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Abstract 

Background Postoperative pain and inflammation are significant complications following surgery. Strategies that 
aim to prevent excessive inflammation without hampering natural wound-healing are required for the management 
of postoperative pain and inflammation. However, the knowledge of the mechanisms and target pathways involved 
in these processes is lacking. Recent studies have revealed that autophagy in macrophages sequesters pro-inflamma-
tory mediators, and it is therefore being recognized as a crucial process involved in regulating inflammation. In this 
study, we tested the hypothesis that autophagy in macrophages plays protective roles against postoperative pain and 
inflammation and investigated the underlying mechanisms.

Methods Postoperative pain was induced by plantar incision under isoflurane anesthesia in mice lacking mac-
rophage autophagy (Atg5flox/flox LysMCre +) and their control littermates (Atg5flox/flox). Mechanical and thermal 
pain sensitivity, changes in weight distribution, spontaneous locomotor activity, tissue inflammation, and body 
weight were assessed at baseline and 1, 3, and 7 days after surgery. Monocyte/macrophage infiltration at the surgical 
site and inflammatory mediator expression levels were evaluated.

Results Atg5flox/flox LysMCre + mice compared with the control mice exhibited lower mechanical and thermal pain 
thresholds and surgical/non-surgical hindlimb weight-bearing ratios. The augmented neurobehavioral symptoms 
observed in the Atg5flox/flox LysMCre + mice were associated with more severe paw inflammation, higher pro-
inflammatory mediator mRNA expression, and more monocytes/macrophages at the surgical site.

Conclusion The lack of macrophage autophagy augmented postoperative pain and inflammation, which were 
accompanied by enhanced pro-inflammatory cytokine secretion and surgical-site monocyte/macrophage infiltration. 
Macrophage autophagy plays a protective role in postoperative pain and inflammation and can be a novel therapeu-
tic target.
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Background
Postoperative pain is one of the most significant post-
surgical complications and can delay functional recov-
ery and impair patients’ quality of life. Inflammation 
plays crucial roles in the pathophysiology of post-
operative pain. Once tissue damage occurs from sur-
gical intervention, inflammatory cells proliferate at 
the surgical site, producing inflammatory mediators 
and causing tissue inflammation [1, 2]. At the site of 
inflammation, the so-called inflammatory soup—a 
wide array of signaling molecules, such as cytokines, 
chemokines, and neurotransmitters—is generated, 
which triggers inflammatory pain [3]. Conversely, 
inflammation also functions as a protective innate 
immune response that is essential for normal wound-
healing and tissue remodeling [1]. Therefore, a sim-
ple anti-inflammatory strategy may not be ideal for 
the treatment of postoperative pain, and often raises 
concerns regarding adverse effects, such as delayed 
wound-healing [4]. Non-steroidal anti-inflammatory 
drugs, local anesthetics, and opioids have been widely 
used to treat postoperative pain; however, many of 
these drugs have immunosuppressive effects and can 
delay tissue recovery [4–9]. Therefore, strategies that 
aim to prevent excessive inflammation without ham-
pering natural wound-healing, rather than those that 
simply suppress inflammation, are required for the 
management of postoperative pain and inflammation. 
However, the knowledge of the mechanisms and target 
pathways involved in these processes is lacking.

Autophagy, an intracellular self-degradation sys-
tem, is an essential biological process that removes 
unnecessary cytosol, cytoplasmic organelles, and 
even microbes from cells [10–12]. Recent studies have 
revealed that autophagy in macrophages sequesters 
pro-inflammatory mediators, and it is therefore being 
recognized as a crucial process involved in regulat-
ing inflammation in various diseases, including ath-
erosclerosis [13, 14], inflammatory bowel disease [15], 
uveitis [16], infection [17–19], peripheral neuronal 
injury [20], and brain ischemia [21]. Considering that 
macrophages are key cells in the generation and reso-
lution of inflammatory pain [1, 22, 23], autophagy in 
macrophages can be expected to play pivotal roles in 
postoperative pain and inflammation as well as their 
resolution, and is therefore a potential therapeutic 
target.

This study aimed to investigate the potential involve-
ment and protective roles of macrophage autophagy in 
postoperative pain and inflammation, and to describe 
the underlying mechanisms.

Methods
All experiments were conducted in accordance with 
the National Institutes of Health, National Academy 
of Science, and International Association for the Study 
of Pain guidelines for the care and use of laboratory 
animals. The experimental protocol was reviewed and 
approved by the University of Yamanashi Animal Care 
Committee (Approval code: A2-7).

Animals
Autophagy-related protein 5 (ATG5) is an essential 
protein for auto-phagosome formation; hence, ATG5 
deficiency hinders autophagy [24]. Atg5flox/flox (Atg5 
f/f, B6.129S-Atg5 < tmlMyok >) and LysMCre (B6.129S-
B6.129P2-Lysm < tml(cre)Ifo >) mice were provided 
by the RIKEN BRC through the National BioResource 
Project of the MEXT/AMED, Japan. Atg5 f/f mice 
bear alleles in which exon 3 of the Atg5 genes is loxP-
flanked [24]. Atg5 f/f mice were bred with LysMCre 
mice to generate mice with autophagy-deficient mac-
rophages (Atg5f/f LysMCre mice). Atg5 f/f littermates 
served as the controls. C57BL/6J mice were purchased 
from Japan SLC (Tokyo, Japan). Animals were housed 
in groups of 4–5 mice. The room temperature of the 
animal facility was kept at 23 ± 2  °C with 12  h cycles 
of light and dark. Animals had a free access to water 
and standard food. Adult male and female mice (10–
12 weeks old) were used in this study.

