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Ulcerative colitis (UC) is a chronic inflammatory bowel disease worldwide. Infiltration of
pro-inflammatory macrophages (M1 macrophages) contributes to the occurrence of
bowel inflammation. Transplantation of mesenchymal stem cells (MSCs) is a promising
therapeutic strategy for UC, but the exact mechanism remains unknow yet. Here, we
treated DSS-induced colitis mice with adipose‐derived mesenchymal stem cells
(ADMSCs) and revealed that ADMSCs alleviated colon inflammation by reducing the
infiltration of M1 macrophages. Moreover, ADMSCs exerted this therapeutic effect by
inhibiting succinate accumulation, increasing PHD2 to prevent M1 macrophages from
overexpressing HIF-1a and thereby reprogramming the glycolytic pathway of M1
macrophages. Meanwhile, the succinate secreted by M1 macrophages triggered
ADMSCs to secrete PGE2 in return, which could also shift macrophages from M1
phenotype to M2. Our work demonstrated an immunomodulatory effect of ADMSCs
and provided a novel perspective on UC therapy.
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INTRODUCTION

Ulcerative colitis (UC) is a type of chronic inflammatory bowel
disease (IBD) worldwide, characterizing by superficially mucosal
inflammation limited in the rectum and the colon (1, 2). The
exact pathogenesis of UC remains unknown yet but is thought to
involve genetic predisposition, immune response and
environmental triggers, such as diets, luminal microbes and
antibiotics (3). Since most chronic inflammation is a
consequence of dysregulated immune reaction, explorations on
immune abnormalities have become a hot topic in UC (4, 5). At
present, immunomodulators including infliximab, adalimumab
and vedolizumab mainly target at specific immune factors to
suppress the dysregulated immune system in UC patients (6, 7).
However, these drugs are far from optimal for they are only
effective in a very small subset, with many potential side effects
such as infection and tumor (8).

Intestinal macrophages are important in establishing and
maintaining gut immune homeostasis (9). Macrophages could
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secrete various cytokines and soluble factors to protect the host
from affection in normal intestinal tracts (10). However, Different
microenvironment results in heterogeneous activation phenotypes
of macrophages, where their functions are also different (11). There
are two major phenotypes of activated macrophages, the classically
activated macrophages (M1 macrophages) and the alternatively
activated macrophages (M2 macrophages). M1 macrophages exert
a pro-inflammatory function for they could secrete various pro-
inflammatory cytokines, chemokines and inflammatory mediators.
Whereas, M2 macrophages are mainly involved in anti-
inflammatory responses and tissues repairation (12). Several
studies have revealed that the percentage of M1 macrophages
increased in the colon tissues of UC patients and of animal
models with colitis (13, 14). Upon inflammation environment,
those macrophages were activated to certain phenotypes that
aggravated bowel inflammatory reactions and accelerated the
progress of UC (15).

Cellular metabolism alters dramatically along with the
activation of macrophages (16). Glycolysis is a primary energy
GRAPHICAL ABSTRACT | Schematic showing the interaction between ADMSCs and M1-macrophages.
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event of M1 macrophages, where glucose was converted to
pyruvate, accompanied with a production of ATP (17). Excess
glycolysis results in accumulation of glycolytic metabolites, such
as itaconate, succinate and fumarate, to escape from
mitochondria and exert pro-inflammatory effects (18).
Inhibition of glycolysis and its metabolites could suppress
macrophage M1 polarization, regulate inflammation response
and restore immune homeostasis (19). Hypoxia inducible factor-
1a (HIF-1a) is a pivotal factor that determines whether glucose
is consumed through oxidative phosphorylation (OXPHOS) or
glycolysis (20). However, under normoxic conditions, HIF-1a is
rapidly hydroxylated and then degraded by prolyl hydroxylase
domain 2 (PHD2) and the hydroxylase activity of PHD2 is
modulated by various factors such as hypoxia and certain
molecules (21). These evidences provide us with novel
perspectives on UC pathogenesis and treatment.

