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High salt primes a specific activation state of 
macrophages, M(Na)
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High salt is positively associated with the risk of many diseases. However, little is known about the mechanisms. 
Here we showed that high salt increased proinflammatory molecules, while decreased anti-inflammatory and pro-
endocytic molecules in both human and mouse macrophages. High salt also potentiated lipopolysaccharide-induced 
macrophage activation and suppressed interleukin 4-induced macrophage activation. High salt induced the proin-
flammatory aspects by activating p38/cFos and/or Erk1/2/cFos pathways, while inhibited the anti-inflammatory and 
proendocytic aspects by Erk1/2/signal transducer and activator of transcription 6 pathway. Consistent with the in vi-
tro results, high-salt diet increased proinflammatory gene expression of mouse alveolar macrophages. In mouse mod-
els of acute lung injury, high-salt diet aggravated lipopolysaccharide-induced pulmonary macrophage activation and 
inflammation in lungs. These results identify a novel macrophage activation state, M(Na), and high salt as a potential 
environmental risk factor for lung inflammation through the induction of M(Na).
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Introduction Sodium is an indispensable nutrient and an appropri-
ate amount of it in the body is critical for proper cellular 
functions of living animals [1]. Sodium is essential for 
maintenance of osmotic pressure, distribution of body 
fluids, normal pH and most metabolic processes. The 
influx of sodium ions across plasma membrane is re-
quired for action potential that is fundamental for nerve 
impulses and muscle contraction. Too little sodium is 
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insufficient to maintain these important functions. On 
the contrary, sodium is readily available and consumed 
in large amounts from diets in modern societies [2], pos-
ing severe threats to public health [3-5]. However, how 
excessive amounts of sodium cause health problems re-
mains poorly understood.

Immune cells may play important roles in mediating 
the detrimental effects of high concentration of sodium. 
Elevated concentration of salt (sodium chloride) has 
been found to induce proinflammatory interleukin 17 
(IL17)-producing helper T (TH17) cells through the p38 
MAPK/nuclear factor of activated T cells 5 (NFAT5) 
pathway and the serum/glucocorticoid-regulated kinase 
1/forkhead box protein O1 pathway both in vitro and in 
vivo [6, 7]. Consequently, high-salt diet (HSD) exacer-
bates autoimmune encephalomyelitis in mice [6, 7]. In 
addition, hypertension and renal injury induced by HSD 
in salt-sensitive rats are accompanied by increased infil-
tration of T cells in kidneys [8]. Similarly, cardiovascular 
damages induced by HSD in salt-sensitive rats are asso-
ciated with macrophage infiltration. Conversely, ame-
lioration of these damages is associated with decreased 
number of macrophages in cardiovascular system [9, 10]. 
More recent data show that high salt has direct stimulato-
ry effects on migration of macrophages and expansion of 
monocyte subpopulation as well as formation of mono-
cyte-platelet aggregates [11, 12]. However, the impacts 
of high salt on macrophage activation and inflammation 
as well as the underlying mechanisms have not been 
clearly elucidated.

Macrophages are a heterogeneous population of im-
mune cells that serve essential functions in development, 
homeostasis, tissue repair and immunity [13, 14]. Such 
heterogeneity is manifested in not only the origins of tis-
sue-resident macrophages but also the wide range of ac-
tivation states of macrophages [13-17]. Macrophage ac-
tivation with different transcriptional profiles in response 
to different stimuli is an important path for macrophages 
to execute their diverse functions. Recently, it has been 
recommended to define the activators when describing 
macrophage activation states [18]. For examples, lipo-
polysaccharide (LPS) activates M(LPS), interferon-γ 
activates M(IFN-γ), and IL4 activates M(IL4). This par-
adigm has been put forward to reflect the more complete 
spectrum of macrophage activation than the paradigm 
of classical macrophage activation (M1) and alternative 
macrophage activation (M2) [17-19].

Macrophage activation plays pivotal roles in the ini-
tiation and resolution of inflammation under a variety of 
pathological conditions [13, 14]. For instance, pulmo-
nary macrophages are instrumental in both acute onset 
and resolution of lung inflammation in both patients with 

acute respiratory distress syndrome and mouse models of 
acute lung injury induced by inflammatory stimuli such 
as LPS [20, 21]. On one hand, pulmonary macrophages 
are equipped to initiate a prompt innate immune response 
through secretion of inflammatory cytokines and recruit-
ment of more immune cells including monocytes and 
neutrophils. On the other hand, these cells are critical in 
resolution of lung inflammation and repair by transition 
from proinflammatory to anti-inflammatory and repara-
tive phenotypes.

In the present study, we set out to explore the direct 
influence of high salt on macrophage activation and in-
flammation and to delineate the underlying molecular 
mechanisms. We first determined the transcriptional 
and translational expression profiles of high-salt-treated 
human monocyte-derived macrophages in order to de-
fine the activation state. Then we use mouse bone mar-
row-derived macrophages (BMDMs) to study the effects 
of high salt alone and in combination with LPS or IL4. 
We further explore the underlying molecular signaling 
pathways through which high salt regulates macrophage 
activation. Finally, we investigate the impacts of high 
salt on macrophage activation and inflammation in vivo.

Results

High salt induces a specific activation state, M(Na), in 
both human and mouse macrophages

To investigate the roles of high salt (increased NaCl) 
in macrophage activation, we treated human mono-
cyte-derived macrophages with additional 17-51 mM 
NaCl in the culture medium. RNA-Seq results showed 
that high salt significantly promoted expression of 
proinflammatory genes in human macrophages (Figure 
1A). The increased expression was also demonstrated 
by quantitative RT-PCR (qRT-PCR) (Figure 1B). These 
genes included chemokines such as chemokine (C-C 
motif) ligand 2 (CCL2), chemokine (C-C motif) ligand 
8 (CCL8), chemokine (C-X-C motif) ligand 1 (CXCL1), 
and chemokine (C-X-C motif) ligand 2 (CXCL2); cyto-
kines such as IL1 beta (IL1B) and IL8; cell surface recep-
tors such as C-C chemokine receptor type 2 (CCR2), toll-
like receptor 3 (TLR3), toll-like receptor 4 (TLR4), and 
cluster of differentiation 14 (CD14). High salt enhanced 
expression of proinflammatory genes such as CCL8, 
CXCL1, IL8, and CCR2 in a dose-dependent manner in 
human macrophages (Supplementary information, Figure 
S1A). Furthermore, ELISA results showed that protein 
levels of CXCL1 and IL8 were also increased by high-
salt treatment (Figure 1C). In contrast, high salt mark-
edly suppressed gene expression of anti-inflammatory 
and proendocytic molecules as demonstrated by RNA-
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Seq (Figure 1D). Results of qRT-PCR further showed 
that mRNA levels of chemokine (C-C motif) ligand 18 
(CCL18) and chemokine (C-C motif) ligand 22 (CCL22) 
fell by half in high-salt-treated human macrophages 
compared with those in untreated cells (Figure 1E). Gene 
expression levels of triggering receptor expressed on 
myeloid cells 2 (TREM2) and mannose receptor, C type 
1 (MRC1, also known as MR) were also significantly 
reduced by high salt (Figure 1E). Notably, high salt sup-
pressed gene expression of CCL22 and MRC1 dose-de-
pendently (Supplementary information, Figure S1A). 
High salt also reduced protein levels of CCL22 (Fig-
ure 1F) and MR (Figure 1G) as determined by ELISA 
and western blotting, respectively. Similarly, in mouse 
BMDMs, additional 51 mM NaCl significantly increased 
expression level of proinflammatory genes (Supple-
mentary information, Figure S1B) and decreased that of 
anti-inflammatory and proendocytic genes (Supplemen-
tary information, Figure S1C). Notably, additional 51 
mM NaCl treatment did not induce apoptosis of mouse 
BMDMs (Supplementary information, Figure S1D).