Isolation of primary peritoneal macrophages 
and induction of autophagy
Thioglycolate medium (4%, 2 mL, Sigma-Aldrich Japan, 
Tokyo, Japan) was injected into the peritoneal cavity to 
elicit macrophages. Four days after the injection, mac-
rophages were collected via peritoneal lavage using 
5 mL of cold phosphate-buffered saline (PBS). The har-
vested cells were centrifuged, counted, re-suspended, 
and cultured in RPMI-1640 (Thermo Fisher Scientific 
KK, Tokyo, Japan) for 6 h; fetal bovine serum was not 
added to induce autophagy under energy-depletion 
conditions. Subsequently, the culture plates were rinsed 
twice with RPMI-1640 to remove non-adherent cells, 
after which the adherent macrophages were harvested.

Genotyping (polymerase chain reaction, PCR)
DNA from tail cells and primary peritoneal mac-
rophages was extracted using the DNeasy Blood and 
Tissue Kit (Qiagen KK; Tokyo, Japan). The presence 
of Cre recombinase and the conditions of Atg5 alleles 
were evaluated using PCR. The forward (5′-CCC AGA 
AAT GCC AGA TTA CG-3′) and reverse (5′-GCA TTG 
CAG ACT AGC TAA AGG CAG -3′) primers were used 
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to detect Cre recombinase; the resulting Cre prod-
uct was 800 bp. Atg5 wild type and floxed alleles were 
distinguished using Atg5 wild type-specific forward 
(5′-GAA TAT GAA GGC ACA CCC CTG AAA TG-3′) and 
Atg5 flox-specific forward (5′-ACA ACG TCG AGC 
ACA GCT GCG CAA GG-3′) primers and Atg5 com-
mon reverse primer (5′-GTA CTG CAT AAT GGT TTA 
ACT CTT GC-3′). The resulting Atg5 wild type product 
was 1160 bp, and the resulting Atg5 floxed product was 
700 bp, while the deleted Atg5 fragment was 300 bp.

Western blot analysis
The primary peritoneal macrophages were lysed in RIPA 
buffer (R0278, Sigma-Aldrich, Missouri, USA) contain-
ing protease inhibitors (P8340, P5726, P0044, Sigma-
Aldrich) for 30  min on ice and then centrifuged for 
10 min at 12,000 g at 4 °C. The supernatants were diluted 
in 2 × Laemmli sample buffer (#1610737, BIO-RAD, 
CA, USA) containing 5% β-mercaptoethanol (25099-
30, Kanto Chemical Co., Inc., Tokyo, Japan) and heated 
for 5 min at 95 °C. Lysates (10 µg) were separated using 
a 10% SDS–polyacrylamide gel electrophoresis and then 
transferred to nitrocellulose membranes (#1,704,156, 
BIO-RAD) according to the manufacturer’s instructions. 
Membranes were blocked in 5% skim milk (Morinaga, 
Tokyo, Japan) in Tris-buffered saline–Tween (TBST; 
20 mM Tris–HCl, 150 mM NaCl, 0.1% Tween-20) for 2 h 
at room temperature and then incubated with antibodies 
against ATG5 (1:500; NB110-53818SS, Novus Biologi-
cals, Colorado, USA), LC3 (1:250;NB100-2331SS, Novus 
Biologicals, Colorado, USA), or SQSTM1/p62 (1:250; 
MAB8028, R&D Systems, Minneapolis, USA) in 5% skim 
milk in TBST at 4  °C overnight. Blots were then rinsed 
and incubated with the following secondary antibod-
ies: anti-rabbit IgG HRP-conjugated (1:1000; #7074, Cell 
Signaling Technology, MA, USA), anti-mouse IgG HRP-
conjugated (1:1000; #7076, Cell Signaling Technology), 
and anti-β-actin-HRP-Direct (1:1000; PM053-7, MBL 
Co., Ltd, Tokyo, Japan). Protein bands were detected 
using an enhanced chemiluminescence detection kit (GE 
Healthcare Japan, Tokyo, Japan).

Autophagy assay (immunofluorescence)
The primary peritoneal macrophages were fixed in cold 
methanol for 10  min, washed three times with PBS, 
and then incubated in 1% bovine serum albumin plus 
0.3% Triton X-100 (12967-32, NACALAI TESQUE, 
INC., Kyoto, Japan) in PBS for 2  h to block nonspecific 
protein binding. Macrophages were then stained with 
Alexa Fluor 635-conjugated rabbit anti-mouse ion-
ized calcium-binding adapter molecule 1 (Iba1, 1:200; 
013-26471, Fujifilm Wako Pure Chemical Corporation, 
Osaka, Japan) and Alexa Fluor 488-conjugated rabbit 

anti-mouse LC3 (1: 200; NB600-1384AF488, Novus Bio-
logicals, Colorado, USA) overnight in the dark at room 
temperature. They were then rinsed three times with 
PBS, followed by nuclear staining (Hoechst 33342 solu-
tion, SQ104, Dojindo Laboratories, Kumamoto, Japan). 
Finally, the immunofluorescent images were visualized 
using a confocal microscope (A1R HD25, Nikon, Tokyo, 
Japan) under 800 × magnification, and the density of 
LC3 immuno-staining was quantified using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD, USA). 
Threshold RGB intensity was set in a blinded fashion and 
maintained throughout the quantification, and the den-
sity was recorded as a percentage value of the area of sig-
nals that exhibited fluorescence above the threshold.

Postoperative pain and inflammation
Postoperative pain and inflammation were induced by 
plantar incision as previously described [25, 26]. Briefly, 
general anesthesia was initiated using 3% isoflurane and 
maintained with 2% isoflurane. A 5-mm longitudinal 
incision was made on the left paw plantar surface using 
a No.11 surgical blade. The surgical wound was closed 
with two single sutures of 5–0 nylon. Mechanical and 
thermal sensitivity, weight-bearing imbalance between 
the hind paws, spontaneous locomotor activity, paw 
thickness, and body weight were assessed at baseline and 
postoperative days 1, 3, and 7. Another set of mice was 
euthanized on postoperative day 1 or 3 for histological 
analysis and to evaluate the mRNA levels of inflamma-
tory mediators using immunofluorescence and real-time 
PCR, respectively.