Transplantation of mesenchymal stem cells (MSCs) is a safe and
promising cell-based therapeutic strategy for UC (22, 23). After
being transplanted to the host, MSCs could repair the damaged cells
in situ by homing to the injured tissues and could also restore
immune homeostasis by secreting anti-inflammatory cytokines and
chemokines (24). However, approaches to acquire MSCs are quite
limited and invasive (25, 26). Adipose‐derived mesenchymal stem
cells (ADMSCs) are a type of MSCs isolated from adipose tissues.
Subcutaneous white adipose tissues from the abdomen, thigh and
hip were the most common tissue sources processed for ADMSCs
isolation (27). Comparing to other kinds of MSCs, ADMSCs had
the advantages of great accessibility and large abundance of tissue
sources (28). Several studies have revealed that ADMSCs could
alleviate peptic ulcer and acute injury by exerting anti-apoptosis and
anti-inflammatory effects (29, 30). However, whether ADMSCs
could treat UC and the potential mechanisms, remains unknown.

In this study, we found that transplantation of ADMSCs
transplantation alleviated the DSS-induced colon inflammation
and inhibited M1 macrophages infiltration. In details, ADMSCs
exerted this inhibitory effect by reducing succinate accumulation
and increasing PHD2 to prevent M1 macrophages from
overexpressing HIF-1a, thereby reprogramming the glycolytic
pathway of M1 macrophages. Meanwhile, the succinate secreted
by M1 macrophages triggered ADMSCs to secrete PGE2 in
return, which could further shift macrophages from M1
phenotype to M2. Our results provided a novel perspective on
UC therapy.
MATERIALS AND METHODS

Cells and Reagents
ADMSCs were purchased from the Innovative Precision
Medicine Group (Hangzhou, China) and were cultured with
a-MEM medium (Gibco, Gaithersburg, MD, USA) containing
15% FBS (Gibco). Bone marrow-derived macrophage cells
(BMDMs) were isolated from C57BL/6 mice according to
protocols. Briefly, cells were flushed out from mice femoral
tissues. Then red blood cells were lysed and BMDMs
were collected.
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Flow Cytometry
The surface markers of ADMSCs were assessed by flow
cytometry. Briefly, 5 × 105 ADMSCs were collected and
resuspended with FACS buffer before they were incubated with
specific antibodies in the dark for 30 minutes. Then all cells were
washed with stain buffer twice and assessed by a Coulter flow
cytometer (FC500MCL, Brea, CA). Information about PE-
conjugated CD90, CD73, CD105, CD34, CD45 and CD117
antibodies were listed in the Supplementary Table 1. Results
were analyzed by FlowJo Software (Ashland, OR).

Co-Culture of ADMSCs and BMDMs
Transwell chambers with 0.4 mm pores (Corning, California,
USA) were used in the co-culture experiments of ADMSCs and
BMDMs. Before co-cultured with ADMSCs, BMDMs were
polarized to M1 phenotype with the stimulation of 100 ng/mL
LPS (MCE, Monmouth Junction, NJ, USA) and 20 ng/mL hIFN-
g (MCE) for 48 hours. Then ADMSCs and BMDMs were planted
onto transwell inserts at the ratio of 1:1 and co-cultured for 24
hours before assessment.

Extracellular Flux (XF) Assays
For XF assays, BMDMs were planted on XF24-well seahorse plates
at the density of 5 × 104 cells per well and stimulated with 100 ng/
mL LPS and 20 ng/mL hIFN-g for 48 hours. Then BMDMswere co-
cultured with the same amount of ADMSCs using transwell
chambers. After 24 hours, all chambers were removed and cell
medium was replaced by XF medium. The OCR and ECAR values
were assessed by an XF24 flux analyzer in accordance to the
protocols. Results were normalized by cell numbers.

Transfection
For transfection experiments, ADMSCs were transfected with
siRNAs targeting at HIF-1a (Ribobio, Guangzhou, China) and
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) in
accordance to the manufacturer’s instructions. The sequences of
siRNAs were listed in the Supplementary Table 1.

