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Abstract 

Background  Adipose-derived stem cells (ADSCs) are widely used in the field of regenerative medicine 
because of their various functions, including anti-inflammatory effects. ADSCs are considered to exert their anti-
inflammatory effects by secreting anti-inflammatory cytokines and extracellular vesicles. Although recent studies 
have reported that metabolites have a variety of physiological activities, whether those secreted by ADSCs have anti-
inflammatory properties remains unclear. Here, we performed multiomics analyses to examine the effect of ADSC-
derived metabolites on M1-like macrophages, which play an important role in inflammatory responses.

Methods  The concentration of metabolites in the culture supernatant of ADSCs was quantified using capillary 
electrophoresis time-of-flight mass spectrometry. To evaluate their effects on inflammatory responses, M1-like 
macrophages were exposed to the conditioned ADSC medium or their metabolites, and RNA sequencing was used 
to detect gene expression changes. Immunoblotting was performed to examine how the metabolite suppresses 
inflammatory processes. To clarify the contribution of the metabolite in the conditioned medium to its anti-inflamma-
tory effects, metabolite uptake was pharmacologically inhibited, and gene expression and the tumor necrosis factor-α 
concentration were measured by quantitative PCR and enzyme-linked immunosorbent assay, respectively.

Results  Metabolomic analysis showed large amounts of lactate in the culture supernatant. The conditioned medium 
and lactate significantly suppressed or increased the pro-inflammatory and anti-inflammatory gene expressions. How-
ever, sequencing and immunoblotting analysis revealed that lactate did not induce polarization from M1- to M2-like 
macrophages. Based on a recent report that the immunosuppressive effect of lactate depends on epigenetic repro-
gramming, histone acetylation was investigated, and H3K27ac expression was upregulated. In addition, 7ACC2, which 
specifically inhibits the monocarboxylate transporter 1, significantly inhibited the anti-inflammatory effect of the con-
ditioned ADSC medium on M1-like macrophages.
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Background
In recent years, regenerative medicine using stem cells 
has become a new treatment strategy [1–4]. Cell ther-
apy can not only alleviate symptoms, but also regen-
erate tissues, something difficult to accomplish with 
existing methods. Recently, induced pluripotent stem 
cells (iPSCs) have been used for regenerative medicine 
[5]. Already some clinical trials have used iPSCs to regen-
erate organs (e.g., cardiac muscle and retina), and iPSCs 
are expected to revolutionize regenerative medicine [6, 
7]. However, there are issues to be resolved before iPSCs 
can be used for clinical applications, such as the risk of 
tumorigenicity, immunogenicity, financial cost, and 
unestablished methods of differentiation into the desired 
cells [8, 9]. On the other hand, adult stem cells like 
hematopoietic stem cells and neural stem cells, which 
exist in  vivo, have similar properties to iPSCs [10–12]. 
While having a more limited ability to differentiate than 
iPSCs, they are more convenient and safer and have been 
already used clinically, for example, in the treatment of 
acute myeloid leukemia [13, 14]. Among adult stem cells, 
mesenchymal stem/stromal cells (MSCs) are particularly 
promising for clinical applications [15].

MSCs can differentiate into at least three lineages 
(osteoblasts, chondrocytes and adipocytes) in  vitro, 
being widely distributed throughout the body, includ-
ing the bone marrow, umbilical cord, placenta and den-
tal pulp [16, 17]. Among them, adipose-derived stem 
cells (ADSCs), abundant in the adipose tissue, can be 
harvested with minimal invasiveness by liposuction and 
have high proliferative potential [18, 19]. MSCs/ADSCs 
have immunomodulatory effects, which explain their 
use as treatments for various diseases associated with 
inflammation like graft-versus-host disease, rheumatoid 
arthritis, and osteoarthritis (OA) [20, 21]. Previous stud-
ies showed that the therapeutic effect of MSCs/ADSCs 
in these diseases is related to their anti-inflammatory 
properties, mediated by cytokines such as IL-10 and 
extracellular vesicles (EVs) [22, 23]. Indeed, these mole-
cules suppress inflammation by polarizing inflammatory 
M1-like macrophages into anti-inflammatory M2-like 
macrophages in vitro and in vivo [24–26]. Nuclear factor-
kappa B (NF-κB) signaling plays a central role in mac-
rophage activation; these anti-inflammatory molecules 
have been reported to suppress inflammation partly 
by reducing the production of inflammatory cytokines 

like tumor necrosis factor-alpha (TNF-α) by suppress-
ing of NF-κB signaling [27, 28]. Thus, a potential way to 
enhance the therapeutic effect is to administer cytokines/
EVs together with ADSCs; however, it is costly and tech-
nically difficult to prepare high-quality cytokines and 
EVs, and their safety has not been determined yet.

Recent studies revealed a close relationship between 
macrophage function and intracellular energy metabo-
lism. For instance, lipopolysaccharide (LPS) stimula-
tion of M1-like macrophages increases glucose uptake 
and enhances the glycolytic system, while inhibition of 
that system suppresses pro-inflammatory response [29, 
30]. Interestingly, these changes have been reported to 
involve epigenetics, i.e., gene expression regulation. Epi-
genetic reprogramming includes DNA methylation and 
histone modifications, which regulate gene expression 
over long periods. In particular, histones are acetylated by 
histone acetyltransferase, which loosens the nucleosome 
structure and enhances gene expression [31, 32]. Noe 
et al. have shown that histone acetylation contributes to 
interleukin (IL)−4-induced M2-like macrophage polari-
zation [33]. Furthermore, Shi et  al. [34] most recently 
reported that lactate (LA) exhibits anti-inflammatory 
effects by suppressing the transcription of pro-inflam-
matory-related genes via H3K27 acetylation rather than 
by inducing polarization toward M2-like macrophages or 
suppressing NF-κB signaling.