Gene ontology analysis of RNA-Seq results showed 
that high salt affected a variety of molecular functions 
such as protein binding and nucleic acid binding in hu-
man macrophages (Supplementary information, Figure 
S1E and S1F). Taken together, these data suggest that 
high salt induces a specific macrophage activation state 
and we term it M(Na). These macrophages mainly show 
the characteristics of enhanced proinflammatory gene ex-
pression and suppressed anti-inflammatory gene expression.

High salt potentiates M(LPS) and suppresses M(IL4)
The next interesting question is whether high salt 

affects the phenotypes of M(LPS) and M(IL4) that are, 
respectively, classical proinflammatory and anti-inflam-
matory macrophage activation state [18]. To address this 
question, we treated mouse BMDMs with additional 
NaCl or in combination with LPS or IL4 and measured 
gene expression by qRT-PCR and protein expression by 
western blotting. High salt time-dependently enhanced 

LPS-induced expression of proinflammatory genes in-
cluding CXCL1, CXCL2, IL12 alpha (IL12A), IL12 beta 
(IL12B), Cyclooxygenase 2 (COX2), and inducible nitric 
oxide synthase (iNOS) in mouse BMDMs (Figure 2A). 
Consistent with the results of gene expression, protein 
levels of COX2 and iNOS were also much higher in 
macrophages treated by high salt and LPS together than 
LPS alone (Figure 2B). Conversely, high salt strongly in-
hibited IL4-induced expression of genes including found 
in inflammatory zone 1 (Fizz1), mouse macrophage ga-
lactose N-acetylgalactosamine specific lectin 1 (mMGL1), 
mouse macrophage galactose N-acetylgalactosamine spe-
cific lectin 2 (mMGL2), macrophage mannose receptor 
(MMR), chitinase-like 3 (Chil3, also known as YM1), and 
interferon regulatory factor 4 (IRF4) (Figure 2C), as well 
as protein expression of mMGL2, MMR, YM1 and IRF4 
(Figure 2D). In addition, the potentiation of M(LPS) by 
high salt was observed in human macrophages. High salt 
significantly promoted gene expression of proinflamma-
tory molecules (Supplementary information, Figure S2A) 
and protein expression of CXCL1 and IL8 (Supplemen-
tary information, Figure S2B) in human macrophages 
stimulated with LPS. We did not detect any LPS in the 
NaCl we used (Supplementary information, Figure S2C), 
confirming that the effects of NaCl were not due to LPS 
contamination. In addition, LPS increased expression 
levels of anti-inflammatory genes such as activating tran-
scription factor 3 (ATF3), IL10, IL1 receptor antagonist 
(IL1RA), suppressor of cytokine signaling 1 (SOCS1), 
and nuclear factor of kappa light polypeptide gene en-
hancer in B-cells inhibitor, alpha (IKBA) 24 h after the 
treatment. In contrast, high salt either deceased or did 
not significantly change expression levels of these genes 
(Supplementary information, Figure S2D).

p38 mediates the upregulation of  proinflammatory genes 
of M(Na) and high-salt-induced potentiation of M(LPS)

The effects of high salt are probably due to the eleva-
tion of sodium, chloride, or extracellular osmolarity. To 
test these possibilities, we treated BMDMs with addi-

Figure 1 High salt induces a specific activation state in human macrophages. Human monocyte-derived macrophages were 
treated with additional 51 mM NaCl for 24 h. (A) High salt promotes gene expression of proinflammatory molecules as deter-
mined by RNA-Seq. mRNA levels of high-salt-treated human macrophages are presented as fold changes relative to those 
of untreated human macrophages. (B) High salt promotes gene expression of proinflammatory molecules as determined by 
qRT-PCR. (C) High salt promotes protein expression of proinflammatory molecules. Protein levels of CXCL1 and IL8 in con-
ditioned media from human macrophages were quantified using ELISA. (D) High salt inhibits gene expression of anti-inflam-
matory and proendocytic molecules as determined by RNA-Seq. (E) High salt inhibits gene expression of anti-inflammatory 
and proendocytic molecules as determined by qRT-PCR. (F) High salt decreases protein level of CCL22 in conditioned media 
from human macrophages as determined by ELISA. (G) High salt decreases protein level of MR in human macrophages as 
determined by western blotting. Tubulin was used as a loading control. Representative results of qRT-PCR, ELISA and west-
ern blotting from three independent experiments are shown. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 2 High salt potentiates M(LPS) and suppresses M(IL4) in mouse BMDMs. (A) High salt enhances LPS-induced gene 
expression. BMDMs were pretreated with or without additional 51 mM NaCl for 12 h, and then treated with or without 100 ng/
ml LPS in the presence or absence of additional 51 mM NaCl for the indicated time periods. (B) High salt enhances LPS-in-
duced protein expression. BMDMs were treated with or without additional 51 mM NaCl for 24 h and 100 ng/ml LPS or PBS 
was added during the latter half of the treatment. Protein expression of COX2 and iNOS was measured and GAPDH was 
used as a loading control. (C) High salt suppresses IL4-induced gene expression. BMDMs were treated with 10 ng/ml IL4 or 
0.1% BSA in the presence or absence of additional 51 mM NaCl for 24 h. (D) High salt suppresses IL4-induced protein ex-
pression. BMDMs were treated in the same way as in C. Arrowhead: non-specific bands. For all panels, gene expression was 
measured using qRT-PCR and protein expression was measured using western blotting. *P < 0.05; **P < 0.01; ***P < 0.001.

tional 51 mM NaGluconate or 102 mM sucrose with the 
same osmolarity. The results showed that NaGluconate 
treatment significantly induced proinflammatory gene 
expression, while sucrose did not (Supplementary infor-
mation, Figure S3A). These results suggest that increase 
of sodium concentration was necessary for high salt to 
induce M(Na) while chloride was dispensable, and that 
osmolarity elevation alone was not enough to promote 
proinflammatory gene expression.

Then, what are the intracellular mechanisms that medi-
ate the effects of high salt? p38 mitogen-activated protein 
kinase (MAPK) plays important roles in cellular response 
to stress stimuli including cytokines and heat shock [22]. 
Recent reports have shown that p38 is strikingly activat-
ed by high salt in TH17 cells [6, 7]. We therefore explored 
the possibility that p38 also mediated the effects of high 
salt in macrophages. As expected, phosphorylation of 
p38 was significantly increased in BMDMs treated with 
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additional 51 mM NaCl (Figure 3A). When SB203580 
(SB), a selective inhibitor of p38α and p38β, was added, 
the induction of gene expression of CXCL2, IL1B, CD14, 
and COX2 by high salt was significantly alleviated. As a 
result, gene expression levels of these proinflammatory 
molecules were decreased in SB group compared with 
dimethyl sulphoxide (DMSO) group of high-salt-treated 
BMDMs (Figure 3B). Furthermore, we used BMDMs 
from myeloid-specific p38α-knockout mice and floxed 
control littermates (Supplementary information, Figure 
S3B) to test the involvement of p38. Deficiency of p38α 
significantly inhibited high-salt-induced COX2 gene ex-
pression in BMDMs (Supplementary information, Figure 
S3C). However, the decrease in gene expression levels of 
mMGL1 and MMR induced by high salt was independent 
of p38 (Supplementary information, Figure S3D).