DSS-Induced Colitis and ADMSCs
Treatment In Vivo
All animal experiments obeyed the guidelines of the Animal
Experimental Ethical Inspection of the First Affiliated Hosipital,
Zhejiang University School of Medicine (2021-216). Briefly, 6-
week-old male C57BL/6 mice were divided into three groups
randomly: the control group, the DSS group and the ADMSCs
+DSS group. Mice in the DSS and ADMSCs+DSS groups were
provided with 3% DSS (MP Biomedicals, Santa Ana, CA, USA)
in drinking water to develop colitis while mice in the control
group were provided with regular drinking water for 7 days.
5 ×106 ADMSCs resuspended in 250 mL PBS [human equivalent
dose: 16 ×106/kg (31)] were intraperitoneally injected to mice in
MSC+DSS group on day 4 while equivalent PBS vehicle were
injected to mice in the control and DSS groups on the same day.
Weight loss, fecal occult blood and disease activity index (DAI)
were monitored every day. On day 10, all mice were sacrificed
and tissues were harvested for further assessments.
June 2022 | Volume 13 | Article 859806
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Immunofluorescence Staining
For immunofluorescence staining, colon tissues were fixed in 4%
paraformaldehyde overnight. Then fixed tissues were stained
with anti-F4/80 antibody (#30325, CST, Beverly, MA, USA) and
anti-inducible NO synthase (iNOS) antibody (#13120, CST).
Images were photographed by a confocal microscope (Zeiss).

Quantitative Real-Time PCR
RNA was extracted from cells with RNeasy Mini kits (Qiagen,
Valencia, USA) and reverse-transcribed into cDNA with
PrimeScript RT reagent kits (Takara, Kusatsu, Japan). The
relative expression of mRNA was assessed by SYBR Green
probes. mRNA expression was calculated by the Delta-Delta
(DD) Ct method and all results were normalized to controls.
Primers are listed in the Supplementary Table 1.

Western Blotting
Proteins were extracted from cells with RIPA Buffers (Beyotime,
Shanghai, China) containing protease inhibitor cocktails
(Beyotime). Then proteins were separated by SDS-PAGE and
were transferred to PVDF membranes for detection. Specific
primary and secondary antibodies used in this study were listed
in the Supplementary Table 1.

Statistical Analysis
All data were presented as mean ± SD. Two-tailed t-test and one
way ANOVA were used to assess the difference between groups.
P value < 0.05 was considered as statistically significant.
RESULTS

Characterization of ADMSCs
Firstly, we assessed the immunophenotype of ADMSCs
according to the MSC Characteristics and Identification
Criteria (32). MSCs biomarkers including CD90, CD73 and
CD105 were positive in ADMSCs, while the leukocyte markers
CD45, CD117 and CD34 were negative (Figure 1).

ADMSCs Transplantation Ameliorated
DSS-Induced Colitis and Inhibited M1
Macrophage Polarization
To explore whether ADMSCs could ameliorate UC severity,
DSS-induced colitis mouse models were intraperitoneally
injected with ADMSCs (Figure 2A). Drinking DSS aqueous
solutions induced a continuous reduction in mice bodyweight,
while this DSS-induced weight loss was significantly alleviated by
ADMSCs transplantation (Figure 2B). Additionally, the severity
index of colitis measured by DAI scores was also decreased by
ADMSCs transplantation (Figure 2C). Another typical
morphological alteration in colitis mice is reductions in colon
length (33). In this work, we found that the colon lengths of mice
in the ADMSCs +DSS group were approximated to those in the
control group, while mice in the DSS group exhibited significant
reductions in colon length (Figure 2D). Furthermore,
histopathological staining and analysis were also conducted in
Frontiers in Immunology | www.frontiersin.org 4
order to evaluate the severity of colitis more precisely (34).
Comparing to the DSS group, colon tissues from mice in the
ADMSCs+DSS group counted up less histologic scores for less
mucosal erosion, crypt destruction and infiltration of
inflammatory cell, suggesting a significant remission of colon
inflammation upon ADMSCs treatment (Figure 2E). Given that
the occurrence of bowel inflammation required M1 macrophages
serving as antigen presenting cells, we further investigated
the percentage of M1 macrophages (F4/80+iNOS+) by
immunofluorescence staining. Notably, comparing to mice in
the control group, the percentage of colonic F4/80+iNOS+

macrophages significantly increased in DSS-treated mice, while
the percentage decreased with transplantation of ADMSCs
(Figure 2F). Meanwhile, pro-inflammatory cytokines secreted
by M1 macrophages also reduced upon ADMSCs treatment
(Figure 2G). All of these results revealed that ADMSCs could
ameliorate DSS-induced colon inflammation and inhibited M1
macrophage polarization in colitis mice.