Metabolites exhibit various physiological activities; 
for example, the inosine secreted by brown adipocytes 
stimulates energy expenditure [35]. In addition, certain 
metabolite combinations derived from apoptotic cells 
ameliorate inflammation [36]. However, the anti-inflam-
matory effects of ADSC-derived metabolites remain 
unknown. This study aimed to identify a novel mecha-
nism of immunosuppressive properties of ADSCs by per-
forming metabolomic and transcriptomic analyses and 
revealed that they suppress inflammation through LA 
secretion, which is partially mediated by the monocar-
boxylate transporter and H3K27 acetylation.

Methods
Cell culture
In this study, we used human ADSCs derived from six 
healthy donors who provided informed consent or were 
purchased from Lonza (Cat. #PT-5006). Details about 
the donors are shown in Supplementary Table 1. ADSCs 

Conclusions  Our results showed that ADSCs suppress pro-inflammatory effects of M1-like macrophages by secreting 
lactate. This study adds to our understanding of the importance of metabolites and is also expected to elucidate new 
mechanisms of ADSC treatments.
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were isolated according to a previous report [37], being 
cultured in KBM ADSC-1 or KBM ADSC-4 (Kohjin Bio) 
and expanded within seven passages. Human mono-
cytic THP-1 cells (RIKEN BRC) were cultured in Roswell 
Park Memorial Institute 1640 (RPMI-1640) supple-
mented with 10% heat-inactivated fetal bovine serum 
(FBS) and 1% penicillin/streptomycin at 37℃ in 5% CO2. 
THP-1 cells were differentiated with 100 ng/mL of phor-
bol 12-myristate 13-acetate (PMA, FUJIFILM Wako 
Pure Chemicals) treatment for 24  h. Then, the medium 
was changed, and cells were polarized toward M1-like 
macrophages by 24-h exposure to 100  ng/mL of LPS 
(Sigma-Aldrich).

Metabolome analysis
ADSCs donated by healthy people were cultured in KBM 
ADSC-4 until approximately 70% confluency; then the 
conditioned medium (CM) was harvested and trans-
ported to Human Metabolome Technologies, Inc. (Yama-
gata, Japan). A mixture of 80 µL of the CM plus 20 µL of 
aqueous solution containing internal controls was ultra-
filtrated, and the filtrate was used for capillary electro-
phoresis time-of-flight mass spectrometry (CE-TOFMS). 
CE-TOFMS analysis of cationic and anionic metabolites 
was performed using an Agilent CE-TOFMS system 
(Agilent Technologies). Signal peaks with a signal-to-
noise ratio > 3 were extracted by MasterHands (Keio Uni-
versity); detected peaks were annotated for all substances 
registered in the HMT metabolite library based on the 
m/z and migration time, allowing an error of ± 10  ppm 
and ± 0.5 min, respectively. Mass spectrometry data was 
provided as Additional File 2.

Z-score calculation and heatmap creation were per-
formed using the genefilter and pheatmap R packages, 
respectively. Samples were hierarchically clustered using 
the “ward.D2” method. Principal component analy-
sis (PCA) was carried out using “prcomp” function and 
plotted with the ggbiplot R package. Metabolite set 
enrichment analysis (MSEA) was conducted using Meta-
boAnalyst 5.0 (https://​genap.​metab​oanal​yst.​ca/​Metab​
oAnal​yst/); a false discovery rate (FDR) < 0.1 was consid-
ered significant.

Flow cytometry
Cultured cells were washed with phosphate buffered 
saline (PBS) and trypsinized. Detached cells were sus-
pended in Cell Staining Buffer (BioLegend) containing 
Human TruStain FcX (BioLegend) for Fc receptor block-
ing, followed by incubation with a cocktail of antibodies. 
Then, the stained cells were re-suspended in Cell Stain-
ing Buffer and analyzed using BD FACSCanto II (BD 
Biosciences). To detect apoptotic cells, Fc-blocked cells 
were washed with Cell Staining Buffer and re-suspended 

in Annexin V Binding Buffer (BioLegend) containing 
7-aminoactinomycin D (7-AAD) and an anti-Annexin V 
antibody. In this study, Annexin V+ 7-AAD− cells were 
defined as apoptotic cells. Details on antibodies are 
included in Supplementary Table 2.

Preparation of CM
ADSCs suspended in KBM ADSC-1 were seeded into 
10 cm dishes and cultured until cells reached 70% conflu-
ency. Then, the medium was changed to RPMI-1640/10% 
heat-inactivated FBS and cultured for 72 h. Next, the CM 
was harvested, centrifuged, and stored at − 80 °C. The LA 
concentration of the CM was measured using the Lac-
tate Assay Kit-WST (DOJINDO) following the manufac-
turer’s instructions. The LA concentration in the CM of 
commercially available and freshly isolated (“in-house”) 
ADSCs used in the experiments is shown in Fig. S1.

