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Aging disrupts the maintenance of liver homeostasis, which impairs hepatocyte regeneration and aggravates acute liver injury (ALI),
ultimately leading to the development of acute liver failure (ALF), a systemic inflammatory response, and even death. Macrophages
influence the progression and outcome of ALl through the innate immune system. However, it is still unclear how macrophages
regulate ALl during aging. The variation in macrophage autophagy with aging and the influence on macrophage polarization and
cytokine release were assessed in BMDM s in vitro. Then, after BMDMs subjected to several treatments were intravenously or
intraperitoneally injected into mice, thioacetamide (TAA)-induced ALI (TAA-ALI) was established, and its effects on inflammation,
injury, and mortality were assessed. We found that aging aggravated the liver injury, along with increases in the levels of
proinflammatory mediators, presenting a senescence-associated secretory phenotype (SASP), which promoted macrophage
polarization to the M1 phenotype. In addition, autophagy levels decreased significantly in aged mice, which was ascribed to ATG5
repression during aging. Notably, enhancing autophagy levels in aged BMDMs restored macrophage polarization to that observed
under young conditions. Finally, autophagy restoration in aged BMDMs enhanced the protective effect against TAA-ALI, similar to
M2 macrophages induced by IL-4. Overall, we demonstrated that the influence of aging on macrophage polarization is an
important aggravating factor in TAA-ALI, and the autophagy in macrophages is associated with the aging phenotype.
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INTRODUCTION

As the main site of nutrient and toxin metabolism and a barrier to
complex pathogenic factors from the external environment [1],
the liver can be damaged by multiple toxins and their metabolites,
but it usually regenerates after moderate injury due to its
remarkable regeneration capacity [2]. However, liver regeneration
may fail after some severe acute insults, leading to acute liver
injury (ALl) and even acute liver failure (ALF). ALF is a rare and
severe consequence of intense liver damage that can cause
death within days or weeks [3]. Clinically, ALI is more likely to
progress to ALF in elderly individuals, who have a poorer
prognosis and higher mortality than young individuals [4].
Therefore, ALF has important clinical significance in previously
healthy individuals, but it is still unclear why ALI is more inclined
to progress to ALF as a result of aging.

Appropriate inflammation helps liver repair, but excessive
inflammation will further promote hepatocyte injury and death
[5]. When hepatic inflammation is out of control, innate immune
cells (macrophages, neutrophils, dendritic cells, etc.) recruit and
release cytokines, chemokines, and reactive oxygen species,

thereby inducing hepatocyte apoptosis and necrosis [6]. In turn,
dying hepatocytes release damage-associated molecular patterns
(DAMPs), which bind to evolutionarily conserved pattern recogni-
tion receptors, activate the innate immune system, and stimulate
inflammatory responses, ultimately creating a vicious cycle of
severe damage to hepatocytes [7]. Body senescence is accom-
panied by organ senescence and cellular senescence (including
immune cell senescence). Senescent immune cells develop
immunoregulation disorders, expressing numerous senescence-
associated secretory phenotypes (SASPs) and secreting various
proinflammatory mediators [8]. Thus, understanding the mechan-
isms by which the senescent liver loses its immunologic balance is
essential to delay immune disorders and prevent poor outcomes.

Macrophages are most abundant in the liver among all solid
organs in the body, with 20-40 macrophages for every 100
hepatocytes in the rodent liver [9], and they play a crucial role in
maintaining hepatic homeostasis [6]. Macrophages can usually
differentiate into the M1 phenotype under lipopolysaccharide
(LPS)/IFN-y stimulation, showing a proinflammatory and injury-
promoting phenotype, or into the M2 phenotype under IL-4
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stimulation, showing an anti-inflammatory and tissue-protective
phenotype [10, 11]. Studies have shown that the ratio of M1 to M2
macrophages changes under pathological conditions during
aging [12, 13]. In addition, in aged healthy adults, macrophages
in fat and liver tissues showed a more proinflammatory M1
phenotype, while the immunosuppressive M2 phenotype was
increased in the lymphoid tissues, lungs, and muscles [10].
Exploring aging-related polarization mechanisms is crucial to
recognize the role of macrophages in ALl, and interventions
targeting macrophage polarization may be used to achieve
favorable outcomes.