ADMSCs Inhibited M1 Polarization by
Reprograming the Glycolytic Pathway in
Macrophages
Then we explored the potential mechanisms through which
ADMSCs exerted their inhibitory effects on M1 macrophages,
using an in vitro system that co-cultured ADMSCs and bone-
marrow-derived macrophages (BMDMs) (Figure 3A). BMDMs
were polarized to M1 phenotypes with LPS and IFN-g
stimulation before co-cultured with ADMSCs. Consistent with
the results of experiments in vivo, the gene expression of M1-
characterized pro-inflammatory cytokines iNOS, IL-6 and TNF-
a reduced significantly when BMDMs were co-cultured with
ADMSCs, confirming that ADMSCs could also inhibit M1
polarization in vitro (Figure 3B). M1 macrophages exerts an
enhanced glycolysis in order to meet their ATP requirements
(20). Therefore, we assessed the OCR and ECAR values of
BMDMs, as the readouts of their OXPHOS and glycolysis.
FIGURE 1 | Phenotypic characterization of ADMSCs. Surface determinants
of ADMSCs assessed by flow cytometer. Black lines represented the isotype
control.
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FIGURE 2 | ADMSCs ameliorated DSS-induced colitis and inhibited M1 macrophages infiltration. (A) Schematic diagram of animal experiments. Mice in the DSS
and ADMSCs+DSS groups were provided with 3% DSS in drinking water to develop colitis. 5 ×106 ADMSCs were intraperitoneally injected to mice in MSC+DSS
group on day 4. (B–D) Representative pictures and quantifications of bodyweight (B), DAI scores (C) and colon lengths (D) from different groups. (E) H&E staining
and histological scores of colon tissues from mice with different treatment. (F) Representative images of M1 macrophages infiltration in colon tissues assessed by
Immunofluorescence staining. (green for F4/80, red for iNOS and blue for DAPI). (G) Gene expression of IL-6, TNF-a and IL-1b assessed by qRT-PCR. (*p < 0.05;
**p < 0.01; ***p < 0.001).
A B

C

FIGURE 3 | ADMSCs inhibited the M1 polarization and glycolytic pathway in macrophages. (A) Schematic diagram of the co-culture system. (B) qRT-PCR analysis
of M1-characterized genes including iNOS, IL-6 and TNF-a. (C) Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) values of BMDMs with
different treatments. (*p < 0.05; ***p < 0.001).
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Interestingly, comparing to M1-polarized BMDMs, significant
increase of OCR and reduction of ECAR were found in those
BMDMs co-cultured with ADMSCs, indicating that ADMSCs
could constrain the glycolytic pathway in BMDMs, reducing
intracellular ATP production, and thus inhibited M1
polarization (Figure 3C).

ADMSCs Reprogrammed the Glycolysis
Through Succinate-Dependent PHD2/HIF-
1a Pathway in M1 Macrophages
To further investigated the potential mechanism, we assessed
both intracellular and extracellular metabolite contents of
BMDMs. Both intracellular and extracellular itaconate and
succinate were increased along with the enhancement of
glycolysis in M1-BMDMs, but only succinate decreased upon
ADMSCs treatment, while itaconate remained unchanged
(Figures 4A, B). Therefore, we speculated that ADMSCs
Frontiers in Immunology | www.frontiersin.org 6
reprogrammed the glycolysis of M1-BMDMs by inhibiting
both intracellular and extracellular succinate accumulation.
HIF-1a is a key factor to determine whether glucose is
consumed through OXPHOS or glycolysis (21). Interestingly,
HIF-1a levels increased in M1-BMDMs but decreased whenM1-
BMDMs were co-cultured with ADMSCs (Figure 4C).
Furthermore, we found that co-culture with ADMSCs could
increase the level of PHD2, who could mediate the protein
degradation of HIF-1a, and supplementation of succinate
could decrease PHD-2 levels (Figure 4D). Glycolytic enzymes
including GLUT1, HK2, LDHA, etc. are very important in
glycolysis because they can facilitate rapid glucose uptake and
transformation intracellularly (35). Interestingly, we found that
ADMSCs reduced the levels of either GLUT1, HK2 and LDHA in
M1-polarized BMDMs, and these inhibitory effects of ADMSCs
on the glycolytic enzymes were eliminated when HIF-1a was
silenced by short interfering RNA (siRNA) (Figure 4E).
A B