RNA sequencing (RNA‑seq)
Total RNA extraction and DNase I treatment were per-
formed using an RNeasy Mini Kit and RNase-Free DNase 
Set (QIAGEN), respectively. RNA integrity was deter-
mined using a 2100 Bioanalyzer and RNA 6000 Nano 
Kit (Agilent Technologies); all samples having an RNA 
Integrity Number > 9 were sent to Bioengineering Lab. 
Co., Ltd. (Kanagawa, Japan). Following quality check 
using a 5200 Fragment Analyzer System and Agilent HS 
RNA Kit (Agilent Technologies), DNA libraries were pre-
pared using MGIEasy RNA Directional Library Prep Set 
(MGI Tech); the quality of the libraries was investigated 
using a 5200 Fragment Analyzer System and dsDNA 915 
Reagent Kit (Agilent Technologies). The libraries were 
then circularized and prepared as DNA Nanoball using 
a MGIEasy Circularization Kit and a DNBSEQ-G400RS 
High-throughput Sequencing Kit (MGI Tech), respec-
tively. Sequencing was performed on the DNBSEQ-G400 
sequencer (MGI Tech) (2 × 100 bp).

The quality of sequencing data was checked using 
FastQC (ver. 0.12.1). Adaptor sequences and low-quality 
reads (quality score < 30, read length < 30, N > 5) were 
trimmed using fastp (ver. 0.23.3). Then, clean reads were 
aligned to the human reference sequence (GRCh38.p13) 
using STAR (ver. 2.7.10b), and gene counts and tran-
scripts per million (TPM) values were calculated using 
RSEM (ver. 1.3.1). Differentially expressed genes were 
determined using a likelihood ratio test with the edgeR 
R package (“glmLRT” function). PCA was performed as 
described above. Volcano plots and Venn diagrams were 
drawn using the EnhancedVolcano and VennDiagram R 
packages, respectively. Gene ontology (GO) analysis was 
carried out using the clusterProfiler R package.

https://genap.metaboanalyst.ca/MetaboAnalyst/
https://genap.metaboanalyst.ca/MetaboAnalyst/
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Quantitative polymerase chain reaction (qPCR)
Total RNA was extracted as described above, followed by 
cDNA synthesis using SuperScript III First-Strand Syn-
thesis System (Thermo Fisher Scientific) with oligo(dT) 
primers. qPCR was performed using a KAPA SYBR Fast 
qPCR Kit (Kapa Biosystems) on the QuantStudio 12  K 
Flex Real-Time PCR System (Thermo Fisher Scientific). 
GAPDH was used as loading control. Sequences of gene-
specific primers are listed in Supplementary Table 3.

Immunoblotting
Cells were washed with ice-cold PBS and then lysed in 
RIPA buffer (Thermo Fisher Scientific) containing pro-
tease inhibitor cocktail (Roche). Cell lysates treated 
with Sample Buffer Solution (FUJIFILM Wako Pure 
Chemicals) were subjected to SDS-PAGE and trans-
ferred to PVDF membranes (Millipore). Membranes 
were blocked with EveryBlot Blocking Buffer (Bio-rad) 
for 5 min at room temperature and incubated overnight 
at 4℃ with a primary antibody diluted in the buffer. The 
next day, membranes were washed with tris-buffered 
saline with Tween 20 (TBS-T) and incubated for 1  h at 
room temperature with a secondary antibody diluted 
in the buffer. After washing with TBS-T, the blots were 
developed with ECL Prime Western Blotting Detection 
Reagents (Cytiva), and chemiluminescence was detected 
by FUSION FX7 (Vilber Lourmat). Protein levels were 
quantified using ImageJ software. For fractionating 
nuclear and cytoplasmic proteins, cells were processed 
using NE-PER Nuclear and Cytoplasmic Extraction Rea-
gents (Thermo Fisher Scientific) containing protease 
inhibitor cocktail and phosphatase inhibitor cocktail 
(Nacalai Tesque). Details about antibodies are given in 
Supplementary Table 4, and uncropped blots are shown 
in Additional File 3.

Cell viability assay
THP-1 cells were seeded into a 96-well plate and dif-
ferentiated/polarized toward M1-like macrophages 
as described above. Then, medium was replaced with 
inhibitor-containing medium and incubated for 24  h. 
Cell viability was determined using Cell Counting Kit-8 
(DOJINDO). Dimethyl sulfoxide (DMSO) and 7ACC2 
were purchased from Nacalai Tesque and SellekChem, 
respectively.

To induce apoptosis, ADSCs were treated with p53-
MDM2 inhibitor nutlin-3 (SelleckChem). Trypan blue 
exclusion assay was used with TC20 Automated Cell 
Counter (Bio-rad) to measure cell viability.

Measuring intracellular lactate concentration
THP-1 cell-derived M1-like macrophages seeded into a 
24-well plate were cultured in medium containing 2 μM 

of 7ACC2 for 1  h, followed by an additional 23  h incu-
bation in medium containing the same concentration 
of 7ACC2 and 15 mM of LA (Nacalai Tesque). Thereaf-
ter, cells were rinsed with ice-cold PBS and lysed using 
0.1% Triton-X (Sigma-Aldrich). Cell lysates were centri-
fuged, and the supernatant was then ultrafiltrated with 
an Amicon Ultra-0.5 Centrifugal Filter Unit (Merck). The 
LA concentration in the filtrate was determined using a 
Lactate Assay Kit-WST. The intracellular LA concentra-
tion was calculated by correcting for total protein con-
tent as measured using a Protein Assay BCA Kit (Nacalai 
Tesque).

