
lable at ScienceDirect

Journal of Ginseng Research 47 (2023) 784e794
Contents lists avai
Journal of Ginseng Research

journal homepage: https: / /www.sciencedirect .com/journal / journal-of-ginseng-
research
Research Article
Ginsenoside Rg5 promotes wound healing in diabetes by reducing the
negative regulation of SLC7A11 on the efferocytosis of dendritic cells

Wei Xia a, 1, Zongdong Zhu b, 1, Song Xiang a, **, Yi Yang a, *

a Department of Endocrinology, Sichuan Provincial People's Hospital, School of Medicine, University of Electronic Science and Technology of China, Chengdu,
China
b Department of Orthopedics, Sichuan Provincial People's Hospital, School of Medicine, University of Electronic Science and Technology of China, Chengdu,
China
a r t i c l e i n f o

Article history:
Received 6 April 2023
Received in revised form
31 May 2023
Accepted 19 June 2023
Available online 30 June 2023

Keywords:
ginsenoside Rg5
SLC7A11
diabetes
wound healing
* Corresponding author. Department of endocrinol
ple's Hospital, School of Medicine, University of Electr
of China, Chengdu, 610072, China.
** Corresponding author. Department of endocrino
ple's Hospital, School of Medicine, University of Electr
of China, Chengdu, 610072, China.

E-mail addresses: 342225310@qq.com (S. Xian
(Y. Yang).

1 Wei Xia and Zongdong Zhu contributed equally t

https://doi.org/10.1016/j.jgr.2023.06.006
1226-8453/© 2023 The Korean Society of Ginseng. Pub
org/licenses/by-nc-nd/4.0/).
a b s t r a c t

Background: ginsenoside Rg5 is a rare ginsenoside with known hypoglycemic effects in diabetic mice.
This study aimed to explore the effects of ginsenoside Rg5 on skin wound-healing in the Leprdb/db mutant
(db/db) mice (C57BL/KsJ background) model and the underlying mechanisms.
Methods: Seven-week-old male C57BL/6J, SLC7A11-knockout (KO), the littermate wild-type (WT), and db/
db mice were used for in vivo and ex vivo studies.
Results: Ginsenoside Rg5 provided through oral gavage in db/db mice significantly alleviated the abun-
dance of apoptotic cells in the wound areas and facilitated skin wound healing. 50 mM ginsenoside Rg5
treatment nearly doubled the efferocytotic capability of bone marrow-derived dendritic cells (BMDCs)
from db/db mice. It also reduced NF-kB p65 and SLC7A11 expression in the wounded areas of db/db mice
dose-dependently. Ginsenoside Rg5 physically interacted with SLC7A11 and suppressed the cystine
uptake and glutamate secretion of BMDCs from db/db and SLC7A11-WT mice but not in BMDCs from
SLC7A11-KO mice. In BMDCs and conventional type 1 dendritic cells (cDC1s), ginsenoside Rg5 reduced
their glycose storage and enhanced anaerobic glycolysis. Glycogen phosphorylase inhibitor CP-91149
almost abolished the effect of ginsenoside Rg5 on promoting efferocytosis. Conclusion: ginsenoside
Rg5 can suppress the expression of SLC7A11 and inhibit its activity via physical binding. These effects
collectively alleviate the negative regulations of SLC7A11 on anaerobic glycolysis, which fuels the
efferocytosis of dendritic cells. Therefore, ginsenoside Rg5 has a potential adjuvant therapeutic reagent to
support patients with wound-healing problems, such as diabetic foot ulcers.
© 2023 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In patients with type I and type II diabetes mellitus (T1DM and
T2DM), non-healing chronic wounds increase the risk of infection
and seriously affect their life quality [1]. Tissue repair following skin
wounds requires the clearance of apoptotic cells by phagocytes (a
process known as efferocytosis) in the wounded areas [2]. Chronic
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and non-resolving inflammatory conditions in the wounded skin
are associated with defects in efferocytosis [3e5].

Immune cells, including T cells, macrophages, neutrophils, and
dendritic cells, cooperatively maintain the homeostasis of the skin
microenvironment [6,7]. Resident or recruited dendritic cells,
macrophages, and neutrophils can act as phagocytes in the skin,
playing important roles in wound healing [8e10]. One recent study
demonstrated that the membrane cystine/glutamate antiporter
SLC7A11 serves as a negative regulator of efferocytosis in the
wounded skin in diabetes, mainly via dendritic cells, but not
macrophages [8]. Pharmacological inhibition of SLC7A11 function
drastically accelerates wound healing in diabetic mice [8].

Ginsenosides are the main active ingredients of Panax ginseng
Meyer. Previous studies showed some ginsenosides have anti-
inflammatory and wound-healing-promoting effects, such as gin-
senoside Rg1 [11], ginsenoside Rg3 [12], and ginsenoside Rh2 [13].
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Ginsenoside Rg5 is a rare ginsenoside with known hypoglycemic
effects that improve insulin resistance and mitochondrial biogen-
esis in diabetic mice [14,15]. In both Leprdb/db mutant (db/db) and
high-fat diet/streptozotocin-induced diabetic mice, ginsenoside
Rg5 suppresses the expression and activation of NF-kB p65 in liver
and kidney tissues [14,16]. This suppressing effect was also
observed in human keratinocytes andmacrophages [17]. NF-kB p65
can activate SLC7A11 transcription [18,19]. In addition, ginsenoside
Rg5 might be an important skin care anti-aging ingredient of red
ginseng [20]. Based on these clues, we hypothesized that ginse-
noside Rg5 might generate beneficial effects on wound-healing in
diabetes, probably through SLC7A11-mediated efferocytosis.