D

E

C

FIGURE 4 | ADMSCs reprogrammed glycolysis in M1-BMDMs through succinate-dependent PHD2/HIF-1a pathway. (A, B) Intracellular (A) and extracellular (B)
metabolites of BMDMs with different treatment. (C) HIF-1a and PHD2 levels in BMDMs with different treatments. (D) Protein levels of HIF-1a and PHD2 in BMDMs
supplemented with ADMSCs and different concentrations of succinate. (E) Protein levels of glycolytic enzymes (GLUT1, HK2 and LDHA) in BMDMs transfected with
HIF-1a siRNA. (*p < 0.05; **p < 0.01; ***p < 0.001; ns, no significance).
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Together, all these results demonstrated that ADMSCs
reprogrammed the glycolytic pathway of M1 macrophages via
succinate-dependent PHD2/HIF-1a pathway.

Macrophage-Derived Succinate Triggered
ADMSCs to Uptake Succinate in Return
and Secrete PGE2 to Shift Macrophages
From M1 Phenotype to M2
Given that succinate is an important intercellular signal
molecule, we further explored whether succinate could regulate
physiological processes of ADMSCs in return. The major
receptor for succinate, succinate receptor 1 (SUCNR1), had no
statistical alteration when ADMSCs were exposed to succinate
in vitro (Figures 5A–C). However, levels of SLC13A3 and
SLC13A5, two dicarboxylate co-transporters involved in
succinate transport, increased significantly when ADMSCs
were treated with succinate, consistent with an increasement of
intracellular succinate concentrations (Figures 5D, E).
Prostaglandin E2 (PGE2) is a major immune regulator secreted
by ADMSCs (36). We measured PGE2 concentrations in culture
media from ADMSCs and the gene expression of prostaglandin-
endoperoxide synthase 2 (Ptgs2). Both PGE2 concentrations and
the gene expression of Ptgs2 in ADMSCs increased upon
succinate treatment, and pre-stimulation with SC-58125 (Ptgs2
blocker) rescued this succinate-induced increasement
(Figures 5F, G). Then we further investigated the effect of
PGE2 on macrophage polarization. Notably, those ADMSCs
Frontiers in Immunology | www.frontiersin.org 7
pre-treated with succinate exerted a reduction in the gene
expression of M1-characterized cytokines (iNOS, IL-6 and
TNF-a) and an increasement of M2-characterized cytokines
(IL-10, Arg-1 and CD206), while all these alterations were
rescued by SC-58125 (Figure 5H). These results revealed that
the PGE2 secreted by ADMSCs could shift M1 macrophages
toward an M2 phenotype.
DISCUSSION

Stem cell is a novel and promising strategy for UC therapy.
However, the application potentials of stem cells were quite
limited for their poor source and invasive approaches. In this
work, we used a kind of accessible and continuous MSCs isolated
from adipose tissues to investigate their therapeutic effects on
UC. Previous studies have reported that MSCs could regulated
macrophages polarization through cell-to-cell contact, secretion
of soluble factors, extracellular vesicles and mitochondrial
transfer (37). However, the exact mechanism of how ADMSCs
regulated M1 macrophages in UC patients remains unknow. In
this study, we found that transplantation of ADMSCs could
ameliorate DSS-induced colitis and reduced M1 macrophages
infiltration by reprogramming their glycolytic pathway. M1-
macrophages is characterized by an enhanced intracellular
glycolysis (18). We found that transplantation of ADMSCs
increased PHD-2 levels and leaded to an enhanced HIF-1a
A B

D E F G
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C

FIGURE 5 | Macrophage-derived succinate triggered ADMSCs to uptake succinate and secreted PGE2 to further shift macrophages from M1 phenotype to M2.
(A) Schematic diagram of ADMSCs exposed to succinate in vitro. (B, C) Representative microscopy images (B) and western blot analysis (C) of SUCNR1 in
ADMSCs. (D) Protein levels of SLC13A3 and SLC13A5 in ADMSCs supplemented with or without succinate. (E) Concentrations of intracellular succinate in
ADMSCs. (F, G) Ptsg2 gene expression (F) and PGE2 concentrations (G) in ADMSCs. (H, I) Gene expression of M1-characterized cytokines (H) and M2-
characterized cytokines (I) in BMDMs. (*p < 0.05; **p < 0.01; ***p < 0.001; ns, no significance).
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degradation in macrophages by inhibiting the accumulation of
intracellular succinate, a kind of glycolysis metabolite. HIF-1a is
an important transcription factor of glycolytic enzymes, and the
reduction of HIF-1a resulted in decreases of those glycolytic
enzymes, which then limited the production of ATPs and thus
inhibited M1 polarization.