Macroautophagy (hereafter referred to as autophagy) is an
adaptive and protective mechanism that controls cellular stress,
protein homeostasis, and mitochondrial quality [14]. Recent
evidence suggests that autophagy in macrophages can help
reduce inflammation and injury induced by D-galactosamine (D-
gal)/LPS [15], carbon tetrachloride (CCl,) [16], and nonalcoholic
steatohepatitis (NASH) [17]. ATG genes control the formation of
autophagosomes through ATG12-ATG5 and LC3-ll complexes.
Multiple studies have shown that ATG5 plays an essential role in
autophagy regulation. Lodder et al. reported that liver fibrosis in
ATG5 knockout mice showed higher IL-1a and IL-1B levels and
remarkable recruitment of macrophages and neutrophils, which
are associated with aggravated liver injury [18]. In D-gal/LPS-
induced liver failure, loss of ATG5 significantly increased IL-1B
expression, with massive infiltration of neutrophils and aggravated
liver failure [15]. Thus, we hypothesized that altered macrophage
autophagy regulated by ATG5 plays a crucial role in aging-
dependent ALI aggravation.

Thioacetamide (TAA), which is metabolized to its S-oxide (TASO)
and further to S, S-dioxide (TASO,) through the biological
oxidation of cytochrome P450 (CYP) 2E1 in vivo [19], is a classic
hepatotoxic agent that induces acute or chronic liver inflamma-
tion, liver injury and even liver failure, which is associated with
oxidative stress, centrilobular necrosis and apoptosis [20, 21]. In
this study, we investigated how autophagy affects macrophage
polarization during aging and presented the roles and mechan-
isms of this process in TAA-ALI.

RESULTS

Aging exacerbates TAA-induced ALI

TAA induces increased hepatocyte apoptosis and necrosis. We
administered TAA to mice to establish a TAA-ALI model in young
and aged mice. The aged mice were less viable and showed
reduced consciousness after TAA treatment, and their serum ALT
and AST levels were significantly higher than those of young
mice (Fig. TA). Consistent with the serum indexes, H&E staining
of liver sections showed more necrotic hepatocytes in aged
mice, and the hepatic lobule structure was blurred, indicating
that aged mice have weakened tolerance to toxins (Fig. 1B).
TUNEL staining showed that the livers of aged mice were more
prone to apoptosis and necrosis (Fig. 1C, D). We further detected
the expression of the apoptosis-related proteins Bcl-2 and Bax.
The expression of the antiapoptotic factor Bcl-2 decreased in
aged mice, while the expression of the apoptotic protein Bax
increased (Fig. 1E, F). These results indicated that aging
aggravates hepatocyte apoptosis and necrosis, thus reducing
tolerance to TAA-ALI

Aging aggravates inflammation in TAA-ALI

To further investigate hepatic inflammation in young and aged
mice during TAA-ALI, immunohistochemistry (IHC) and mRNA
expression analysis of the liver were performed. IHC assays
showed increased macrophage (Fig. 2A, C) and neutrophil (Fig. 2B,
Q) infiltration in the liver in aged mice during TAA-ALI, indicating
increased recruitment of innate immune cells. Examination
of liver mRNA expression revealed that the levels of the SASP
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components Tnfa, lI1b and /l6 were significantly increased in aged
mice (Fig. 2D). Furthermore, the expression of iNOS and Mcp1 was
also increased in the livers of aged mice (Fig. 2E). In contrast, the
mRNA levels of Arg1 and Mrc1 decreased in aged mice, but there
was no significant difference in the levels of /I10 (Fig. 2F).
Consistent with the results obtained from the gene transcription
level, the content of the proinflammatory factors TNF-a, IL-1(3, and
IL-6 in the peripheral blood of aged mice increased, suggesting an
anabatic SASP in aged mice during TAA-ALI (Fig. 2G). In addition,
after administration of a higher dose of TAA, the survival curve
showed that aged mice had higher mortality than the young mice
(Fig. 2H, log-rank test P<0.05). These results indicated that
excessive and irreversible inflammation may be an essential factor
of the poor prognosis of aged mice.

Aging impairs autophagy in macrophages

Disparate polarization and inflammatory phenotypes were
observed in macrophages during aging, and autophagy is an
important component of the innate immune response. To
understand the relationship of these phenotypes with autop-
hagy, adenovirus expressing the mCherry-GFP-LC3 (Ad-mCherry-
GFP-LC3) fusion protein was transfected into BMDMs from
young and aged mice to evaluate autophagic flux by measuring
turnover of the LC3 protein [22]. When mCherry is used to
colabel LC3 with GFP, the acidic environment in lysosomes will
lead to fluorescence quenching of GFP during the fusion of
autophagosomes with lysosomes, while mCherry fluorescence is
retained due to its stability. As shown in Fig. 3A, the autophagic
flux of BMDMs from aged mice (aged BMDMs) was significantly
lower than that of BMDMs from young mice (young BMDM:s),
which paralleled the impaired autophagy indicated by the
reduced autophagosomes (Fig. 3B, C) and LC3 puncta (Supple-
mentary Fig. STA) in the cells after LPS treatment. Similarly,
aging also reduced autophagy activation mediated by Torin 1
(Supplementary Fig. S1B).