This study aimed to explore the effects of ginsenoside Rg5 on
skin wound healing in the db/db mice model. In addition, we used
SLC7A11-knock-out (KO) mice to study whether it affects SLC7A11-
mediated efferocytosis of dendritic cells.
2. Materials and methods

2.1. Animal study

Seven-week-old male C57BL/6J, SLC7A11-KO, the littermate
wild-type (WT), and the db/db mice (C57BL/KsJ background) were
purchased from Cyagen Biosciences (Suzhou, China). Mice were
housed under specific pathogen-free conditions in groups of two or
three mice per cage. All animal procedures were approved by the
Animal Care and Use Committee of Sichuan Provincial People's
Hospital and Chengdu Jinruijie Biotechnology Service Center, China
(Approval no. 202207006), following the Institutional Guidelines
for the Care and Use of Animals. Following acclimatization (1
week), C57BL/6J or diabetic db/db mice (n ¼ 6 per group) received
the vehicle (0.5% (w/v) CMC-Na alone) or ginsenoside Rg5 (1.0 mg/
mL, suspended in 0.5% (w/v) CMC-Na at 20 or 80 mg/kg/day) for
one week via oral gavage before wounding.

Full-thickness wounds were made following the method as
previously described [21]. Briefly, the mice were anesthetized using
isoflurane. The back skin was shaved. Wounds were generated
using 8-mm punch biopsy needles. The wound diameters (larger A
and minor B) were measured every two days using a digital caliper.
The wound area S was calculated using the flowing formula: S ¼
(A � B � p)/4. The wounded tissues of representative mice at day 4
were collected after euthanasia using carbon dioxide (CO2) inha-
lation. The tissues were fixed, embedded into paraffin, sectioned
and subjected to hematoxylin and eosin (H&E) staining and
immunofluorescent (IF) staining of cleaved caspase-3 (1:500,
#9661, Cell Signaling Technology, Danvers, MA, USA).
2.2. Primary cell cultures

Bone marrow-derived dendritic cells (BMDCs) were generated
from femurs and tibia of 8 to 12-week-old db/db, SLC7A11-WT or
SLC7A11-KO mice via culturing bone marrow progenitors for 10-12
days in granulocyte-macrophage colony-stimulating factor
(GMeCSF)esupplemented medium following the Lutz et al.‘s
method [22]. Bone marrow-derived macrophages (BMDMs) were
generated following a method that uses both macrophage colony-
stimulating factor (MCSF) and GM-CSF, as described previously
[23]. After the induction, BMDCswere validated by FITC anti-mouse
MHC-II (11-5321-82, Thermo Fisher Scientific, Waltham, MA, USA)
and BV786 anti-mouse CD11c (cat#563735, BD Biosciences,
Franklin Lakes, NJ, USA). In contrast, BMDMs were validated using
PerCP/Cy5.5 anti-mouse F4/80 (cat#123127, Biolegend, Dedham,
MA, USA) and BV510 Anti-mouse CD11b (cat#101245, Biolegend)
by flow cytometry. Ginsenoside Rg5, erastin, cytochalasin D and CP-
785
91149 were purchased from MedChemExpress (Monmouth Junc-
tion, NJ, USA).

2.3. Reverse transcription-quantitative real-time PCR (RT-qPCR)

Total RNA was reversely transcribed to cDNA. qPCR was con-
ducted with an ABI PRISM 7900HT Sequence Detection System and
SYBR Green Master Mix reagents (Applied Biosystems, Bedford, MA,
USA). Gene expressionwas normalized to the expression of PPIA and
calculated using the 2�DDCT method. The following primers were
used: mouse SLC7A11, forward, 50-CTTTGTTGCCCTCTCCTGCTTC-3’;
reverse, 50- CAGAGGAGTGTGCTTGTGGACA-3’; mouse PPIA, forward,
50-CATACAGGTCCTGGCATCTTGTC-3’; reverse, 50-AGACCACATGC
TTGCCATCCAG-3’.

2.4. Data retrieved from the human protein atlas

SLC7A11 RNA expression at the single-cell level in the normal
human skin tissue was retrieved from the Human Protein Atlas
(https://www.proteinatlas.org/) [24,25].

