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A B S T R A C T   

Objective: Inflammation and oxidative stress play critical roles in sepsis-induced acute lung injury (ALI). Sprout4 
(Spry4) is involved in regulating inflammation and tissue injury; however, its role and mechanism in sepsis- 
induced ALI remain elusive. 
Methods: Macrophage-specific Spry4 knockout (Spry4MKO), transgenic (Spry4MTG) mice and matched control 
littermates were generated and exposed to cecum ligation and puncture (CLP) surgery to establish bacterial 
sepsis-induced ALI. Bone marrow-derived macrophages (BMDMs) from Spry4MKO or Spry4MTG mice were isolated 
and subjected to lipopolysaccharide (LPS) stimulation to further validate the role of Spry4 in vitro. To verify the 
necessity of AMP-activated protein kinase (AMPK), Spry4 and AMPK double knockout mice and compound C 
were used in vivo and in vitro. BMDMs were treated with STO-609 to inhibit calcium/calmodulin-dependent 
protein kinase kinase 2 (CaMKK2). 
Results: We found that macrophage Spry4 was increased in CLP mice and positively correlated with sepsis- 
induced ALI. Macrophage Spry4 deficiency prevented, while macrophage Spry4 overexpression exacerbated 
sepsis-induced inflammation, oxidative stress and ALI in mice and BMDMs. Mechanistic studies revealed that 
macrophage Spry4 deficiency alleviated sepsis-induced ALI through activating CaMKK2/AMPK pathway. 
Conclusion: Our study identify macrophage Spry4 as a promising predictive and therapeutic target of sepsis- 
induced ALI.   

1. Introduction 

Sepsis is a devastating clinical disorder, and often causes multiple 
organ failure among patients in the intensive care unit [1,2]. The lung is 
one of the most vulnerable organs during sepsis, and septic patients with 
acute lung injury (ALI) also display higher mortality rates and poorer 
prognoses, despite the progresses of machine support ventilation and 
symptomatic treatment [3–5]. It is well-accepted that inflammation and 
oxidative stress play critical roles in sepsis-induced ALI, and that 
inhibiting excessive generations of inflammatory cytokines and reactive 
oxygen species (ROS) significantly improves pulmonary function and 
survival status [6–8]. AMP-activated protein kinase (AMPK) mainly 
functions as a central regulator of intracellular energy homeostasis by 
shifting ATP-consuming anabolism to ATP-producing catabolism; 

however, emerging studies have indicating that AMPK extends well 
beyond its energy-regulating function, and also involves in regulating 
inflammation and oxidative stress [9–12]. Hu et al. recently demon-
strated that activating AMPK could suppress the activations of nuclear 
factor-κB (NF-κB) and nucleotide-binding oligomerization domain-like 
receptor with a pyrin domain 3 (NLRP3) inflammasome, thereby 
reducing inflammation in aging hearts [13]. In addition, results from 
Yang et al. implied that activating AMPK elevated nuclear factor 
erythroid 2-related factor 2 (NRF2) protein expression, and subse-
quently attenuated oxidative damage during lipopolysaccharide 
(LPS)-induced ALI [14]. Moreover, Jiang et al. also showed that acti-
vating AMPK prevented LPS-induced inflammation, oxidative damage 
and pulmonary dysfunction in mice [15]. These findings identify AMPK 
as a promising therapeutic target for treating sepsis-induced ALI. 
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Sprouty (Spry) proteins, consisting of Spry1, Spry2, Spry3 and Spry4, 
are negative regulators of growth factors-induced receptor tyrosine ki-
nase signaling pathways, and play critical roles in embryonic develop-
ment and organogenesis [16]. Spry4, a member of Spry proteins, is 
essential for lung morphogenesis, and Spry4-deficient mice are embry-
onic lethal and exhibit severe defects in lung morphogenesis [17,18]. In 
addition, various studies have showing that Spry4 also contributes to 
inflammation and tissue injury under pathologic stresses. Goldshmit 
et al. found that inflammation was reduced, while neural function was 
significantly recovered in Spry4-deficient mice after spinal cord injury 
[19]. In this study, we used cecum ligation and puncture (CLP) surgery 
to generate bacterial sepsis-induced ALI in mice, and tried to investigate 
the role and molecular mechanism of Spry4 during sepsis-induced ALI. 

2. Materials and methods 

2.1. Reagents 

InVivoMab anti-mouse Ly6G (CAT#: BE0075-1) was purchased from 
Bio X Cell (Lebanon, NH, USA). Compound C (CpC, CAT#: 171260), LPS 
(E. coli O111:B4, CAT#: L4391), STO-609 (STO, CAT#: 570250) and 
lucigenin (CAT#: M8010) were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). Mouse interleukin-1β (IL-1β)/IL-1F2 Quantikine ELISA 
Kit (CAT#: MLB00C) and Mouse IL-6 Quantikine ELISA Kit (CAT#: 
M6000B) were purchased from R&D Systems, Inc. (Minneapolis, MN, 
Canada). MojoSort™ Human Pan Monocyte Isolation Kit (CAT#: 
480060) was purchased from BioLegend (USA). Human Macrophage 
Colony-Stimulating Factor (M-CSF) Recombinant Protein (CAT#: RP- 
8643), Pierce™ BCA Protein Assay Kit (CAT#: 23227) and Amplex 
Red Hydrogen Peroxide⁄Peroxidase Assay Kit (CAT#: A22188) were 
purchased from Invitrogen (Carlsbad, CA, USA). Lactate Dehydrogenase 
(LDH) Assay Kit (CAT#: A020-2), Myeloperoxidase (MPO) Assay Kit 
(CAT#: A044-1-1), ROS Assay Kit (CAT#: E004-1-1), Malondialdehyde 
(MDA) Assay Kit (CAT#: A003-1-1), 4-Hydroxynonenal ELISA Kit 
(CAT#: H268), Protein Carbonyl Assay Kit (CAT#: A087-1-1), Total 
Anti-oxidant Capacity Assay Kit (CAT#: A015-2-1) and Superoxide 
Dismutase (SOD) Assay Kit (CAT#: A001-3-2) were purchased from 
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). 
TransAM® NF-κB p65 Kit was purchased from Active Motif (Carlsbad, 
CA, USA). 