Enzyme‑linked immunosorbent assay (ELISA)
THP-1 cell-derived M1-like macrophages treated with 
7ACC2 for 24  h were washed with PBS, before adding 
fresh medium. After a 4  h incubation, the supernatant 
was collected, centrifuged, and stored at −80℃ until fur-
ther use. The concentration of TNF-α contained in the 
supernatant was quantified using an LBIS Human TNF-α 
ELISA Kit (FUJIFILM Wako Pure Chemicals).

OA induction
BALB/cSlc-nu/nu nude mice were purchased from Japan 
SLC, Inc. (Shizuoka, Japan). The mice were housed in a 
specific pathogen-free environment under a 12-h light/
dark cycle at 22 ± 2℃ and 40–60% relative humidity, with 
free access to water and food. Twelve-week-old male 
mice were randomly divided into four groups, anesthe-
tized with isoflurane, and administered with 2 U/10 μL of 
type VII collagenase (Sigma-Aldrich) intra-articularly on 
Days 0 and 2. The same volume of saline was injected as a 
negative control. Subsequently, on Days 7, 14, 21, and 28, 
10 μL of CM from human ADSCs containing DMSO or 
7ACC2 (10 μM) was administered intra-articularly. On 
Day 35, mice were euthanized with CO2, and tissue was 
harvested. The work has been reported in line with the 
ARRIVE guidelines 2.0.

Histology
The tissue was fixed overnight in 10% neutral buffered 
formalin and decalcified with ethylenediaminetetraacetic 
acid for one week. Sections were prepared from paraffin-
embedded tissue and stained with Safranin O and Fast 
Green. To evaluate the cartilage damage, the area stained 
with Safranin O was quantified using Image J (National 
Institutes of Health). For immunofluorescence staining, 
deparaffinized sections were blocked using Animal-Free 
Blocker and Diluent, R.T.U. (Vector Laboratories), and 
stained with a primary antibody overnight at 4℃. Then, 
unbound antibodies were washed out with PBS and 
incubated with a secondary antibody and 4’,6-diamid-
ino-2-phenylindole (DAPI) for 1 h at room temperature. 
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Next, sections were washed using PBS and embedded 
in ProLong Glass Antifade Mountant (Thermo Fisher 
Scientific). Capture and analysis were performed using 
the BZ-X710 fluorescence microscope (Keyence). The 
antibodies used for histological analysis are listed in 
Supplementary Table  5. The preparation of the sections 
and measurements were carried out using different 
experimenters.

Statistical analysis
Data are represented as mean ± standard deviation. Sta-
tistical analysis was performed using R. Except for RNA-
seq analysis, comparisons between two groups and 
among multiple groups were performed using a Student’s 
t-test and one- or two-way analysis of variance followed 
by Dunnett or Tukey–Kramer test, respectively; P < 0.05 
was considered statistically significant. For RNA-seq 
analysis, we performed a generalized linear model likeli-
hood ratio test with edgeR and defined statistical signifi-
cance as FDR < 0.05.

Results
The culture supernatant of ADSCs contains high 
concentration of lactate
First, we harvested ADSCs from six healthy people and 
cultured them in serum-free KBM ADSC-4 medium for 
24  h before collecting the supernatant. The concentra-
tion of metabolites was quantitatively measured using 
CE-TOFMS; in this study, we analyzed about 1100 water-
soluble/ionic metabolites and identified 46. A heatmap 
showed that the composition of the supernatant differed 
markedly from that of the medium; a difference cor-
roborated by PCA (Fig. 1A, B). Compared to the culture 
medium, the concentration of 33 metabolites was higher 
and that of 13 metabolites was lower. Particularly, the 
culture supernatant contained an extremely high LA con-
centration. To interpret the biological implications of the 
metabolites secreted by ADSCs, we performed MSEA on 
metabolites detected at higher concentration than in the 
culture medium and found that various metabolic path-
ways were activated, especially involving the Warburg 
effect (Fig.  1C). The Warburg effect is a phenomenon 

Fig. 1  Metabolomic analysis showing that ADSCs secrete large amounts of lactate. A Heatmap from metabolomic analysis results. The color 
corresponds to a Z-score calculated from the log2-transformed (adding 1 as pseudocount) concentration (in red: high concentration, in blue: low 
concentration). B Principal component analysis (PCA) of the data acquired by metabolomic analysis. C The bar plot from the MSEA result. The y-axis 
and the color of bar represent the enrichment ratio and false discovery rate (FDR), respectively
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whereby glycolysis is enhanced, and the production of LA 
is increased [38].

Effect of lactate and conditioned ADSC medium on M1‑like 
macrophages
In diseases including OA, ADSCs have been reported 
to suppress the pro-inflammatory response of M1-like 
macrophages [39, 40]. Moreover, some research groups 
have indicated that LA induces macrophage polarization 
toward an M2 phenotype [41]. Therefore, in vitro experi-
ments were carried out using human monocytic THP-1 
cells to test whether ADSC-derived LA could induce 
anti-inflammatory effects. Previous reports showed 
that THP-1 cells differentiated into M0 macrophages 
and polarized toward M1-like macrophages using PMA 
and LPS, respectively; we confirmed that these treat-
ments successfully induced differentiation/polarization 
by detecting CD11b (a pan-macrophage marker) and 
CD80 (a M1-like macrophage marker) expression using 
flow cytometry (Fig. S2A–D) [42, 43]. We next conducted 
an Annexin V assay to assess the effect of LA on mac-
rophages; no change in the percentage of apoptotic cells 
was observed up to 15  mM (Fig.  2A, B). Therefore, we 
used 15 mM LA in subsequent experiments.

