosis-associated speck-like
protein containing a caspase-recruitment domain, RIPK receptorinteracting serine/threonine-protein kinase, MLKL mixed-lineage kinase domain-like
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Figure 7 NRG1 inhibited STING activity via the AKT-FOXO3a signalling pathway. (a) KEGG enrichment plot displays pathways with statistically significant
differences between the two groups related to AKT and NRG1. (b) Western blot results of AKT, pAKT, FOXO3a and pFOXO3a in control and NRG1 groups
presented as typical images. B-Actin was utilized as a loading control. (¢) Quantification of the protein levels of pAKT/AKT and pFOX03a/FOX03a (n =5).
(d) Survival areas of control, MK2206, NRG1 and NRG1 + MK2206 groups on days 1, 3 and 7 after surgery. (e) LDBF analysis of the four groups on days
1 and 7. (f) Comparison of the percentage of survival area on day 7 (n =5). (g) Comparison of the LDBF signals among the four groups on day 7 (n=5). (h)
Immunofluorescence staining of FOXO3a (red) in skin tissue sections from dermal layer of the flap (scale bar = 10 um). (i) Comparison of the FOXO3a*
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images. (k) Quantification of the protein levels of pAKT/AKT and pFOX0O3a/FOX03a (n = 5). (I) Western blot results of pSTING, STING and cGAS in the
four groups presented as typical images. (m) Quantification of the protein levels of pSTING, STING and cGAS (n =5). (n) Western blot results of GSDMD,
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Discussion

Random pattern flap surgery is widely used in the field of
wound repair. However, flaps with an inappropriate length-
to-width ratio are prone to distal necrosis, substantially limit-
ing the applicability of these flaps [40]. According to current
research, the main causes of early distal flap necrosis are local
ischaemia and surgical trauma [41]. Ischaemia leads to oxida-
tive stress and cell death, while the subsequent inflammatory
response further exacerbates oxidative stress and cell death,
which is a crucial factor in the gradual necrosis of the flap
after surgery [42]. The main objective of this study was to
identify bioactive drugs that disrupt this vicious cycle, thereby
promoting flap survival.

NRGT1 belongs to the transmembrane growth factor family
and is widely distributed in organisms. This molecule exerts
systemic effects through the ErbB family of receptors, such
as by inhibiting inflammatory responses, reducing oxidative
stress, protecting central and peripheral nerve function and
providing broad protection against various pathological con-
ditions [43-46]. The greater biocompatibility of NRG1, an
endogenous protein, makes it easier to combine with some
common biomaterials to exert therapeutic effects. Hui used
NRG1-loaded hydrogels to promote nerve regeneration and
axonal remyelination in nerve defects [47], while Yoon et al.
combined NRG1 with artificial dermis for the treatment of
wound defects with encouraging results [25]. The poten-
tial therapeutic effects of NRG1 on ischaemic injury and
wound repair have substantial research value. Interestingly,
a multicentre, randomized controlled phase 2 clinical trial
on recombinant human NRG1 has confirmed the safety and
effectiveness of the protein in patients with chronic heart
failure [48]. The latest clinical trial on NRG1 conducted in
China showed that recombinant human NRG-1 is rapidly
cleared from the blood, with a short half-life of ~10 min,
and related adverse reactions are mild, indicating that recom-
binant human NRG1 is safe and well tolerated in healthy
Chinese subjects [49]. This evidence suggests that NRG1 has
potential clinical application prospects. Our study, for the first
time, applied NRG1 to the treatment of ischaemic flaps, and it
was found that NRG1 promoted the survival of the ischaemic
area of the flap. Furthermore, this study first verified that
NRG1 inhibited the activation of STING through activating
the AKT-FOXO3A pathway, thereby suppressing necroptosis,
pyroptosis and oxidative stress while promoting angiogenesis,
thus increasing the survival of the ischaemic areas of the flap.
This outcome highlights the potential therapeutic advantages
of NRG1 in the clinical field of flap repair.