We next investigated whether p38 mediated the ef-
fects of high salt on M(LPS). High salt further increased 
phosphorylation of p38 in BMDMs treated by LPS for 1 
h (Figure 3C), but not for 3 or 6 h (Supplementary infor-
mation, Figure S3E). Under LPS stimulation SB also sig-
nificantly inhibited high-salt-enhanced gene expression 
of proinflammatory molecules classically induced by 
LPS, some of which (e.g., CXCL2, IL1B and IL12A) were 
completely blocked (Figure 3D). Consistently, high-salt-
induced increase in protein levels of COX2 and iNOS 
was also markedly alleviated by SB treatment in mouse 
BMDMs under LPS stimulation (Figure 3E). Similarly, 
high-salt-induced increase of gene expression of CXCL1, 
CXCL2, COX2, and iNOS was significantly smaller in 
LPS-treated BMDMs from p38α-knockout mice than 
floxed control mice (Supplementary information, Figure 
S3F). However, SB did not lessen high-salt-induced sup-
pression on gene expression of FIZZ1, MMR, YM1, or 
IRF4 in BMDMs treated with IL4 (Supplementary infor-
mation, Figure S3G). These results together demonstrat-
ed that p38 mediated high-salt-induced proinflammation 
in macrophages and its potentiation of M(LPS).

Erk1/2 mediates the gene expression of M(Na) as well as 
high-salt-induced potentiation of M(LPS) and suppres-
sion of M(IL4)

Besides p38, Extracellular signal-regulated kinase1/2 
(Erk1/2) and c-Jun N-terminal kinase (JNK) are two oth-
er major subfamilies of MAPKs that play critical roles in 
transducing intracellular signaling when cells respond to 
stress stimuli [22]. We continued to investigate whether 
Erk1/2 and JNK also mediated the effects of high salt.

First, we measured the levels of phosphorylated and 
total Erk1/2 and JNK in BMDMs treated with or without 
additional 51 mM NaCl. The results showed that high 
salt significantly increased Erk1/2 phosphorylation but 

did not affect the level of total Erk1/2 (Figure 4A). In 
addition, high salt did not affect either phosphorylated or 
total level of JNK (Supplementary information, Figure 
S4A). Therefore, we focused on studying the roles of 
Erk1/2 using a selective MAPK kinase (MEK) inhibitor 
PD98059 (PD) to inhibit Erk1/2 activation and macro-
phages from Erk1-knockout mice. PD markedly attenuat-
ed high-salt-induced increase of CCL8, CD14, COX2 and 
iNOS gene expression (Figure 4B) as well as decrease of 
ATF3, IRF4, mMGL1 and MMR gene expression (Figure 
4C). We used BMDMs from Erk1-knockout and wild-
type mice (Supplementary information, Figure S4B) to 
further test the involvement of Erk1/2. Erk1 deficiency 
alleviated high-salt-induced upregulation of proinflam-
matory genes such as CCL8, COX2 and iNOS (Supple-
mentary information, Figure S4C) and downregulation 
of MMR (Supplementary information, Figure S4D) in 
BMDMs.

We next tested the possibility that high-salt-induced 
potentiation of M(LPS) depends on Erk1/2 activa-
tion. High salt further enhanced Erk1/2 activation in 
LPS-treated BMDMs (Figure 4D). Moreover, under 
the combined stimulation of LPS and high salt, PD still 
significantly inhibited proinflammatory gene expression 
(Figure 4E). Consistently, COX2 and iNOS protein lev-
els were significantly lower in BMDMs treated with PD 
than those with DMSO (Figure 4F).

In addition, we noted that high salt increased p-Erk1/2 
level in IL4-treated BMDMs, while IL4 did not affect 
p-Erk1/2 by itself (Figure 4G). Therefore, we further test-
ed whether Erk1/2 mediated the suppression of M(IL4) 
by high salt. PD completely abolished or significantly 
lessened high-salt-induced decrease in gene expression 
of FIZZ1, MMR, YM1, and IRF4 (Figure 4H) as well as 
protein expression of MMR, YM1, and IRF4 (Figure 
4I). These results indicated that the increase of Erk1/2 
phosphorylation was necessary for high salt to suppress 
M(IL4). Putting these results together, we demonstrated 
that Erk1/2 mediated M(Na) activation and high-salt-in-
duced potentiation of M(LPS) and suppression of M(IL4).

cFos/AP1 mediates the proinflammatory gene expression 
of M(Na) and high-salt-induced potentiation of M(LPS)

Activator protein 1 (AP1) is a transcription factor that 
predominantly exists as a heterodimer of cFos and cJun 
and is critical for response to inflammatory stimuli [15]. 
Moreover, both p38 and Erk1/2 can phosphorylate cFos 
[23, 24], enhancing transcriptional activity of AP1 and 
ultimately promoting expression of its target genes. We 
therefore propose that high salt enhances cFos phos-
phorylation and transcriptional activity of AP1 through 
p38 and/or Erk1/2 activation, leading to the induction of 
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Figure 3 p38 MAPK mediates the upregulation of proinflammatory genes of M(Na) and high-salt-induced potentiation of 
M(LPS). (A) High salt activates p38 in macrophages. BMDMs were treated with or without additional 51 mM NaCl for the in-
dicated time periods. p-p38 and total p38 levels were measured and GAPDH was used as a loading control. (B) SB inhibits 
high-salt-promoted expression of proinflammatory genes. BMDMs were pretreated with 10 µM SB or DMSO for 2 h and then 
treated with or without additional 51 mM NaCl for 24 h in the presence of 5 µM SB or DMSO. (C) High salt enhances LPS-in-
duced p38 phosphorylation. BMDMs were treated with or without additional 51 mM NaCl for 13 h and 100 ng/ml LPS was 
added during the last 1 h of the treatment. (D, E) p38 mediates high-salt-enhanced response to LPS. BMDMs were treated 
by the same procedure as in B, except that 100 ng/ml LPS was added to all groups during the last 12 h of the treatment. 
Expression of the indicated genes (D) and proteins (E) was quantified. For all panels, gene expression was measured using 
qRT-PCR and protein expression or phosphorylation was measured using western blotting. ns, not significant; *P < 0.05; **P 
< 0.01; ***P < 0.001.
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Figure 4 Erk1/2 MAPK mediates the gene expression of M(Na) as well as high-salt-induced potentiation of M(LPS) and sup-
pression of M(IL4). (A) High salt activates Erk1/2 in macrophages. BMDMs were treated with or without additional 51 mM NaCl 
for the indicated time periods. p-Erk and total Erk1/2 (Erk) levels were measured and tubulin was used as a loading control. (B, C) 
PD inhibits high-salt-induced upregulation of proinflammatory gene expression (B) and downregulation of anti-inflammatory and 
proendocytic gene expression (C). BMDMs were pretreated with 20 µM PD or DMSO for 1 h and then treated with or without 
additional 51 mM NaCl for 24 h in the continued presence of 20 µM PD or DMSO. (D) High salt enhances LPS-induced Erk1/2 
phosphorylation. BMDMs were treated with or without additional 51 mM NaCl for 13 h and 100 ng/ml LPS was added during the 
last 1 h of the treatment. (E, F) Erk1/2 mediates high-salt-induced potentiation of M(LPS). BMDMs were treated by the same 
procedure as in B, except that 100 ng/ml LPS was added to all groups during the last 12 h. Expression of the indicated genes (E) 
and proteins (F) was quantified. (G) High salt increases p-Erk1/2 at baseline and under IL4 treatment. BMDMs were treated with 
10 ng/ml IL4 or BSA in the presence or absence of additional 51 mM NaCl for 6 h. (H, I) Erk1/2 mediates high-salt-induced sup-
pression of M(IL4). BMDMs were treated in the same way as in C, except that 10 ng/ml IL4 was added to all groups during the 
last 24 h. Expression of the indicated genes (H) and proteins (I) was quantified. For all panels, gene expression was measured 
using qRT-PCR and protein expression or phosphorylation was measured using western blotting. ns, not significant; *P < 0.05; 
**P < 0.01; ***P < 0.001.
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M(Na) and potentiation of M(LPS).
As expected, cFos phosphorylation (p-cFos) was in-

