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of sestrin2 caused restoration of gAcrp-induced expression 
of anti-inflammatory genes in a gene-selective manner. 
Taken together, these results indicate that sestrin2 induction 
critically contributes to cell survival and anti-inflammatory 
responses by gAcrp in macrophages.
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Introduction

Adipose tissue has long been considered an organ for exces-
sive fat storage. However, accumulating evidence indicates 
that adipose tissue acts as a dynamic endocrine organ, which 
plays significant roles in the modulation of systemic metab-
olism (Coelho et al. 2013). The metabolic and endocrine 
effects of adipose tissue are mediated via the secretion of 
various hormones, collectively called adipokines or adipo-
cytokines (Tsai et al. 2020; Stern et al. 2016). While adi-
pokines were originally reported to play decisive roles in the 
modulation of lipid metabolism, insulin resistance, and other 
metabolic syndrome (Stern et al. 2016), a growing body of 
recent evidence has suggested that they also modulate vari-
ous other physiological functions in a paracrine or endo-
crine manner, including regulation of inflammation (Ouchi 
et al. 2011) and development and/or progression of various 
types of cancers (Dalamaga et al. 2012). Importantly, imbal-
ance in the secretion of adipokines or dysregulation of these 
hormones are accompanied with a number of pathological 
conditions (Deng and Scherer 2010).

Of the various adipokines, adiponectin is the most abun-
dant adipokine in the circulation, accounting for approxi-
mately 0.01% of total serum proteins (Arita et al. 1999). 
In many cases, adiponectin exhibits beneficial metabolic 
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effects, including enhanced insulin sensitivity (Berg et al. 
2001), and stimulating glucose utilization and fatty acid 
oxidation (Yanai and Yoshida 2019). Notably, low levels of 
plasma adiponectin correlate to the development of various 
metabolic syndromes, such as type 2 diabetes and obesity 
(Osei et al. 2005; Sepilian and Nagamani 2005). Increasing 
recent evidence has also demonstrated that adiponectin pos-
sesses potent anti-inflammatory properties. A number of pre-
vious studies have extensively studied the inhibitory effects 
of adiponectin on inflammatory cytokines production, which 
are mediated via activation of AMPK and heme oxygenase-1 
(HO-1) signaling, inhibition of pro-inflammatory NF-κB and 
AP-1 signaling (Wulster-Radcliffe et al. 2004; Jian et al. 
2019), and autophagy induction (Park 2018). In addition, 
adiponectin induces increases in various anti-inflamma-
tory mediators, such as IL-10, IL-1RA, and PPAR-γ (Wolf 
et al. 2004; Ishtiaq et al. 2019). AMPK and HO-1 signal-
ing pathways have been shown to play critical roles in the 
suppression of pro-inflammatory mediators and other meta-
bolic effects of adiponectin. However, the mechanisms by 
which adiponectin induces expression of anti-inflammatory 
mediators are not clearly understood, and the cell survival 
effects in macrophages remain elusive. Globular adiponectin 
(gAcrp) treatment enhances the viability of macrophages 
(Oh et al. 2020), in addition to its beneficial metabolic 
effects and anti-inflammatory properties. While mild ER 
stress induction, sestrin2 induction, and autophagy activa-
tion have been shown to act as potential mechanisms for 
the survival effect of adiponectin in macrophages, detailed 
molecular mechanisms need to be further elucidated.

Sestrins, a highly conserved family of stress-inducible 
proteins, modulate various biological responses, including 
antioxidant responses, aging, and inflammation (Ho et al. 
2016). Of the three isoforms identified to date, sestrin2 
is the best-characterized for its protective roles against a 
variety of stressful conditions and noxious stimuli, includ-
ing hypoxia, nitric oxide exposure, and lipopolysaccharide 
(LPS), through various mechanisms (Pasha et al. 2017). 
Sestrin2 induction in response to stressful conditions is 
mediated via diverse signaling cascades depending on 
experimental conditions. For instance, p53 (Budanov and 
Karin 2008; Chen et al. 2019), HIF-1α (Essler et al. 2009; 
Shi et al. 2016), and Nrf2 (Shin et al. 2012) have been 
found to induce transcriptional activation of sestrin. In 
addition, mitogen-activated protein kinase (MAPK) and 
phosphoinositide 3-kinase (PI3K) signaling are also impli-
cated in sestrin2 induction (Yi et al. 2014; Zhang et al. 
2013). Once sestrin2 is induced, it activates diverse signal-
ing cascades and modulates various biological functions 
as indicated, which ultimately contributes to maintenance 
of cellular homeostasis. Of the diverse signaling cascades, 
AMPK/mTORC1 axis plays a pivotal role in mediating 
the biological responses of sestrin2. AMPK/mTORC1 

signaling critically contributes to the prevention of reac-
tive oxygen species (ROS) accumulation by sestrin2 and 
controls redox homeostasis (Kim et al. 2015a), and is also 
crucial for sestrin2-mediated regulation of inflammatory 
responses in macrophages (Yang et al. 2015). Sestrin2 has 
been considered a promising therapeutic target for many 
pathological conditions. For instance, overexpression of 
sestrin2 decreases the mortality rate in sepsis by attenu-
ating inflammation and detoxifying ROS accumulation 
(Kim et al. 2016). It also alleviates insulin resistance via 
autophagy induction (Li et al. 2017) and regulates many 
metabolic dysfunctions by modulating the AMPK/mTORC 
signaling (Hwang et al. 2017, 2018).