Neurobehavioral analysis
All neurobehavioral experiments were carried out 
by blinded individuals between 9:00 and 18:00 and at 
23 ± 2  °C under normal room light. Prior to the experi-
ments, the animals were acclimatized to the testing 
environment for 1 h for 2 consecutive days for each neu-
robehavioral test. The tests were repeated at baseline and 
1, 3, and 7 days after surgery.

Mechanical nociceptive threshold
Mechanical hypersensitivity was assessed using the von 
Frey test [27]. Animals were placed in a plastic chamber 
on an elevated floor with a metal grid, and von Frey fila-
ments (bending forces: 0.04, 0.07, 0.16, 0.4, 0.6, 1, 1.4, 2, 
and 4 g) were gently applied from below for 1 s. Positive 
responses were defined as flinching, shaking, licking, or 
retraction of the leg, representing a clear nociceptive per-
ception to the mechanical stimulus [28]. The experiments 
started with the 0.6-g filament, and the up–down method 
was used to determine the 50% withdrawal threshold [28, 
29].
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Thermal nociceptive threshold
Thermal withdrawal latencies were assessed using Har-
greaves method [30]. Briefly, animals were placed in the 
same plastic chamber used for the von Frey test on an 
elevated glass platform preheated at 29–30  °C. A radi-
ant heat source (NeoHaroBeam, Toshiba, Tokyo, Japan) 
was positioned underneath the glass floor such that radi-
ant heat was focused on the plantar surface of the paw. 
The radiant heat intensity was pre-adjusted such that 
the withdrawal latencies of the naïve paws were approxi-
mately 10 s. Heat stimulation was repeated three times at 
an interval of at least 3 min for each paw, and the results 
were averaged to determine the mean withdrawal latency 
(cutoff time 30 s).

Weight‑bearing imbalance
Weight-bearing distribution between the surgical and 
non-surgical hindlimbs was assessed using the incapaci-
tance test [31]. Briefly, after habituation to the testing 
environment, each mouse was gently placed in a plastic 
cage with an inclined floor with each hindlimb resting on 
two separate pressure sensors. (HJ-150A, A&D, Tokyo, 
Japan). When a mouse was in a stable position for at least 
3  s, the weight-bearing of the left and right hindlimbs 
was recorded, and the ratio was calculated. Trials were 
repeated three times, and mean values were recorded.

Spontaneous locomotor activity
Spontaneous locomotor activity after surgery was 
assessed using the open-field test as previously described 
[32, 33]. Animals were set loose in a 50 × 50 × 50-cm 
plastic chamber with 4 × 4 grid lines on the floor, mak-
ing a total of 25 10 × 10 cm squares. The number of lines 
crossed with all paws in 5 min was recorded.

Infiltration of monocytes/macrophages 
(immunofluorescence)
The mouse paws were dissected, and 20 µm-thick frozen 
sections were prepared using a cryostat (CM 1540S, Leica 
Biosystems, Tokyo, Japan). The sections were fixed in 
cold methanol for 10 min, washed three times with PBS, 
and then incubated in 1% bovine serum albumin plus 
0.3% Triton X-100 (NACALAI TESQUE) in PBS for 2 h 
to block nonspecific protein binding. The sections were 
then stained with Red fluorochrome 635-conjugated rab-
bit anti-mouse Iba1 (1:200, Fujifilm Wako Pure Chemical 
Corporation) overnight in the dark at room temperature, 
and rinsed three times with PBS, followed by nuclear 
staining (Hoechst 33342 solution, Dojindo Laboratories). 
Finally, the section images were visualized using a con-
focal microscope (A1R HD25, Nikon). Using another set 
of samples, M1/M2 phenotypic differentiation was evalu-
ated using Alexa Fluor 594-conjugated rabbit anti-mouse 

CD11c (1:200, 117346, BioLegend, San Diego, CA, USA) 
and Alexa 488-conjugated rabbit anti-mouse CD206 
(1:200, 141709, BioLegend, San Diego, CA, USA). For 
each animal, four 0.025-mm2 areas within the dermis 
under 800 × magnification were randomly selected by a 
blinded individual. The number of cells was recorded to 
evaluate cellular infiltration [34].

Pro‑inflammatory cytokine expression (real‑time PCR)
Real-time PCR was used to measure the mRNA lev-
els of interleukin 1β (IL-1β), interleukin 6 (IL-6), tumor 
necrosis factor-α (TNF-α), interleukin 10 (IL-10), and 
transforming growth factor beta 1 (TGF-β1). The target 
mRNAs were extracted from paw skin tissue using the 
RNeasy Mini Kit (Qiagen KK, Tokyo, Japan). cDNA was 
prepared using the QuantiTect Reverse Transcription Kit 
(Qiagen KK). PCR was conducted on the StepOneTM 
real-time PCR system (Life Technologies, Carlsbad, CA, 
USA) using the  PowerSYBR® Green PCR Master Mix 
(Thermo Fisher Scientific, Waltham, MA, USA) and cor-
responding primers. The data were normalized by geo-
metric averaging of two internal control genes (Gapdh 
and Actb) from the same sample [35]. Both internal con-
trol gene expression levels were consistent among non-
surgical and surgical paw samples (SD of less than 1 and 
coefficient of variation of less than 10). The levels of the 
inflammatory mediators are reported in terms of the fold 
increase with the levels on the contralateral side of the 
Atg5 f/f mice defined as 1.0.

Statistical analysis
Statistical analysis was conducted using GraphPad Prism 
9 (GraphPad Software, San Diego). Mechanical with-
drawal threshold, thermal withdrawal latency, weight-
bearing ratio, spontaneous activity, paw thickness, and 
body weight over 7  days were analyzed using repeated 
measures two-way analysis of variance (ANOVA) fol-
lowed by the Sidak multiple comparisons test. Two group 
comparisons were analyzed using the two-tailed Stu-
dent’s t test. The mRNA levels of inflammatory cytokines 
were analyzed using one-way ANOVA followed by Tuk-
ey’s multiple comparison test. Experimental sample size 
was determined based on previous experiments show-
ing sufficient power (> 80%) to detect significance with 
95% confidence. Data are presented as the mean ± SEM. 
P < 0.05 was considered statistically significant.