Additionally, LPS induces the differentiation of macrophages
to the M1 phenotype and can also induce autophagy [23].
Therefore, we further explored the influence of aging on the
polarization phenotype of macrophages after LPS treatment,
and autophagy-related proteins were detected by immunofluor-
escence (IF) and immunoblotting. The expression of ATG5 and
LC3-Il was decreased in aged BMDMs, and there was excessive
intracellular accumulation of p62, an autophagy adapter protein,
which can shuttle ubiquitinated cargo for autophagic degrada-
tion suggesting that autophagy was partially blocked in aged
BMDM s (Fig. 3D, E). IF assays confirmed the above results, and
the expression of LC3-Il and ATG5 was decreased in aged cells
(Fig. 3F, G, Supplementary S1A). In addition, Kupffer cells (KCs)
were isolated from young and aged mice with or without TAA
treatment. Consistent with the above in vitro results, aging
decreased the autophagy level and ATG5 expression in KCs
(Supplementary Fig. S1Q).

ATGS restores autophagy and decreases the senescence
phenotype

Next, BMDMs were pretreated with 3-MA before LPS treatment,
and transmission electron microscopy (TEM) and IF images
showed a further reduction in autophagosomes (Fig. 4A, B) and
LC3 puncta (Supplementary Fig. S2) in aged BMDMs. To further
study the role of ATG5 in aging, we transfected ATG5 lentiviral
activation particles (LAC-ATG5) lentivirus into young and aged
BMDMs. Senescence-associated (-galactosidase staining showed
decreased B-galactosidase staining in the Aged-LAC-ATG5 group
(Fig. 4C). TEM and IF examination showed an increased number of
autophagosomes (Fig. 4D, E) and LC3 puncta (Supplementary Fig.
S2) in aged BMDMs after ATG5 rescue. Immunoblotting confirmed
these results, and LC3-Il expression was upregulated in parallel
(Fig. 4F, G). Notably, the autophagy level of aged macrophages
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Fig.1 Aging exacerbates liver injury and inflammation after TAA treatment. Young and aged mice were administered TAA (200 mg/kg) and
PBS as a control. A Serum ALT (left panel) and AST (right panel) levels in each group. B Representative H&E staining of the liver.
C Representative TUNEL (green fluorescence) staining of the liver with DAPI counterstaining (blue fluorescence) and D quantification.
E Immunoblotting of Bax and Bcl-2 expression in liver tissue from each group and F quantification. All data shown represent n = 8-10 mice
per group. All results are representative of at least three independent experiments. Values are presented as the mean +SD. *p <0.05;

**p <0.01; ***p <0.001.

after ATG5 overexpression was restored to a level comparable to
that of normal young macrophages. In addition, P62 in aged
BMDMs showed a remarkable decrease after ATG5 overexpression
(Fig. 4F, G). In general, autophagy was impaired in aged
macrophages due to the suppression of ATG5, and impaired
autophagy may be a basic feature of aged macrophages.

Cell Death Discovery (2021)7:397

Aged macrophages preferentially polarize to the M1
phenotype

Macrophages can be polarized to either a classical (M1) or an
alternative (M2) activation state [24]. Indeed, compared to
young BMDMs, aged BMDMs exhibited decreased levels of
CD206 (an M2 marker) (Fig. 5A, C) but increased levels of iNOS
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Fig. 2 Aging aggravates the inflammatory response in TAA-ALI. Young and aged mice were administered TAA (200 mg/kg) and PBS as a
control. A Representative images of F4/80 IHC staining of liver tissue from young and aged mice with TAA-ALI. B Representative images of
Ly6G IHC staining of liver tissue from young and aged mice with TAA-ALI. C Quantification of A (left) and B (right). D-F mRNA expression (Tnfa,
b, ll6, 1110, Arg1, iNOS, Mrc1, and Mcp1) in liver tissue was detected by RT-PCR. The average target gene/GAPDH ratios of different
experimental groups relative to the control group are given. (G) Determination of the total protein content (TNF-q, IL-1f, and IL-6) in the
serum by ELISA. (H) Summary of mouse mortality in each group. A high TAA dose of 500 mg/kg was used to calculate mortality and 20 mice
per group were involved in mortality analysis. Quantification is shown in the right panel. All results are representative of at least
three independent experiments. Values are presented as the mean * SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 3 Aging impairs autophagy in LPS-treated macrophages. Young and aged BMDMs derived from mouse bone marrow were infected
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A Representative laser confocal microscopy images. B Transmission electron microscopy (TEM) examination of autophagosomes from young
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(E). F Representative IF staining of LC3-I/Il and ATGS5 incorporation (red fluorescence) with DAPI counterstaining (blue fluorescence) in BMDMs.
Quantification in (G). All results are representative of at least three independent experiments. Values are presented as the mean + SD. *p < 0.05;
**p <0.01; ***p <0.001.
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(an M1 marker) (Fig. 5B, C). Higher-resolution images of each cell
are shown in Supplemetary Fig. S3C. Immunoblotting examina-
tion of KCs (Supplementary Fig. S1D) and BMDMs confirmed
these results (Supplementary Fig. S3A). The mRNA expression of
Tnfa, Il1b, ll6, iNOS, Mcp1, Argl, 1l10, and Mrc1 was measured
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next. The expression of the proinflammatory cytokines and
mediators Tnfa, II1b, Il6, iINOS, and Mcp1 (M1 phenotype) was
increased in aged BMDMs (Fig. 5D, E), but the expression of the
anti-inflammatory mediators Arg1 and Mrc1 (M2 phenotype) was
decreased (Fig. 5F). Consistent with the mRNA expression
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results, higher levels of TNF-q, IL-1B, and IL-6 were secreted by
aged BMDMs (Fig. 5G).