Several studies have revealed that the therapeutic potentials of
MSCs were mainly attributed to soluble factors and extracellular
vesicles (38, 39). Interestingly, we found that those succinates
secreted by M1 macrophages triggered succinate uptake by
ADMSCs in return, resulting in increased intracellular
succinate levels. Accumulation of intracellular succinate further
stimulated ADMSCs themselves to secrete soluble molecule
PGE2, which then exerted an anti-inflammatory effect on
macrophages and shift macrophages from M1 phenotype to M2.

However, succinate receptor SUCNR1 is an early detector to
many physiological and pathological processes, including
obesity, inflammation and cancer (40, 41). Our results showed
that there was no significant difference in SUCNR1 upon
ADMSCs treatment. We speculated that the SUCNR1 signaling
pathways in colitis mice might was activated by an enhancement
of SUCNR1 protein activity rather than its protein level, as was
reported by Gilissen et al. (42). Therefore, more studies are
still needed to further investigate the mechanism in
SUCNR1 signaling.
CONCLUSION

ADMSCs transplantation inhibited the M1 polarization of
macrophages by reprogramming their metabolism processes.
Meanwhile, the metabolites secreted by M1 macrophages
triggered ADMSCs to secrete anti-inflammatory cytokines in
return. Our results provided a novel perspective on UC therapy
and interaction between MSCs and macrophages.
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Mittelbrunn M. Glycolysis - a Key Player in the Inflammatory Response. FEBS
J (2020) 287:3350–69. doi: 10.1111/febs.15327

18. Liu Y, Xu R, Gu H, Zhang E, Qu J, Cao W, et al. Metabolic Reprogramming in
Macrophage Responses. Biomark Res (2021) 9:1. doi: 10.1186/s40364-020-
00251-y

19. Liu PS, Wang H, Li X, Chao T, Teav T, Christen S, et al. a-Ketoglutarate
Orchestrates Macrophage Activation Through Metabolic and Epigenetic
Reprogramming. Nat Immunol (2017) 18:985–94. doi: 10.1038/ni.3796

20. Corcoran SE, O'Neill LA. Hif1a and Metabolic Reprogramming in
Inflammation. J Clin Invest (2016) 126:3699–707. doi: 10.1172/JCI84431

21. Chen F, Chen J, Yang L, Liu J, Zhang X, Zhang Y, et al. Extracellular Vesicle-
Packaged HIF-1a-Stabilizing lncRNA From Tumour-Associated
Macrophages Regulates Aerobic Glycolysis of Breast Cancer Cells. Nat Cell
Biol (2019) 21:498–510. doi: 10.1038/s41556-019-0299-0

22. Liu H, Liang Z, Wang F, Zhou C, Zheng X, Hu T, et al. Exosomes From
Mesenchymal Stromal Cells Reduce Murine Colonic Inflammation via a
Macrophage-Dependent Mechanism. JCI Insight (2019) 4. doi: 10.1172/
jci.insight.131273

23. Yang H, Feng R, Fu Q, Xu S, Hao X, Qiu Y, et al. Human Induced Pluripotent
Stem Cell-Derived Mesenchymal Stem Cells Promote Healing via TNF-a-
Stimulated Gene-6 in Inflammatory Bowel Disease Models. Cell Death Dis
(2019) 10:718. doi: 10.1038/s41419-019-1957-7

24. Harrell CR, Jovicic N, Djonov V, Arsenijevic N, Volarevic V. Mesenchymal
Stem Cell-Derived Exosomes and Other Extracellular Vesicles as New
Remedies in the Therapy of Inflammatory Diseases. Cells (2019) 8.
doi: 10.3390/cells8121605

25. Arthur A, Gronthos S. Clinical Application of Bone Marrow Mesenchymal
Stem/Stromal Cells to Repair Skeletal Tissue. Int J Mol Sci (2020) 21.
doi: 10.3390/ijms21249759

26. Mohamed-Ahmed S, Yassin MA, Rashad A, Espedal H, Idris SB, Finne-
Wistrand A, et al. Comparison of Bone Regenerative Capacity of Donor-
Matched Human Adipose-Derived and Bone Marrow Mesenchymal Stem
Cells. Cell Tissue Res (2021) 383:1061–75. doi: 10.1007/s00441-020-03315-5