Previous studies have demonstrated the positive role of
angiogenesis in flap survival [50,51]. A good angiogenic
capacity predicts the viability of flaps. The loss of angiogenesis
in the ischaemic areas of the flap also suggests the collapse
of the internal environment of the flap, which is unable to
combat oxidative stress and cell death. NRG-1 regulates
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vascular growth factors, and previous data suggest that VEGF
and angiopoietin-1 (Ang-1) regulate myocardial angiogenesis
and growth through the NRG-1/ErbB signalling pathway
[52]. The results from Hedhli et al. indicate that ligation of
the femoral artery induces angiogenesis and arteriogenesis,
with NRG-1 being a key factor in this process. Additionally,
exogenous injection of NRG-1 promoted this process [53].
VEGF specifically promotes endothelial cell expansion,
proliferation and migration and is directly associated with
angiogenesis, while MMP9 is one of the major contributors
to VEGF release and angiogenesis [54-56]. Furthermore,
cadherin 5 promotes endothelial cell connections and prevents
the destruction of newly formed vessels [57]. We used VEGE,
MMPs and cadherin 5 as markers of angiogenesis to reflect
the level of angiogenesis in the ischaemic areas of the flap,
revealing its viability. Additionally, CD34 THC and H&E
staining provided a more intuitive display of the greater
neovascularization in the NRG1 treatment group. Moreover,
LDBF analysis showed that the blood flow signals in the
NRGT1 treatment group were significantly stronger than those
in the control group on the seventh postoperative day, further
confirming the ability of NRG1 to promote flap survival.

Inhibition of oxidative stress is needed to restore the via-
bility of ischaemic flaps [32]. It was reported that NRG-1
reduced myocardial oxidative damage by regulating eNOS
activity and protected myocardial tissue by inhibiting NADPH
oxidase 4 through extracellular signal-regulated kinase 1/2
activation [23]. Antioxidative enzymes (such as SOD) are the
main defence mechanisms of cells against oxidative damage,
and factors involved in antioxidative damage also include
HO1 and eNOS [58-60]. The expression of these three key
proteins involved in antioxidative stress was increased in
the NRG1 treatment group, and the IHC results of SOD1
were consistent with this finding. These results indicated
that NRG1 treatment inhibited the level of oxidative stress
in ischaemic flap. Previous studies have thoroughly demon-
strated the important role of oxidative stress and angiogenesis
levels within flaps [32,50,51]. Therefore, in this study, the
oxidative stress level and angiogenesis level of flaps were used
to evaluate the viability of random skin flaps to better reflect
the status of the flaps.

Necroptosis and pyroptosis are two forms of PCD closely
associated with inflammation [61]. Unlike the apoptotic
shrinkage observed in apoptosis, the specific core proteins
GSDMD and MLKL form pores in the cell membrane,
ultimately leading to cell lysis and the release of various
inflammatory factors and necrotic substances [61]. If these
inflammatory factors and DAMPs are not appropriately
regulated, they can induce pyroptosis and necroptosis, further
exacerbating cell death [62]. Previous sequencing results
confirmed the crucial roles of pyroptosis and necroptosis in
the progression of flap necrosis. Therefore, we investigated
whether the promotion of flap survival by NRG1 occurs

Figure 7 caspasel, NLRP3, ASC, I-18 and I-18 in the four groups presented as typical images. (o) Quantification of the protein levels of GSDMD-N,
cleaved-caspasel, NLRP3, ASC, Il-18 and I1-18 (n = 5). (p) Western blot results of caspase8, RIPK1, RIPK3, MLKL and pMLKL in the four groups presented
as typical images. (q) Quantification of the protein levels of caspase8, RIPK1, RIPK3 and pMLKL/MLKL (n=5). Statistical analysis was performed using
ANOVA with least squares difference post hoc tests or Dunnett’s T3 test. Data are presented as means + SD, ns stands for not significant, *p < 0.05,
**p < 0.01. NRG1 neuregulin-1, KEGG Kyoto encyclopedia of genes and genomes, STING stimulator of interferon genes, cGAS cyclic GMP-AMP synthase,
GSDMD gasdermin D, NLRP3 nucleotide-binding domain leucine-rich-containing family pyrin domain-containing-3, ASC adaptor apoptosis-associated
speck-like protein containing a caspase-recruitment domain, RIPK receptorinteracting serine/threonine-protein kinase, MLKL mixed-lineage kinase