Results
Confirmation of Atg5 gene knockout and autophagy 
deficiency in macrophages
Atg5f/f mice were bred with mice that expressed the 
Cre recombinase transgene at the lysozyme 2 locus to 
generate mice that lacked autophagy in macrophages. 



Page 5 of 10Mitsui et al. Journal of Neuroinflammation          (2023) 20:102  

Representative results of the genotyping of peritoneal 
macrophages are shown in Fig.  1A. Next, the efficacy 
of Cre-mediated Atg5 gene deletion and the conse-
quent autophagy deficiency in macrophages were 
confirmed via western blotting. As shown in Fig.  1B 
and C, compared with that in control mice, the pro-
duction of ATG5, a protein essential for autophagy, 
was significantly impaired in peritoneal macrophages 
from ATG5 cKO mice (1.0 ± 0.01 vs. 0.09 ± 0.02, 
P < 0.001). Furthermore, Atg5 cKO mice exhibited 
significant SQSTM1/p62 accumulation (1.0 ± 0.2 
vs. 107.0 ± 39.0, P < 0.05) and absence of LC3II (LC3 
II/I ratio: 2.0 ± 0.7 vs. 0.04 ± 0.01, P < 0.05) in mac-
rophages, indicating defunct autophagy in the cells 
(Fig.  1B and C). Autophagy deficiency in ATG5 cKO 
mice macrophages was also confirmed using immu-
nofluorescence analysis. As shown in Fig.  1D and E, 
LC3 immuno-staining density was significantly lower 
in serum-starved macrophages from ATG5 cKO mice 
than in those from Atg5 f/f mice (2.35% ± 0.06% vs. 
0.49% ± 00.9%, P < 0.001).

Augmented postoperative pain and inflammation in Atg5 
cKO mice
Compared with mice with WT macrophages, Atg5 
cKO mice showed more severe mechanical and ther-
mal hypersensitivity and tissue edema after sur-
gery. (Day 1- mechanical threshold: 0.51 ± 0.05  g vs. 
0.22 ± 0.05  g, P < 0.01; thermal threshold: 7.81  s ± 0.80  s 
vs. 4.59  s ± 0.66  s, P < 0.05; paw thickness: 112.5 ± 2.2% 
vs. 124.9 ± 3.3%, P < 0.05 and Day 3- mechanical thresh-
old: 0.81 g ± 0.06 g vs. 0.49 ± 0.07 g, P < 0.05; paw thick-
ness: 100.7 ± 2.0% vs. 109.7 ± 1.8%, P < 0.05; male, n = 8 
each, Fig.  2A–F) Similar results were confirmed in 
female mice (Fig.  2G–I). Mechanical and thermal sen-
sitivities in the contralateral paws were not affected by 
the deficient macrophage autophagy (additional study, 
male, n = 6 each, Additional file 1: Figure S1). Although 
the weight-bearing ratio values were not significantly 
different between the groups on day 1 (0.88 ± 0.03 vs. 
0.77 ± 0.04, P = 0.159, male), the Atg5 cKO mice exhib-
ited significantly reduced weight-bearing on the surgical 
side paw (vs. baseline, 1.02 ± 0.02 vs. 0.77 ± 0.04, P < 0.01, 
male). Moreover, although there was no significant 

Fig. 1 Confirmation of Atg5 gene knockout and autophagy deficiency in macrophages. A Polymerase chain reaction analysis of gene in 
peritoneal macrophages from wild type (WT), Atg5f/f, and Atg5f/fLysMCre (Atg5 cKO) mice. B Western blot analysis of ATG5 and SQSTM1/
p62 proteins in peritoneal macrophages from Atg5f/f and Atg5f/fLysMCre mice (n = 5 each) cultured for 6 h under energy-depletion. C 
Densitometric quantification of western blot of ATG5, SQSTM1/p62, and LC3 proteins (n = 3–5 each). D Representative immunofluorescence 
images of macrophages. E LC3 immuno-staining density of macrophages (n = 3 each). Data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, 
***P < 0.001. cKO conditional knockout; WT wild type
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difference in body weight between the groups over 
7 days, only the control group mice showed a significant 
increase from the baseline (baseline: 23.78 ± 0.42  g, day 
7: 24.05 ± 0.39 g, P = 0.033) while the Atg5 cKO mice did 
not (baseline: 23.68 ± 0.43  g, day 7: 23.78  g, P = 0.358). 
Postoperative spontaneous locomotor activity was not 
significantly different between groups (ANOVA, F (1, 
14) = 0.298, P = 0.594).

Increased monocyte/macrophage infiltration 
at the surgical site in Atg5 cKO mice
Figure  3 shows more Iba1-positive and CD11c-positive 
monocyte/macrophages in the dermis at the surgical site 
in the Atg5 cKO mice (Day1—Iba1: 44 ± 8 vs. 104 ± 16 
cells / 0.1   mm2, n = 6 each, P < 0.01, CD11c: 26 ± 6 vs. 
84 ± 16 cells / 0.1mm2, n = 6 each, P < 0.05, Day3—Iba1: 
31 ± 5 vs. 57 ± 10 cells / 0.1  mm2, P < 0.05, CD11c: 13 ± 3 
vs. 38 ± 7 cells / 0.1  mm2, P < 0.01). In contrast, Atg5 cKO 
and Atg5 f/f mice showed similar numbers of CD206-
positive cells in the dermis (Day 1: 22 ± 5 vs. 18 ± 6 

cells / 0.1  mm2, P = 0.629, Day 3: 19 ± 5 vs. 22 ± 5 cells / 
0.1  mm2, P = 0.633).