2.5. Western blotting

Western blotting was performed following the protocol intro-
duced previously [26]. Thewound kin tissues were homogenized in
cell lysis buffer, with protease and phosphatase inhibitor cocktails
(MilliporeSigma, St. Louis, MI, USA). The total protein extracts (20
mg) were separated with 10% SDS-PAGE and transferred to poly-
vinylidene difluoride membranes (MilliporeSigma). The mem-
branes were washed, blocked, and were then incubated with
diluted primary antibodies overnight at 4 �C. Then, they were
thoroughly washed and incubated with horseradish peroxidase-
linked (HRP) anti-rabbit IgG secondary antibody (Proteintech,
Wuhan, China) for 1 h at room temperature. The protein signals
were developed using an ECL reagent (BeyoECL Star, Beyotime,
Shanghai, China) and Tanon 4600 Chemiluminescent Imaging
System (Tanon, Shanghai, China). The following primary antibodies
and dilutions were applied: antieNFekB p65 (1:1000, 10745-1-AP,
Proteintech), anti-IkBa (1:5000, 10268-1-AP, Proteintech), anti-
SLC7A11 (1:1000, 26864-1-AP, Proteintech), anti-b-actin
(1:10000, 66009-1-Ig, Proteintech), anti-Histone H3 (1:2000,
17168-1-AP, Proteintech).

2.6. Cystine uptake and glutamate secretion assays

Sodium-independent cystine uptake was measured following
the sodium nitroprusside-based assay introduced previously [27].
In brief, 5 � 105 BMDCs were seeded in 6-well plates. Cells were
treated with ginsenoside Rg5 (10 mM or 50 mM for 48 h). Then, cells
were washed, incubated with cystine uptake buffer, and then
mixed with 1 mM L-cystine for 1 hr at 37�C. 500 ml uptake buffer
was collected from each well and centrifuged. 400 ml of the su-
pernatant was mixed with 100 ml of 20% sodium nitroprusside so-
lution. Then, absorbance at 521 nm was measured. Glutamate
secretion from the samples was measured using a Nova BioProfile
100 Plus Analyzer (Nova Biomedical, Waltham, MA, USA). Cystine
and glutamate concentrations were calculated by subtracting from
blank controls without cells and normalized to cell counts from
each well.

2.7. In vitro engulfment, flow cytometric analysis, and cell sorting

Engulfment assay was performed following the methods
introduced previously [28]. Jurkat cells have several advantages as a
tool for efferocytosis assays, including rapid growth, consistent and
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reproducible apoptosis induction, homogeneity, and relative
simplicity [8,29e31]. In brief, human Jurkat T cells were treated
with 254-nm UV lamp for 15 min, followed by incubation for 4 h at
37 �C with 5% CO2. Apoptosis was verified by Annexin V-7AAD
viability staining (cat#559763, BD Biosciences), by flow cytometric
analysis. Apoptotic Jurkat cells were labeled with 1 mM CypHer5E
(GE Healthcare, PA15401) for 30 min before use in the engulfment
assays. Mouse BMDMs, BMDCs, conventional type 1 dendritic cells
(cDC1s) or cDC2s were seeded in a 24-well plate. For drug treat-
ment, BMDCs or cDCs were incubated with erastin (10 mM) or
ginsenoside Rg5 (10 or 50 mM ginsenoside Rg5 for 2 h. Then, they
were incubated with target apoptotic Jurkat cells at a 1:5 ratio for 2
h. Following the co-culture, cells were collected, washed 3 � with
cold PBS and resuspended in FACS buffer. Then, FACS buffer is
discarded. Dendritic cells were stained with FITC anti-mouse MHC-
II (11-5321-82, Thermo Fisher Scientific) and BV786 anti-mouse
CD11c (cat#563735, BD Biosciences), while BMDMs were stained
with PerCP/Cy5.5 anti-mouse F4/80 (cat#123127) and BV510 Anti-
mouse CD11b (cat#101245, Biolegend) diluted 1:200 in FACS buffer
at 4�C for 30 min. Cells were analyzed on a BD FACS Canto II flow
cytometer. Data analysis was carried out using NovoExpress soft-
ware (v1.5.4, Agilent Technologies, Santa Clara, CA, USA). The
efferocytotic index (phagocytosis) was calculated as follows: for
dendritic cells, the CypHer5Eþ/CD11cþ/MHC-II þ cell-population
was divided by the total CD11cþ/MHC-II þ cell count and multi-
plied by 100, while for BMDMs, the CypHer5Eþ/CD11bþ/F4/80þ
cell-population was divided by the total CD11bþ/F4/80þ cell count
and multiplied by 100.

To get primary cDC1s and cDC2s, mice spleen single-cell sus-
pensions were prepared following the protocol introduced previ-
ously [8]. In brief, mice spleen tissues were digested and red blood
cells were removed using a RBC lysis buffer (cat#420301, Bio-
legend). cDC1s and cDC2s were obtained by fluorescence-activated
cell sorting, with BV650 anti-mouse/rat XCR1 (cat#148220, Bio-
legend) and APC anti-mouse CD172a (cat#144013, Biolegend). Cell
sorting was performed using a BD FACSAria II flow cytometer.

2.8. Molecular docking

The ginsenoside Rg5 structure was transferred into a mol. file.
The cryo-EM structure of the SLC7A11/SLC3A2 complex (https://
www.rcsb.org/structure/7P9U) was downloaded and separated
into two files containing SLC7A11 or SLC3A2 structure. Molecular
dockingwas used formolecular docking using CB-Dock (http://clab.
labshare.cn/cb-dock/php/index.php) [32].