domain-like, AKT protein kinase B, FOXO3a forkhead box O3a
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through the inhibition of pyroptosis and necroptosis in
ischaemic flaps, reversing the gradually uncontrollable necro-
sis caused by early ischaemic damage. NRG1 significantly
reduced the expression of proteins associated with pyroptosis
(including ASC, cleaved-caspasel, NLRP3, GSDMD-N, IL-
18 and IL-18) in ischaemic flaps. The classic pathway of
cellular pyroptosis was assessed. This process is initiated
by the oligomerization of NLRP3 and recruitment of the
adaptor protein ASC, which activates the protease caspasel.
Activated caspasel can cleave GSDMD into its N-terminal
domain, leading to oligomerization and insertion into the
cell membrane, the formation of pores and the release of
DAMPs, IL-18, IL-18 and other inflammatory mediators
[63]. As indicated by the western blotting results, the NRG1
group displayed a downregulation of ASC and NLRP3
expression, accompanied by a reduction in cleaved-caspasel
level. Furthermore, a pivotal protein indicative of pyroptosis,
GSDMD-N, exhibited decreased expression, aligning with the
alterations observed in IL-18 and IL-18 levels. Additionally,
the colocalization confocal fluorescence of caspase-1/CD31
and GSDMD-N/CD31 demonstrated significantly reduced
fluorescence intensities of pyroptosis-related proteins on
vascular endothelial cells in the NRG1 group. These results
collectively demonstrated that NRG1 significantly inhibited
pyroptosis within the flap. After NRG1 treatment, the
expression of necroptosis-related proteins (such as RIPK1,
RIPK3 and pMLKL) also decreased. Necroptosis programmes
are triggered downstream of death domain receptors (such
as tumour necrosis factor receptor and Fas cell surface
death receptor) and Toll-like receptor 4 or 3 [64-66]. Upon
activation, these receptors recruit the adaptor proteins, which
then interact with RIPK1 and caspase8 or caspase10 [67,68].
Upon detection of ‘death signals’, RIPK1 is activated and
recruits RIPK3. The RIPK1/RIP3 complex recruits and phos-
phorylates MLKL. Phosphorylated MLKL oligomerizes to
form necrosomes, which translocate to the plasma membrane
and form large pores [69,70]. Ultimately, MLKL pores allow
ion influx, cell swelling and membrane dissolution, leading
to necrotic cell death, followed by the uncontrolled release
of intracellular substances. Previous study has shown that
microbes or drugs can trigger necroptosis by inhibiting the
proteolytic enzyme caspase8 [71]. In the absence of caspase8
activity, RIPK1 recruits and phosphorylates RIPK3, forming a
complex called the ripoptosome [72,73]. This finding was
also confirmed in the present study, where after NRG1
treatment, the expression of caspase8 was upregulated, while
the expression of RIPK1 and RIPK3 was downregulated,
indicating a decrease in the expression of the ripoptosome
complex. Concurrently, the expression of pMLKL decreased.
Additionally, the confocal fluorescence of RIPK3/CD31
and pMLKL/CD31 colocalization demonstrated significantly
reduced fluorescence intensities of necroptosis-related pro-
teins on vascular endothelial cells in the NRG1 group. These
results indicated that NRGT1 effectively inhibited necroptosis
in ischaemic flaps.

To explain how NRG1 promotes random flap viability, we
further explored potential upstream mechanisms regulating
pyroptosis and necroptosis. Previous study has shown that the
cGAS-STING signalling axis plays an essential role in modu-
lation of pyroptosis and necroptosis [36]. The cGAS-STING
cell signalling axis is activated upon detection of pathogenic
DNA, triggering innate immune responses. It is also activated
by endogenous DNA [17]. Therefore, cGAS-STING has been

15

identified as an essential axis involved in the sterile inflamma-
tory response, autoimmunity and cell senescence [16]. Cyto-
plasmic DNA induces activation of the classic NLRP3 inflam-
masome [74]. This process is mainly characterized by the
secretion of mature caspasel or IL-18 and the formation of
membrane pores [74]. Intriguingly, researchers have also pro-
posed that caspasel or IL-18 activation is mostly abrogated in
cGAS- or STING-deficient cells [75]. Once activated, STING
tends to target lysosomes, ultimately leading to destruction
and lysosomal cell death [76]. These findings suggested that
the cGAS/STING/lysosomal cell death/NLRP3 axis induces
proinflammatory responses and pyroptosis related to cyto-
plasmic DNA [77]. Other recent studies have also highlighted
the essential role of the STING axis in necroptosis regulation
[36,78]. The cGAS-STING axis was proposed to induce cell
necroptosis in principle macrophages [18]. Notably, cell death
requires STING-dependent production of various molecules,
such as tumour necrosis factor and type I IFNs, while cGAS-
STING activation-induced necroptosis involves mutual and
cooperative signal transduction of these two molecules [79].
In addition, Zhang’s laboratory recently reported that after
induction of necrosis, the release of cytoplasmic mitochon-
drial DNA (mtDNA) and subsequent activation of STING
synergically promote the type I IFN response, inducing phos-
phorylation of RIPK3/MLKL to trigger necroptosis [80]. The
transcriptome sequencing results revealed a significant dif-
ference in STING1 expression between the NRG1 treatment
group and the control group. Subsequently, the levels of cGAS-
STING signalling pathway components in random skin flaps
were evaluated. The protein expression of cGAS-STING was
significantly downregulated in the NRG1 treatment group.
Additionally, the expression of STING in the dermal region
of the flap was assessed by immunofluorescence, and the
fluorescence intensity in the NRG1 group decreased sig-
nificantly. These findings indicate that NRG1 inhibited the
activity of STING in ischaemic flaps. To validate the rela-
tionship between the inhibition of STING and pyroptosis
and necroptosis, AAV-STING was used to upregulate the
expression of STING in a mouse model of ischaemic flaps.
After AAV-STING upregulation, pyroptosis and necroptosis
were increased, and the survival capacity of the flap decreased.
Additionally, an AAV-STING+NRGT1 group was established.
Compared to NRG1 alone, AAV-STING reversed the positive
effects of NRG1 on the flap, further demonstrating that
NRG1 suppresses pyroptosis and necroptosis by inhibiting
STING, thereby promoting flap survival. This is the first
study to combine the activity of STING with random skin
flap necrosis, providing ground-breaking insights for future
research on flap ischaemic necrosis.