Next, we performed a transcriptomic analysis to inves-
tigate how the conditioned ADSC medium and LA affect 
gene expression in macrophages. PCA revealed a distinct 
difference among the controls (medium only), CM pre-
pared from commercially available ADSCs, and 15  mM 
LA-treated cells (Fig.  3A). Compared to the controls, 
2814 and 3621 genes were significantly upregulated by 
CM and LA treatment, respectively (Fig.  3B–D). Con-
versely, 3,070 genes in CM-treated cells and 3,561 genes 
in LA-treated cells were significantly downregulated 

(Fig. 3B, C, E). Next, we performed GO analysis for co-
upregulated and co-downregulated genes (877 and 983, 
respectively) in CM and LA as shown in Fig. 3F, G. Dif-
ferentially expressed genes were highly clustered some 
ontologies, e.g., “wound healing” is associated with an 
anti-inflammatory property of macrophages [44]. These 
results suggested that both the CM and LA dramatically 
alter the properties of M1-like macrophages.

Lactate has an anti‑inflammatory effect but probably does 
not induce M2 polarization
Considering previous reports describing that ADSCs 
polarize macrophages from an M1 to an M2 phenotype, 
we next examined whether this function is mediated 
by secreted LA [26, 45]. Differential expression analysis 
of our RNA-seq data revealed a significantly increased 
expression of M2-like macrophage markers like CD209 
and VEGFA in CM- and LA-treated macrophages. On 
the contrary, the expression levels of TNF, which codes 
TNF-α (a typical inflammatory cytokine) and PTGS2, 
which encodes cyclooxygenase 2, an enzyme important 
in inflammatory responses, were significantly decreased 
by CM and LA treatment (Fig.  4A, B) [34, 46–50]. In 
addition, CM treatment significantly suppressed the 
expression of inducible nitric oxide synthase (iNOS 
coded by NOS2), a major functional marker of M1-like 
macrophages, and increased that of CD163, a representa-
tive cell surface marker of M2-like macrophages, at both 
the gene and protein levels (Fig. 4A–G). Consistent with 
these results, CM harvested from in-house ADSCs also 
secreted comparable LA concentration to commercially 
available ADSCs and showed similar gene expression 
profiles (Figs.  S1, S3A–D). The expression of arginase-1 
(coded by ARG1), which is used as a representative 

Fig. 2  Effects of lactate on macrophage viability. A Representative dot plots and B percentage of apoptotic cells with lactate treatment (n = 3). The 
numbers in A represent the concentration of lactate. **P < 0.01. N.S., not significant
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functional marker for M2-like macrophages, was unde-
tectable at mRNA (Fig. 4B) and protein (Additional File 
3) levels in all samples.

Previous reports have shown that apoptotic cells regu-
late the function of surrounding cells via metabolites, 
and we tested the anti-inflammatory effect of apop-
totic ADSCs on M1-like macrophages [35, 36]. In this 
study, the p53-MDM2 inhibitor nutlin-3 was used to 
induce apoptosis [51, 52]. The percentage of Annexin 
V+ 7-AAD− apoptotic cells was significantly increased 
at 24 and 48 h after applying 10 μM and 20 μM of nut-
lin-3 (Fig.  S4A, B). Furthermore, trypan blue exclusion 
assay showed that 20 μM nutlin-3 significantly induced a 
decrease in cell viability at both 24 and 48 h time points 
(Figs.  S4C, D). Nutlin-3-induced apoptotic ADSCs 
secreted comparable LA concentration compared to con-
trol cells, and no significant differences were observed in 

the effects of culture supernatant on the gene expression 
in M1-like macrophages (Fig. S3E–J).

Despite the reduced expression of pro-inflammatory 
factors, as noted above, no significant changes in the key 
marker expression were observed in the LA-treated cells; 
rather, the protein level of CD80 (a major M1-like mac-
rophage markers) was upregulated (Fig.  4A–G). These 
results suggested that LA has an anti-inflammatory effect 
but may not be mediated by polarization from M1- to 
M2-like macrophages.

Lactate induces histone acetylation rather than NF‑κB 
signaling suppression
We then examined how LA suppresses the pro-inflam-
matory effect of M1-like macrophages. Macrophage 
stimulation by pathogens and/or cytokines like LPS and 
INF-γ activates NF-κB signaling, a master regulator 

Fig. 3  Conditioned ADSC medium and lactate alter the gene expression profiles of M1-like macrophages. A PCA of RNA-seq data. B and C 
Volcano plots showing 10 most differentially expressed genes between B control (Control) and conditioned medium-treated cells (CM) or C 
control and lactate-treated cells (LA). The abscissa and ordinate represent log2 (fold change) and − log10(FDR), respectively. D and E Venn diagrams 
illustrating the overlap of genes significantly D upregulated or E downregulated by conditioned medium or lactate treatment. F and G Dot plots 
showing the result of GO analysis associated with F co-upregulated or G co-downregulated genes
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of inflammatory responses, followed by activating the 
transcription of genes encoding pro-inflammatory 
cytokines [53]. Therefore, we hypothesized that LA 
might suppress NF-κB signaling. As already known, 
LPS treatment of M0 macrophages induced nuclear 
translocation of NF-κB p65 subunit and degrada-
tion of cytoplasmic IκBα in a time-dependent manner 
(Fig. S5A) [54]. However, no remarkable difference was 
observed in p65 or IκB phosphorylation levels after the 
LA treatment (Fig. S5B). In other words, LA had little 
effect on the NF-κB signaling activity, at least under the 
conditions of the present experiment.