Based on previous reports, it is well established that 
adiponectin and sestrin2 play important roles in the regu-
lation of cellular homeostasis and are potential targets to 
modulate metabolic systems. However, the role of sestrin2 
signaling in the physiological functions of adiponectin and 
other potential relationships between adiponectin and ses-
trin2 are largely unknown. In the present study, we have 
elucidated the molecular mechanisms underlying sestrin2 
induction by globular adiponectin and further demonstrated 
the crucial role of sestrin2 signaling in the modulation of 
anti-inflammatory responses and cell survival by adiponectin 
in macrophages.

Materials and methods

Materials

All the reagents for cell culture were obtained from Hyclone 
Laboratories (South Logan, UT, USA). Recombinant human 
globular adiponectin was acquired from Peprotech Inc. 
(Rocky Hill, NJ, USA). Primary antibodies against LC3I/
II, SQSTM1/P62, and total/phosphor-specific AMPKα were 
purchased from Cell Signaling Technology Inc. (Beverly, 
MA, USA); Sestrin2, HIF-1α, and β-actin were obtained 
from Protein Tech (Chicago, IL, USA), Abcam (Cambridge, 
United Kingdom), and Thermo Scientific, Inc. (Rockford, 
IL, USA), respectively. Secondary antibodies conjugated 
with horseradish peroxidase were obtained from Thermo 
Scientific, Inc. (Rockford, IL, USA). CM2-H2DCFDA and 
Hank’s Balanced Salts (HBSS) for ROS detection were 
obtained from Thermo Scientific, Inc. (Rockford, IL, USA), 
and Sigma Aldrich (St Louis, MO, USA), respectively. 
SP600125, SB203580, and Dorsomorphin Dihydrochloride 
(Compound C) were obtained from Tocris Bioscience (Toc-
ris House, IO Centre, Bristol, UK). U0126 and LY294002 
were purchased from Cell Signaling Technology Inc. (Bev-
erly, MA, USA) and Sigma Aldrich (St Louis, MO, USA), 
respectively.
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Cell culture

RAW 264.7 murine macrophage cell line was acquired 
from the Korean Cell Line Bank (Seoul, Korea). Cells were 
routinely cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% Fetal Bovine Serum 
(FBS) and 1% Penicillin-Streptomycin (P/S) at 37 °C in an 
incubator with 5% CO2. THP-1 and U937 monocytes were 
acquired from Korean Cell Line Bank (Seoul, Korea). Cells 
were cultured in RPMI 1640 media supplemented with 10% 
FBS and 1% penicillin/streptomycin. For differentiation into 
macrophages, THP-1 and U937 monocytes were incubated 
with phorbol 12-myristate 13-acetate (PMA, 100 nM) for 
72 h followed by a rest period in PMA-free media for at least 
24 h before any experiment.

Isolation and culture of murine peritoneal macrophages

All the animal experiments were performed in accordance 
with the guidelines of the Yeungnam University Institutional 
Animal Care and Use Committee (IACUC). The experimen-
tal protocols were reviewed and approved by the Yeung-
nam University IACUC (Approval number: 2020-008). The 
murine macrophages were isolated as described previously 
(Tilija Pun and Park 2018). In brief, 4% Brewer thiogly-
collate medium (1 ml) was injected into the peritoneum 
region of 5- to 6-week-old male C57BL/6 mice. Three days 
after injection, primary cells were extracted with 10 ml of 
cold-HBSS without calcium and magnesium and collected 
by centrifugation at 1500 rpm for 3 min. Cells were then 
incubated with RBC lysis buffer for 4 min to get rid of red 
blood cells and mixed with RPMI-1640 media containing 
10% Fetal Calf Serum (FCS) and 1% P/S and cultured in an 
incubator with 5% CO2 at 37 °C.

Transient gene silencing by transfection with small 
interfering RNAs (siRNA)

RAW 264.7 macrophages were plated in 35-mm dishes 
at a density of 6 × 105 cells/dish. After overnight incuba-
tion, cells were transfected with siRNA targeting sestrin2 
or scrambled control siRNA using Hiperfect Transfection 
Reagent (Qiagen) according to the manufacturer’s instruc-
tions. After 24 h of incubation, efficiency of gene silenc-
ing was determined by western blot analysis. The siRNA 
duplexes used in this study were purchased from Bioneer 
(Daejeon, South Korea). The sequences of the siRNA are 
shown in Table 1.

Western blot analysis

Cells were seeded in 35-mm dishes at a density of 1 × 106 
cells/dish. After treatments with gAcrp or inhibitors as 

indicated, cells were lysed with RIPA lysis buffer contain-
ing Halt protease and phosphatase inhibitor cocktail. Total 
cellular extracts were used for protein quantitation using 
a BSA protein assay kit (Thermo Scientific). Proteins 
(20–30 µg) were loaded onto SDS-PAGE (7–13%), sepa-
rated by electrophoresis, and transferred to polyvinylidene 
fluoride (PVDF) membranes. Membranes were then incu-
bated with 5% skim milk (in PBS/T) for 1 h to remove 
non-specific binding, treated with appropriate primary 
antibody overnight at 4 °C, and finally were incubated with 
the secondary antibodies for 1 h at room temperature. The 
blots were incubated with chemiluminescence substrate 
solution and the images were acquired using the LAS-4000 
mini system (Fujifilm, Tokyo, Japan).