Moreover, STAT1 is highly activated in proinflammatory
macrophages (induced by LPS/IFN-y, which induce an acute
inflammatory response) [25], while STAT6 is highly activated in
anti-inflammatory macrophages (induced by IL-4, which resolves
inflammation) [26, 27]. We found that aged BMDMs visibly
activated STAT1 phosphorylation and inhibited STAT6 phosphor-
ylation (Fig. 5H). Collectively, these findings show that aged
macrophages preferentially polarize to the proinflammatory M1
phenotype.

Impaired autophagy promotes increased M1 polarization of
aged macrophages compared to young macrophages
Compared with treatment with LPS alone, treatment of BMDMs
from both young and aged mice with LPS combined with 3-MA
induced a higher proportion of iINOS™ cells (M1) and a lower
proportion of CD206" cells (M2), indicating that macrophages
were polarized to the M1 phenotype after inhibition of autophagy,
and this trend was more pronounced in aged BMDMs (Fig. 6A, B).
Next, we explored how increased ATG5 expression affects
macrophage polarization. The proportion of iINOS™ cells was
decreased in aged BMDMs after ATG5 overexpression and almost
identical to that of young mice without ATG5 transfection (Fig. 6C,
D). Analogously, higher-resolution images of each cell are shown
in Supplementary Fig. S3C, and immunoblotting examination of
BMDMs (Supplementary Fig. S3B) from each experimental group
confirmed these results. Further, we found that Torin 1 also
resulted in an increase in autophagy level and a decrease in M1
polarization similar to that achieved by ATG5 rescue (Supplemen-
tary Fig. S3D, E).

In addition, STAT1 showed increased phosphorylation in aged
BMDMs treated with LPS, but STAT6 showed decreased phos-
phorylation. 3-MA addition further promoted STAT1 activation and
STAT6 suppression (Fig. 6E, F), while ATG5 expression reduced
STAT1 activation and promoted STAT6 activation (Fig. 6G, H).
Together, these findings show that aging-dependent autophagy
deficiency promotes M1 polarization via ATG5 repression, and
ATG5 enhancement can restore the polarization phenotype to
that observed under youthful conditions.

M1 macrophages exacerbate liver inflammation and TAA-ALI,
while M2 macrophages almost have the opposite effect

A fully defined protocol to generate M1 (LPS- and IFN-y-induced
macrophages, Mipsiieny) and M2 (M 4-induced macrophages,
M4) macrophages has been described [28, 29]. Here, we
artificially polarized BMDMs into Mipsen-y and M4 phenotypes
for transplantation, and 8-week-old mice were chosen as BMDM
donors and recipients. Specifically, we transplanted GFP-labeled
M_ps tien-y @and My 4 cells into mice via intraperitoneal injection (IP)
and caudal vein injection (IV), and the TAA-ALI model was
established 12h after cell transplantation. Using an in vivo
imaging system, we detected the migratory sites of GFP-labeled
Mipsien-y and My, cells. We found that macrophages trans-
planted via the caudal vein aggregated to the liver during TAA-
ALl, whereas intraperitoneal injection did not result in significant
fluorescence enhancement in the liver region (Fig. 7A). Moreover,
both M4 and Mps. rn-y cells aggregated in the liver after TAA
treatment, and the fluorescence intensity of M,__, aggregation was
higher (Fig. 7A).