2.9. Cellular thermal shift assay (CETSA)

CESTA was performed following a previously introduced
method [33]. In brief, BMDCs were harvested with PBS buffer and
lysed. Then, the cell lysates were mixed and incubated with DMSO
(1%), Rg5 (50 mM) or erastin (10 mM) at room temperature for 30
min. The mixture samples were divided into aliquots and subjected
to paralleled incubation at different temperatures ranging from 42
�C to 67 �C for 5 min. Then, the samples were centrifuged and used
for western blotting to detect the presence of SLC7A11.

2.10. Surface plasmon resonance (SPR) analysis

The binding affinity of ginsenoside Rg5 to recombinant SLC7A11,
SLC2A1, SLC7A5 and SLC16A1 proteins were measured using a
Biacore T200 (GE Healthcare, Pittsburgh, PA, USA) and a CM5 sensor
chip (carboxylated dextran surface) following the methods intro-
duced previously [34]. Commercial recombinant SLC7A11, SLC2A1,
SLC7A5, and SLC16A1 proteins were immobilized on the chip
786
surface via amide linkages at pH 4.0. Ginsenoside Rg5 was serially
diluted in the running buffer (pH7.4, HBS-Pþ (HBS, 0.05%
Tween20)) and flowed over the CM5 chip with immobilized pro-
teins to record resonance changes. Data transformation, overlay
plots, and interaction analysis were prepared with BIAevaluation
3.2 software (Cytiva, Marlborough, MA, USA). The kinetic constants
were used to calculate the dissociation constant (KD).

2.11. Measurement of glycogen concentration

The glycogen concentration was quantified using a Glycogen
Assay Kit (ab65620, Abcam, Cambridge, UK).

2.12. Seahorse analysis

BMDCs were analyzed by Seahorse XFe96 Analyzer (Agilent
Technologies) to measure ECAR in real-time. In brief, cells (5 � 104

cells/well) were seeded on a Seahorse 96-well tissue culture plate
(Agilent Technologies). The plates were incubated in a cell incu-
bator overnight before analysis. Then, the cells were treatedwith 10
mM erastin or 50 mM ginsenoside Rg5 2 h before Seahorse analysis.
Then, the mediumwas changed to unbuffered, glucose-free DMEM
supplemented with 2 mM glutamine. Seahorse XF Glycolysis Stress
Test Kit (103020-100, Agilent Technologies) was used following the
manufacturer's instructions. Measurements from the assay were
then normalized to cell numbers.

2.13. Statistical analysis

Data presented as mean ± standard deviation (SD). One-way
ANOVA with Turkey post hoc tests was used for analyses as indi-
cated, while unpaired Welch's T-test was conducted for two-group
comparisons. GraphPad Prism 8.1.0 (GraphPad Software, La Jolla,
CA, USA) was used for statistical analysis. P < 0.05 was considered
significant.

3. Results

3.1. Ginsenoside Rg5 promotes wound healing in the skin of diabetic
mice

Since ginsenoside Rg5 (Fig.1A) has a known hypoglycemic effect
and can improve insulin resistance in diabetic mouse models
[14,15], we tested whether it facilitates wound healing in the leptin
receptor-deficient db/db mice compared to C57BL/6J mice. This
experimental model mimics human type 2 diabetes with obesity
and hyperglycemia. The experimental design is summarized in
Fig.1B. C57BL/6J and db/dbmice received vesicle or ginsenoside Rg5
(20 mg/kg or 80 mg/kg) for one week via oral gavage before
wounding (Fig. 1B). The skin excision experiment indicated that
compared to C57BL/6J mice, wound healing was delayed in db/db
mice. However, both C57BL/6J and db/db mice had significantly
facilitated wound healing (Fig. 1C and D). db/dbmice administrated
with 80 mg/kg ginsenoside Rg5 reached the half-maximal closure
approximately two days earlier than the vehicle control (Fig. 1E and
F).

Uncleared apoptotic cells in the wound areas are an important
cause of chronic inflammation and delayed wound healing [35].
Therefore, we checked apoptotic and cleaved caspase-3 positive
cells in the wound areas by IF staining. Results showed that gin-
senoside Rg5 treatment drastically alleviated the apoptotic cell
burden in the wound areas, with fewer unclear cleaved caspase-3
positive cells in both C57BL/6J and db/db mice (Fig. 1G and H).
Wounds of C57BL/6J mice without ginsenoside Rg5 treatment had
around 400 apoptotic cells (mean ± SD, 424 ± 93/cm) at day 4 post-
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Fig. 1. Ginsenoside Rg5 promotes wound healing in the skin of diabetic mice. A. The chemical structure of ginsenoside Rg5. B. A schematic map showing the experimental
design. CeF. Representative images of wounds at different time points (C and E) and quantitative wound healing dynamics of C57BL/BJ (C-D) and db/db (E-F) mice treated vesicle
control or ginsenoside Rg5 from day 0 to day 10 (n ¼ 6 per group). Data representative of 3 independent experiments. G-H. Quantification of apoptotic cells (defined as cleaved
caspase-3 positive) per cm skin in the wounded skin from C57BL/BJ (G) and db/db (H) mice treated vesicle control or ginsenoside Rg5 at day 4 after wounding was performed
(n ¼ 3). One-way ANOVA with Tukey multiple comparison tests was performed. # comparison between 20 mg/kg and control groups; * comparison between 80 mg/kg and control
groups; & comparison between 20 mg/kg and 80 mg/kg groups; *,# and &, p < 0.01; **, ## and &&, p < 0.01; ***, ### and &&&, p < 0.001.
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wounding and around 60 apoptotic cells (mean ± SD, 57 ± 20/cm)
at day 4 post wounding (Fig. 1G). In the 80 mg/kg ginsenoside Rg5
treatment group, the numbers decreased to 300 ± 72 and 35 ± 10
per cm at the two time points (Fig. 1G). In db/db mice without
ginsenoside Rg5 treatment, the number of apoptotic cells per cm at
day 4 and 10 post-wounding were 539 ± 63 and 416 ± 64 per cm
(Fig. 1H). In 80 mg/kg ginsenoside Rg5 treated db/db mice, the
numbers dropped to 437 ± 50 and 179 ± 44 per cm at the two time
points (Fig. 1H).
3.2. Ginsenoside Rg5 enhances the efferocytosis of BMDCs in
diabetic mice