RNA isolation, reverse transcription (RT), 
and quantitative PCR (qPCR)

Expression levels of mRNA of the target genes were meas-
ured by reverse transcription-polymerase chain reaction 
(RT-PCR) essentially as described previously (Pham 
et al. 2021). Briefly, for total RNA extraction, cells were 
lysed with Qiagen lysis reagent (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions. To 
synthesize complementary DNA (cDNA), RNA (1 µg) 
was reverse transcribed using the Go script reverse tran-
scription system (Promega Corporation, Madison, WI, 
USA). cDNAs were amplified by quantitative real-time 
PCR using a Roche Light Cycler 1.5 and Absolute SYBR 
capillary mix system. PCR amplification was carried out 
for 40 cycles of 95 °C for 15 s, 56 °C for 30 s, and 72 °C 
for 45 s. Expression levels of the RNAs were analyzed 
by the comparative threshold method and normalized to 
the value of glyceraldehyde-3 phosphate dehydrogenase 
(GAPDH) mRNA. The sequence of the primers used in 
the PCR reaction are listed in Table 2.

Table 1   Sequences of the siRNAs used for transient gene silencing

Species Target gene Primer Sequence

Mouse Sestrin2 Forward 5′-CAG​AGA​AGG​UUC​AUG​UGA​
A-3′

Reverse 5′-UUC​ACA​UGA​ACC​UUC​UCU​
G-3′

HIF-1α Forward 5′-GUG​GUU​GGG​UCU​AAC​ACU​
A-3′

Reverse 5′-UAG​UGU​UAG​ACC​CAA​CCA​
C-3′

Human Sestrin2 Forward 5′-CUG​UUG​CCC​GAA​UCC​UAG​
U-3′

Reverse 5′-ACU​AGG​AUU​CGG​GCA​ACA​
G-3′
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Cell viability assay (MTS assay)

The viability of the macrophages was determined using 
the CellTiter 96 Aqueous One kit (Promega Corporation, 
Madison, WI, USA) as previously indicated (Raut and 
Park 2020). In brief, cells were seeded in 96-well plate at a 
density of 3 × 104 cells/well. After treatments as indicated, 
cells were incubated with 3-(4, 5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfopheny)-2 H-tetra-
zolium (MTS, 20 µl) for 2 h at 37 °C. The number of viable 
cells was determined by measuring the absorbance at 490 
nm using a SPECTROstar Nano microplate reader (BMG 
Labtech Inc., Ortenberg, Germany).

Measurement of reactive oxygen species (ROS) 
accumulation

Intracellular ROS production was determined by meas-
uring the fluorescence of the chloromethyl derivative of 

H2DCFDA (CM-H2DCFDA) as described previously (Raut 
et al. 2019). In brief, cells were seeded in 96-well black 
plates at a density of 3 × 04 cells/well. After overnight incu-
bation, cells were incubated with 5µM of CM-H2DCFDA 
dissolved in Hank’s Balanced Salts (HBSS) in the dark for 
30 min. After washing with HBSS to remove excess dye, 
ROS accumulation was assessed by fluorescence inten-
sity using a Flurostar Optima Fluorometer (BMG Labtech, 
Ortenberg, Germany).

Statistical analysis

Values are expressed as mean ± standard error of the mean 
(SEM) from at least three independent experiments. Statisti-
cal analysis was performed by one way analysis of variance 
(ANOVA) and Tukey’s multiple comparison tests using 
the GraphPad Prisms software version 5.01 (LA Jolla, CA, 
USA). Differences between groups were considered to be 
significant at P < 0.05.

Table 2   Sequences of the 
primers used for quantitative 
PCR

Species Target gene Primer Sequence

Murine Sestrin2 Forward 5′-CCT​TCT​CCA​CAC​CCA​ACA​T-3′
Reverse 5′-GTG​CAT​GGC​GAT​GGT​GTT​AT-3′

CD163 Forward 5′-CAT​GTC​GAG​GCT​GACCA-3′
Reverse 5′-TGC​ACA​CGA​TCT​ACC​CAC​AT-3′

IL-10 Forward 5′-CCA​GGG​AGA​TCC​TTT​GAT​GA-3′
Reverse 5′-CAT​TCC​CAG​AGG​AAT​TGC​AT-3′

CD206 Forward 5′-ATG​CCA​AGT​GGG​AAA​ATG​TG-3′
Reverse 5′-TGT​AGC​AGT​GGC​CTG​CAT​AG-3′

Arg-1 Forward 5′-TGT​AAG​AAC​CCA​CGG​TCT​GT-3′
Reverse 5′-CTG​GTT​GTC​AGG​GGA​GTG​TT-3′

TGF-β Forward 5′-TTG​CTT​CAG​CTC​CAC​AGA​GA-3′
Reverse 5′-TGG​TTG​TAG​AGG​GCA​AGG​AC-3′

Mg1l Forward 5′-GGA​TCC​CAA​AAT​TCC​CAG​TT-3′
Reverse 5′-CCC​TCT​TCT​CCA​CTG​TGC​TC-3′