Increased pro‑inflammatory cytokine expression in Atg5 
cKO mice
The mRNA levels of pro-inflammatory cytokines were 
significantly elevated in the paw skin tissue from the Atg5 
cKO mice except for IL-6 (Day 1—IL-1β: 41.8 ± 13.9 vs. 
143.8 ± 46.6, Day 3—IL-1β: 9.2 ± 2.2 vs. 25.6 ± 4.8, TNF-
α: 5.0 ± 0.9 vs. 13.2 ± 2.7, P < 0.05; Fig. 4). In contrast, the 
mRNA levels of anti-inflammatory mediators (IL-10 and 
TGF-β1) were not significantly different between groups, 
demonstrating a shift toward the pro-inflammatory state 
in the macrophage autophagy-deficient Atg5 cKO mice.

Discussion
In the present study, we found that a lack of autophagy in 
macrophages exacerbated postoperative pain and inflam-
mation. Mice lacking macrophage autophagy showed a 
delay in weight gain after surgery. Moreover, infiltration 

Fig. 2 Neurobehavioral analyses. A–F: male (n = 8 each), G–I: female (n = 6 each). A Mechanical sensitivity assessed using the von Frey test. B 
Thermal sensitivity assessed using the Hargreaves method. C Hind paw weight distribution assessed using the incapacitance test. D Spontaneous 
locomotor activity assessed using the open-field test. E Paw edema and inflammation. F Body weight. G Mechanical sensitivity assessed using the 
von Frey test. H Thermal sensitivity assessed using the Hargreaves method. I Paw edema and inflammation. *P < 0.05, **P < 0.01 vs. Atg5 f/f mice. 
†P < 0.05, ††P < 0.01 vs. baseline within the group. cKO conditional knockout
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of monocytes/macrophages at the surgical site and pro-
duction of pro-inflammatory mediators was enhanced in 
the mice lacking macrophage autophagy. These observa-
tions suggest the significant involvement and protective 
roles of macrophage autophagy in postoperative pain and 
inflammation.

Although surgery is a type of treatment, it results 
in iatrogenic tissue injury. The inflammatory cascade 
is initiated by inflammatory cytokine secretion from 
platelets, attracting inflammatory cells, including mono-
cytes/macrophages, to the injured site [36]. Monocytes/
macrophages infiltrate, secrete various inflammatory 
mediators, and engulf pathogens and damaged cells by 
phagocytosis, leading to tissue inflammation and remod-
eling [36, 37]. These processes are essential for tissue pro-
tection and normal wound-healing; however, they must 
be controlled in terms of ensuring a balance between 

pro- and anti-inflammatory elements [38]. Autophagy in 
macrophages mediates tissue inflammation by continu-
ously removing defunct mitochondria and by regulating 
inflammasome activation [11, 14, 39]. The tissue-protec-
tive effects of macrophage autophagy have been dem-
onstrated in the context of several diseases, as well as 
infection and ischemia [17, 21]—conditions in which 
inflammation plays critical roles in the pathogenesis. Our 
results are consistent with those previous findings, dem-
onstrating that the deficiency of macrophage autophagy 
results in dysregulation of inflammation and leads to 
enhanced postoperative inflammation.

In the current study, increased pro-inflammatory 
mediator gene expression was observed in Atg5 cKO 
mice. Conversely, the expression of anti-inflammatory 
mediators was not significantly affected. These observa-
tions indicate that the lack of autophagy in monocytes/

Fig. 3 Immunofluorescence analysis. A Representative immunofluorescence images of the paw skin tissue, showing the infiltration of ionized 
calcium-binding adapter molecule 1 (Iba1)-, CD11c-, and CD206-positive cells in the dermis (surrounded by the dotted line). Scale bar: 50 µm. 
B Number of Iba1-, CD11c-, and CD206-positive cells in the dermis (n = 6 each). Data are presented as the mean ± SEM. *P < 0.05; **P < 0.01. cKO 
conditional knockout
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macrophages caused a shift toward the pro-inflammatory 
state. Furthermore, the enhancement of pro-inflamma-
tory mediator expression coincided with an increase in 
the population of M1 monocytes/macrophages in the 
dermis at the surgical site. Consistent with our findings, 
earlier studies have reported that autophagy deficiency in 
myeloid cells induces pro-inflammatory polarization with 
both enhanced pro-inflammatory cytokine production 
and infiltration [14, 17, 21, 40], although the mechanism 
via which macrophage autophagy causes pro-inflam-
matory polarization remain nebulous. Based on these 
findings, it would be natural to assume that autophagy 
deficiency induced augmented pain and inflammation via 
facilitating pro-inflammatory cytokine production and 
monocyte/macrophage infiltration. Enhanced produc-
tion of pro-inflammatory mediators from the autophagy-
deficient macrophages presumably attracted more 
monocytes/macrophages and other inflammatory cells to 
the injured site, causing a vicious circle of inflammation. 
These mechanisms would have led to sustained inflam-
mation, thereby contributing to the prolonged neurobe-
havioral symptoms in Atg5 cKO mice.

Inflammation is a critical component of postoperative 
pain. Inflammatory mediators activate and sensitize 
nociceptors, causing spontaneous pain and localized 

tissue hypersensitivity [22, 41]. Among the various 
inflammatory cells, macrophages are essential and key 
mediators of the generation and resolution of inflam-
matory pain [22, 23]. Infiltrating macrophages sensitize 
the peripheral nociceptors and facilitate the transi-
tion from acute to chronic pain by producing various 
inflammatory mediators, such as IL-1β and TNF-α [42]. 
Conversely, macrophages also contribute to the reso-
lution of pain by secreting anti-inflammatory or anal-
gesic effectors [42]. Therefore, it is not surprising that 
autophagy-related defects in macrophages resulted in 
the dysregulation of inflammation as well as its resolu-
tion, exacerbating and prolonging postoperative pain.