A new study recently reported that LA suppresses 
the inflammatory response of M1-like macrophages, 
which showed that LA does not suppress NF-κB sign-
aling but rather exerts its anti-inflammatory effects 
through transcriptional regulation via H3K27 acetyla-
tion [34]. GO analysis of our RNA-seq data suggested 
that both LA and CM treatment altered gene transcrip-
tion (Figs. 5A, B, S6A, B). Interestingly, consistent with 
these results, LA treatment for 6 h increased H3K27ac 
expression (Fig. 5D), indicating that the anti-inflamma-
tory effect of LA may be associated with transcription 
changes.

Inhibition of a lactate transporter cancels the effect 
of the conditioned medium
In our experimental conditions, CM and LA had similar 
effects on M1-like macrophages in terms of suppressing 
inflammatory profiles. However, the presence of other 
compounds than LA in the CM (Fig. 1A) might influence 
the observed results. Therefore, we examined whether 
the effect of CM could be inhibited by pharmacologi-
cally inhibiting LA uptake in M1-like macrophages. Since 
LA influx and efflux in macrophages are mainly car-
ried out by monocarboxylate transporter 1 (MCT1) and 
MCT4, respectively, we used the selective MCT1 inhibi-
tor 7ACC2 [55–57]. Previous reports have shown that 
7ACC2 specifically inhibits LA uptake in cells expressing 
both MCT1 and MCT4; using RNA-seq, we confirmed 
that THP-1 cells highly express SLC16A1 (MCT1) and 
SLC16A4 (MCT4) compared to other MCTs (SLC16A7 
and SLC16A8, coding MCT2 and MCT3, respectively; 
Fig.  6A) [57]. A cell viability assay showed no signifi-
cant change in survival rates at 24 h after 7ACC2 treat-
ment within the 1–20  μM range (Fig.  6B). Intracellular 
LA levels significantly decreased when LA was added 
in the presence of the inhibitor, indicating that the LA 
uptake was inhibited by 7ACC2 (Fig.  6C). As expected, 

Fig. 4  Both conditioned medium and lactate suppress pro-inflammatory responses of M1-like macrophages. A and B Heatmap showing mRNA 
expression levels of A inflammation-related factors and B representative markers of M1- and M2-like macrophages. Red and blue represent high 
and low expression (log2(TPM + 1)). C–E C Representative histograms and mean fluorescence intensity (MFI) of D CD80 and E CD163 (n = 3). F and G 
F Representative images of immunoblotting and G protein levels of iNOS (n = 3). β-ACTIN was used as a loading control. *FDR < 0.05, ***FDR < 0.001, 
#P < 0.05, ##P < 0.01. N.S., not significant
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the expression of CD209, GPNMB, PPARG​, VEGFA, and 
VSIG4, which were increased by CM treatment, signifi-
cantly decreased with 7ACC2 (Fig. 6D). In addition, TNF 
mRNA expression and TNF-α production decreased by 

CM stimulation; an effect inhibited by 7ACC2 adminis-
tration (Fig. 6E, F).

Finally, to evaluate the therapeutic effect of LA in 
CM, in vivo experiments were performed using a mouse 

Fig. 5  Lactate may alter transcription via histone acetylation. A and B GO analysis was performed using genes whose expression was upregulated 
by lactate treatment. The results of GO analysis related to A cellular component and B molecular function are represented by bar plots. C 
Representative images of immunoblotting. β-ACTIN was used as a loading control

Fig. 6  Inhibiting lactate uptake prevents M2-like macrophage polarization by conditioned ADSC medium. A MCT1–4 expression in M1-like 
macrophages measured by RNA-seq (Control #1–#3) (n = 3). B Cell viability of macrophages treated with 7ACC2 at 1–20 μM (n = 3). C Intracellular 
lactate concentration (n = 3). D Gene expressions of representative M2-like macrophage markers (n = 3). E and F E TNF expression and F 
the concentration of TNF-α in the medium (n = 4). G Summary of this study. Lactate secreted by ADSCs exerts anti-inflammatory effects, which 
is induced by lactate taken up by M1-like macrophages via MCT(s), probably by regulating gene transcription through histone acetylation. *P < 0.05, 
**P < 0.01, ***P < 0.001. N.S., not significant
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model of OA, a representative inflammatory disease. We 
employed the widely used type VII collagenase-induced 
OA model (Fig. S7A) [58, 59]. This model induces OA by 
deteriorating tendons and ligaments rather than directly 
degrading articular cartilage [60]. Histological analysis 
showed that articular cartilage was significantly reduced 
through collagenase treatment (Fig. S7B). Although CM 
partially rescued collagenase-induced cartilage lesions, 
the application of 7ACC2 tended to diminish the effect 
of CM, albeit not significantly (Fig. S7C). In line with pre-
vious reports, immunofluorescence staining showed an 
increased number of CD14+ M1-like macrophages with 
OA onset, while that of CD163+ M2-like macrophages 
did not change (Fig.  S7D, E) [61, 62]. In addition, there 
was no change in the number of M1- or M2-like mac-
rophages between CM and CM + 7ACC2 (Fig.  S7F, G), 
consistent with our in vitro results showing that LA did 
not affect macrophage polarization (Fig.  4) and another 
previous report [34].