IL-4 Forward 5′-TCA​ACC​CCC​AGC​TAG​TTG​TC-3′
Reverse 5′-TGT​TCT​TCG​TTG​CTG​TGA​GG-3′

IL-1RA Forward 5′-TAG​CAA​ATG​AGC​CAC​AGA​CG-3′
Reverse 5′-ACA​TGG​CAA​ACA​ACA​CAG​GA-3′

GAPDH Forward 5′-ACC​ACA​GTC​CAT​GCC​ATC​AC-3′
Reverse 5′-TCC​ACC​ACC​CTG​TTG​CTG​TA-3′

Human IL-1RA Forward 5′-ATG​GAG​GGA​AGA​TGT​GCC​TGTC -3′
Reverse 5′-GTC​CTG​CTT​TCT​GTT​CTC​GCTC -3′

Arg-1 Forward 5′-TCA​TCT​GGG​TGG​ATG​CTC​ACAC -3′
Reverse 5′-GAG​AAT​CCT​GGC​ACA​TCG​GGAA -3′

CD163 Forward 5′-CCA​GTC​CCA​AAC​ACT​GTC​CT -3′
Reverse 5′-CAC​TCT​CTA​TGC​AGG​CCA​CA -3′

IL-10 Forward 5′-TCT​CCG​AGA​TGC​CTT​CAG​CAGA -3′
Reverse 5′-TCA​GAC​AAG​GCT​TGG​CAA​CCCA -3′

GAPDH Forward 5′-ACC​ACA​GTC​CAT​GCC​ATC​AC -3′
Reverse 5′-TCC​ACC​ACC​CTG​TTG​CTG​TA -3′
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Results

Globular adiponectin induces increase in sestrin2 
expression in macrophages

To investigate the role of sestrin2 signaling in the anti-
inflammatory and cell survival effects of adiponectin, we 
first examined the effect of globular adiponectin (gAcrp) 
on sestrin2 expression in macrophages. As shown in Fig. 1, 
gAcrp treatment significantly increased sestrin2 expression 
in a time- and dose-dependent manner in RAW 264.7 mac-
rophages (Fig. 1A, B). In addition, essentially similar effects 
were observed in primary macrophages isolated from the 
murine peritoneum (Fig. 1C, D). Moreover, gAcrp mark-
edly enhanced the mRNA level of sestrin2 in RAW 264.7 
macrophages (Fig. 1E). We further examined the sestrin2 
inducing effect of gAcrp in different types of immune cells 

and observed that gAcrp also increased sestrin2 expres-
sion in U937 and THP-1 human monocytic cell lines in a 
time-dependent manner (Supplementary Fig. S1). All these 
results clearly demonstrated that gAcrp induces an increase 
in sestrin2 expression in macrophages.

ERK/HIF‑1α and PI3K/HIF‑1α axis play a critical role 
in sestrin2 induction by globular adiponectin in RAW 
264.7 macrophages

Sestrin2 expression is regulated through various signaling 
mechanisms depending on experimental conditions. We next 
elucidated the molecular mechanisms underlying sestrin2 
induction by gAcrp. Sestrin2 expression can be determined 
at the transcriptional level and protein stability (Kim et al. 
2015b; Hu et al. 2015). Treatment with gAcrp previously 
induced an increase in sestrin2 mRNA expression in RAW 

Fig. 1   Effect of globular adiponectin on sestrin2 expression in RAW 264.7 macrophages and primary peritoneal macrophages. A and B RAW 
264.7 macrophages were treated with gAcrp (0.5 µg/ml) for the indicated duration (A) or different concentrations for 24 h (B). C and D Mac-
rophages were isolated from peritoneum of C57BL/6 mice and stimulated with gAcrp (0.5 µg/ml) for the indicated time periods (C) or concen-
trations for 24 h (D). Sestrin2 protein expression levels were determined by western blot analysis along with β-actin as a loading control. E RAW 
264.7 macrophages were treated with gAcrp (0.5 µg/ml) for the indicated time duration. Sestrin2 mRNA levels were analyzed by qRT-PCR and 
normalized to the level of GAPDH. In western blot analysis, sstrin2 expression levels were quantified by densitometric analysis and are pre-
sented in the lower panel of each image. Representative images are presented from three independent experiments. Values are presented as fold 
change compared to the untreated control cells and are expressed as means ± SEM, n = 3. *Indicates P < 0.05 compared to the control cells
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264.7 macrophages (Fig. 1E), implying that sestrin2 induc-
tion by gAcrp would be determined at transcriptional level, 
rather than protein stability. In a series of experiments to 
identify the transcription factor involved in sestrin2 induc-
tion, gAcrp induces an increases in HIF-1α expression in a 
time-dependent manner (Fig. 2A). Moreover, gene silencing 
of HIF-1α abrogated gAcrp-induced sestrin2 expression at 
both protein and mRNA levels (Fig. 2B, C), indicating a 
functional role of HIF-1α in sestrin2 expression. Previous 
studies have demonstrated that various transcription factors, 
including p53 and Nrf2, can induce transcriptional activa-
tion of sestrin2 depending on the experimental conditions 