2.2. Mice and interventions 

Animal experiments were approved by the Ethics Committee of our 
hospital, and also conformed to the guidelines of the National Institutes 
of Health. Heterozygous Spry4-floxed (Spry4FL/+) mice were generated 
using CRISPR/Cas9 technology by introducing loxP inserts flanking 
exon 2 of Spry4 gene. To validate that the two loxP inserts were intro-
duced into the intended sites on the founder mice, two pairs of primers 
(F1 5′-AAGGGAGTTGTAACTTGTTCACAGC-3′, R1 5′-CTTGA-
GAGGCAGGCATTTCTAAATTC-3’; F2 5′-TCTGAGGCGGAAAGAACCAG- 
3′, R2 5′-TTGGGACCAAAGTGTTACTTCTGC-3′) were used. To establish 
myeloid-specific Spry4 knockout (Spry4MKO) mice, homozygous 
Spry4FL/FL mice were crossed with LysMcre (The Jackson Laboratory; 
stock no. 004781) mice on a C57BL6 background. The expression of Cre 
recombinase may cause additional effects to transgenic mice. Consistent 
with the instructions in the official website (https://www.jax.org/stra 
in/004781), we also found that homozygous LysMcre mice were 
viable, fertile, normal in size and did not display any gross physical or 
behavioral abnormalities. Meanwhile, we also observed no alterations in 
lung histology and function between LysMcre mice and Spry4FL/FL mice 
under baseline or after CLP surgery in our preliminary study (data not 
shown); therefore, we only used Spry4FL/FL mice as the control of 
Spry4MKO mice. To generate macrophage-specific Spry4 transgenic 
(Spry4MTG) mice, mouse Spry4 cDNA (NM_011898; CAT#: MC209697, 
OriGene Technologies, Inc.; Rockville, MD, USA) flanked by the 

PiggyBac 5′ and 3′ inverted terminal repeats was subcloned into Pig-
gyBac transposon gene expression donor plasmid containing the CD68 
promoter. The PiggyBac donor and helper plasmids were co-injected 
into zygotes of C57BL/6J mice to obtain Spry4 transgene-positive 
founder lines. Global AMPKα2 knockout (AKO, stock no. EM: 01419) 
mice were purchased from the European Mouse Mutant Archive, and 
backcrossed to the C57BL/6J genetic background for twelve genera-
tions. Genotyping of AKO mice was validated using following primers: 
Primer lox F1 5′-GCTTAGCACGTTACCCTGGATGG-3′, Primer lox R1 5′- 
GTTATCAGCCCAACTAATTACAC-3′, Primer KOT neoR 5′-GCATT-
GAACCACAGTCCTTCCTC-3’. To generate Spry4 and AMPK double 
knockout (DKO) mice, Spry4MKO mice were crossed with AKO mice. All 
mice were kept at a SPF barrier system with free access to food and 
water, and were identified with PCR or western blot before being used. 

To establish bacterial sepsis-induced ALI, mice were exposed to CLP 
surgery as previously described [20]. Briefly, 8- to 12-week-old male 
mice were anesthetized with ketamine (80–100 mg/kg, i.p.) and xyla-
zine (10 mg/kg, i.p.), and then subjected to an abdominal incision with 
the cecum exposed. Next, the cecum was ligated with 3-0 silk at 75% of 
the distance between distal pole and the base, and punctured twice using 
a 21-gauge needle close to the distal end. A small amount of feces was 
extruded. Then, the cecum was repositioned and the abdomen was 
closed in two layers with 5-0 suture. After surgery, mice were subcuta-
neously injected with 1 mL pre-warmed sterile saline for liquid resus-
citation, and placed at 37 ◦C to keep warm. Ibuprofen (250 μg/mL in 
drinking water) was used for pre- and post-operative analgesia. 
Sham-operated mice underwent the same surgical procedure but not 
ligation and puncture. For chimeras studies, recipient mice were irra-
diated twice by lethal X-ray irradiation (6.5 Gy), and then 5 × 106 bone 
marrow cells isolated from the tibia and femurs of donor mice were 
injected into recipients through the tail vein [21,22]. Peripheral blood 
from the chimera mice was used for PCR analysis of hematologic 
chimerism. Four weeks after bone marrow transplantation, mice were 
exposed to CLP surgery. Twenty-four hours after CLP surgery, mice were 
sacrificed for molecular and histological analysis. Survival rate was 
monitored every 12 h. To deplete neutrophils, mice were injected with 
Ly6G antibody (500 μg per mouse, i.p.) 24 h and 2 h before CLP surgery, 
while control mice were treated with isotypic IgG [22]. To inhibit AMPK 
in vivo, mice were injected with CpC (20 mg/kg, i.p.) once two days 
from 1 week before CLP surgery [15]. 

2.3. Histological analysis 

Lungs were excised and immersed in 4% formaldehyde solution for 
48 h, which were then embedded with paraffin and sliced into 3 μm 
thick sections. Next, lung slices were subjected to Hematoxylin-Eosin 
staining, and the inflammation score was independently measured by 
three pathologists blinded to the groups as previously described [6]. 

2.4. Bronchoalveolar lavage fluid (BALF) analysis 

To obtain BALF, lungs were intratracheally lavaged with 1 mL pre- 
cold sterile phosphate buffer saline (PBS) for 3 times, and then the 
liquid was centrifuged for 5 min at 4 ◦C at 1500 rpm. The sedimented 
cell pellets were re-suspended with 0.5 mL PBS and counted with a 
hemocytometer and Wright-Giemsa staining. Cell-free supernatants 
were subjected to ELISA analysis of inflammatory cytokines. 

2.5. Lung wet to dry ratio 

Lung wet to dry ratio was calculated to evaluate pulmonary edema as 
previously described [8,15]. Briefly, fresh lungs were excised and 
weighed to obtain the wet weight after removing the blood, which were 
then placed in an 80 ◦C oven to obtain the constant dry weight. 
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2.6. Pulmonary function measurement 

Pulmonary function was measured using the Buxco pulmonary 
function testing system (Sharon, Connecticut, CT, USA), and airway 
resistance, lung compliance and pulmonary ventilation were calculated 
as previously described [6]. 

2.7. Arterial blood gas measurement 

Arterial blood was collected from the descending aorta and subjected 
to blood gas measurement to evaluate pulmonary gas exchange and 
blood acid-base status. Partial pressure of oxygen (PaO2), partial pres-
sure of carbon dioxide (PaCO2) and calculated total carbon dioxide 
(TCO2) were measured using an automatic blood gas analyzer as pre-
viously described [23]. 

2.8. Microarray analysis 

Three gene expression profiles (GSE15379, GSE40180 and 
GSE165226) were downloaded from GEO database, and all these data 
were generated from lung samples of CLP-operated septic mice or Sham- 
operated control mice. Microarray data were integrated and data pro-
cessing were performed using R software with the limma package. 
Differentially expressed genes (DEGs) were defined as |log2 (Fold 
Change)|>1 and a P value < 0.05, which were then intersected to obtain 
the overlapped DEGs. 