We next established the following four pretreatments for mice,
with further administration of TAA 12h later: depletion of
macrophages with clodronate liposomes (DM), transplantation of
M¢ipsien-y Macrophages, transplantation of M4 macrophages,
and the control. Then, liver injury and inflammation were
measured in each group. ALT and AST levels were significantly
increased in the DM group, which paralleled the liver injury seen
by H&E, indicating that macrophages play an essential role in
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antagonizing liver injury (Fig. 7B, C; Supplementary S4A, B). TUNEL
staining confirmed these results, and mice from the DM group
exhibited a significantly increased area of hepatic necrosis
compared to that of the control group (Fig. 7D, E; Supplementary
S4C). Meanwhile, transplantation of My, cells significantly
alleviated liver injury, reducing serum ALT and AST levels and
hepatocyte necrosis, which were accentuated by Mps ien.y
transplantation (Fig. 7B, C). In addition, hepatocyte apoptosis
was aggravated in the DM and Myipsien.y groups, but it was
attenuated in the M 4 group, indicating that M1 macrophages
have an exacerbating effect on ALI, while M2 macrophages have a
somewhat protective effect (Fig. 7D, E).

Given the association between inflammation and liver injury, we
further examined the expression of cytokines and the infiltration
of macrophages and neutrophils. The expression of Tnfa, II1b, and
II6 increased significantly in the DM group during TAA-ALI,
indicating that macrophage deficiency causes dysregulation of
inflammatory factors, thus aggravating liver injury (Fig. 7F;
Supplementary S4D). Macrophage infiltration was increased in
both the Mips vy and M, transplantation groups, and but
sparsely in the DM group (Fig. 7G, I; Supplementary S4E).
Consistent with the severe liver injury observed in the DM group,
abundant neutrophils infiltrated the liver. Notably, M, 4 trans-
plantation significantly reduced neutrophil recruitment to the
liver, while more neutrophils were present in the Mpsrn-, group
than in control, suggesting that M1 macrophages promote
neutrophil infiltration, thereby aggravating inflammation and liver
injury, but M2 macrophages inhibit neutrophil infiltration, thereby
accelerating inflammation resolution and tissue repair (Fig. 7H, I;
Supplementary S4F).

ATGS5 rescue in aged macrophages contributes to the
remission of TAA-ALI

To investigate whether ATG5 rescue in macrophages can restore
resistance to liver injury in aged mice, young BMDMs (Young-M),
aged BMDMs (A-M) and ATG5-overexpressing A-M (A-M + ATG5)
were transplanted into aged mice, and TAA-ALI was performed
12h later. The serum ALT and AST levels decreased in all
macrophage transplantation groups, and the A-M + ATG5 group
had lower levels than the A-M group, while the lowest levels were
observed in the Y-M group (Fig. 8A; Supplementary S5A), which
was paralleled by the liver injury seen with H&E (Fig. 8B;
Supplementary S5B). Consistent with these findings, TUNEL
staining showed that ATG5 rescue reduced the quantity of
apoptotic hepatocytes compared to that in the A-M group (Fig. 8C,
D; Supplementary S5C). In addition, the expression of proin-
flammatory cytokines (Tnfa, II1b, and //6) in all BMDM transplanta-
tion groups decreased (Fig. 8E). Notably, the greatest decrease
was observed in the Y-M group, the smallest decrease was
observed in the A-M group, and an intermediate decrease was
observed in the A-M + ATG5 group (Fig. 8E; Supplementary S5D),
which was paralleled by the serum total protein levels of TNF-q, IL-
1B and IL-6 (Fig. 8F).

Interestingly, activation of autophagy in aged macrophages by
Torin1 also has a similar positive effect on TAA-ALI, with
overexpression of ATG5, reduction of AST and ALT levels
(Supplementary Fig. S5A), alleviation of hepatocyte apoptosis
and necrosis (Supplementary Fig. S5B, C), and downregulation of
liver proinflammatory factors (Supplementary Fig. S5D).

We then increased the dose of TAA (500 mg/kg) to investigate the
effect of ATG5 rescue on mortality in TAA-ALL. Mice without
macrophage transplantation had the highest mortality, and the
mice in the Y-M group had the lowest mortality (log-rank test P <
0.001), while the mortality of the mice in the A-M + ATG5 group was
reduced compared to that of the mice in the A-M group (log-rank
test P < 0.05) and was almost identical to that of the mice in the Y-M
group (Fig. 8G). In brief, ATG5 could restore autophagy in aged
macrophages and moderate the proinflammatory phenotype.
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Fig. 6 Autophagy alters macrophage polarization in aged and young mice. Young and aged BMDMs were treated with LPS (100 ng/ml)
with or without pretreatment with 3-MA (5mM) or LAC-ATG5. A Representative IF staining of CD206 and iNOS incorporation (red
fluorescence) with DAPI counterstaining (blue fluorescence) in BMDMs from young and aged BMDM s after 3-MA pretreatment. Quantification
in (B). C Representative IF staining of CD206 and iNOS incorporation (red fluorescence) with DAPI counterstaining (blue fluorescence) in
BMDMs from each group after pretreatment with LAC-ATG5. Quantification in (D). E Immunoblotting of STAT1, P-STAT1, STAT6, and P-STAT6
expression in young and aged BMDMs was performed after 3-MA pretreatment. Quantification in (F). G Immunoblotting of STAT1, P-STAT1,
STAT6, and P-STAT6 expression in BMDMs from each group was performed after pretreatment with LAC-ATG5. Quantification in (H). All results
are representative of at least three independent experiments. Values are presented as the mean + SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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DISCUSSION
Autophagy is a protein-decluttering process that

is highly
conserved and present in all eukaryotes known to date [30].
Recent studies have suggested a new immune regulation
mechanism in which autophagy modulates innate immunity by