(Maiuri et al. 2009; Kim et al. 2021). Furthermore, we found 
that gAcrp induced significant increases in expression of 
Nrf2 and p53 (Supplementary Fig. S2A and 2B). However, 
blockage of Nrf2 and p53 did not significantly affect ses-
trin2 expression (Supplementary Fig. 2 C and 2D). These 
results collectively suggest that HIF-1α induction critically 
contributes to sestrin2 induction by gAcrp. To further elu-
cidate upstream signaling mechanisms, we investigated 
the involvement of MAPK signaling and found that treat-
ment with a pharmacological inhibitor of MEK (U0126) 
prominently blocked sestrin2 induction, while no signifi-
cant effect was observed by pretreatment with inhibitors of 

Fig. 2   Involvement of HIF-1α, ERK, and PI3K signaling in sestrin2 induction by globular adiponectin in RAW 264.7 macrophages. A Cells 
were treated with gAcrp (0.5 µg/ml) for the indicated time duration. HIF-1α expression levels were determined by western blot analysis. B and 
C Cells were transfected with siRNA targeting HIF-1α or scrambled control siRNA for 24 h and were further stimulated with gAcrp (0.5 µg/
ml) for additional 8 h. Sestrin2 protein and mRNA expression levels were measured by western blot analysis (B) or RT-PCR (C), respectively. 
Gene silencing efficiency was monitored after 24 h transfection by western blot analysis and presented in the upper panel of Fig. 2B. D–G Cells 
were pretreated with inhibitor of MEK (U0126, D), JNK (SP600125, E), p38MAPK (SB203580, F), or PI3K (LY294002, G) for 1 h, followed 
by further treatment with gAcrp (0.5 µg/ml) for 24 h. Sestrin2 expression levels were determined by western blot analysis. H and I Cells were 
pretreated with U0126 or LY294002 for 1 h and were treated with gAcrp (0.5 µg/ml) for additional 8 h. HIF-1α expression levels were detected 
by western blot analysis. In western blot analysis, β-actin was used as a loading control. Values represent fold changes compared with untreated 
control cells and are expressed as means ± SEM, n = 3. *Denotes P < 0.05 compared with control cells; #Indicates P < 0.05 compared with the 
cells treated with only gAcrp
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JNK or p38 MAPK (Fig. 2D, F). In addition, pretreatment 
with LY294002, a pharmacological inhibitor of PI3K, also 
markedly abolished sestrin2 induction by gAcrp (Fig. 2G). 
Furthermore, treatment with U0126 or LY294002 also abro-
gated gAcrp-induced HIF-1α expression (Fig. 2H, I), sug-
gesting that both ERK and PI3K signaling are implicated 
in gAcrp-induced HIF-1α activation. Taken together, these 
results indicate that sestrin2 induction by gAcrp is mediated 
via ERK/HIF-1α and PI3K/HIF-1α axis.

Sestrin2 induction contributes to enhanced cell survival 
by globular adiponectin via autophagy induction 
in RAW 264.7 macrophages

Previous studies have reported that sestrin2 signaling is 
implicated in the modulation of cell survival under various 
experimental conditions. In this study, we explored the pos-
sible implication of the sestrin2 signaling in adiponectin-
enhanced cell viability in macrophages. For this, we first 
confirmed that gAcrp enhanced the viability of macrophages 
in a time- and dose-dependent manner (Supplementary 
Fig. 3A, B), consistent with previous report. Interestingly, 
enhanced cell viability by gAcrp was almost completely 
restored to the normal level by gene silencing of sestrin2 
without significant effect by transfection with scrambled 
control siRNA (Fig. 3A). Essentially similar results were 
also observed in U937 cells (Supplementary Fig. S4), sug-
gesting a crucial role of the sestrin2 signaling in gAcrp-
induced survival of macrophages. Autophagy, an intracellu-
lar self-digestive process, modulates cell death and survival 
in a complex manner. To further examine the mechanisms 
by which sestrin2 induction contributes to enhanced cell 
viability by gAcrp, we explored whether sestrin2 signal-
ing is implicated in autophagy activation by adiponectin. 
As shown in Fig. 3, gene silencing of sestrin2 significantly 
suppressed gAcrp-induced expression of the genes related 
with autophagy, including p62 and conversion of LC3II 
(Fig. 3B, C). Moreover, it was confirmed that inhibition of 
the autophagic process suppressed gAcrp-induced enhanced 
viability of macrophages under our experimental conditions 
(Supplementary Fig. S3C). Collectively, sestrin2 signaling 
contributes to gAcrp-induced survival of macrophages via 
autophagy induction.

In following experiments to further elucidate the mech-
anisms by which sestrin2 induction leads to autophagy 
activation, we observed that gAcrp induced phosphoryla-
tion of AMPK (Fig. 3D) and pretreatment with a pharma-
cological inhibitor of AMPK (Compound C) prevented 
autophagy induction, as determined by measurement of 
LC3II conversion and p62 expression (Fig. 3E, F), sug-
gesting a pivotal role of the AMPK signaling in autophagy 
induction by gAcrp. Importantly, knockdown of sestrin2 
dese-dependently suppressed gAcrp-induced AMPK 

phosphorylation (Fig. 3G). Taken together, these results 
suggest that sestrin2 signaling leads to autophagy induc-
tion via AMPK signaling in macrophages treated with 
adiponectin.