2.9. Cell isolation and culture 

To isolate bone marrow-derived macrophages (BMDMs), the tibia 
and femurs were collected from 6- to 8-week-old male mice, whose bone 
marrows were extracted. These bone marrow cells were cultured in 
DMEM containing 10% fetal bovine serum (FBS) and 30% L929 condi-
tioned medium for 7 days to induce differentiation of BMDMs [21,22]. 
Peripheral blood mononuclear cells (PBMCs) were isolated from blood 
samples of septic patients with or without ALI and control patients using 
the MojoSort™ Human Pan Monocyte Isolation Kit following the man-
ufacturer’s instructions. To induce differentiation of human 
monocyte-derived macrophages (HMDMs), human PBMCs from control 
patients were cultured with RPMI 1640 containing 10% FBS and 100 
ng/mL M-CSF for 6 days [21]. BALF was collected and centrifuged to 
obtain the cells, which were then re-suspended with DMEM containing 
10% FBS and allowed to adhere for 1 h to obtain the alveolar macro-
phages (AMs) [24]. In the in vitro studies, macrophages were stimulated 
with LPS (100 ng/mL) for 12 h [8,15]. For AMPK inhibition, macro-
phages from Spry4FL/FL or Spry4MKO mice were pre-treated with CpC 
(20 μmol/L) for 24 h before LPS stimulation [15]. For 
calcium/calmodulin-dependent protein kinase kinase 2 (CaMKK2) in-
hibition, macrophages were treated with STO (5 mmol/L) together with 
LPS stimulation [25]. 

2.10. Western blot 

Lung or cell samples were lysed in RIPA buffer and quantified using a 
Pierce™ BCA Protein Assay Kit according to the manufacturer’s in-
structions. Next, protein lysates were subjected to 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and transferred onto poly-
vinylidene fluoride membranes [26–28]. Primary antibodies were as 
following: anti-Spry4 (CAT#: ab7513, Abcam), 
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH, CAT#: 
ab8245, Abcam), anti-NRF2 (CAT#: ab62352, Abcam), anti-phospho 
AMPK (p-AMPK, CAT#: 2535, CST), anti-total AMPK (t-AMPK, CAT#: 
2532, CST), anti-p-CaMKK2 (CAT#: 16737, CST), anti-t-CaMKK2 
(CAT#: 16810, CST). After visualized with horseradish peroxidase 
(HRP)-conjugated secondary antibodies and Ultra High Sensitivity ECL 
Substrates (CAT#: ab133409, Abcam), the blots were scanned by a gel 

imaging system, and analyzed using the Image Lab software (Bio-Rad, 
Hercules, CA, USA). 

2.11. Quantitative real-time PCR 

Total RNA was extracted using RNeasy Mini Kit (Cat#: 74104, Qia-
gen) following standard protocols, and reverse transcription was per-
formed using GoScript™ Reverse Transcription System (Cat#: A5000, 
Promega). Quantitative real-time PCR was performed using SYBR 
GreenER™ qPCR SuperMix Universal (Cat#: 1176202K, Invitrogen), 
and gene expression was calculated using the 2− ΔΔCT method with 
GAPDH as the internal control [29–32]. The primer sequences were 
listed as following: mouse Spry1 forward: 5′-GGTCATAGGTCA 
GATCGGGTC-3′, reverse 5′-CTTGCCACACTGTTCGCAG-3’; mouse 
Spry2 forward: 5′-TCCAAGAGATGCCCTTACCCA-3′, reverse 5′-GCA-
GACCGTGGAGTCTTTCA-3’; mouse Spry3 forward: 5′-GTAAACAAGCT 
CTTTCTAGCCCT-3′, reverse 5′-AGTGGTGCTTTGGGACATTGA-3’; 
mouse Spry4 forward: 5′-GCAGCGTCCCTGTGAATCC-3′, reverse 
5′-TCTGGTCAATGGGTAAGATGGT-3’; human Spry4 forward: 5′-TCTG 
ACCAACGGCTCTTAGAC-3′, reverse 5′-GTGCCATAGTTGACCAGA 
GTC-3’. 

2.12. Measurements of LDH, MPO and NF-κB activities 

LDH activity in fresh lung samples was detected using an LDH Assay 
Kit according to the manufacturer’s instructions, and the absorbance 
was measured at 450 nm with a Multiskan Spectrum Microplate Reader 
(Thermo, Waltham, MA, USA) [33]. To measure MPO activity, fresh 
lung homogenates were prepared and reacted with relevant reagents 
according to the manufacturer’s instructions of a commercial kit. To 
measure NF-κB transcription activity, fresh nuclear proteins were pre-
pared from lung samples, and added to oligonucleotide-coated plates. 
Next, the transcription factors were incubated with NF-κB primary an-
tibodies and HRP-conjugated secondary antibodies. Finally, the absor-
bance was measured on a spectrophotometer at 450 nm with an optional 
reference wavelength of 655 nm. 

2.13. Measurements of oxidative stress 

To measure ROS in vivo and in vitro, fresh lung homogenates and cell 
lysates were incubated with 2′,7′-Dichlorofluorescin Diacetate (DCFH- 
DA, 50 μmol/L) for 30 min, and DCF intensity was measured using a 
spectrofluorometer with an excitation wavelength of 502 nm and 
emission at 530 nm [34,35]. To measure hydrogen peroxide (H2O2), 
fresh lung tissue blocks (10–20 mg) or cells were incubated with Amplex 
Red (100 μmol/L) and horseradish peroxidase (1 U/mL) for 30 min at 
37 ◦C in the dark, and then the supernatant was collected and trans-
ferred to 96-well plates with the absorbance measured at 560 nm [36]. 
Superoxide (O2

− ) production was measured using a lucigenin chem-
iluminescence assay [36]. Briefly, fresh lung homogenates or cell lysates 
were incubated with 5 μmol/L lucigenin and 500 μmol/L NADH or 
NADPH for 10 min at 37 ◦C in the dark. The chemiluminescence was 
measured by an AB-2200 Luminescence PSN luminometer (ATTO, 
Nagoya, Japan) at 1 min intervals over a 5 min period. To measure lipid 
and protein peroxidation, fresh lung samples were homogenized and 
used to detecting productions of MDA, 4-HNE, protein carbonyl, TAOC 
and total SOD activity according to the manufacturer’s instructions [37, 
38]. 