SPRINGER NATURE

influencing the polarization of M1 and M2 macrophages [31]. By
regulating the fate of hematopoietic stem cells, the recruitment of
monocytes, and the differentiation of macrophages, autophagy
plays a role in the production and development of macrophages
[32]. Enhancing autophagy in macrophages can reduce

Cell Death Discovery (2021)7:397



Fig. 7
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IL-4-induced BMDMs show reduced necrosis and apoptosis following TAA-ALL. IL-4 or LPS + IFN-y was used to treat GFP-labeled

BMDMs, and the cells were transplanted by intraperitoneal injection (IP) or tail vein injection (IV). A Representative images of macrophage
movement after transplantation using an in vivo imaging system. Next, we performed the following experimental treatments before TAA-ALI
(200 mg/kg) was established: macrophage depletion by clodronate liposome injection (DM), transplantation of LPS + IFN-y-induced BMDMs
(Mips.ien-), and transplantation of IL-4-induced BMDMs (M,_4). The results of the TAA-ALI groups are shown here, and the control
(PBS-treated) groups are shown in S4. B Serum ALT (left panel) and AST (right panel) levels in each group. C Representative H&E staining of the
liver. D Representative TUNEL (green fluorescence) staining of the liver with DAPI counterstaining (blue fluorescence) and (E) quantification.
F mRNA expression (Tnfa, II1b, 116) in liver tissue was detected by RT-PCR. The average target gene/GAPDH ratios of different experimental
groups relative to the control group are given. (G, H) Representative F4/80 and (H) Ly6G IHC staining images of liver tissue from each group.
I Quantification of G and H. All data shown represent n =8-10 mice per group. All results are representative of at least three independent
experiments. Values are presented as the mean £ SD. *p < 0.05; **p < 0.01; ***p < 0.001.

macrophage apoptosis and IL-1f3 levels, thereby reducing athero-
sclerosis [33]. The present study examined the effect of aging on
autophagy in macrophages during TAA-ALI, confirming that
autophagy is impaired in macrophages and TAA-ALI is aggravated
in aged mice. In addition, we found that impaired autophagy in
aged macrophages was triggered by ATG5 repression.

Aging is characterized by a persistent proinflammatory
response and a stable cell cycle, and it is an irreversible process
leading to atherosclerosis, metabolic syndrome, cancer, and poor
disease prognosis [34, 35]. The aged liver is also susceptible to
inflammation, as evidenced by the high incidence of aging-related
cirrhosis, and cancer [36]. Increasing evidence shows that many
mechanisms that regulate lifespan extension, such as calorie
restriction, require the participation of autophagy in various
organisms [37]. The current study demonstrates that ATG5
deficiency leads to decreased autophagy and regulates the
polarization of macrophages during aging.

The liver has a strong capacity to regenerate, but aging greatly
weakens this ability, leading to the deteriorative events of acute
injury, cirrhosis and cancer [38, 39]. Although the pathogenesis of
liver disorders, including ALI, ALF, and fibrosis, remains poorly
understood, inflammation appears to play an indispensable role.
The activation of macrophages produces proinflammatory and
vascular permeability mediators, induces the accumulation of
neutrophils, lymphocytes, eosinophils, and monocytes in the liver,
and promotes tissue injury [40]. Our findings mirror those seen
following injury using animal models for hepatic fibrosis, where
macrophages have been shown to be responsible for driving
inflammation and disrupting the regenerative capacity of
senescent organs [41]. The release of SASP factors, such as IL-1(3,
IL-6, TNF-a, and MCP-1, activates the innate immune system,
recruits neutrophils to the liver, and finally leads to hepatocyte
death due to the dysregulated inflammatory response. Thus, SASP
control is particularly necessary for liver regeneration and
functional recovery during aging.

In conclusion, senescence is accompanied by the senescence of
macrophages; this senescence is manifested by decreased
autophagy, increased M1 polarization, and increased secretion
of the proinflammatory SASP. Autophagy recovery via ATG5
rescue in aged macrophages modulated macrophage polarization
and the cytokine secretion phenotype (Fig. 8H). Moreover, further
in-depth study of the relationship between autophagy and aging,
as well as the underlying regulatory mechanism, may improve our
understanding of the lifespan and promote longevity.