creased by high salt in BMDMs time-dependently but 
the level of total cFos was not affected (Figure 5A). The 
high-salt-induced upregulation of proinflammatory genes 
(CCL8, CXCL1, CXCL2, IL1B, COX2, and iNOS) was 
markedly inhibited by SR11302 (SR), a selective inhibitor 
of AP1 (Figure 5B). Deficiency of cFos (Supplementary 
information, Figure S5A) had the similar inhibitory effects 
in BMDMs (Supplementary information, Figure S5B). 
Interestingly, both SR treatment and cFos deficiency in 
macrophages completely blocked high-salt-induced up-
regulation of CXCL2, indicating that the effect of high salt 
on this gene was exclusively dependent on cFos. Further-
more, both SB and PD dramatically attenuated high-salt-
induced p-cFos, indicating that the effects of high salt on 
p-cFos were mediated by p-p38 (Figure 5C) and p-Erk1/2 
(Figure 5D). Interestingly, PD also decreased p-cFos in 
BMDMs without high-salt treatment (Figure 5D).

The level of phosphorylated cJun or total cJun was 
not increased by high salt (Supplementary information, 
Figure S5C), consistent with the unchanged activation 
of JNK upon high-salt treatment (Supplementary infor-
mation, Figure S4A). In addition, high-salt treatment 
did not affect the level of phosphorylated P65 (p-P65), 
phosphorylated IκBα (p-IκBα), total IκBα (Supplemen-
tary information, Figure S5D), or IRF5 (Supplementary 
information, Figure S5E). These results suggest that acti-
vation of IRF5 or nuclear factor kappa B (NFκB) was not 
affected by high salt.

Under LPS stimulation, high-salt treatment further en-
hanced p-cFos in BMDMs (Figure 5E). Consistently, SR 
significantly weakened high-salt-induced potentiation of 
M(LPS). As a result, expression levels of proinflammato-
ry genes (CXCL1, CXCL2, IL1B, IL6, COX2, and iNOS) 
were much lower in SR-treated groups than DMSO-treat-
ed groups in BMDMs treated by additional 51 mM NaCl 
and LPS together (Figure 5F). Protein expression levels 
of COX2 and iNOS were also lower in SR-treated groups 
(Figure 5G). Moreover, under LPS co-stimulation, high-
salt-induced enhancement of p-cFos was completely 
abolished by SB (Figure 5H) or p38α deficiency (Sup-
plementary information, Figure S5F). SB also decreased 
p-cFos in BMDMs treated with LPS in the absence of 
high salt (Figure 5H). However, PD did not affect high-
salt-induced upregulation of p-cFos level in BMDMs 
treated with high salt and LPS together (Supplementary 
information, Figure S5G).

Taken together, these data showed that cFos/AP1 me-
diated the proinflammatory gene expression of M(Na) 
downstream of both p-p38 and p-Erk1/2. In addition, 
cFos/AP1 mediated-high-salt-induced potentiation 

of M(LPS) depends on p-p38, but is independent of 
p-Erk1/2 in mouse BMDMs.

STAT6 mediates the downregulation of anti-inflammatory 
and proendocytic gene expression of M(Na) as well as 
high-salt-induced suppression of M(IL4)

Signal transducer and activator of transcription 6 
(STAT6) is a classical transcription factor that regulates 
anti-inflammatory and proendocytic gene expression 
in macrophages [15, 16]. Thereby, we tested wheth-
er STAT6 mediated the effects of high salt. High salt 
time-dependently decreased the protein level of phos-
phorylated STAT6 (p-STAT6) in BMDMs (Figure 6A). 
Unexpectedly, total STAT6 protein level was also de-
creased (Figure 6A) while the mRNA level of STAT6 
was not (Supplementary information, Figure S6A). To 
further examine whether the downregulation of STAT6 
accounted for the inhibitory effects of high salt in mac-
rophages, we stably overexpressed murine STAT6 in 
mouse macrophage cell line RAW264.7. Overexpression 
of STAT6 significantly attenuated high-salt-induced 
decrease in expression of genes including Kruppel-like 
factor 4 (KLF4), peroxisome proliferator-activated recep-
tor gamma (PPARg), and MMR (Figure 6B). Given that 
p-Erk1/2 mediated the suppression of anti-inflammatory 
and proendocytic gene expression of M(Na), we next 
investigated whether p-Erk1/2 mediated the high-salt-
induced downregulation of p-STAT6 and total STAT6. 
When PD was added, downregulation of both p-STAT6 
and total STAT6 was completely abrogated in BMDMs 
(Figure 6C).

In the presence of IL4, additional 51 mM NaCl treat-
ment also decreased the levels of p-STAT6 and total 
STAT6 in BMDMs (Figure 6D). Consistently, high-salt-
induced suppression of protein levels of MMR and IRF4, 
two classical markers of M(IL4), was alleviated by STAT6 
overexpression in RAW264.7 cells. As a result, RAW264.7 
cells with STAT6 overexpression had much higher expres-
sion of MMR and IRF4 than those with GFP overexpres-
sion when treated with high salt and IL4 together (Figure 
6E). These data indicated that the attenuation of STAT6 
contributed to high-salt-induced suppression of M(IL4). 
Furthermore, this attenuation was abolished by PD in 
BMDMs (Figure 6F), suggesting that p-Erk1/2 mediated 
such attenuation in the presence of IL4. STAT6 mRNA 
level was not affected by high salt in IL4-treated BMDMs 
(Supplementary information, Figure S6B). These results 
together showed that high salt attenuated STAT6 through 
promoting Erk1/2 phosphorylation, ultimately inhibiting 
the anti-inflammatory and proendocytic gene expression 
of M(Na) as well as suppressing M(IL4).