Sestrin2 signaling is implicated in increase 
of anti‑inflammatory genes expression by globular 
adiponectin in RAW 264.7 macrophages

Adiponectin and sestrin2 exhibit potent anti-inflammatory 
properties (Ouchi and Walsh 2007; Yang et al. 2017). To 
investigate the potential role of the sestrin2 signaling in 
anti-inflammatory responses by adiponectin, we examined 
the possible implication of the sestrin2 signaling in the 
expression of anti-inflammatory genes by gAcrp. We first 
examined the effects of gAcrp on expression of various 
anti-inflammatory genes in macrophages and found that 
gAcrp treatment induced significant increases in an array 
of anti-inflammatory genes, including Arg-1, CD163, IL-
1RA, IL-4, IL-10, and TGF-β, while CD206 and Mgl1 
expression were not up-regulated (Fig. 4A–H). We next 
examined the functional role of sestrin2 in the expression 
of these anti-inflammatory genes by gAcrp. As indicated 
in Fig.  5, gAcrp-induced increases in Arg-1, CD163, 
IL-1RA, and IL-10 expression were prominently allevi-
ated by gene silencing of sestrin2 (Fig. 5A–D), while no 
significant effects on IL-4 and TGF-β expression were 
observed (Fig. 5E, F). The contribution of sestrin2 sign-
aling in gAcrp-induced increases in the expression of Arg-
1, CD163, IL-1RA, and IL-10 were further confirmed in 
U937 human monocytes (Supplementary Fig. S5). These 
results imply that sestrin2 signaling plays a critical role in 
the up-regulation of anti-inflammatory genes by gAcrp in 
a gene-selective manner.

Sestrin2 induction is required for the inhibition of ROS 
accumulation by globular adiponectin in RAW 264.7 
macrophages

Reactive oxygen species (ROS) act as upstream signaling 
molecules that induce inflammatory responses, and adi-
ponectin exhibits potent antioxidant properties. In this study, 
we further examined whether sestrin2 induction contributes 
to the suppression of ROS production by adiponectin. As 
shown in Fig. 6A, gAcrp significantly suppressed lipopoly-
saccharide (LPS)-stimulated ROS accumulation under our 
experimental conditions (Fig. 6A), consistent with previous 
reports. Gene silencing of sestrin2 resulted in the restoration 
of LPS-stimulated ROS accumulation suppressed by gAcrp 
(Fig. 6B), implying the involvement of sestrin2 in the regula-
tion of ROS production by gAcrp.
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Discussion

Adiponectin, a key fat-derived hormone, is the most abun-
dant adipokine in plasma and acts as a critical modulator 
in a variety of physiological and pathological responses. In 
particular, adiponectin possesses potent anti-inflammatory 
properties and modulate cell death/survival in a complex 
manner (Pham and Park 2020). Adiponectin treatment causes 
cell death in various types of cancer cells (Libby et al. 2014; 
Hebbard and Ranscht 2014). In contrast, globular adiponec-
tin causes the survival of macrophages, implying that the 
modulatory effects of adiponectin on cell death and survival 
depend on cell type and other contexts. While autophagy 
induction and regulation of inflammatory transcription fac-
tors have been proposed for the anti-inflammatory responses 

and cell survival effects of adiponectin, detailed underlying 
mechanisms need to be further elucidated. Sestrin2 plays a 
cytoprotective role by maintaining cellular homeostasis and 
inhibits the expression of inflammatory mediators, such as 
nitric oxide and ROS (Wang et al. 2019a). Although adi-
ponectin and sestrin2 are critically implicated in cellular 
responses for the modulation of inflammation and mainte-
nance of cellular homeostasis, the physiological relation-
ships between adiponectin and sestrin2 are largely unknown. 
In this study, we have examined the role of the sestrin2 sign-
aling in anti-inflammatory responses and cell survival effects 
of adiponectin, and have shown that globular adiponectin 
(gAcrp) induces a significant increase in sestrin2 expression 
in macrophages. Furthermore, we have demonstrated for 
the first time that sestrin2 induction critically contributes to 

Fig. 3   Role of sestrin2 induction in enhanced cell viability and autophagy induction by globular adiponectin in RAW 264.7 macrophages. 
A Cells were transfected with siRNA targeting sestrin2 or scrambled control siRNA for 24 h, followed by stimulation with gAcrp (0.5 µg/ml) for 
additional 24 h. (Upper panel) Gene silencing efficiency was monitored after 24 h transfection by western blot analysis. (Lower panel) Cell via-
bility was determined by MTS assay as indicated in the methods. B and C Cells were transfected with sestrin2 siRNA for 24 h and further stimu-
lated with gAcrp for additional 24 h. Expression levels of LC3 I/II (B) and p62 (C). D Cells were treated with gAcrp (0.5 µg/ml) for the indi-
cated time periods. Phosphor- and total AMPK levels were analyzed by western blot analysis. E Cells were transfected with sestrin2 siRNA for 
24 h and further treated with gAcrp (0.5 µg/ml) for 24 h. Phosphor- and total AMPK levels were measured by western blot analysis. F Cells were 
with pretreated with compound C, a pharmacological inhibitor of AMPK, for 2 h and further treated with gAcrp (0.5 µg/ml) for 24 h. LC3 I/II 
and p62 expression levels were detected by western blot analysis. For all western blot analyses, β-actin was used as a loading control. Expression 
levels of the target genes were quantified by densitometric analysis and are presented in the lower panel of the image. Values are presented as the 
fold change compared with control cells and represented as means ± SEM, n = 3 or 4. *Denotes P < 0.05 compared with control cells; #Indicates 
P < 0.05 compared with the cells treated with only gAcrp
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enhanced cell viability and expression of anti-inflammatory 
mediators by gAcrp.