MATERIALS AND METHODS

Animals and models

Young (6-10 weeks) and aged (> 16 months) [42] male C57BL/6 N mice
were used. All mouse experiments were approved by the Laboratory
Animal Ethics Committee of Anhui Medical University. Mice were placed in
an environmentally controlled, pathogen-free isolation facility undera 12 h
light-dark cycle, and food and water were freely available. In the functional
experiment, the mice were randomly divided into experimental and
control groups, and TAA was administered to the experimental mice at a
dose of 200mg/kg for 24h. In the mortality experiment, TAA was
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administered to the experimental mice at a higher dose of 500 mg/kg, and
the time and number of deaths were observed and recorded.

Culture and differentiation of primary BMDMs

Bone marrow cells were isolated from the femurs and tibias of young and
aged mice. After RBC removal, the cells were cultured in DMEM containing
10% FBS and 20 ng/ml M-CSF (PeproTech) for 7 days.

Differentiation induction of M1 and M2 macrophages: Cells were seeded
and allowed to adhere overnight at 37 °C in 5% CO,. The following day, the
cells were treated with an M1 (Mips_rn-) cocktail that consisted of LPS
(100 ng/mL) and IFN-y (20 ng/mL) and an M2 (M, 4) cocktail that consisted
of IL-4 (20 ng/mL) [43]. All cocktails were diluted in fresh medium. The cells
were incubated for 18 h to obtain sufficient polarization.

Isolation of mouse KCs

Mouse livers were perfused in situ via the portal vein with Hanks balanced
salt solution (HBSS, Gibco), followed by 0.3% collagenase IV (Sigma-
Aldrich). The perfused tissues were minced into pieces, and the fluid was
discharged onto a 70 um filter (BD Biosciences) that had been prewetted
with 1 ml of PBS containing 0.5% bovine serum albumin (BSA, Sigma-
Aldrich) over a 50-ml conical tube. The cell suspension was centrifuged at a
speed of 500 g for 4 min at 4 °C. The pellet was resuspended in 20 mL of
35% Percoll and then layered on a 67% Percoll gradient (13 ml), followed
by centrifugation at 600 g for 20 min at 4 °C. Nonparenchymal cells (KCs)
from the interface between the two density cushions of 35% with 67%
Percoll were then resuspended in PBS followed by centrifugation at 1600
RPM for 10 min. Then, the cells were cultured in DMEM supplemented
with 10% FBS at 37°C for 1 h, and the nonadherent cells were removed.
The adherent cells were used for further experiments.

Biochemical assays

Mouse peripheral blood was collected and centrifuged to obtain serum
for analysis. We used a Mairui automated biochemical analyzer (BS-350E)
to detect serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST).

Hematoxylin-Eosin staining

Fresh liver tissue was soaked in formalin, dehydrated with alcohol and
cleared with xylene. Then, the paraffin-embedded liver tissue was cut into
thin slices of a suitable thickness, placed on glass slides, dewaxed in water,
stained with hematoxylin-eosin, and sealed with resin gel.

Histopathology

Liver sections of a 4 um thickness that were fixed in 4% paraformaldehyde
buffered with PBS were used for staining. After deparaffinization, the
sections were washed in PBS three times. EDTA buffer and Dako blocking
reagent were used for heat-induced antigen retrieval and blocking of
endogenous peroxidase activity. Primary antibody incubation was
performed at 4°C overnight with shaking, followed by streptavidin-
conjugated horseradish peroxidase antibody incubation at room tempera-
ture for 2 h. DAB staining was performed, and the sections were washed
with distilled water, followed by hematoxylin counterstaining.

Immunofluorescence

Cells were fixed on slides with 4% paraformaldehyde for 10 min. After
washing with PBS three times, the cells were permeabilized with 0.5%
Triton X-100 in PBS for 10 min. After rinsing the cells with PBS, with cells
were blocked with PBS containing 0.025% Triton X-100 and 1% BSA for 1 h
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at room temperature. The slides were then incubated with the primary
antibodies in 0.025% Triton X-100 and 1% BSA in PBS at 4 °C overnight.
Then, the slides were washed with PBS with 0.025% Triton X-100 three
times and incubated with fluorochrome-conjugated secondary antibody
and DAPI for 1 h. The images were obtained on a Zeiss Axio Observer 3
imaging system or Zeiss LSM 800 confocal laser scanning microscope.
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Immunoblotting