Summarizing all the results regarding high-salt-in-
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Figure 5 AP1 mediates the proinflammatory gene expression of M(Na) and high-salt-induced potentiation of M(LPS). (A) 
High salt promotes cFos phosphorylation in macrophages. BMDMs were treated with or without additional 51 mM NaCl for 
the indicated time periods. p-cFos and total cFos (cFos) levels were measured and GAPDH was used as a loading control. 
(B) SR inhibits high-salt-promoted proinflammatory gene expression. BMDMs were pretreated with 10 µM SR or DMSO for 1 
h and then treated with or without additional 51 mM NaCl for 24 h in the continued presence of 10 µM SR or DMSO. (C) High 
salt-induced increase of p-cFos depends on p38 activation. BMDMs were pretreated with 10 µM SB for 2 h and then treat-
ed with or without additional 51 mM NaCl for 12 h in the presence of 5 µM SB or DMSO. (D) High salt-induced increase of 
cFos phosphorylation depends on Erk1/2 activation. BMDMs were pretreated with 20 µM PD for 1 h and then treated with or 
without additional 51 mM NaCl for 12 h in the presence of 20 µM PD or DMSO. (E) High salt enhances LPS-induced p-cFos. 
BMDMs were treated with or without additional 51 mM NaCl for 13 h and 100 ng/ml LPS was added during the last 1 h of the 
treatment. (F, G) AP1 mediates high-salt-enhanced response to LPS. BMDMs were treated by the same procedure as in B, 
except that 100 ng/ml LPS was added to all groups during the last 12 h of the treatment. Expression of the indicated genes (F) 
and proteins (G) was quantified. (H) High salt-induced increase of p-cFos in the presence of LPS depends on p38 activation. 
BMDMs were treated by the same procedure as in C, except that 100 ng/ml LPS was added to all groups during the last 1 h 
of the treatment. For all panels, gene expression was measured using qRT-PCR and protein expression or phosphorylation 
was measured using western blotting. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001. 

duced intracellular signaling pathways, we propose a 
model of the mechanisms (Figure 6G). In this model, 
high salt induces the increase of proinflammatory gene 
and protein expression of M(Na) and M(LPS) through 
p38/cFos/AP1 pathway. The proinflammatory profile of 
M(Na) is also dependent on Erk1/2/cFos/AP1 signaling. 
On the other hand, Erk1/2/STAT6 pathway mediates 
high-salt-induced attenuation of anti-inflammatory and 
proendocytic gene expression of M(Na) as well as the 
suppression of M(IL4).

High salt aggravates lung inflammation
Our data demonstrated that high salt remarkably pro-

moted gene and protein expression of proinflammatory 
molecules in both human and mouse macrophages in the 
absence or presence of LPS. We then asked whether high 
salt would affect phenotypes of monocytes/macrophages 
and inflammation in vivo.

We first studied the effects of high salt intake in mice 
at baseline. Mice were fed with chow diet (CD) or HSD. 
Alveolar macrophages were collected for gene expression 
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Figure 6 STAT6 mediates the downregulation of anti-inflammatory and proendocytic gene expression of M(Na) as well as 
high-salt-induced suppression of M(IL4). (A) High salt decreases levels of p-STAT6 and total STAT6. BMDMs were treated 
with additional 51 mM NaCl for the indicated time periods. Levels of p-STAT6 and STAT6 were measured and actin was used 
as a loading control. (B) STAT6 mediates high-salt-induced reduction of anti-inflammatory and proendocytic gene expres-
sion. RAW264.7 cells with stable overexpression of STAT6 or GFP were treated with or without additional 51 mM NaCl for 6 
h. (C) High-salt-induced reduction of p-STAT6 and total STAT6 depends on Erk1/2 activation. BMDMs were pretreated with 
20 µM PD for 1 h and then treated with or without additional 51 mM NaCl for 6 h in the presence of 20 µM PD or DMSO. (D) 
High salt decreases levels of p-STAT6 and STAT6 in the presence of IL4. BMDMs were treated with or without additional 51 
mM NaCl in combination with 10 ng/ml IL4 for 6 h. (E) Overexpression of STAT6 attenuates high-salt-induced suppression 
of M(IL4). RAW264.7 cells with stable overexpression of STAT6 or GFP were treated with or without additional 51 mM NaCl 
in combination with 10 ng/ml IL4 for 24 h. (F) High-salt-induced reduction of p-STAT6 and total STAT6 depends on Erk1/2 
activation in the presence of IL4. Treatment was the same as in C except that 10 ng/ml IL4 was added to all groups. (G) Pro-
posed model of the signaling pathways that mediate the effects of high salt in macrophages. For all panels, gene expression 
was measured using qRT-PCR and protein expression or phosphorylation was measured using western blotting. ns, not sig-
nificant; *P < 0.05; **P < 0.01; ***P < 0.001.

analysis. qRT-PCR results showed that expression levels 
of proinflammatory genes including CXCL1, chemokine 
(C-C motif) ligand 3 (CCL3), IL12B, CCR2, TLR4, and 
iNOS were significantly higher in macrophages from 
HSD group than those from CD group (Figure 7A). How-
ever, high salt did not affect the number of CD11b+ cells, 
monocytes, or neutrophils in mouse lungs at baseline 
(Supplementary information, Figure S7A and S7B).

Then we explored the effects of high salt intake in 
LPS-challenged mice. In a mouse sepsis model induced 
by intraperitoneal injection of LPS, CXCL1 and CXCL2 
levels were notably higher in serum from mice of the 
HSD group than those of the CD group (Figure 7B). 
Meanwhile, we measured expression of proinflammatory 
genes in macrophage-rich tissues including lungs, kid-
neys, brains, and epididymal adipose tissues. High salt 
significantly enhanced gene expression of CXCL1, IL6 
and iNOS in lungs (Figure 7C), but not in kidneys except 
for iNOS (Supplementary information, Figure S7C), in 
brains (Supplementary information, Figure S7D) or ep-
ididymal adipose tissues (Supplementary information, 
Figure S7E). These results suggest that high salt indeed 
promotes LPS-induced inflammation in vivo and this is 
limited to particular tissues such as lungs.

To further investigate the influence of high salt on 
lung inflammation, a more direct acute lung injury model 
was established in mice inhaling aerosolized LPS. Mac-
rophages were sorted from lungs using flow cytometry 
(Supplementary information, Figure S7F). As expected, 
pulmonary macrophages from mice in HSD group had 
markedly higher expression levels of proinflammato-
ry genes (CXCL1, IL6 and CCR2) than those from CD 
group (Figure 7D). Immunofluorescence staining results 
showed much more CD11b+ cells in lungs from mice 
in HSD group (Figure 7E and 7F), which was further 
verified by flow cytometry (Figure 7G and 7H). Further 
analysis of subsets of CD11b+ cells by flow cytometry 

showed that the number of monocytes almost doubled 
in lungs from mice in HSD group compared with those 
in CD group (Figure 7G and 7H). However, the amounts 
of neutrophils in lungs were similar between these two 
groups (Figure 7G and 7H). In addition, HSD induced 
significant increase in numbers of leukocytes and mono-
cytes/macrophages, but not polymorphonuclear cells 
(PMNs), in bronchoalveolar lavage (BAL) fluid from 
aerosolized LPS-treated mice (Figure 7I). Furthermore, 
HSD markedly increased wet weight to dry weight ratio 
of lungs in these LPS-challenged mice, demonstrating 
more severe lung edema (Figure 7J). To test whether 
TH17 cells were involved in this worsening of LPS-in-
duced lung inflammation by high salt, we measured 
levels of IL17A in BAL fluid and serum from mice chal-
lenged with aerosolized LPS. However, high salt did 
not affect protein level of IL17 in BAL fluid or serum 
(Supplementary information, Figure S7G), implying 
that TH17 cells were not critical for the aggravation of 
lung inflammation by high salt. Taken together, high salt 
markedly aggravated LPS-induced lung inflammation 
in mice likely by increasing monocyte recruitment and 
macrophage-derived proinflammatory cytokines/chemo-
kines.