Overall, LA secreted from ADSCs is incorporated into 
M1-like macrophages via MCTs (partially MCT1) and 
exhibits anti-inflammatory effects through transcrip-
tional regulation via histone acetylation (Fig. 6G).

Discussion
In this study, we performed a comprehensive metabo-
lomic analysis on culture supernatants of ADSCs isolated 
from humans; although some studies have performed 
metabolomic analysis on ADSCs’ secretion products, 
they were performed on mouse or rat ADSCs [63, 64]; to 
the best of our knowledge, this is the first study to reveal 
the detailed metabolite profiles of human ADSCs.

Despite the existence of previous reports on the LA 
secreted from ADSCs, most are related to the energy 
metabolism of ADSCs themselves; in other words, LA 
is considered as a “waste” produced by altered meta-
bolic systems, and the functional role of secreted LA 
was not clear, thus far [64–66]. In this study, LA secreted 
by ADSCs suppresses the pro-inflammatory activity of 
M1-like macrophages. Since inflammatory responses 
are mainly elicited by M1-like macrophages, strategies 
to suppress the pro-inflammatory cytokine production 
would be effective against inflammatory diseases; in this 
regard, enhancing LA secretion from ADSCs may be 
clinically beneficial. LA has been shown to be secreted 
in large amounts in previous metabolomic analysis of 
mouse ADSCs [64], suggesting that this might be a com-
mon phenomenon across species.

Previous studies revealed that LA production from 
ADSCs increased under hypoxia [65–67]. Interestingly, 
oxygen levels in the normal knee joint are maintained 
in hypoxic conditions but increase with OA progression 
[68]. Treatment with ADSCs has weak effects in patients 

with severe OA, possibly by suppressing LA secretion 
from ADSCs due to oxygen concentration changes within 
the knee joint [69]. Further studies are needed to deter-
mine whether LA contributes to the therapeutic effects 
against various inflammatory diseases (e.g., arthritis, 
inflammatory bowel disease and sepsis) by in vivo experi-
ments. Referring to OA, where ADSCs are frequently 
used during therapy, the conditioned ADSC medium 
alleviated OA symptoms, and it would be worthwhile to 
investigate whether LA also contributes to the therapeu-
tic effect of ADSCs in vivo [21, 70, 71]. However, LA may 
yield positive and negative effects on OA. For example, 
LA is expected to exert its therapeutic effects by sup-
pressing the expression of ADAMTS5, a typical extra-
cellular matrix-degrading protease, by increasing the 
expression of COL2A1, a significant component of the 
articular cartilage, or by suppressing the migration and 
IL-6 production of synovial macrophages [72, 73]. Con-
versely, the acidic pH caused by lactic acid may exacer-
bate symptoms by inhibiting chondrocyte proliferation 
and matrix synthesis and by promoting IL-6 production 
from synovial fibroblasts [72, 73]. In this study, the thera-
peutic effect of LA on OA was investigated using a col-
lagenase-induced mice model, with LA uptake blocked 
using 7ACC2. At least under the conditions of this study, 
histological analysis showed that 7ACC2 treatment 
slightly impaired the reduction of cartilage loss by CM 
(Fig. S7C). Although M1-like macrophages are reportedly 
accumulated in collagenase-induced OA, 7ACC2 could 
not completely cancel the therapeutic effect of CM [74]. 
This might be because (1) 7ACC2 administered to the 
knee joint affects not only macrophages but also other 
cell types such as chondrocytes and synoviocytes and 
(2) ADSCs secrete various cytokines and EVs in addition 
to LA, which may also contribute to their therapeutic 
effect [22, 23]. Therefore, alternative methods (e.g., use of 
macrophage-specific MCT1-deficient mice and admin-
istration of ADSCs with suppressed LA production) to 
accurately validate the anti-inflammatory effects of LA 
in vivo need to be explored.

There are several reports on the effects of LA on 
monocytes and/or macrophages, with tumor cell-
derived LA inducing M2 polarization of tumor-
associated macrophages and bone marrow-derived 
MSC-derived LA affecting the differentiation of mono-
cytes to dendritic cells [75, 76]. Further, activation of 
NF-κB signaling is important for macrophage activa-
tion; however, whether LA affects the NF-κB signal-
ing is controversial. For example, Samuvel et  al. [77] 
reported that LA activates NF-κB pathway by boosting 
TLR4 signaling. On the contrary, Yang et al. and other 
research groups indicated that LA suppresses pro-
inflammatory phenotypes [78–80]. Moreover, Hée et al. 
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[81] demonstrated that LA does not activate NF-κB 
signaling under certain conditions. Although the effect 
of LA on NF-κB pathway is not entirely clear, some 
studies indicate that LA activates NF-κB signaling in 
some cell types but not in oxidative cells [81–83]. As 
previous reports showed that THP-1 cells depend on 
oxidative phosphorylation for energy production, we do 
not see any inconsistency between these studies [84, 85] 
and the present report. It should be noted that a major 
M2-like macrophage marker ARG1 expression was not 
observed in this study, possibly because the phenotype 
of THP-1 cells is biased toward the M1 type, and the 
expression of IL10 and ARG1, which are characteristic 
of M2-like macrophages, is relatively low compared to 
human monocytic U937 cell-derived macrophages [86]. 
In addition, ARG1 expression varies among species and 
cell origins, and it is debatable whether ARG1 can be a 
marker for human M2-like macrophages [87].