Total protein extraction was performed with RIPA buffer supplemented
with a complete protease inhibitor cocktail. The lysates were clarified by
centrifugation at 12,000 rpm for 15min at 4°C, and the concentration
was measured by a Nanodrop 2000 (Thermo Fisher). The lysate was
denatured at 100 °C for 10 min and then mixed with a loading buffer to 1X.
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Fig. 8 Administration of BMDMs with ATG5 overexpression relieves TAA-ALI. Young BMDMs (Y-M) and aged BMDMs (A-M) were isolated
and from young and aged mice. Three macrophage populations derived from the mouse BM and the control were prepared: Y-M, A-M, and
A-M with LAC-ATG5 (A-M + ATGS5). After transplantation of these three kinds of BMDMs by tail vein injection, a TAA-ALI model (200 mg/kg) was
established. The results of the transplantation of A-M treated with Torin 1 are shown in S5. A Serum ALT (left panel) and AST (right panel)
levels in each group. B Representative H&E staining of the liver. C Representative TUNEL (green fluorescence) staining of the liver with DAPI
counterstaining (blue fluorescence) and (D) quantification. E mRNA expression (Tnfa, II1b, and 1l6) in the liver tissue was detected by RT-PCR.
The average target gene/GAPDH ratios of different experimental groups relative to the control group are given. F Determination of the total
protein content (TNF-o, IL-1p, and IL-6) in the serum by ELISA. Then, a TAA dose of 500 mg/kg was used to calculate mortality. G Summary of
mouse mortality in each group. H Model depicting the aggravation of ALl during aging via altered macrophage polarization induced by
autophagy deficiency. During aging, macrophage autophagy decreases in mice, which may be ascribed to the downregulation of ATGS5. In
addition, macrophages are preferentially polarized to the M1 phenotype in ALI, accompanied by increased production of proinflammatory
factors (SASP) and massive neutrophil infiltration, thus aggravating ALLl. In addition, this aggravation can be reversed by transplantation of
macrophages with ATG5 restoration. All data shown represent n =8-10 mice per group, and 20 mice per group were used for mortality
analysis. All results are representative of at least three independent experiments. Values are presented as the mean + SD. *p < 0.05; **p < 0.01;

#*%p'< 0,001.
<

Protein extracts (5-10 pl) were separated on 10% SDS-polyacrylamide gels
and transferred onto PVDF membranes. Then, blocking with 5% nonfat
milk in TBST (20 mM Tris base, 137 mM NaCl, 0.1% Tween 20, pH 7.4) was
performed for 1h at room temperature. The membrane was incubated
overnight at 4°C in a 5% BSA-TBST solution containing the following
primary antibodies: LC3-I/Il (CST, 12741), ATG5 (CST, 12994), P62 (CST,
16177), Bax (CST, 14796), Bcl-2 (CST, 3498), iNOS (CST, D6B6S), CD206
(Santa Cruz, sc-70586), P-STAT1 (CST, 8062), P-STAT6 (CST, 56554), STAT1
(CST, 9172), STAT6 (CST, 9362), and B-actin (CST, 4970).

RNA isolation, RT-PCR analysis, and lentiviral activation
particles

Total RNA was extracted using TRIzol (Invitrogen). We synthesized cDNA
from 1pg of total RNA using the manufacturer's protocol (Takara,
RR0O36A). Then, RT-PCR was conducted using a premixed kit (Takara,
RR820A) according to the vendor’s manual. The sequences of the primer
pairs are listed in Supplementary Table S1. ATG5 lentiviral activation
particles (sc-419149-LAC) and control lentiviral activation particles (sc-
437282) were purchased from Santa Cruz Biotechnology, Inc. Lentiviral
activation particle transduction was performed following the instructions
provided by the manufacturer.

Ad-mCherry-GFP-LC3

Ad-mCherry-GFP-LC3 (Beyotime Biotechnology, C3011), which is adeno-
virus expressing the mCherry-GFP-LC3 fusion protein, can be used for
autophagy detection after infection of cells or tissues. BMDMs were
infected with Ad-mCherry-GFP-LC3 (20 MOI) according to the manufac-
turer’s instructions on the 5th day when the cells were not fully mature,
and then treated with LPS or Torin 1 (1 uM) on the 7th day.

Statistical analysis

Statistical analysis was performed with Prism 8.2 (GraphPad Software). To
test two groups, an unpaired two-tailed t-test or the Mann-Whitney U-test
was performed on parametric or nonparametric datasets, respectively. To
test more than two groups, one-way ANOVA, two-way ANOVA (with
Dunnett’s multiple comparison test), or a mixed-effects model (with Sidak's
multiple comparisons test) was performed. The differences in the survival
curves were analyzed by the log-rank test. Differences for which P <0.05
were considered statistically significant.

DATA AVAILABILITY
The data generated or analyzed during this study are included in this published
article and its supplementary information files.
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