2.14. RNA-seq and data analysis 

Total RNA was extracted from lungs of Spry4FL/FL or Spry4MKO mice 
with CLP surgery, and reversely transcribed into double strand cDNA 
fragments. The RNA quality and integrity were evaluated using the 
Agilent Technologies 2100 Bioanalyzer. RNA-seq library was generated 
using Dynabeads mRNA DIRECT Micro Purification Kit (Thermo Fisher 
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Scientific) and ScriptSeq v2 RNA-Seq Library Preparation Kit (Epicentre) 
according to the manufacturer’s instructions, which was then sequenced 
on Illumina HiSeq2500 using TruSeq SBS Kit v3-HS. After adaptor- 
removing and quality control filtering, the high-quality clean reads 
were mapped to mouse genome (mm10) using HISAT2. DEGs were 
defined as |log2 (Fold Change) |>1 and an adj P value < 0.05. Heat maps 
were used to evaluate DEGs, while Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis was performed to determine the 
significant functions and pathways of DEGs. 

2.15. Patients and clinical samples 

Blood samples of septic or control patients were obtained from our 
hospital, and the experimental procedures were approved by the Med-
ical Research Ethics Committee. Written informed consent was obtained 
from all subjects, and all experiments were conducted in accordance 
with the principles of the Declaration of Helsinki. 

2.16. Statistical analysis 

Data are expressed as the mean ± standard deviation (SD) and sta-
tistical analysis was performed using SPSS 23.0 software. A two-tailed 
unpaired Student’s t-test and a one-way analysis of variance (ANOVA), 
followed by Tukey’s post hoc comparisons test were performed to 
compare differences between 2 groups or among multiple groups, 
respectively. Pearson correlation coefficient test was used to detect 
correlation between Spry4 expression and pulmonary injury. Differ-
ences with P values < 0.05 were considered statistically significant. 

3. Results 

3.1. Macrophage Spry4 is increased in CLP mice and positively correlates 
with sepsis-induced ALI 

To mine the pivotal genes altered during sepsis-induced ALI, we 
intersected three gene expression profiles (GSE15379, GSE40180 and 
GSE165226) to obtain the overlapped DEGs from CLP-injured mouse 
lungs. As shown in Fig. 1A and supplementary Table, 45 DEGs were 
identified. Among these DEGs, we focused on Spry4, a negative regu-
lator of growth factors-induced receptor tyrosine kinase signaling 
pathways. As shown in Fig. 1B, Spry4 expressed was increased in all 
three gene expression profiles. Accordingly, we also found that Spry4 
protein was significantly elevated in lungs and AMs of CLP mice 
(Fig. 1C). In addition, Spry4 expression in AMs positively correlated 
with pulmonary LDH activity, an index of pulmonary injury (Fig. 1D). 
To measure Spry4 expression in macrophages in vitro, BMDMs and 
HMDMs were treated with LPS. As shown in Fig. 1E and F, macrophage 
Spry4 mRNA was increased in LPS-stimulated BMDMs and HMDMs. To 
confirm Spry4 upregulation, we also determined Spry4 mRNA in 
circulating PBMCs from septic patients. Interestingly, Spry4 mRNA was 
also increased in PBMCs from septic patients (Fig. 1G). Moreover, septic 
patients with ALI exhibited higher Spry4 expression in PBMCs than 
those without ALI (Fig. 1H). To clarify the diagnostic role of Spry4 
expression in PBMCs on septic ALI, we divided septic patients into low- 
Spry4 and high-Spry4 groups using the median Spry4 mRNA in PBMCs 
as the threshold. Compared with the low-Spry4 group, patients with 
higher Spry4 in PBMCs exhibited worse pulmonary function, as evi-
denced by decreased PaO2 and increased PaCO2 (Fig. 1I). These findings 
indicate that macrophage Spry4 is increased in CLP mice and positively 
correlates with sepsis-induced ALI. 

Fig. 1. Macrophage Spry4 is increased in CLP mice and positively correlates with sepsis-induced ALI. (A) Identification of 45 DEGs from the three gene expression 
profiles. (B) Relative Spry4 expression in CLP-injured lungs from the three gene expression profiles. (C) Mice were exposed to CLP surgery for 24 h, and then fresh 
lungs and AMs were prepared to detect Spry4 expression using western blot (n = 6). (D) Spry4 mRNA expression in AMs positively correlated with LDH activity in 
lungs (n = 15). (E-F) BMDMs and HMDMs were stimulated with LPS (100 ng/mL) for 12 h, and then Spry4 mRNA was detected using quantitative real-time PCR (n =
6). (G) PBMCs were isolated from septic or control patients, and Spry4 mRNA was detected (n = 6). (H) PBMCs were isolated from septic patients with or without ALI, 
and Spry4 mRNA was detected (n = 6). (I) Septic patients were divided into low-Spry4 and high-Spry4 groups using the median Spry4 mRNA in PBMCs as the 
threshold, and then gas exchange function was evaluated by PaO2 and PaCO2 (n = 6). Data are expressed as the mean ± SD. *P < 0.05. 
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3.2. Macrophage Spry4 deficiency prevents sepsis-induced ALI in mice 

To better clarify the role of macrophage Spry4 in regulating sepsis- 
induced ALI, we used the Cre-LoxP system to create Spry4MKO mice. 
As shown in Fig. 2A and B, Spry4 mRNA and protein levels were 
significantly reduced in macrophages from Spry4MKO mice, compared 
with those from Spry4FL/FL mice, while no alterations of Spry1, Spry2 or 
Spry3 mRNA in macrophages were observed between groups. Results 
from Hematoxylin-Eosin staining indicated that macrophage Spry4 
deficiency obviously attenuated CLP-induced ALI, as evidenced by 
improved pulmonary congestion, thickening of the alveolar wall and 
inflammatory infiltration (Fig. 2C and D). And increased LDH activity, 
an index for cellular damage, was also decreased in macrophage Spry4- 
deficient mice upon CLP surgery (Fig. 2E). Furthermore, macrophage 
Spry4 deficiency also remarkably decreased lung wet to dry ratio and 
total proteins in BALF, indicating decreased pulmonary edema and 
injury (Fig. 2F and G). Accordingly, respiratory dysfunction of CLP mice, 
as evidenced by increased airway resistance, decreased lung compliance 
and pulmonary ventilation, was attenuated in mice with macrophage 
Spry4 deficiency (Fig. 2H–J). Results from arterial blood gas analysis 
implied that macrophage Spry4 deficiency significantly alleviated gas 
exchange impairment of CLP mice, as evidenced by increased PaO2 and 
decreased PaCO2, TCO2 (Fig. 2K-M). More importantly, Spry4MKO mice 
exhibited lower mortality rate than Spry4FL/FL mice upon CLP surgery 
(Fig. 2N). Collectively, these data imply that macrophage Spry4 defi-
ciency prevents sepsis-induced ALI in mice. 