Despite enhanced mechanical pain sensitivity and 
inflammation, spontaneous locomotor activity was 
not significantly affected by macrophage autophagy 
deficiency. This may be explained by the findings of a 
previous study, which demonstrated that inflamma-
tory pain in one hindlimb is not sufficient to impair the 
spontaneous activity of young adult mice [43]. How-
ever, in our study, weight-bearing imbalance between 
hindlimbs worsened in the Atg5 cKO mice, indicat-
ing that augmented inflammation due to macrophage 
autophagy deficiency did influence the spontaneous 
behavior of the mice.

Fig. 4 Real-time polymerase chain reaction analysis of the mRNA levels of inflammatory mediators. A Day 1 (n = 6 each). B Day 3 (n = 6 each). 
*P < 0.05. cKO conditional knockout, IL interleukin, TGF transforming growth factor, TNF tissue necrosis factor
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The finding that a lack of macrophage autophagy con-
tributes to postoperative pain and inflammation provides 
a potential cellular target for the treatment of pain and 
inflammation associated with surgery. Promotion or 
enhancement of autophagy in macrophages after sur-
gery may be effective for improving postoperative out-
comes [44]. However, autophagy in other cell types could 
have different roles. Indeed, there are conflicting reports 
regarding the effects of the indiscriminate modulation 
of autophagy in various inflammatory diseases, possibly 
reflecting the diverse roles of autophagy in different cell 
types [45–48]. Future pharmaceutical development could 
enable macrophage-specific autophagy enhancement, 
rendering the potential for a novel strategy for treating 
postoperative pain and inflammation.

This study has some limitations. Although we focused 
on autophagy in macrophages, possible interactions and 
influences of other cell types cannot be ruled out. For 
example, the increased cytokine mRNA expressions in 
the paws from Atg5 cKO mice could be an indirect con-
sequence of impaired autophagy in macrophages. Neu-
trophils also play important roles in the pathogenesis 
of pain and inflammation after skin incision. However, 
accumulating evidence has demonstrated that autophagy 
does not enhance the pro-inflammatory profile of neu-
trophils or influence morphology or migration ability of 
neutrophils [49, 50]. Therefore, neutrophil autophagy 
is less likely to be involved in the augmented pain and 
inflammation observed in Atg5 cKO mice. In addition, 
we performed neurobehavioral assays 1, 3, and 7  days 
after surgery. Data at day 5 would have made the neu-
robehavioral assay more complete. Finally, we only used 
relatively young mice to explore a possible role of mac-
rophage autophagy in postoperative pain and inflamma-
tion. Future expansive studies using animals at different 
ages will further add to our findings.

Conclusions
The lack of macrophage autophagy augmented postop-
erative pain and inflammation, which were accompa-
nied by enhanced pro-inflammatory cytokine secretion 
and surgical-site monocyte/macrophage infiltration. 
Macrophage autophagy plays a protective role in post-
operative pain and inflammation and can be a novel ther-
apeutic target.

Abbreviations
ANOVA  Analysis of variance
ATG5  Autophagy-related protein 5
cKO  Conditional knockout
IL  Interleukin
PBS  Phosphate-buffered saline
PCR  Polymerase chain reaction
TGF  Transforming growth factor

TNF  Tissue necrosis factor

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12974- 023- 02795-w.

Additional file 1. Neurobehavioral analyses. A and B: male (n = 6 each). A 
Mechanical sensitivity assessed using the von Frey test. B Thermal sensitiv-
ity assessed using the Hargreaves method.

Acknowledgements
We thank Dr. Noboru Mizushima for providing Atg5flox/flox (Atg5f/f, B6.129S-
Atg5<tmlMyok >) mice.

Author contributions
KM and MK conceived and designed the study, performed the experiments, 
and drafted the manuscript. SH, AJ, and TM contributed to conception of the 
study and helped draft the manuscript. MA and YK performed the experi-
ments and analyzed the data. All authors contributed to manuscript revision, 
read, and approved the submitted version.

Funding
This work was supported by the Japan Society for the Promotion of Science 
(JSPS KAKENHI Grant number 20K17808). The funding body had no role in the 
design of the study, the collection, analysis, and interpretation of data, or the 
writing of the manuscript.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Experiments were conducted in accordance with the National Institutes 
of Health (NIH) Guidelines for the Care and Use of Laboratory Animals. The 
experimental protocol was reviewed and approved by the University of Yama-
nashi Animal Care Committee.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Anesthesiology, Faculty of Medicine, University of Yamanashi, 
1110 Shimokato, Chuo, Yamanashi 409-3898, Japan. 2 F.M. Kirby Neurobiol-
ogy Center, Boston Children’s Hospital, and Department of Neurobiology, 
Harvard Medical School, 3 Blackfan Circle, Boston, MA 02115, USA. 3 Depart-
ment of Ophthalmology, Faculty of Medicine, University of Yamanashi, 1110 
Shimokato, Chuo, Yamanashi 409-3898, Japan. 

Received: 1 February 2023   Accepted: 26 April 2023

References
 1. Boniakowski AE, Kimball AS, Jacobs BN, Kunkel SL, Gallagher KA. Mac-

rophage-mediated inflammation in normal and diabetic wound healing. 
J Immunol. 2017;199:17–24.

 2. Lindley LE, Stojadinovic O, Pastar I, Tomic-Canic M. Biology and biomark-
ers for wound healing. Plast Reconstr Surg. 2016;138:18s–28s.

 3. Jain A, Hakim S, Woolf CJ. Unraveling the plastic peripheral neuroimmune 
interactome. J Immunol. 2020;204:257–63.

 4. Schwab JM, Chiang N, Arita M, Serhan CN. Resolvin E1 and protectin D1 
activate inflammation-resolution programmes. Nature. 2007;447:869–74.

https://doi.org/10.1186/s12974-023-02795-w
https://doi.org/10.1186/s12974-023-02795-w


Page 10 of 10Mitsui et al. Journal of Neuroinflammation          (2023) 20:102 

 5. Bosch DJ, Nieuwenhuijs-Moeke GJ, van Meurs M, Abdulahad WH, Struys M. 
Immune modulatory effects of nonsteroidal anti-inflammatory drugs in the 
perioperative period and their consequence on postoperative outcome. 
Anesthesiology. 2022;136:843–60.