Discussion

Through the current study we defined a specific mac-
rophage activation state induced by high salt, M(Na), 
which is different from M(LPS) and M(IFNγ). We identi-
fied p38/cFos/AP1, Erk1/2/cFos/AP1, and Erk1/2/STAT6 
pathways as the underlying molecular mechanisms medi-
ating the effects of high salt. High salt represented a risk 
factor for LPS-induced acute lung injury in mice, likely 
by promoting the adhesion and recruitment of monocytes 
in lungs and boosting proinflammatory cytokines and/or 
chemokines derived from monocytes and macrophages. 
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Figure 7 High salt promotes lung inflammation in mice. (A) High salt increases proinflammatory gene expression in alveolar 
macrophages at baseline (without LPS challenge). Alveolar macrophages were collected via BAL in mice that received chow 
diet and tap water (CD group) or high-salt diet (HSD) containing 4% NaCl and tap water containing 1% NaCl (HSD group). 
Expression of the indicated genes was measured using qRT-PCR (n = 4:4). (B) High salt elevates serum levels of CXCL1 
and CXCL2 in LPS-challenged mice. Mice were intraperitoneally injected with LPS (10 µg per 25 g mice) and sacrificed 1 
h later. Representative results of ELISA (n = 5:6) from three independent experiments are shown. (C) High salt increases 
expression of proinflammatory genes in lungs from the same mice as in B. Gene expression was quantified using qRT-PCR 
(n = 16:17). (D) High salt increases expression of proinflammatory genes in macrophages sorted from lungs after LPS chal-
lenge. Mice inhaled 1 mg/ml LPS for 35 min and were sacrificed 3 h later. F4/80+ macrophages were sorted from the lungs 
using flow cytometry. Gene expression was quantified using qRT-PCR (n = 6:6). (E, F) High salt increases CD11b+ cells in 
mouse lungs after LPS challenge as determined by immunofluorescence staining. Mice were challenged with LPS in the 
same way as in D. Representative immunofluorescence staining for CD11b (red) and images merged with DAPI (pink) are 
shown in E and quantification in F (n = 6:6). (G, H) High salt increases CD11b+ cells and monocytes but not neutrophils in 
mouse lungs after LPS challenge as determined by flow cytometry. Representative flow cytometry analysis of CD11b+ cells, 
monocytes (CD11b+/Ly6G−/Ly6C+), and neutrophils (CD11b+/Ly6G+/Ly6C−) is shown in G and quantification in H (n = 6:6). (I) 
High salt increases the numbers of leukocytes and monocytes/macrophages but not PMNs in BAL fluid. Mice inhaled 1 mg/ml 
LPS for 35 min and were sacrificed 6 h later. Leukocytes were counted using a hemocytometer. The percentages of mono-
cytes/macrophages and PMNs were determined using Wright-Giemsa staining (n = 6:6). (J) High salt aggravates lung edema 
in LPS-challenged mice. Mice were challenged with LPS in the same way as in I. Lung edema was indicated by wet to dry 
weight ratio (n = 7:10). ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.



906
High salt induces M(Na)npg

Cell Research | Vol 25 No 8 | August 2015

These data indicate that high salt directly acts on macro-
phages to promote inflammation.

M(Na) is different from other proinflammatory macro-
phage activation states such as M(LPS) and M(IFNγ). Al-
though they have some similarities such as upregulation 
of proinflammatory genes and downregulation of cell 
cycle-related genes (data not shown) [25] as well as par-
tially overlapped signaling pathways including activation 
of p38, Erk1/2, and cFos/AP1 [26], M(Na) differs from 
M(LPS) in several aspects. First, the proinflammatory 
profile of M(Na) is much more modest in comparison to 
that of M(LPS). This was illustrated not only by the mag-
nitude of the gene/protein expression of proinflammatory 
genes but also by the range of the genes affected. For 
instance, high salt did not increase expression of LPS-re-
sponsive genes such as CCL4, CCL5, Cx3Cl1, ICAM1, 
IRF5, IRF8, and TNFα (data not shown). Second, M(Na) 
displays suppression of anti-inflammatory genes. In re-
sponse to LPS, expression levels of a set of anti-inflam-
matory genes, including ATF3, IL10, IL1RA, SOCS1, 
and IKBA, increase as part of the mechanisms to limit 
prolonged inflammation [27-30]. Such increase remained 
24 h after the initiation of LPS treatment as shown by 
our data or even longer as shown by others [30]. How-
ever, M(Na) showed decreased or unchanged expression 
of these anti-inflammatory genes. Third, the signaling 
pathways of M(Na) are different from those of M(LPS). 
There was no JNK/cJun activation in M(Na). Further, 
AP1 but not NFκB or IRF5 was activated in M(Na) as 
addressed in more details later. In addition, M(Na) has a 
different transcriptional profile compared with M(IFNγ). 
For instance, high salt did not increase expression of 
IFNγ-responsive genes such as IRF5, IRF8, SOCS1 and 
STAT1 (data not shown).

We identified p38/cFos/AP1 and Erk1/2/cFos/AP1 
pathways as the underlying mechanisms through which 
high salt induced the proinflammatory profile in mac-
rophages. Using an inhibitor of p38α/p38β and my-
eloid-specific p38α-knockout mice, we demonstrated 
that p38α was necessary for high salt to activate cFos, 
thus skewing macrophages toward a proinflammatory 
state. Given the important roles of p38γ and p38δ in the 
inflammatory response of macrophages [31], these two 
isoforms may also contribute to the effects of high salt.

Previous reports have indicated that Erk1/2 may play a 
less essential or even contrasting role than p38 in regulat-
ing proinflammatory gene expression of LPS-stimulated 
macrophages [22, 32]. We showed that Erk1/2 was simi-
larly important in mediating the proinflammatory effects 
of high salt with or without LPS co-stimulation. The 
activation of cFos by high salt alone was dependent on 
Erk1/2 activation, which, however, was not required for 

the potentiation of LPS-stimulated cFos activation. Ear-
lier studies have suggested that Erk1/2 may participate 
in activation of NF-κB by promoting IκB kinase activa-
tion and enhancing IκB degradation in LPS-stimulated 
macrophages [33]. Therefore, it is plausible that high 
salt additionally activates an Erk1/2/NF-κB pathway to 
potentiate the proinflammatory effects of LPS. It remains 
to be further determined whether high salt potentiates 
LPS-induced activation of NF-κB and other important 
proinflammatory regulators including IRF5, though we 
have demonstrated that these proteins and their path-
ways-related molecules were not affected by high salt 
alone in M(Na).

We demonstrated that the Erk1/2/STAT6 pathway was 
critical for the effects of high salt on gene and/or protein 
expression of both anti-inflammatory and proendocytic 
genes. High salt suppressed STAT6 most likely through 
protein degradation and inhibition of phosphorylation. 
High salt decreased protein level but not mRNA level 
of STAT6, suggesting a post-transcriptional regulatory 
mechanism such as protein degradation. It has been re-
ported that STAT6 can be degraded by proteases such as 
calpains [34] and that activation of calpain II can be in-
duced by p-Erk1/2 [35]. Therefore, it is possible that high 
salt decreases total STAT6 level via promoting Erk1/2 
phosphorylation and then inducing activation of calpains 
to degrade STAT6. It is worth mentioning that high-salt 
treatment resulted in more significant decrease in phos-
phorylation of STAT6 than total protein expression. This 
indicates that high salt may inhibit the phosphorylation 
besides causing degradation of STAT6 protein.