3.3. Macrophage Spry4 deficiency reduces sepsis-induced pulmonary 
inflammation and oxidative stress 

Inflammation and oxidative stress play critical roles in the 

progression of sepsis-induced ALI. As expected, CLP surgery signifi-
cantly elevated IL-1β and IL-6 in BALF, which were remarkably reduced 
by macrophage Spry4 deficiency (Fig. 3A). In addition, macrophage 
Spry4 deficiency also suppressed CLP-induced accumulations of total 
cells, macrophages and neutrophils in BALF (Fig. 3B). And CLP-induced 
elevation of MPO activity, an index of neutrophil accumulation in lungs, 
was also suppressed in Spry4MKO mice than that in Spry4FL/FL mice 
(Fig. 3C). NF-κB functions as a pivotal transcription factor to trigger the 
expression of various inflammatory cytokines, including IL-1β and IL-6. 
Interestingly, macrophage Spry4 deficiency significantly inhibited NF- 
κB transcription activity in CLP-injured lungs (Fig. 3D). Meanwhile, 
CLP-induced overproductions of free radicals were also decreased by 
macrophage Spry4 deficiency, as evidenced by decreased levels of DCF 
intensity, H2O2 and O2

− (Fig. 3E and F). And Spry4MKO mice also 
exhibited lower levels of MDA, 4-HNE and protein carbonyls than 
Spry4FL/FL mice after CLP surgery, indicating improved lipid and protein 
peroxidation (Fig. 3G and H). NRF2 is a key transcription factor in 
regulating redox homeostasis through triggering the expression of 
various anti-oxidant enzymes. As shown in Fig. 3I, NRF2 expression was 
significantly decreased in CLP-injured lungs, which was prevented by 
macrophage Spry4 deficiency. Accordingly, CLP-induced suppressions 
on TAOC and total SOD activity were dramatically restored in macro-
phage Spry4-deficient mice (Fig. 3J and K). 

Next, we performed bone marrow transplantation to confirm the 
effects of macrophage Spry4 in CLP-induced ALI. Spry4FL/FL mice were 
lethally irradiated and reconstituted with bone marrow from either 
Spry4FL/FL mice or Spry4MKO mice. As shown in Figure S1A-B, CLP- 
induced inflammation in lungs was alleviated in Spry4FL/FL mice 
receiving Spry4MKO bone marrows, as evidenced by decreased IL-1β and 
IL-6 in BALF, and decreased MPO activity in lungs. In addition, 
Spry4MKO→Spry4FL/FL chimeras exhibited fewer generations of free 

Fig. 2. Macrophage Spry4 deficiency prevents sepsis-induced ALI in mice. (A) BMDMs were isolated from Spry4FL/FL mice and Spry4MKO mice, and levels of Spry1, 
Spry2, Spry3 and Spry4 in BMDMs were detected using quantitative real-time PCR (n = 6). (B) BMDMs were isolated from Spry4FL/FL mice and Spry4MKO mice, and 
Spry4 protein level was measured using western blot (n = 6). (C) Spry4FL/FL mice and Spry4MKO mice were subjected to CLP surgery for 24 h, and mouse lungs were 
excised and subjected to Hematoxylin-Eosin staining (n = 6). (D) Inflammation score of Hematoxylin-Eosin staining (n = 6). (E) LDH activity in fresh lungs (n = 6). 
(F) Lung wet to dry ratio (n = 6). (G) Total proteins in BALF (n = 6). (H–J) Pulmonary function as assessed by airway resistance, lung compliance and pulmonary 
ventilation (n = 6). (K–M) Arterial blood gas analysis of PaO2, PaCO2 and TCO2 (n = 6). (N) Survival rate in Spry4FL/FL mice and Spry4MKO mice after CLP surgery. 
Data are expressed as the mean ± SD. *P < 0.05. 
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Fig. 3. Macrophage Spry4 deficiency reduces sepsis-induced pulmonary inflammation and oxidative stress. (A) Spry4FL/FL mice and Spry4MKO mice were subjected to 
CLP surgery for 24 h, and BALF was collected for the analysis of IL-1β and IL-6 (n = 6). (B) Numbers of total cells, macrophages and neutrophils were determined in 
BALF (n = 6). (C) MPO activity in lungs (n = 6). (D) NF-κB activity in lungs (n = 6). (E) Relative ROS level in lungs as assessed by DCF intensity (n = 6). (F) 
Quantification of H2O2 and O2

− in lungs (n = 6). (G-H) Quantification of MDA, 4-HNE and protein carbonyls in lungs (n = 6). (I) NRF2 protein level in lungs (n = 6). 
(J-K) Quantification of TAOC and total SOD activity in lungs (n = 6). Data are expressed as the mean ± SD. *P < 0.05. 

Fig. 4. Macrophage Spry4 overexpression exacerbates sepsis-induced ALI in mice. (A) BMDMs were isolated from Spry4CTRL mice and Spry4MTG mice, and levels of 
Spry1, Spry2, Spry3 and Spry4 in BMDMs were detected using quantitative real-time PCR (n = 6). (B) BMDMs were isolated from Spry4CTRL mice and Spry4MTG mice, 
and Spry4 protein level was measured using western blot (n = 6). (C) Spry4CTRL mice and Spry4MTG mice were subjected to CLP surgery for 24 h, and mouse lungs 
were excised and subjected to Hematoxylin-Eosin staining (n = 6). (D) Inflammation score of Hematoxylin-Eosin staining (n = 6). (E) LDH activity in fresh lungs (n =
6). (F) Lung wet to dry ratio (n = 6). (G) Total proteins in BALF (n = 6). (H–J) Pulmonary function as assessed by airway resistance, lung compliance and pulmonary 
ventilation (n = 6). (K–M) Arterial blood gas analysis of PaO2, PaCO2 and TCO2 (n = 6). (N) Survival rate in Spry4CTRL mice and Spry4MTG mice after CLP surgery. 
Data are expressed as the mean ± SD. *P < 0.05. 
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radicals in lungs from CLP mice (Figure S1C-D). Consistent with the 
molecular alterations, Spry4FL/FL mice reconstituted with Spry4MKO 

bone marrows exhibited mild pulmonary injury, edema and dysfunction 
upon CLP surgery, as evidenced by decreased inflammation score, LDH 
activity, lung wet to dry ratio, PaCO2 and TCO2, and increased PaO2 
(Figure S1E-H). To further exclude the effect of Spry4 in poly-
morphonuclear neutrophils during sepsis-induced ALI, we also depleted 
neutrophils using anti-Ly6G. As shown in Figure S2A-H, Spry4MKO mice 
suffered less CLP-induced ALI than Spry4FL/FL mice, regardless of anti- 
Ly6G antibody treatment, eliminating the involvement of neutrophils in 
this process. These findings suppose that macrophage Spry4 deficiency 
reduces sepsis-induced pulmonary inflammation and oxidative stress. 