Considering the significantly decreased apoptotic cells, we hy-
pothesized that efferocytosis might play a part in the process. Since
macrophages and dendritic cells are twomain types of professional
phagocytes [2], we prepared primary BMDMs and BMDCs from
bone marrow progenitors from C57BL/6J and db/db mice and
confirmed successful induction using macrophage markers (F4/80
and CD11b) and dendritic cell markers (MHC-II and CD11c) by flow
cytometry (Fig. 2A). Then, we tested how ginsenoside Rg5 affected
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their efferocytotic capability by flow cytometry. BMDMs and
BMDCs were with CypHer5E-labeled apoptotic cells at a ratio of 5:1
for 2 h. Then, the percentage of CypHer5E þ events within the
CD11bþ and F4/80þ BMDMs and within the CD11Cþ and MHC-
II þ BMDCs were quantified by flow cytometry (Fig. 2B). Results
showed that BMDMs and BMDCs from db/db mice had decreased
efferocytosis compared to the counterparts from wild-type mice
(Fig. 2C). Ginsenoside Rg5 significantly enhanced the efferocytotic
capability of BMDMs and BMDCs from db/db mice. However, this
trend was more evident in BMDCs (Fig. 2D). 50 mM ginsenoside Rg5
treatment nearly doubled the efferocytotic capability of BMDCs
from db/db mice. In contrast, it did not enhance the uptake of live
cells of BMDCs (Fig. 2D). Therefore, our subsequent studies focused
on the potential regulatory effects of ginsenoside Rg5 on BMDCs.
43.3. Ginsenoside Rg5 suppresses SLC7A11 expression in BMDCs
from db/db mice

One recent study indicated that the expression of SLC7A11 was
about 200-fold higher in the wounds of db/db mice than in WT
C57BL/6J mice [8]. The drastically upregulated SLC7A11was verified



Fig. 2. Ginsenoside Rg5 enhances the efferocytosis of bone marrow-derived dendritic cells (BMDCs) from diabetic mice. A. Representative flowcytometric analysis to confirm
the successful induction of BMDMs and BMDCs from bone marrow progenitors from C57BL/6J and db/db mice, respectively, using macrophage markers (F4/80 and CD11b) and
dendritic cell markers (MHC-II and CD11c). B. Gating strategy to identify phagocytosis. BMDMs and BMDCs were co-cultured with CypHer5E-labeled apoptotic or live Jurkat cells at
a ratio of 5:1 for 2 h. Then, the percentage of CypHer5E þ events within the CD11bþ and F4/80þ BMDMs and within the CD11Cþ and MHC-II þ BMDCs were quantified by flow-
cytometry. C. Statistical comparison of the difference in the efferocytotic capability of BMDMs and BMDCs derived from C57BL/6J and db/db mice. E. Effect of ginsenoside Rg5 on
efferocytosis of BMDMs and BMDCs derived from db/db mice. Data from at least 3 independent experiments with 3 replicates. Data are mean ± SD. One-way ANOVA with Tukey
multiple comparison tests was performed. *, p < 0.01; **, p < 0.01; ***, p < 0.001; n.s., not significant.
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in our mice models (Fig. 3A). Then, we checked whether ginseno-
side Rg5 treatment altered SLC7A11 expression. Results showed
that ginsenoside Rg5 treatment substantially suppressed SLC7A11
expression in the wounds of db/db mice at the mRNA and protein
levels at day 4 post-wounding, compared to normoglycaemic
C57BL/6J mice (Fig. 3AeB, E). Besides, it suppressed total NF-kB p65
and restored IkBa expression in the wound tissue in a dose-
dependent manner (Fig. 3BeD). In addition, it suppressed the nu-
cleus entrance of p65 (Fig. 3B and F). By checking the single-cell
RNA-seq data in normal human skin in the Human Protein Atlas,
we found that SLC7A11 mainly expressed in Lagnerhams cell (a
specialized macrophage-DC hybrid population) [36], macrophages
and B-cells (Fig. 3G).
3.4. Ginsenoside Rg5 interacts with SLC7A11 with a high affinity
and suppresses its cystine/glutamate antiporter activity