 6. Hakkarainen TW, Steele SR, Bastaworous A, Dellinger EP, Farrokhi E, Farjah F, 
Florence M, Helton S, Horton M, Pietro M, et al. Nonsteroidal anti-inflamma-
tory drugs and the risk for anastomotic failure: a report from Washington 
State’s surgical care and outcomes assessment program (SCOAP). JAMA 
Surg. 2015;150:223–8.

 7. Lucchinetti E, Awad AE, Rahman M, Feng J, Lou PH, Zhang L, Ionescu L, 
Lemieux H, Thébaud B, Zaugg M. Antiproliferative effects of local anesthet-
ics on mesenchymal stem cells: potential implications for tumor spreading 
and wound healing. Anesthesiology. 2012;116:841–56.

 8. Stein C, Küchler S. Targeting inflammation and wound healing by opioids. 
Trends Pharmacol Sci. 2013;34:303–12.

 9. Chrastil J, Sampson C, Jones KB, Higgins TF. Postoperative opioid admin-
istration inhibits bone healing in an animal model. Clin Orthop Relat Res. 
2013;471:4076–81.

 10. Mizushima N, Komatsu M. Autophagy: renovation of cells and tissues. Cell. 
2011;147:728–41.

 11. Levine B, Mizushima N, Virgin HW. Autophagy in immunity and inflamma-
tion. Nature. 2011;469:323–35.

 12. Fumagalli S, Fiordaliso F, Perego C, Corbelli A, Mariani A, De Paola M, De 
Simoni MG. The phagocytic state of brain myeloid cells after ischemia 
revealed by superresolution structured illumination microscopy. J Neuroin-
flammation. 2019;16:9.

 13. Liao X, Sluimer JC, Wang Y, Subramanian M, Brown K, Pattison JS, Robbins 
J, Martinez J, Tabas I. Macrophage autophagy plays a protective role in 
advanced atherosclerosis. Cell Metab. 2012;15:545–53.

 14. Razani B, Feng C, Coleman T, Emanuel R, Wen H, Hwang S, Ting JP, Virgin HW, 
Kastan MB, Semenkovich CF. Autophagy links inflammasomes to athero-
sclerotic progression. Cell Metab. 2012;15:534–44.

 15. Iida T, Yokoyama Y, Wagatsuma K, Hirayama D, Nakase H. Impact of 
autophagy of innate immune cells on inflammatory bowel disease. Cells. 
2018;8:7.

 16. Santeford A, Wiley LA, Park S, Bamba S, Nakamura R, Gdoura A, Ferguson 
TA, Rao PK, Guan JL, Saitoh T, et al. Impaired autophagy in macrophages 
promotes inflammatory eye disease. Autophagy. 2016;12:1876–85.

 17. Qiu P, Liu Y, Zhang J. Review: the role and mechanisms of macrophage 
autophagy in sepsis. Inflammation. 2019;42:6–19.

 18. Liu K, Hong D, Zhang F, Li X, He M, Han X, Zhang G, Xu G, Stonehouse NJ, 
Jiang Z, et al. MicroRNA-106a inhibits autophagy process and antimicrobial 
responses by targeting ULK1, ATG7, and ATG16L1 during mycobacterial 
infection. Front Immunol. 2020;11: 610021.

 19. Crother TR, Porritt RA, Dagvadorj J, Tumurkhuu G, Slepenkin AV, Peterson 
EM, Chen S, Shimada K, Arditi M. Autophagy limits inflammasome during 
chlamydia pneumoniae infection. Front Immunol. 2019;10:754.

 20. Zhong K, Huang Y, Zilundu PLM, Wang Y, Zhou Y, Yu G, Fu R, Chung SK, Tang 
Y, Cheng X, Zhou L. Motor neuron survival is associated with reduced neuro-
inflammation and increased autophagy after brachial plexus avulsion injury 
in aldose reductase-deficient mice. J Neuroinflammation. 2022;19:271.

 21. Kotoda M, Furukawa H, Miyamoto T, Korai M, Shikata F, Kuwabara A, Xiong X, 
Rutledge C, Giffard RG, Hashimoto T. Role of myeloid lineage cell autophagy 
in ischemic brain injury. Stroke. 2018;49:1488–95.

 22. Ghasemlou N, Chiu IM, Julien JP, Woolf CJ. CD11b+Ly6G- myeloid cells 
mediate mechanical inflammatory pain hypersensitivity. Proc Natl Acad Sci 
U S A. 2015;112:E6808–17.

 23. Willemen HL, Eijkelkamp N, Garza Carbajal A, Wang H, Mack M, Zijlstra J, 
Heijnen CJ, Kavelaars A. Monocytes/Macrophages control resolution of 
transient inflammatory pain. J Pain. 2014;15:496–506.

 24. Hara T, Nakamura K, Matsui M, Yamamoto A, Nakahara Y, Suzuki-Migishima 
R, Yokoyama M, Mishima K, Saito I, Okano H, Mizushima N. Suppression of 
basal autophagy in neural cells causes neurodegenerative disease in mice. 
Nature. 2006;441:885–9.

 25. Lee S, Jo S, Talbot S, Zhang HB, Kotoda M, Andrews NA, Puopolo M, Liu PW, 
Jacquemont T, Pascal M, et al. Novel charged sodium and calcium channel 
inhibitor active against neurogenic inflammation. Elife. 2019;8.

 26. Pogatzki EM, Raja SN. A mouse model of incisional pain. Anesthesiology. 
2003;99:1023–7.

 27. Tochitsky I, Jo S, Andrews N, Kotoda M, Doyle B, Shim J, Talbot S, Roberson 
D, Lee J, Haste L, et al. Inhibition of inflammatory pain and cough by a novel 
charged sodium channel blocker. Br J Pharmacol. 2021;178:3905–23.