3.4. Macrophage Spry4 overexpression exacerbates sepsis-induced ALI in 
mice 

To further verify the role of macrophage Spry4 in sepsis-induced ALI, 
we generated Spry4MTG mice. As shown in Fig. 4A and B, it was Spry4, 
instead of other Spry proteins, was significantly elevated in macro-
phages from Spry4MTG mice. CLP-induced pulmonary injury and edema 
were significantly aggravated in Spry4MTG mice, as evidenced by 
increased inflammation score, LDH activity, lung wet to dry ratio and 
total proteins in BALF (Fig. 4C–G). Accordingly, CLP-induced elevation 
of airway resistance, and suppression of lung compliance and pulmonary 
ventilation were further compromised in mice with macrophage Spry4 
overexpression (Fig. 4H–J). Meanwhile, macrophage Spry4 over-
expression also exacerbated gas exchange impairment and mortality 
rate of CLP mice (Fig. 4K-N). Taken together, we demonstrate that 
macrophage Spry4 overexpression exacerbates sepsis-induced ALI in 
mice. 

3.5. Macrophage Spry4 overexpression facilitates sepsis-induced 
pulmonary inflammation and oxidative stress 

In line with the phenotypic alteration, Spry4MTG mice also exhibited 
higher IL-1β and IL-6 in BALF than control Spry4CTRL mice after CLP 
surgery (Fig. 5A). And CLP-induced accumulations of total cells, mac-
rophages and neutrophils in BALF were also aggravated by macrophage 
Spry4 overexpression (Fig. 5B and C). In addition, macrophage Spry4 
overexpression further elevated NF-κB transcription activity in CLP- 
injured lungs (Fig. 5D). Meanwhile, CLP-induced oxidative stress was 
further amplified in lungs of Spry4MTG mice, as evidenced by increased 
levels of DCF intensity, H2O2, O2

− , MDA, 4-HNE and protein carbonyls 
(Fig. 5E–H). In contrast, NRF2 expression, and downstream TAOC as 
well as total SOD activity in lungs were further inhibited by macrophage 
Spry4 overexpression after CLP surgery (Fig. 5I–K). In general, we reveal 
that macrophage Spry4 overexpression facilitates sepsis-induced pul-
monary inflammation and oxidative stress. 

3.6. Spry4 deficiency attenuates, while Spry4 overexpression promotes 
LPS-induced inflammation and oxidative stress in BMDMs 

We also stimulated BMDMs from Spry4MKO mice or Spry4MTG mice 
with LPC to further validate the role of macrophage Spry4 in vitro. As 
shown in Figure S3A, BMDMs from Spry4MKO mice exhibited lower 
levels of IL-1β and IL-6 in the medium after LPS stimulation. LPS- 
induced increases of DCF intensity, H2O2 and O2

− were also reduced in 
BMDMs from Spry4MKO mice (Figure S3B). And Spry4 deficiency 
significantly restored TAOC and total SOD activity in LPS-stimulated 
BMDMs (Figure S3C). In contrast, BMDMs from Spry4MTG mice exhibi-
ted higher levels of IL-1β, IL-6, DCF intensity, H2O2 and O2

− , indicating 
an exacerbated inflammation and oxidative stress (Figure S3D-F). 
Meanwhile, TAOC and total SOD activity in BMDMs from Spry4MTG mice 
were further decreased after LPS stimulation (Figure S3G). Together, our 

Fig. 5. Macrophage Spry4 overexpression facilitates sepsis-induced pulmonary inflammation and oxidative stress. (A) Spry4CTRL mice and Spry4MTG mice were 
subjected to CLP surgery for 24 h, and BALF was collected for the analysis of IL-1β and IL-6 (n = 6). (B) Numbers of total cells, macrophages and neutrophils were 
determined in BALF (n = 6). (C) MPO activity in lungs (n = 6). (D) NF-κB activity in lungs (n = 6). (E) Relative ROS level in lungs as assessed by DCF intensity (n = 6). 
(F) Quantification of H2O2 and O2

− in lungs (n = 6). (G-H) Quantification of MDA, 4-HNE and protein carbonyls in lungs (n = 6). (I) NRF2 protein level in lungs (n =
6). (J-K) Quantification of TAOC and total SOD activity in lungs (n = 6). Data are expressed as the mean ± SD. *P < 0.05. 
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data reveal that Spry4 deficiency attenuates, while Spry4 over-
expression promotes LPS-induced inflammation and oxidative stress in 
BMDMs. 

3.7. Macrophage Spry4 deficiency alleviates sepsis-induced ALI through 
activating AMPK pathway 

To further clarify the role of macrophage Spry4 in sepsis-induced 
ALI, we performed gene profiling of CLP-injured lungs from Spry4MKO 

mice and Spry4FL/FL mice. In line with above-mentioned results, ex-
pressions of inflammatory genes were decreased, while expressions of 
anti-oxidant genes were increased in lungs from Spry4MKO mice after 
CLP surgery (Fig. 6A). KEGG pathway analysis of DEGs revealed that 
AMPK pathway showed the highest correlation with macrophage Spry4 
deficiency in CLP-injured lungs (Fig. 6B). Consistently, we also found 
that macrophage Spry4 deficiency activated, while macrophage Spry4 
overexpression inhibited AMPK pathway in CLP-injured lungs 
(Fig. 6C–E). To further validate the necessity of AMPK, we crossed 
Spry4MKO mice with AKO mice to establish DKO mice (Figure S4). As 
shown in Fig. 6F–H, AMPK deletion significantly blocked the anti- 
inflammatory and anti-oxidant effects in Spry4MKO mice after CLP sur-
gery, as evidenced by increased IL-1β, IL-6, H2O2, O2

− and DCF intensity. 
Consistently, macrophage Spry4 deficiency-mediated inhibitory effects 
on inflammation score, LDH activity, pulmonary edema and gas ex-
change impairment were also blunted in DKO mice (Fig. 6I-L). In 
addition, we also used CpC, a pharmacological inhibitor of AMPK ac-
tivity, to further verify the involvement of AMPK pathway in vivo and in 

vitro. As shown in Figure S5A-C, CpC treatment significantly blocked 
macrophage Spry4 deficiency-mediated anti-inflammatory and anti- 
oxidant effects in CLP-injured lungs. And the protective effects against 
CLP-induced pulmonary injury, edema and gas exchange impairment 
were also blunted in CpC-treated mice, as evidenced by increased 
inflammation score, LDH activity, lung wet to dry ratio, PaCO2, and 
decreased PaO2 (Figure S5D-G). In line with the in vivo findings, we also 
found that CpC treatment significantly blocked the inhibitory effects 
against LPS-induced inflammation and oxidative stress in Spry4MKO 

BMDMs (Figure S6A-C). Collectively, we prove that macrophage Spry4 
deficiency alleviates sepsis-induced ALI through activating AMPK 
pathway. 