Recently, Shi et al. [34] have reported that LA exerts 
an anti-inflammatory effect through transcriptional 
alterations via histone acetylation rather than sup-
pressing NF-κB signaling or inducing polarization 
toward M2-like macrophages. In our experiments, LA 
increased or decreased the expression of different M1- 
and M2-like macrophage markers, making it unlikely 
to induced polarization toward M2-like macrophages. 
Mechanistically, LA incorporated into macrophages 
via MCTs is metabolized to citrate as fuel for the TCA 
cycle, followed by acetylation of histone H3K27, and 
this histone modification triggers transcriptional pro-
gram shift toward immunosuppression. They showed 
that treatment with LPS and LA increased H3K27ac 
expression in murine macrophages, and trichostatin A, 
an HDAC inhibitor also promoted H3K27 acetylation. 
Consistent with their reports, we demonstrated that 
LA increased H3K27ac expression in human-derived 
M1-like macrophages (Fig.  5). Furthermore, previ-
ous studies have shown that epigenetic changes, espe-
cially histone modifications, play an important role in 
the long-term memory of innate immunity [88, 89]. As 
discussed by Shi et  al. [90] LA-treated macrophages 
exhibit long-lasting immunosuppressive phenotype. 
Results of randomized controlled trials have shown 
that ADSC treatment for OA relieved symptoms even 
at 12 months postoperatively. These results suggest that 
ADSCs may, of course, differentiate into chondrocytes 
and repair tissues. Still, LA secreted from administered 
ADSCs may cause epigenetic reprogramming of mac-
rophages and induce a long-term immunosuppressive 
state, resulting in prolonged alleviation of symptoms. 
Although analyses of detailed molecular mechanisms 
and experiments using CM have not been performed, 
the results suggest that high LA concentrations 

secreted from ADSCs can modify the transcriptional 
program of M1-like macrophages.

In this study, the recently developed MCT1 inhibi-
tor 7ACC2 was used to block LA uptake. The effect 
of 7ACC2 varies by cell type, with 7ACC2 effectively 
inhibiting LA uptake in cells expressing both MCT1 
and MCT4. Indeed, transcriptome analysis showed that 
THP-1 cells highly express both MCT1 and MCT4. How-
ever, since LA uptake could not be completely inhibited 
by 7ACC2, other approaches, such as alternative inhibi-
tors or genetic inhibition, are needed to more accurately 
examine the impact on macrophages of the LA secreted 
by ADSCs.

Overall, we demonstrated that ADSCs exert anti-
inflammatory effects via LA secretion. As shown in the 
metabolome analysis, ADSCs secrete other metabolites 
aside from LA. Medina et al. [36] reported that the com-
bination of multiple metabolites released from apoptotic 
cells suppress the inflammatory response of myeloid cells. 
In our study, the percentage of apoptotic macrophages 
did not change at 24 h of LA exposure. Still, metabolites 
secreted from apoptotic macrophages present earlier 
and/or certain metabolite combinations may enhance 
the observed anti-inflammatory effects. Also, we inves-
tigated the effect of apoptotic ADSCs. As no differences 
in LA secretion capacity or suppression of inflammation 
were observed in apoptotic ADSCs compared to normal 
ADSCs under the present conditions, no notable features 
were observed in apoptotic ADSCs. However, since nut-
lin-3 mildly induced apoptosis, it would be interesting 
to investigate the anti-inflammatory effects of apoptotic 
ADSCs under more severe conditions, such as ultraviolet 
irradiation.

One limitation of this study is that we cannot rule out 
the effects of other factors in CM. Since the effect of CM 
was abolished by 7ACC2 treatment (Fig.  6), LA has an 
anti-inflammatory effect, but CM and LA have different 
effects on M1-like macrophages (Fig.  4). As mentioned 
above, CM is composed of various cytokines and EVs 
reported to have immunosuppressive effects [22, 23]. 
That is, the phenotype of M1-like macrophages treated 
with CM reflects the additive or synergistic effects of 
these components, which may be why the phenotype dif-
fered between CM and LA treatments, as shown in Fig. 4.

Considering the clinical application of this study, the 
establishment of a new culture method (e.g., developing 
better culture medium and/or culture dishes) in such a 
way as to increase the secretory capacity of LA may help 
to improve the therapeutic outcome of ADSC. Further-
more, LA secretion of cultured ADSCs may be used as a 
novel biomarker to predict therapeutic effects. Although 
we have demonstrated a functional role of the metabo-
lite secreted by ADSCs prepared from a limited number 
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and background of people, it is not clear whether ADSCs 
from humans with different backgrounds (e.g., race, age, 
medical history, sex) also secrete large amounts of LA, 
which should be investigated in the future.

Conclusions
ADSCs derived from healthy individuals showed LA 
hypersecretion. Further, ADSC-derived LA suppresses 
the pro-inflammatory effects of M1-like macrophages, 
presumably through transcriptional modulation via his-
tone acetylation. Accordingly, metabolites, especially LA, 
could be “new players” with therapeutic potential, aside 
from cytokines and EVs.
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