Some ginsenosides could interact with and be transported via
certain solute carrier members [37e39]. We conducted a molecular
docking assay to visualize the potential interaction between gin-
senoside Rg5 and SLC7A11 (Fig. 4A and B). Interestingly, the Vina
score of the best docking model is low (�9.4 kcal/Mol). The model
of the ginsenoside Rg5-binding pocket is located in the intracellular
vestibule of SLC7A11, which is similar to erastin, a known inhibitor
of SLC7A11 [40]. It is known that Q191, F254, and F336 are critical
for the cystine uptake capability of SLC7A11 [40]. In the predicted
binding model, ginsenoside Rg5 might directly interact with F336
(Fig. 3B, green arrows), and several residues close to F254 (F250,
Y251, L252, and N253) (Fig. 4B, green circle). Cystine uptake via
SLC7A11 can suppress efferocytosis [8]. Therefore, we tested the
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binding between ginsenoside Rg5 and multiple SLC family mem-
bers with known regulatory effects on efferocytosis, including
SLC7A11, SLC2A1, SLC7A5, and SLC16A1 [8,29]. SPR results
confirmed a high binding affinity of ginsenoside Rg5 to SLC7A11
(KD ¼ 0.82 ± 0.16 mM) and SLC2A1 (KD ¼ 0.59 ± 0.11 mM) (Fig. 4C).
The following CETSA data indicated that ginsenoside Rg5 increased
the thermostability of SLC7A11 but not b-actin protein in BMDCs
from db/db mice (Fig. 4DeF).

After that, we compared how ginsenoside Rg5 affected cystine
uptake and glutamate secretion of BMDCs from db/db, genetic
SLC7A11-deficient (SLC7A11-KO), and SLC7A11 wild-type (SLC7A11-
WT) mice (Fig. 4G). Results showed that like erastin, ginsenoside
Rg5 suppressed cystine uptake and glutamate secretion of BMDCs
from db/db and SLC7A11-WT mice (Fig. 4HeI, K-L). However, these
regulations were not observed in BMDCs from SLC7A11-KO mice
(Fig. 4J and M).
3.5. Ginsenoside Rg5 treatment enhances the efferocytosis of
dendritic cells

Ginsenoside Rg5 substantially enhanced the efferocytotic
capability of BMDCs from SLC7A11-WT mice, similar to the effect of
erastin (Fig. 5A). This effect was canceled via interrupting cyto-
skeletal rearrangement with cytochalasin D (CytoD) (Fig. 5A). In
comparison, it only slightly elevated the efferocytosis of BMDCs
from SLC7A11-KO mice (Fig. 5A). Due to different gene expression
profiles, in vitro BMDCs might not fully reflect conventional DCs
(cDCs) [41,42]. Through cell sorting, we purified cDCs from
SLC7A11-WTand -KOmice (Fig. 5B). Ginsenoside Rg5 enhanced the
efferocytosis of cDC1s (Fig. 5C), but not cDC2s from SLC7A11-WT



Fig. 3. Ginsenoside Rg5 suppresses SLC7A11 expression in BMDCs from db/db mice. A. qRT-PCR was conducted to quantify SLC7A11 expression in skin lysates from unwounded
wild-type (n ¼ 3), wounded (day 4 after wounding) db/db mice (n ¼ 6 per group) with or without ginsenoside Rg5 treatment (20 or 80 mg/kg). BeF. Representative images (B) and
quantitation (CeF) of western blotting analysis to detect NF-kB, IkBA, and SLC7A11 expression in the whole cell lysate (WCL) or the nucleus part of the skin from unwounded wild-
type (n ¼ 3), wounded (day 4 after wounding) db/db mice (n ¼ 6 per group) with or without ginsenoside Rg5 treatment (20 or 80 mg/kg). G. A UMAP plot (left) and a bar chart
(right) showing SLC7A11 RNA expression at the single-cell level in normal human skin tissue. Each dot corresponds to a cell in the UMAP lot. The right bar char shows RNA
expression level (nTPM) in each cell type cluster. Data was obtained from v21, the Human Protein Atlas: via https://www.proteinatlas.org/ENSG00000151012-SLC7A11/single-
þcellþtype/skin. Data are mean ± SD. One-way ANOVA with Tukey multiple comparison tests was performed. **, p < 0.01; ***, p < 0.001.
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Fig. 4. Ginsenoside Rg5 interacts with SLC7A11 with a high affinity and suppresses its cystine/glutamate antiporter activity. A-B. The predicted binding position of ginsenoside
Rg5 in SLC7A11 protein. Amino acid residues refer to the SLC7A11 protein. The detailed binding position was provided in panel B. C. Thermodynamic constants measured by SPR for
the interaction between ginsenoside Rg5 and immobilized SLC proteins, including SLC7A11, SLC2A1, SLC7A5, and SLC16A1. D-F. Representative images (D) and quantitation (E-F) of
CETSA. CETSAwas conducted using cellular lysates of BMDCs from db/dbmice, in the presence of DMSO (1%), 50 mM ginsenoside Rg5, or 10 mM erastin. b-actin expression served as a
negative control. *, compassion between DMSO and erastin groups; #, compassion between DMSO and ginsenoside Rg5 groups. G. Schematic of SLC7A11 transport activity and the
knockout mice used. H-M. Relative cystine uptake levels (H-J) and glutamate secretion levels (K-M) were measured to assess the influence of ginsenoside Rg5 (10 mM or 50 mM for 2
h) or erastin (10 mM for 2 h) pre-treatment on the cystine/glutamate antiporter activity of BMDCs from db/db, SLC7A11-WT and SLC7A11-KO mice. The mean ± SD is shown, n ¼ 3.
Statistical significance was determined using one-way ANOVA with Tukey's post hoc tests. *p < 0.05; *** and ###, p < 0.01; *** and ###, p < 0.001.
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mice (Fig. 5C and D). Although ginsenoside Rg5 treatment showed a
trend to elevate the efferocytosis of cDC1s from SLC7A11-KOmice, it
did not reach a statistically significant level (Fig. 5C).
3.6. Ginsenoside Rg5 promotes DC efferocytosis via promoting
SLC7A11-mediated anaerobic glycolysis