3.8. Macrophage Spry4 deficiency activates AMPK pathway through 
CaMKK2 

Subsequently, we determined the possible mechanism mediating 
AMPK activation by macrophage Spry4 deficiency. It is well-accepted 
that CaMKK2 and liver kinase B1 are two primary upstream kinases 
activating AMPK pathway [25]. As shown in Fig. 6B, calcium signaling 
pathway was significantly altered by macrophage Spry4 deficiency 
during CLP-induced ALI, and CaMKK2 is a calcium-dependent kinase. 
Therefore, we investigated whether macrophage Spry4 deficiency acti-
vates AMPK pathway through CaMKK2. As shown in Fig. 7A, CaMKK2 
was activated in CLP-injured lungs from Spry4MKO mice. To verify the 
necessity of CaMKK2, we treated BMDMs with STO to inhibit CaMKK2. 
As expected, STO treatment blocked AMPK activation in Spry4MKO 

Fig. 6. Macrophage Spry4 deficiency alleviates sepsis-induced ALI through activating AMPK pathway. (A) Heat maps showing the expression profile of genes related 
to inflammatory and anti-oxidant events in CLP-injured lungs from Spry4FL/FL mice and Spry4MKO mice based on RNA-seq analysis (n = 3). (B) Top 15 KEGG 
pathways altered in CLP-injured lungs from Spry4FL/FL mice and Spry4MKO mice (n = 3). (C–E) Spry4MKO mice, Spry4MTG mice and matched control littermates were 
subjected to CLP surgery for 24 h, and AMPK phosphorylation was detected using western blot (n = 6). (F) Spry4MKO mice, AKO mice, Spry4 and AMPK DKO mice 
and wild type (WT) mice were subjected to CLP surgery for 24 h, and BALF was collected for the analysis of IL-1β and IL-6 (n = 6). (G) Quantification of H2O2 and O2

−

in lungs (n = 6). (H) Relative ROS level in lungs as assessed by DCF intensity (n = 6). (I) Inflammation score of Hematoxylin-Eosin staining (n = 6). (J) LDH activity in 
fresh lungs (n = 6). (K) Lung wet to dry ratio (n = 6). (L) Arterial blood gas analysis of PaO2, PaCO2 and TCO2 (n = 6). Data are expressed as the mean ± SD. *P <
0.05. NS indicates no significance. 

R. Chen et al.                                                                                                                                                                                                                                    



Redox Biology 58 (2022) 102513

9

BMDMs after LPS stimulation (Fig. 7B). Accordingly, the inhibitory ef-
fects against LPS-induced inflammation and oxidative stress in Spry4MKO 

BMDMs were also prevented by STO, as evidenced by increased IL-1β, 
IL-6, DCF intensity, H2O2 and O2

− (Fig. 7C–E). Therefore, we prove that 
macrophage Spry4 deficiency activates AMPK pathway through 
CaMKK2. 

4. Discussion 

Our study for the first time documents the regulatory and predictive 
role of macrophage Spry4 in sepsis-induced inflammation, oxidative 
stress and ALI through controlling CaMKK2-dependent AMPK activa-
tion. Major findings are as follows: (i) macrophage Spry4 is increased in 
CLP mice and positively correlates with sepsis-induced ALI; (ii) macro-
phage Spry4 deficiency prevents sepsis-induced inflammation, oxidative 
stress and ALI in mice; (iii) macrophage Spry4 overexpression exacer-
bates sepsis-induced inflammation, oxidative stress and ALI in mice; (iv) 
Spry4 deficiency attenuates, while Spry4 overexpression promotes LPS- 
induced inflammation and oxidative stress in BMDMs; and (v) macro-
phage Spry4 deficiency alleviates sepsis-induced ALI through activating 
CaMKK2/AMPK pathway. Our study identify macrophage Spry4 as a 
promising predictive and therapeutic target of sepsis-induced ALI. 

Excessive generations of inflammatory mediators and free radicals 
are implicated in the pathogenesis of sepsis-induced ALI. Upon sepsis, 
pathogen-associated molecular patterns and death-associated molecular 
patterns are released, and then activate Toll-like receptors to trigger 
phosphorylation and nuclear translocation of NF-κB, which subse-
quently induces the transcription of various inflammatory cytokines 
[39,40]. Of note, these cytokines, in turn, recruit and work on immune 
cells to further amplify sepsis-induced inflammation and cellular dam-
age. Meanwhile, excessive accumulations of leukocytes also provoke 
overproductions of free radicals and then induce oxidative damage to 
biomacromolecules (e.g., lipid and protein). NRF2 is a central tran-
scription factor to maintain redox homeostasis through triggering the 
expression of various anti-oxidant enzymes; however, its transcription 
activity in lungs is significantly suppressed during sepsis [15,41]. In line 
with previous studies, NF-κB was activated, while NRF2 was inactivated 
in CLP-injured lungs in our study, which were significantly prevented by 
macrophage Spry4 deficiency, accompanied by an improved inflam-
mation and oxidative stress. Spry4 is implicated in the pathogenesis of 