There is a growing appreciation that sestrin2 signaling 
generates cytoprotective responses under various stressful 
conditions, such as hypoxia and DNA damage, mainly via 
the AMPK/mTORC signaling pathway and suppression of 
ROS accumulation (Pan et al. 2021; Shi et al. 2017). Sestrin2 
signaling also regulates metabolic homeostasis by inducing 
anti-oxidative and anti-inflammatory responses (Ren et al. 
2020). More specifically, overexpression of sestrin2 allevi-
ates sepsis-induced cardiac dysfunction by inhibiting the 
p-S6K and p-AMPK pathways (Wang et al. 2019b) and pro-
tects liver cells from acetaminophen by modulating ER stress 
(Kim et al. 2017). As indicated previously, adiponectin also 
regulates inflammatory responses and plays important roles 
in maintaining cellular homeostasis. Driven by these con-
siderations, we examined whether sestrin2 signaling plays 

a role in mediating the biological responses of adiponectin. 
Indeed, we have previously shown that gAcrp induces ses-
trin2 expression via mild ER stress and sestrin2 signaling 
is potentially implicated in autophagy induction by gAcrp 
in RAW 264.7 macrophages (Oh et al. 2020). In this study, 
we have identified the molecular mechanisms underlying 
sestrin2 induction in macrophages and further demonstrated 
the crucial role of sestrin2 signaling in the expression of 
anti-inflammatory genes and cell survival effects by gAcrp. 
Sestrin2 expression can be determined at the transcriptional 
level and regulation of protein stability (Seo et al. 2016; 
Kim et al. 2015b). Herein, we found that gAcrp prominently 
increased sestrin2 mRNA levels (Fig. 1E), suggesting that 
gAcrp may induce sestrin2 expression at the transcriptional 
level, rather than by regulating protein stability. Various 
transcription factors and signaling mechanisms have been 
proposed for the transcriptional activation of sestrin2. We 

Fig. 4   Effects of globular adiponectin on the expression of anti-inflammatory genes in RAW 264.7 macrophages. Cells were treated with gAcrp 
(0.5 µg/ml) for the indicated time periods. Expression levels of the anti-inflammatory target genes were analyzed by qRT-PCR and normalized 
to the level of GAPHD as indicated in the methods. Values present fold change compared with the control cells and are expressed as means ± 
SEM, n = 3 or 4. *Indicates P < 0.05 compared with untreated control cells
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have conducted a series of experiments to elucidate the 
signaling mechanisms underlying sestrin2 expression and 
found that gAcrp increases expression of many transcrip-
tion factors, including Nrf2, p53, and HIF-1α (Fig. 2 and 

Supplementary Fig. S2). While transfection with siRNA tar-
geting HIF-1α prominently suppressed gAcrp-enhanced ses-
trin2 expression at both mRNA and protein levels (Fig. 2), 
knockdown of Nrf2 and p53 did not significantly affect 

Fig. 5   Role of sestrin2 signaling in globular adiponectin-induced expression of anti-inflammatory genes in RAW 264.7 macrophages. Cells 
were transfected with siRNA targeting sestrin2 siRNA for 24 h and further stimulated with gAcrp (0.5 µg/ml). Messenger RNA expression levels 
of anti-inflammatory genes were determined by qRT-PCR as indicated in the methods. Values present fold change compared with control cells 
and are represented as means ± SEM, n = 3 or 4. *Denotes P < 0.05 compared to untreated cells; #indicates P < 0.05 compared with the cells 
treated with only gAcrp

Fig. 6   Role of sestrin2 signaling in the suppression of LPS-stimulated ROS production by globular adiponectin in RAW 264.7 macrophages. 
A Cells were pretreated with gAcrp (0.5 µg/ml) for 24 h and further stimulated with LPS (100 ng/ml) for 18 h. B Cells were transfected with 
sestrin2 siRNA or control scrambled siRNA for 24 h followed by treatment with gAcrp (0.5 µg/ml) for 24 h. Finally, cells were stimulated with 
LPS (100 ng/ml) for additional 18 h. Intracellular ROS levels were assessed by measurement of CM2-DCFDA fluorescence as indicated in the 
methods. Values present fold change compared to the cells with LPS and are expressed as mean ± SEM, n = 3–6. *Indicates P < 0.05 compared 
with control cells; # denotes P < 0.05 compared with the cells treated with LPS only; $denotes P < 0.05 compared with the cells treated with 
LPS and gAcrp
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gAcrp-induced sestrin2 expression (Supplementary Fig. S2), 
clearly suggesting that gAcrp-induced sestrin2 induction is 
mediated via HIF-1α. In addition, diverse upstream signal-
ing mechanisms, such as ERK, JNK, p38MAPK, and PI3K, 
are implicated in sestrin2 expression in a context-dependent 
manner (Chai et al. 2015; Lee et al. 2010). We observed that 
pretreatment with pharmacological inhibitors of JNK and 
PI3K abolished gAcrp-induced sestrin2 expression, while no 
significant effects were observed by inhibitors of ERK and 
p38 MAPK (Fig. 2), indicating the involvement of JNK and 
PI3K signaling in sestrin2 expression by gAcrp. Moreover, 
treatment with a PI3K or ERK inhibitor also substantially 
blocked HIF-1α expression. These results clearly indicate 
that gAcrp induces sestrin2 expression via ERK/HIF-1α and 
PI3K/HIF-1α axes in macrophages.