SLC7A11 inhibition can enhance DC efferocytosis via glycogen-
olysis [8]. Ginsenoside Rg5 treatment decreased intracellular
glycogen of both BMDCs and cDC1s from SLC7A11-WT mice but not
the counterparts from SLC7A11-KOmice (Fig. 6A and B). CP-91149 (a
glycogen phosphorylase inhibitor) restored glycogen levels in
790
ginsenoside Rg5-treated BMDCs and cDC1s (Fig. 6A and B). In
addition, CP-91149 significantly weakened ginsenoside Rg5-
dependent elevation in efferocytosis (Fig. 6C and D), suggesting
that ginsenoside Rg5-mediated glycogenolysis is a major cause of
enhanced DC efferocytosis.

To validate the influence of ginsenoside Rg5 on the anaerobic
glycolysis of dendritic cells, we conducted a glycolysis stress test on
BMDCs (from SLC7A11-WT or SLC7A11-KO mice) with or without
pre-treatment of ginsenoside Rg5, using a Seahorse XFe96
Analyzer. Glucose, oligomycin, and 2-deoxyglucose (2-DG) were
sequentially added. Non-glycolytic ECAR (before glucose addition)
was not different among the groups (Fig. 6E and F). Ginsenoside



Fig. 5. Ginsenoside Rg5 treatment enhances the efferocytosis of dendritic cells. A. The effect of ginsenoside Rg5 treatment (50 mM, 2 h) on the efferocytosis of BMDCs from
SLC7A11-KO or -WT mice. Phagocytosis was tested using CypHer5E-labelled apoptotic Jurkat cells at a 1:5 phagocyte: target ratio. Erastin was used as a positive control. B. Gating
strategy to collect CDCs from the spleen tissue of 8-week SLC7A11-KO or -WT mice. C-D. Purified cDC1 (C) and cDC2 (D) subsets were tested for phagocytosis with apoptotic and live
Jurkat cells for 4 h, with or without pre-treatment of ginsenoside Rg5 or erastin as indicated in panel A. Data were from 3 biological replicates. One-way ANOVAwith Tukey multiple
comparison tests was performed. *, p < 0.01; **, p < 0.01; ***, p < 0.001; n.s., not significant.
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Rg5 or erastin treatment increased basal ECAR (elevated glycolysis)
of BMDCs from SLC7A11-WT mice (Fig. 6E and G). We also found
that BMDCs from SLC7A11-WT mice treated with ginsenoside Rg5
or erastin have increased glycolytic capacity, measured by the
maximal ECAR after the addition of oligomycin, which inhibits
mitochondrial respiration (Fig. 6E and H).
4. Discussion

Chronic non-healing wounds are a common complication of
diabetes, which drastically increases the risk of infection and tissue
necrosis. However, current therapeutic strategies are still limited
due to a poor understanding of the underlying pathological
mechanisms [43]. Some recent studies indicated that the high
efficient efferocytosis supports wound healing [44,45]. Defects in
efferocytosis mediated by macrophages and dendritic cells in the
wound skin led to the accumulation of apoptotic cells and subse-
quent chronic inflammation [8,9,45]. In this study, we observed
that ginsenoside Rg5 provided through oral gavage in db/db mice
significantly alleviated the apoptotic cell burden in the wound
areas and facilitated skin wound healing. 50 mM ginsenoside Rg5
treatment nearly doubled the efferocytotic capability of BMDCs
from db/dbmice. These findings suggest that ginsenoside Rg5 could
facilitate wound healing by activating dendritic cell-mediated
efferocytosis.

It is known that ginsenoside Rg5 can suppress the expression
and activation of NF-kB p65 in multiple types of tissues, including
791
human keratinocytes and macrophages [14,16,17]. NF-kB p65
serves as an activator of SLC7A11 transcription [18,19], which is a
molecular brake on efferocytosis of dendritic cells [8]. In this study,
we confirmed that ginsenoside Rg5 treatment reduced NF-kB p65
and SLC7A11 expression in the wounded areas of db/db mice dose-
dependently. In addition, SLC7A11 expression could also be acti-
vated by nuclear factor erythroid-2 (NRF2) and the phosphorylated
signal transducer and activator of transcription 3 (p-STAT3) [46,47].
Ginsenoside Rg5 can suppress NRF2 and STAT3 expression [48,49].
Thesemechanisms also partially explained the suppressive effect of
ginsenoside Rg5 on SLC7A11 transcription in the wounded areas.