inflammatory diseases. Sharma et al. determined that Spry4 negatively 
regulated interferon signaling and associated biological processes that 
are implicated in the pathogenesis of sepsis-induced ALI [42]. And loss 
of Spry4 suppressed IL-1β receptor expression and subsequently 
ameliorated experimental autoimmune encephalomyelitis in mice [43]. 
Spry4 was also required for the migration and invasion of tumor cells, 
and macrophage Spry4 deficiency might inhibit the extravasation of 
circulation leukocytes. Increased vascular permeability, a key feature of 
sepsis-induced ALI, is essential for the leakage of fluid, proteins and 
circulating leukocytes, and contributes to the pulmonary inflammation, 
oxidative stress, edema and dysfunction during sepsis. Vascular endo-
thelial growth factor A (VEGF-A) signaling plays critical roles in 
increasing vascular permeability; however Spry4 has been shown to 
negatively regulate VEGF-A pathway [44,45]. The protective effects of 
macrophage Spry4 deficiency against sepsis-induced ALI might be 
associated with the induction of VEGF-C pathway [46]. In addition, 
Spry4 silence facilitated the migration and adhesion of endothelial and 
epithelial cells that may also enhancing the reparative function of the 
lung during sepsis [47,48]. In line with our findings, results from 
Taniguchi et al. implied that Spry4 deficiency accelerated neo-
vascularization and subsequently prevented ischemic injury of hind limb 
and soft tissue [49]. Meanwhile, Spry4 knockdown significantly 
enhanced neuronal survival and functional recovery [50]. The lung is 
composed of various cell types, and alveolar epithelial cells (AECs) are 
the main cell population in the lung. Various studies have shown that 
crosstalk between AECs and macrophages is essential to maintain lung 
homeostasis [51–53]. Mu et al. found that AECs-derived transforming 
growth factor-β acted on macrophages to suppress endogenous inflam-
matory signals during ALI [54]. Meanwhile, exosomes-derived from 
AECs significantly promoted the activation of macrophages, thereby 
exacerbating pulmonary inflammation of ALI mice [55]. In turn, mac-
rophages, the major inflammatory cells in the lung, can also work on 
AECs and other cells to regulate lung homeostasis. Cakarova et al. found 
that TNF-α released from macrophages effectively regulated AECs pro-
liferation and the restoration of alveolar barrier function [56]. And Ye 
et al. revealed that macrophages-derived exosomes and inflammatory 
cytokines activated neutrophils to amplify inflammation of ALI mice 
[57]. In this study, activities of NF-κB and NRF2, as well as expressions 
of downstream inflammatory cytokines and anti-oxidant enzymes were 
mainly analyzed in whole lung lysates in vivo. It is well-accepted that 

Fig. 7. Macrophage Spry4 deficiency activates AMPK pathway through CaMKK2. (A) Spry4FL/FL mice and Spry4MKO mice were subjected to CLP surgery for 24 h, and 
CaMKK2 phosphorylation was detected using western blot (n = 6). (B) Spry4FL/FL or Spry4MKO BMDMs were stimulated with LPS (100 ng/mL) for 12 h in the 
presence or absence of STO (5 mmol/L), and AMPK phosphorylation was detected using western blot (n = 6). (C) Quantification of IL-1β and IL-6 in cell medium (n =
6). (D) Relative ROS level in macrophages as assessed by DCF intensity (n = 6). (E) Quantification of H2O2 and O2

− in macrophages (n = 6). Data are expressed as the 
mean ± SD. *P < 0.05. NS indicates no significance. 
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both inflammatory cytokines and LPS can activate NF-κB, but inhibit 
NRF2 in AECs [58,59]. Whether the crosstalk between macrophage 
Spry4 regulated inflammation, oxidative stress and ALI through other 
cell populations (e.g., AECs or neutrophils) should be measured in 
further study. 

AMPK, a pivotal regulator of intracellular energy homeostasis, has 
become a strategic target to treat sepsis-induced ALI. Increasing evi-
dence indicate that AMPK activation can effectively suppress inflam-
mation and oxidative stress, thereby preventing sepsis-induced ALI. Hu 
et al. recently reported that AMPK activation significantly suppress NF- 
κB phosphorylation and nuclear translocation, subsequently preventing 
aging-related inflammation in the myocardium [13]. Huang et al. pre-
viously demonstrated that AMPK activation could increase NRF2 
expression in LPS-injured lungs and subsequently enhance the 
anti-oxidant capacity against LPS-induced ALI [8]. Receptor tyrosine 
kinases represent a large family intracellular signaling pathways, and 
are well-established regulators of various biological processes. Previous 
studies have shown that receptor tyrosine kinases signaling pathways 
and AMPK pathway influence reciprocally. Su et al. recently demon-
strated that receptor tyrosine kinases MET controlled AMPK phosphor-
ylation and activation in lung cancer [60]. And Xie et al. showed that 
targeting receptor tyrosine kinases EGFR could activate AMPK signaling 
pathway [61]. Spry4, a member of Spry proteins, is well-accepted as a 
kinase inhibitor, and previous studies have shown that Spry4 negatively 
regulates growth factors-induced receptor tyrosine kinases. Findings 
from Sasaki et al. revealed that Spry4 bound to Raf1 through the 
carboxy-terminal cysteine-rich domain, thereby inhibiting 
extracellular-signal-regulated kinase (ERK) pathway [44]. And Tian 
et al. reported that Spry4 silence activated ERK pathway, subsequently 
stimulated osteogenic differentiation and inhibited adipogenic differ-
entiation of progenitor cells [62]. In the present study, we for the first 
time showed that macrophage Spry4 was a negative regulator of AMPK 
pathway, and macrophage Spry4 deficiency significantly activated 
AMPK during CLP-induced ALI. Moreover, we determined an involve-
ment of CaMKK2 in macrophage Spry4 deficiency-mediated AMPK 
activation. 

Despite we performed bone marrow transplantation and neutrophils 
deletion, and also constructed macrophage-specific Spry4 transgenic 
mice, whether macrophage-independent, myeloid-specific effects of 
Spry4 in Spry4MKO mice remain further determination. Both Zhang et al. 
and Friedmacher et al. previously found that Spry4 in fetal lungs was 
mainly expressed in the epithelial tissue in mice and rats, especially in 
distal alveolar epithelium of newly formed airways [63,64]. Therefore, 
we speculated that epithelial Spry4 might also contribute to the pro-
gression of sepsis-induced ALI. However, the specific role and mecha-
nism of Spry4 in other cell types should be well-determined in future 
studies. There are some additional limitations of the present study. First, 
the specific mechanisms mediating macrophage Spry4 upregulation 
were not investigated in this study. Second, whether other factors except 
inflammation and oxidative stress are involved in macrophage Spry4 
deficiency-mediated pulmonoprotective effect need further investiga-
tion. Moreover, only male mice were used in this study, and the role and 
mechanism of macrophage Spry4 in female mice should also be dis-
cussed because of the effects of biological sex on sepsis treatments. 

In summary, we reveal that macrophage Spry4 deficiency prevents 
sepsis-induced inflammation, oxidative stress and ALI in a CaMKK2/ 
AMPK-dependent manner, and define it as a promising predictive and 
therapeutic target of sepsis-induced ALI. 
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