The physiological role of adiponectin in cell death/sur-
vival might be determined in a context-dependent manner, 
particularly depending on the cell type. For example, while 
adiponectin potently induces cell death in various types of 
cancer cells, gAcrp induces enhanced cell viability in mac-
rophages under our experimental conditions. The survival 
effect of gAcrp in macrophages was eliminated by gene 
silencing of sestrin2 (Fig. 3A), and sestrin2 induction also 
contributed to autophagy induction (Fig. 3B, C), demon-
strating that the crucial role of sestrin2 signaling in gAcrp-
enhanced viability of macrophages is exerted via autophagy 
induction. Autophagy, a self-digestive cellular process that 
removes dysfunctional and damaged cellular components, 
is important to maintain cellular homeostasis (Glick et al. 
2010). While autophagy was originally reported as a type 
of cell death distinct from apoptosis, emerging recent evi-
dence indicates that autophagy may act as a cytoprotective 
process and is a vital mechanism for cell survival (Kim and 
Lee 2014). Interestingly, autophagy induction is a critical 
event in mediating various adiponectin-induced biological 
responses. For example, autophagy activation is required 
for gAcrp-mediated suppression of inflammatory responses 
via ZFP36L1 and AUF induction (Shrestha et al. 2018), 
Beclin-1 phosphorylation and Bcl-2 mRNA destabilization 
(Tilija Pun and Park 2018), and activation of the SIRT1/
FoxO3a axis (Pun et al. 2015). More importantly, autophagy 
activation critically contributes to the enhanced viability of 
macrophages induced by adiponectin under our experimental 
conditions (Supplementary Fig. S3). These results collec-
tively indicate that enhanced cell viability by setrin2 induc-
tion is mediated through autophagy activation.

It has been well documented that adiponectin treatment 
improves the degree of inflammatory responses (Fan-
tuzzi 2013). In this study, we examined the potential role 
of sestrin2 signaling in the modulation of pro- and anti-
inflammatory gene expression by gAcrp. We observed that 
knockdown of sestrin2 did not significantly affect gAcrp-
suppression of pro-inflammatory gene expression, including 

TNF-α and IL-1β (data not shown). In contrast, sestrin2 
signaling is critically implicated in the gAcrp-induced anti-
inflammatory gene expression in a gene-selective manner 
(Fig. 5). In the present study, downstream signaling mecha-
nisms by which sestrin2 signaling leads to increase in anti-
inflammatory genes expression are not fully elucidated. Each 
anti-inflammatory gene expression is regulated in its own 
unique way. Considering gene selective regulation, sestrin2 
signaling activates signals that induce the expression of 
specific anti-inflammatory genes, but does not appear to be 
involved in signaling pathways involved in the expression 
of other certain genes. Investigation of the signaling mecha-
nisms, including identification of the transcription factors 
and signaling pathways, which are implicated in sestrin2-
modulation of anti-inflammatory gene expression, would be 
an interesting topic for the future study.

It is interesting to note that macrophages exist in two dis-
tinct functional phenotypes depending on the specific micro-
environment. M1 macrophages produce pro-inflammatory 
cytokines and initiate an innate immune response, which 
represents the classical activated phenotype, while M2 mac-
rophages have anti-inflammatory and immune-regulatory 
properties, which are closely associated with wound heal-
ing and tissue repair (Funes et al. 2018). Adiponectin has 
been shown to suppress M1 macrophages activation and pro-
motes M2 polarization via adiponectin receptor type 2-IL-
4-STAT6 dependent signaling (Mandal et al. 2011). Moreo-
ver, adiponectin inhibits M1 macrophage proliferation, while 
it induces M2 macrophage proliferation (Ohashi et al. 2010; 
Hui et al. 2015). Sestrin2 has been shown to play a role 
in the enhanced viability of macrophages and production 
of anti-inflammatory M2 markers, raising a possibility of 
the potential role of the sestrin2 signaling in gAcrp-induced 
M2 polarization. In the present study, we mostly focused 
on the role of sestrin2 in the regulation of cell viability 
and expression of anti-inflammatory genes. Further studies 
will be required for providing the better insights into the 
role of the sestrin2 signaling in changing phenotype of the 
macrophages.

In conclusion, the data presented in this study demon-
strated that globular adiponectin induces increase in ses-
trin2 expression in macrophages via ERK/HIF-1α and 
PI3K/HIF-1α axis. Sestrin2 induction plays a crucial role 
in globular adiponectin-induced anti-inflammatory genes 
expression, enhanced cell viability, and regulation of ROS 
production. Given that adiponectin exhibits the various other 
biological responses, such as potent anti-tumor activity and 
beneficial metabolic effects, sestrin2 would be a promising 
target for the treatment of pathological conditions associated 
with adiponectin. In this study, although we clearly indicate 
the involvement of the sestrin2 signaling in the modulation 
of inflammatory responses and enhanced viability, further 
studies to unravel the detailed underlying mechanisms 
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and in vivo studies for validating in vitro observations are 
required.
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