Our in vivo data showed that high salt aggravated lung 
inflammation and edema, indicating that high salt is a 
risk factor for acute lung injury. Monocytes are import-
ant players in sepsis-induced, high stretch mechanical 
ventilation-induced, and transfusion-related acute lung 
injuries [36-38]. Depletion of monocytes markedly atten-
uates the progress of these injuries [36-38]. Our results 
showed that high salt significantly increased monocyte 
recruitment in the lungs and BAL fluid of mice chal-
lenged with LPS. Such elevation of monocytes may 
further sensitize the lungs to the second hits such as in-
fection and high-stretch ventilation. In addition, high salt 
increased the expression and secretion of proinflamma-
tory cytokines and/or chemokines that may exacerbate 
lung injuries. Moreover, monocytes and macrophages are 
important sources of these cytokines/chemokines. The 
increased number of monocytes/macrophages and ele-
vated cytokines/chemokines may ultimately contribute to 
the aggravation of LPS-induced alveolar-capillary barrier 
disruption and therefore lung edema.

High-salt-induced potentiation of monocyte recruit-
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ment may be due to the increase of their adhesion to en-
dothelial cells in lungs. IL8 and its murine functional ho-
mologue CXCL1 markedly promote monocyte adhesion 
to endothelium [39, 40]. High salt significantly elevated 
IL8 and/or CXCL1 in both human and mouse macro-
phages with or without LPS co-stimulation. In vivo, high 
salt potentiated gene expression and secretion of CXCL1 
in mice. It is therefore conceivable that CXCL1 (and 
IL8) at least partially mediates the impact of high salt on 
the potentiation of LPS-induced accumulation of mono-
cytes through enhancing their adhesion in lungs.

Our study added more evidence to support that mac-
rophages are important target cells of high salt. In rats or 
mice fed with HSD, macrophages are necessary to main-
tain extracellular volume and blood pressure homeostasis 
through a tonicity-responsive enhancer-binding protein 
(also known as NFAT5)/vascular endothelial growth fac-
tor-C signaling [41, 42]. These are relatively short-term (2 
weeks) effects associated with macrophage accumulation 
in skin and independent of inflammation. In our study, 
HSD treatment (7 months) sensitized mice to LPS-in-
duced acute lung inflammation, which was demonstrated 
by increased monocyte accumulation in lungs and BAL 
fluid, elevated expression of proinflammatory genes 
in the whole lungs and particularly pulmonary macro-
phages, as well as more severe lung edema. These in 
vivo data and the in vitro results support direct impacts of 
high salt on macrophages. Sodium homeostasis is tightly 
regulated by the renin-angiotensin-aldosterone system 
[43]. To achieve sufficient sodium accumulation in vivo, 
we treated mice for 7 months, similar to previously re-
ported [44].

In summary, high salt activated M(Na), potentiated 
M(LPS), and suppressed M(IL4). Mechanistically, p38/
cFos/AP1 and Erk1/2/cFos/AP1 pathways mediated the 
proinflammatory features of M(Na). p38/cFos/AP1 path-
way also mediated the potentiation of M(LPS). Erk1/2/
STAT6 pathway mediated the suppression on the an-
ti-inflammatory and proendocytic features. The in vivo 
data suggest that high salt is a risk factor for acute lung 
inflammation and edema. These results identify M(Na) 
as a novel macrophage activation state and suggest that 
macrophages may be direct target cells of high salt and 
may mediate the detrimental consequences of high salt 
consumption.

Materials and Methods

Ethics statement
All mouse experiments were carried out following the NIH 

Guide for the Care and Use of Laboratory Animals. All animal 
protocols were approved by the Institutional Review board of In-
stitute for Nutritional Sciences, Shanghai Institutes for Biological 

Sciences, Chinese Academy of Sciences (2012-AN-2).
Blood from healthy donors was obtained in accordance with 

protocols approved by the Institutional Review and the Ethics 
Board at Shanghai Ninth People’s Hospital, Shanghai JiaoTong 
University School of Medicine (Shanghai, China). Written in-
formed consent was obtained from each donor.

Mouse strains
Floxed p38α mice [45] and floxed cFos mice [46] were crossed 

with LysM-Cre mice [47] to respectively generate myeloid-spe-
cific p38α- and cFos-knockout mice. Erk1-knockout mice were 
generated as described [48]. C57BL/6 mice were purchased from 
Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai, China). 
All mice were housed in specific pathogen-free (SPF) facility 
and fed ad libitum under the light/dark cycle of 12 h: 12 h. Male 
C57BL/6 mice aged 5 weeks were randomized into CD group and 
HSD group ad libitum for 7 months, similar to that reported before 
[44]. Mice in CD group were fed normal diet and tap water. Mice 
in HSD group were fed diet containing 4% NaCl and tap water 
containing 1% NaCl as previously described [6, 7].

Human monocyte-derived macrophages
Peripheral blood mononuclear cells were prepared from whole 

blood of healthy male donors by density gradient centrifugation 
using Ficoll-Paque (STEMCELL technologies, 07957). Following 
the centrifugation, monocytes were sorted using CD14 positive 
selection cocktail (STEMCELL technologies, 18058) according 
to the manufacturer’s protocol. Each 1.0 × 106 monocytes were 
cultured in a well of 12-well plates in media containing 90% 
RIPA1640 (Gibco), 10% inactivated FBS (Gibco) and 100 ng/ml 
human M-CSF (Peprotech, AF-300-25) without disturbance for 6 
days. On the 7th day, these monocyte-derived macrophages were 
treated with additional 51 mM NaCl alone or together with 100 
ng/ml LPS (Sigma-Aldrich, L4391) in the continued presence of 
100 ng/ml human M-CSF. 

Mouse BMDMs
L929 cells (1.0 × 106) were cultured in 55 ml media containing 

90% RIPA1640 (Gibco) and 10% inactivated FBS (Gibco) for 7 
days. L929-conditioned media were harvested for differentiation 
of BMDMs. Mouse bone marrow cells were obtained from femur 
and tibia of 8-week male C57BL/6 mice, and then were cultured in 
media containing 60% RIPA1640, 30% L929-conditioned media, 
and 10% inactivated FBS in 6-well plates at the density of 2.0 × 
106 per well for 7 days. BMDMs were used for experimentation on 
day 8.

Establishment of RAW264.7 cells with stable overexpression 
of murine STAT6

Murine STAT6 cDNA was subcloned into pHAGE-fEF1a-
IRES-ZsGreen plasmid (a kind gift from Professor Chenqi Xu, 
SIBCB, CAS). This STAT6 plasmid was then introduced into 
293FT cells together with lentivirus packaging plasmids using 
cationic liposome (Lipofectamine 2000, Life Technologies). Me-
dia (containing lentivirus) were harvested from cells 48 h after 
transfection and filtered through 0.22-µm filters. RAW264.7 cells 
were infected by the lentivirus and then passaged 3-4 times. Zs-
Green-positive cells were sorted by flow cytometry. RAW264.7 
cells with stable STAT6 overexpression were established by two 
rounds of GFP selection.
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Alveolar macrophage isolation
Mice were anesthetized with Avertin (3.2% (g/ml)) and BAL 

was performed by instilling the whole lungs of each mouse with 1.3 
ml of 1× PBS for three times. The lavage fluid was collected and 
combined for centrifugation to obtain alveolar macrophages.