Given the favourable therapeutic potential of NRG1, we
next explored how NRG1 promotes STING activity to obtain
more reliable evidence for future potential clinical applica-
tions. Recent studies on neural stem cells have shown that
FOXO3 activation activates the cGAS-STING signalling axis
[81]. FOXO transcription factors, including FOXO-1, FOXO-
3, FOX0O-4 and FOXO-6, are key regulators of target genes
involved in the cell cycle, cell death and cell differentiation
[82]. Activated forkhead members mainly act as tumour sup-
pressors, promoting cell cycle arrest and cell death [83]. When
forkhead transcription factors are AKT-phosphorylated and
inactivated, cell proliferation increases, leading to nucleation
and blockage of transcription factor activity [84]. More-
over, AKT kinase has been shown to play a negative role in
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cGAS-mediated antiviral immune responses and is one of
the most essential and broadly functional protein kinases
in eukaryotes [16]. Many AKT substrates are involved in
cell survival, metabolism, migration and proliferation [85].
Recent studies on spinal cord injury and Charcot-Marie-
Tooth revealed that the repair effect of NRG1 was most
strongly associated with AKT activation [86,87]. Further-
more, KEGG enrichment analysis revealed a significant dif-
ference in the AKT pathway and FOXO pathway between
the two groups (Fig. 7a). Therefore, we speculated that NRG1
might inhibit STING by activating the AKT-FOXO3a axis.
The results, shown in Fig. 7b, demonstrated increased phos-
phorylation of AKT at Ser473 and increased phosphory-
lation of FOXO3a at Thr32 in the NRG1 group, reveal-
ing that NRG1 activated the AKT-FOXO3a pathway within
flap tissue. For confirmation of the relationship between the
activation of AKT-FOXO3a within the flap and the inhi-
bition of STING activity, MK-2206 was used as an AKT
inhibitor to suppress the activation of the NRG1-mediated
AKT-FOXO3a signalling pathway. Compared to the NRG1
group, the NRG1 + MK2206 group showed suppressed acti-
vation of the AKT-FOXO3a signalling pathway, a rebound in
STING expression, and an increase in cellular pyroptosis and
necroptosis. MK2206 treatment reversed the positive effects
of NRGT1 on the flap. In conclusion, for the first time, in flap
tissue, we demonstrated that NRG1 inhibited pyroptosis and
necroptosis by suppressing STING activity through the AKT-
FOXO3a pathway.

This study also has several limitations. (1) GO analysis of
the RNA sequencing results revealed a potential inhibition of
the nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-«B) signalling pathway in the experimental group.
NF-«B is a key regulatory factor of the «B light chain in B
cells and is closely associated with diseases, inflammation and
the immune system’s perception of pathogens [88]. We did
not investigate the function of NF-«B in flap necrosis, yet
previous research has shown that activation of STING can
stimulate NF-«B activity, which is also linked to pyroptosis
and necroptosis [76]. Therefore, the NF-«B cellular signalling
pathway is also a worthy direction for further studies of the
flap necrosis mechanisms. (2) Various types of cells, such
as endothelial cells, adipocytes, fibroblasts and neutrophils
(which infiltrate during inflammation), exist in the dermis of
mammalian skin. Understanding which cell type undergoes
pyroptosis and necroptosis first will be crucial, as this knowl-
edge will help us better comprehend the pathological process
of ischaemic flaps. The current study does not yet provide
answers to this question, but it will be a valuable research
direction in the future using advanced techniques such as
single-cell sequencing and spatial transcriptomics.

Conclusions

This study showed that NRG1 inhibits pyroptosis and necrop-
tosis by activating the AKT/FOXO3a signalling pathway to
suppress STING activation and promote ischaemic flap sur-
vival. Therefore, it is proposed that NRG1 has good potential
for future clinical applications.
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