 28. Gonzalez-Cano R, Boivin B, Bullock D, Cornelissen L, Andrews N, Costigan M. 
Up-down reader: an open source program for efficiently processing 50% 
von Frey thresholds. Front Pharmacol. 2018;9:433.

 29. Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL. Quantitative assess-
ment of tactile allodynia in the rat paw. J Neurosci Methods. 1994;53:55–63.

 30. Hargreaves K, Dubner R, Brown F, Flores C, Joris J. A new and sensitive 
method for measuring thermal nociception in cutaneous hyperalgesia. Pain. 
1988;32:77–88.

 31. Deuis JR, Dvorakova LS, Vetter I. Methods used to evaluate pain behaviors in 
rodents. Front Mol Neurosci. 2017;10:284.

 32. Kotoda M, Ino H, Kumakura Y, Iijima T, Ishiyama T, Matsukawa T. Anal-
gesic effects of amiodarone in mouse models of pain. J Pain Res. 
2019;12:1825–32.

 33. Hunskaar S, Hole K. The formalin test in mice: dissociation between inflam-
matory and non-inflammatory pain. Pain. 1987;30:103–14.

 34. Shepherd AJ, Copits BA, Mickle AD, Karlsson P, Kadunganattil S, Haroutou-
nian S, Tadinada SM, de Kloet AD, Valtcheva MV, McIlvried LA, et al. Angio-
tensin II triggers peripheral macrophage-to-sensory neuron redox crosstalk 
to elicit pain. J Neurosci. 2018;38:7032–57.

 35. Vandesompele J, De Preter K, Pattyn F, Poppe B, Van Roy N, De Paepe A, 
Speleman F. Accurate normalization of real-time quantitative RT-PCR data 
by geometric averaging of multiple internal control genes. Genome Biol. 
2002;3:Research0034.

 36. Zomer HD, Trentin AG. Skin wound healing in humans and mice: challenges 
in translational research. J Dermatol Sci. 2018;90:3–12.

 37. Eming SA, Martin P, Tomic-Canic M. Wound repair and regeneration: mecha-
nisms, signaling, and translation. Sci Transl Med. 2014;6:265sr6.

 38. Greenlee-Wacker MC. Clearance of apoptotic neutrophils and resolution of 
inflammation. Immunol Rev. 2016;273:357–70.

 39. Cadwell K. Crosstalk between autophagy and inflammatory signal-
ling pathways: balancing defence and homeostasis. Nat Rev Immunol. 
2016;16:661–75.

 40. Liu K, Zhao E, Ilyas G, Lalazar G, Lin Y, Haseeb M, Tanaka KE, Czaja MJ. 
Impaired macrophage autophagy increases the immune response in obese 
mice by promoting proinflammatory macrophage polarization. Autophagy. 
2015;11:271–84.

 41. Verri WA Jr, Cunha TM, Parada CA, Poole S, Cunha FQ, Ferreira SH. Hyper-
nociceptive role of cytokines and chemokines: targets for analgesic drug 
development? Pharmacol Ther. 2006;112:116–38.

 42. Liu JA, Yu J, Cheung CW. Immune actions on the peripheral nervous system 
in pain. Int J Mol Sci. 2021;22.

 43. Cobos EJ, Ghasemlou N, Araldi D, Segal D, Duong K, Woolf CJ. Inflammation-
induced decrease in voluntary wheel running in mice: a nonreflexive test for 
evaluating inflammatory pain and analgesia. Pain. 2012;153:876–84.

 44. Dierckx T, Haidar M, Grajchen E, Wouters E, Vanherle S, Loix M, Boeykens A, 
Bylemans D, Hardonnière K, Kerdine-Römer S, et al. Phloretin suppresses 
neuroinflammation by autophagy-mediated Nrf2 activation in mac-
rophages. J Neuroinflammation. 2021;18:148.

 45. Levine B, Packer M, Codogno P. Development of autophagy inducers in 
clinical medicine. J Clin Invest. 2015;125:14–24.

 46. Morel E, Mehrpour M, Botti J, Dupont N, Hamaï A, Nascimbeni AC, 
Codogno P. Autophagy: a druggable process. Annu Rev Pharmacol Toxicol. 
2017;57:375–98.

 47. Vakifahmetoglu-Norberg H, Xia HG, Yuan J. Pharmacologic agents targeting 
autophagy. J Clin Invest. 2015;125:5–13.

 48. Zhang X, Li L, Chen S, Yang D, Wang Y, Zhang X, Wang Z, Le W. Rapamycin 
treatment augments motor neuron degeneration in SOD1(G93A) mouse 
model of amyotrophic lateral sclerosis. Autophagy. 2011;7:412–25.

 49. Shrestha S, Lee JM, Hong CW. Autophagy in neutrophils. Korean J Physiol 
Pharmacol. 2020;24:1–10.

 50. Rožman S, Yousefi S, Oberson K, Kaufmann T, Benarafa C, Simon HU. The 
generation of neutrophils in the bone marrow is controlled by autophagy. 
Cell Death Differ. 2015;22:445–56.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Role of macrophage autophagy in postoperative pain and inflammation in mice
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Animals
	Isolation of primary peritoneal macrophages and induction of autophagy
	Genotyping (polymerase chain reaction, PCR)
	Western blot analysis
	Autophagy assay (immunofluorescence)
	Postoperative pain and inflammation
	Neurobehavioral analysis
	Mechanical nociceptive threshold
	Thermal nociceptive threshold
	Weight-bearing imbalance
	Spontaneous locomotor activity
	Infiltration of monocytesmacrophages (immunofluorescence)
	Pro-inflammatory cytokine expression (real-time PCR)
	Statistical analysis

	Results
	Confirmation of Atg5 gene knockout and autophagy deficiency in macrophages
	Augmented postoperative pain and inflammation in Atg5 cKO mice
	Increased monocytemacrophage infiltration at the surgical site in Atg5 cKO mice
	Increased pro-inflammatory cytokine expression in Atg5 cKO mice

	Discussion
	Conclusions
	Anchor 30
	Acknowledgements
	References