Sepsis and acute lung injury mouse models
Mouse sepsis model was established by intraperitoneal injec-

tion of LPS (Escherichia coli 055:B5, Sigma-Aldrich, L2880) 
in 0.9% saline at a dose of 10 µg/25 g mouse weight. Mice were 
sacrificed 1 h later and blood, lungs, kidneys, epididymal adipose 
tissue, and brains were collected for analyses. 

Acute lung injury was induced through inhalation of aero-
solized LPS. For each independent experiment, three mice from 
HSD group and three mice from CD group were simultaneously 
exposed to 1 mg/ml aerosolized LPS for 35 min by placing in a 
custom-built chamber (Height, 15 cm; Width, 26 cm; Length, 26 
cm). Aerosolized LPS was delivered to the chamber through an 
air nebulizer. Three hours after LPS exposure, mice were anes-
thetized and injected with 100 µl of 1% heparin to prevent blood 
coagulation. The mice were then systemically perfused using PBS 
at constant flow to wash out blood cells. Lungs were immediately 
taken for sorting of pulmonary macrophages, immunofluorescence 
staining, or flow cytometry analysis. For counting of leukocytes in 
BAL fluid and measurement of lung edema, mice inhaled aerosol-
ized LPS for 35 min and were sacrificed 6 h later.

Leukocyte counting
Mice were anesthetized with Avertin (3.2% (g/ml)) and BAL 

was performed by instilling the right lung of each mouse with 0.55 
ml of 1× PBS for three times and the lavage fluid was collected 
and combined. The number of leukocytes was counted using a 
hemocytometer. Cytospin samples were prepared from BAL fluid 
using a cytospin centrifuge. Air-dried cytospin samples were used 
for Wright-Giemsa staining to quantify the numbers of monocytes/
macrophages and PMNs.

Evaluation of lung edema
The left lung of each mouse was collected without PBS per-

fusion and weighed immediately for wet weight. After 3 days of 
drying at 65 °C, the lung was weighed again for dry weight. Lung 
edema was indicated by the ratio of wet to dry weight.

Immunofluorescence staining
The post-caval lobe of each mouse was fixed in 4% PFA for 12 

h, dehydrated using gradient glucose, and then embedded in OCT. 
Frozen sections of lungs (10 µm) were blocked using goat serum 
and then stained with antibody against CD11b (ab8878, Abcam). 
Fluorescent signals were captured using a confocal microscope 
and five images were randomly chosen for quantification of 
CD11b+ cells.

Flow cytometry analysis and sorting
The left lobe, right caudal lobe, and right middle lobe of lungs 

from each mouse were collected together for flow cytometry anal-
ysis. The lung lobes were enzymatically digested for 30 min at 37 
°C with automatic rotation to prepare single-cell suspension. The 
enzymatic digestion buffer comprised 2 mg/ml collagenase IV 
(Worthington) and 60 U/ml DNase I (Sigma-Aldrich) dissolved 

in HEPES buffer with pH 7.4. Cells were first incubated with Fc 
receptor antibodies (2.4G2, BD Biosciences) for 15 min at 4 °C 
to reduce non-specific binding, and then incubated for 40 min at 
4 °C with antibodies including fluorescein isothiocyanate-conju-
gated CD11b (M1/70, eBioscience), R-phycoerythrin-conjugated 
(PE-conjugated) Ly6C (AL-21, BD Biosciences), allophycocy-
anin-conjugated Ly6G (1A8, BD Biosciences) and F4/80 (BM8, 
eBioscience), and PE-Cy7-conjugated CD45 (30-F11, eBiosci-
ence). After staining, cells were immediately analyzed or sorted 
by flow cytometry (FACSAria III, BD biosciences). Pulmonary 
macrophages, identified as CD45+/F4/80+, were sorted and then 
resuspended in PBS.

RNA sequencing
Total RNA was extracted from human macrophages using 

Trizol reagent (Invitrogen) and its quality was checked using Bio-
analyzer 2200 (Agilent Technologies). The RNA with RNA integ-
rity numbers > 8.0 was used for amplification of complementary 
DNA (cDNA) by Ion Total RNA-Seq Kit v2.0 (Life Technologies) 
according to the manufacturer’s instructions. Single-end sequenc-
ing was carried out on Proton Sequencers (Life Technologies) 
according to Ion PI Sequencing 200 Kit v2.0 (Life Technologies). 
Clean reads were aligned to human genome (version: GRCH37) 
using the MapSplice program (v2.1.6). Original data of the se-
quencing were deposited into Gene expression omnibus and an 
accession number (GSE68482) was assigned.

qRT-PCR
Total RNAs from cells and tissues were extracted with TRIZOL 

(Invitrogen) and cDNA synthesis was accomplished using reverse 
transcription kits (Takara). qRT-PCR was carried out in duplicates 
on an ABI7900HI (Applied biosystems) using Syber Green to de-
tect the products. Relative expression was determined via the Ct 
method and normalized to GAPDH or L32 as an internal control. 
Primer sequences are available upon request.

Total protein extraction and western blotting analysis
Cells were lysed with lysis buffer containing phenylmethane-

sulfonyl fluoride. Cell lysate was separated by SDS-PAGE and an-
alyzed by immunoblotting. We used the following antibodies: MR 
(ab64693) and STAT6 (ab32520) from Abcam; COX2 (160106) 
from Cayman; iNOS (610328) and p-STAT6 (558241) from BD 
Transduction Laboratory; MGL2 (AF2835) and YM1 (BAF2446) 
from R&D Systems; IRF4 (sc-6059), cFos (sc-52), and ACTIN 
(sc-1616) from Santa Cruz; p-p38 (4511s), p38 (9212s), p-Erk1/2 
(4376s), Erk1/2 (4695), and p-cFos (5348s) from Cell Signaling 
Technology; GAPDH (KC-5G4) from KangChen Bio-tech; Tubu-
lin (T6199) from Sigma-Aldrich.

Measurement of cytokine levels
Cell supernatant was collected and centrifuged to remove cell 

pellets. Mouse blood was allowed to clot at room temperature for 
30 min and then centrifuged. Serum on the upper layer was col-
lected. Cytokine levels were measured using ELISA following the 
manufacturer’s protocols. We used the following ELISA kits: hu-
man CXCL1 (R&D Systems, DGR00), IL8 (Genscript, L00417), 
CCL22 (R&D Systems, DMD00), mouse CXCL1 (LiChen Bio-
tech, China), CXCL2 (LiChen Bio-tech, China), and IL17 (Abcam, 
ab100702).
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Measurement of LPS concentration
Limulus amebocyte lysate (LAL) assay was adapted to measure 

LPS concentrations. Experiments were carried out in accordance 
with protocols from ToxinSensor Chromogenic LAL Endotoxin 
Assay Kit (Genscript, L00350C).

TUNEL assay
BMDMs were seeded onto culture slides and treated with ad-

ditional 51 mM NaCl for 24 h. After that, TUNEL staining was 
done using in Situ Cell Death Detection Kit-TMR red (Roche, 
12156792910) according to the manufacturer’s protocol. Fluores-
cent signals were captured using a confocal microscope.

Statistics
All results were presented as mean ± SEM and analyzed using 

Prism software (Graph Pad). Statistical significance was deter-
mined using unpaired Student’s t-test. A difference was considered 
significant if the P-value was < 0.05.
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