27. Bunnell BA. Adipose Tissue-Derived Mesenchymal Stem Cells. Cells (2021)
10. doi: 10.3390/cells10123433

28. Al-Ghadban S, Bunnell BA. Adipose Tissue-Derived Stem Cells:
Immunomodulatory Effects and Therapeutic Potential. Physiol (Bethesda)
(2020) 35:125–33. doi: 10.1152/physiol.00021.2019
Frontiers in Immunology | www.frontiersin.org 9
29. Saleh M, Sohrabpour AA, Mehrabi MR, Seyhoun I, Vaezi AA. Therapeutic
Approach of Adipose-Derived Mesenchymal Stem Cells in Refractory Peptic
Ulcer. Stem Cell Res Ther (2021) 12:515. doi: 10.1186/s13287-021-02584-3

30. Ono-Uruga Y, Ikeda Y, Matsubara Y. Platelet Production Using Adipose-
Derived Mesenchymal Stem Cells: Mechanistic Studies and Clinical
Application. J Thromb Haemost (2021) 19:342–50. doi: 10.1111/jth.15181

31. Reagan-Shaw S, Nihal M, Ahmad N. Dose Translation From Animal to
Human Studies Revisited. FASEB J (2008) 22:659–61. doi: 10.1096/fj.07-
9574LSF

32. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D,
et al. Minimal Criteria for Defining Multipotent Mesenchymal Stromal Cells.
The International Society for Cellular Therapy Position Statement.
Cytotherapy (2006) 8:315–7. doi: 10.1080/14653240600855905

33. Li S, Zhuge A, Wang K, Lv L, Bian X, Yang L, et al. Ketogenic Diet Aggravates
Colitis, Impairs Intestinal Barrier and Alters Gut Microbiota and Metabolism
in DSS-Induced Mice. Food Funct (2021) 12:10210–25. doi: 10.1039/
D1FO02288A

34. Funakoshi T, Yamashita K, Ichikawa N, Fukai M, Suzuki T, Goto R, et al. A
Novel NF-kb Inhibitor, Dehydroxymethylepoxyquinomicin, Ameliorates
Inflammatory Colonic Injury in Mice. J Crohns Colitis (2012) 6:215–25.
doi: 10.1016/j.crohns.2011.08.011

35. Yuan Y, Ni S, Zhuge A, Li B, Li L. Iron Regulates the Warburg Effect and
Ferroptosis in Colorectal Cancer. Front Oncol (2021) 11:614778. doi: 10.3389/
fonc.2021.614778

36. Chen L, Qu J, Cheng T, Chen X, Xiang C. Menstrual Blood-Derived Stem
Cells: Toward Therapeutic Mechanisms, Novel Strategies, and Future
Perspectives in the Treatment of Diseases. Stem Cell Res Ther (2019)
10:406. doi: 10.1186/s13287-019-1503-7

37. Lu D, Xu Y, Liu Q, Zhang Q. Mesenchymal Stem Cell-Macrophage Crosstalk
and Maintenance of Inflammatory Microenvironment Homeostasis. Front
Cell Dev Biol (2021) 9:681171. doi: 10.3389/fcell.2021.681171

38. Nakao Y, Fukuda T, Zhang Q, Sanui T, Shinjo T, Kou X, et al. Exosomes From
TNF-a-Treated Human Gingiva-Derived MSCs Enhance M2 Macrophage
Polarization and Inhibit Periodontal Bone Loss. Acta Biomater (2021)
122:306–24. doi: 10.1016/j.actbio.2020.12.046

39. Liu F, Qiu H, Xue M, Zhang S, Zhang X, Xu J, et al. MSC-Secreted TGF-b
Regulates Lipopolysaccharide-Stimulated Macrophage M2-Like Polarization
via the Akt/FoxO1 Pathway. Stem Cell Res Ther (2019) 10:345. doi: 10.1186/
s13287-019-1447-y

40. de Castro Fonseca M, Aguiar CJ, da Rocha Franco JA, Gingold RN, Leite MF.
GPR91: Expanding the Frontiers of Krebs Cycle Intermediates. Cell Commun
Signal (2016) 14:3. doi: 10.1186/s12964-016-0126-1
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