Some ginsenoside might interact with SLC family members and
affect their physiological functions. For example, ginsenoside Rg3
can interact with SLC2A1 [34], while ginsenoside Rd may interact
with SLC5A1 [39]. In the current study, our molecular docking and
subsequent SPR and CETSA assays validated the physical binding of
ginsenoside Rg5 to SLC7A11, with a similar binding configuration to
erastin. It is known that erastin may bind to the extracellular
domain of SLC7A11 and induce conformational changes that pre-
vent cystine uptake [40]. Like erastin, ginsenoside Rg5 might bind
to multiple amino acid residuals of SLC7A11 that are critical for the
cystine uptake activity, including F250, Y251, L252, N253, and F336
[40]. Reduced cystine uptake and increased glutamate secretion
after SLC7A11 inhibition can lead to reactive oxygen species (ROS)
accumulation. This mechanism partially contributes to enhanced
efferocytosis of DCs [8]. Ginsenoside Rg5 drastically suppressed
cystine uptake and glutamate secretion of BMDCs from db/db and



Fig. 6. Ginsenoside Rg5 promotes dendritic cell efferocytosis via promoting SLC7A11-mediated glycolysis. A-D. Glycogen levels in lysates (A-B) and efferocytosis (C-D) of
BMDCs (A and C) or cDC1s (B and D) populations from SLC7A11-WT or SLC7A11-KO mice, treated by DMSO, ginsenoside Rg5 or Erasin, or by combined ginsenoside Rg5 and CP-91149.
E-H. ECAR was measured in the BMDCs from SLC7A11-WT (WT) or SLC7A11-KO (KO) mice with indicated treatment over time with sequential treatments with glucose, oligomycin,
and 2-deoxyglucose (2-DG). From this graph (E), non-glycolytic ECAR (ECAR before glucose addition) (F), glycolysis (difference between ECAR after glucose addition and non-
glycolytic ECAR) (G) and glycolytic capacity (maximal ECAR after oligomycin treatment) (H) were determined. Data are mean ± SD of n ¼ 3 per group. Statistical significance
was determined using One-way ANOVA with Tukey multiple comparison tests. *, p < 0.01; **, p < 0.01; ***, p < 0.001; n.s., not significant.
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SLC7A11-WT mice but not in BMDCs from SLC7A11-KO mice. These
findings imply that ginsenoside Rg5 could bind to SLC7A11 and
suppress its cystine/glutamate antiporter activity. Therefore, we
infer that ginsenoside Rg5 can enhance efferocytosis of dendritic
cells via reducing SLC7A11 transcription and inhibiting its cystine/
glutamate antiporter activity. However, future mutational studies
are required to validate the binding of ginsenoside Rg5 to the
critical residues modulating the cystine uptake activity of SLC7A11.

Aerobic glycolysis plays a crucial role during the initiation and
ongoing process of efferocytosis [29]. Dendritic cells have abundant
intracellular glycogen reserves. Inhibition of SLC7A11 significantly
increases anaerobic glycolysis, which fuels DC efferocytosis [8]. In
BMDCs and cDC1s, we confirmed that ginsenoside Rg5 reduced
their glycose storage and enhanced anaerobic glycolysis. Glycogen
phosphorylase inhibitor CP-91149 nearly abolished the effect of
ginsenoside Rg5 on promoting efferocytosis. Based on these find-
ings, we infer that ginsenoside Rg5 can promote the efferocytosis of
dendritic cells by abrogating the suppressive effect of SLC7A11 on
glycolysis.

Ginsenoside Rg5 could enhance the efferocytotic capability of
BMDMs from db/db mice (Fig. 2D). Thus, it might exert wound-
healing effects through mechanisms other than SLC7A11-
mediated efferocytosis of dendritic cells. In addition, in the
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current study, we found that Rg5 could alleviate the accumulation
of NF-kB p65. Inhibiting Sprouty2 (Spry2) can enhance the effer-
ocytosis of macrophages in vitro partially via decreasing NF-kB p65
phosphorylation [50]. Induction of glycogenolysis might not be the
only reason for ginsenoside Rg5 action on efferocytosis. Besides
SLC7A11, we observed that SLC2A1 is a potential docking protein of
ginsenoside Rg5. Efferocytosis induces a novel SLC program to
promote glucose uptake and aerobic glycolysis in phagocytes,
initiated by SLC2A1-mediated glucose uptake, with concurrent
suppression of the oxidative phosphorylation program [29].
Therefore, SLC2A1 is involved in metabolic changes during effer-
ocytosis [29]. Therefore, ginsenoside Rg5 might participate in
efferocytosis by regulating metabolic changes. However, future
studies are required to reveal the underlying mechanisms.

5. Conclusions

In conclusion, ginsenoside Rg5 can suppress the expression of
SLC7A11 and inhibit its activity via physical binding. These effects
largely cancel the negative regulations of SLC7A11 on glycolysis,
which fuels the efferocytosis of dendritic cells. Therefore, ginse-
noside Rg5 has a potential adjuvant therapeutic reagent to support
patients with wound-healing problems, such as diabetic foot ulcers.
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