
Summary. Autophagy is a prosurvival mechanism for 
the clearance of damaged cellular components, 
specifically upon exposure to various stressors. In 
lymphoid organs, excessive ethanol consumption 
increases lymphocyte apoptosis, resulting in 
immunosuppression. However, ethanol-induced 
autophagy and related phagocytosis of apoptotic 
lymphocytes in the spleen have not been studied yet. 
Adult male Wistar rats were injected intraperitoneally 
either with 5 g/kg ethanol or phosphate-buffered saline 
(as a control group) and then sacrificed 0, 3, 6, and 24 
hours after injection. Light and transmission electron 
microscopy (TEM) findings indicated enhanced T cell 
apoptosis in the white pulps of ethanol-treated rats 
(ETRs) compared with the control group, which peaked 
at 6h and was associated with the accumulation of 
tingible body macrophages (TBMs). These macrophages 
exhibited an upregulated autophagic response, as 
evidenced by enhanced LC3-II (a specific marker of 
autophagosomes) expression, which peaked at 24h. In 
addition, double labeling immunofluorescence of LC3-II 
with lysosomal markers revealed the enhanced formation 
of autolysosomes in TBMs of ETRs, which was 
associated with suppression of p62 immunostaining, 
indicating the enhanced autophagic flux. Interestingly, 
this elevated autophagic response in ETR TBMs was 
accompanied by evidence of LC3-associated 
phagocytosis (LAP) of apoptotic splenocytes. This is 
based on TUNEL/LC3-II double labeling and TEM 

observations of phagosomes containing apoptotic bodies, 
enclosed within phagosomal membranes adjacent to the 
autophagic vacuoles. It can be concluded that enhanced 
prosurvival autophagy in splenic TBMs of ETRs and 
clearing of apoptotic lymphocytes via LAP may 
contribute to preventing secondary necrosis and 
autoimmune diseases. 
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Introduction 
 
      The spleen is the largest secondary lymphoid organ, 
with an extraordinary histological structure consisting of 
white and red pulp. The white pulp is primarily 
responsible for initiating immune reactions, lymphocyte 
recirculation, and B-cell maturation. The white pulp of 
rat spleen is subdivided into three zones: periarteriolar 
lymphoid sheath (PALS) (T cell zone), the follicles, and 
the marginal zone (Cesta, 2006; Steiniger, 2015). 
      Alcohol (ethanol) consumption is a global health 
problem, and almost all body organs may be affected by 
its abuse (Haorah et al., 2008). Excessive ethanol intake 
induces lymphocyte depletion in lymphoid organs via 
mechanisms related to corticosteroid overproduction, 
bone marrow depression, lymphocyte redistribution, 
hepatic dysfunction, and apoptosis (Eid et al., 2000; 
Betsuyaku et al., 2017). 
      Macrophages are critical to the immune homeostatic 
response and have high phagocytic activity capable of 
antigen presentation. They can be identified by several 
macrophage markers, such as the RM4 antibody. 
(Iyonaga et al., 1997; Eid et al., 2000; Betsuyaku et al., 
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2017). The clearance of apoptotic lymphocytes in 
lymphoid organs after exposure to xenobiotics is 
induced by a class of macrophages known as tingible 
body macrophages (TBMs). These macrophages resist 
apoptosis, exhibit high phagocytic activity, often contain 
multiple apoptotic nuclei, and can grow relatively large 
(Eid et al., 2000; Betsuyaku et al., 2017). Particularly in 
the spleen of malignant lymphoma, the absence of 
TBMs leads to the survival and hyperproliferation of 
malignant lymphocytes (Cerroni et al., 2000).  
      Autophagy is a prosurvival mechanism for the 
clearance of damaged cellular components upon 
exposure to various stressors, such as oxidative stress 
(Kroemer et al., 2010; Chen et al., 2012; Horibe et al., 
2017). Morphologically, autophagy is initiated by the 
formation of isolation membranes, which engulf 
damaged cellular components, forming double-
membrane vesicles called autophagosomes, mediated by 
microtubule-associated protein 1 light chain 3 (LC3); 
specifically, its lipidated form, LC3-Ⅱ . The 
autophagosomes then fuse with lysosomes, forming 
autolysosomes, which are cleared by lysosomal 
cathepsins (Perotta et al., 2011; Eid et al., 2013; 
Klionsky et al., 2021). As an adaptor protein to LC3-II, 
p62 functions to support autophagosomal maturation and 
is then digested with internalized organelles after the 
fusion with lysosomes. Therefore, the decrease in p62 
immunostaining is an indication of enhanced autophagic 
response and flux (Komatsu et al., 2007; Ichimura et al., 
2008; Yoshii and Mizushima, 2017). 
      Based on recent studies, LC3-II can translocate not 
only to autophagosomes but also to single membrane 
phagosomes by an alternative mechanism (Sanjuan et al., 
2007; Martinez et al., 2011; Brooks et al., 2015; Yefimova 
et al., 2020; Pena-Martinez et al., 2022). This alternative 
mechanism is called LC3-associated phagocytosis (LAP), 
and then the vesicle is named LAP-engaged phagosome 
(LAPsome). LAP induction requires reactive oxygen 
species that can also enhance autophagic machinery. In 
macrophages of the thymic cortex of ETRs, LC3-II was 
found to target both phagosomes and autophagosomes 
(Betsuyaku et al., 2017).  
      However, the involvement of autophagy in the 
survival of splenic TBMs and phagocytosis of apoptotic 
splenocytes under ethanol exposure is unreported. Here, 
we investigated autophagy, apoptosis, and LAP in the 
spleens of acute ETRs using light and electron 
microscopic studies. The results indicated that ethanol 
enhanced the apoptosis of T lymphocytes in the white 
pulp of ETRs. This was associated with the induction 
and upregulation of autophagy and LAP in TBMs of 
ETRs. 
  
Materials and methods 
 
Experiment approval 
 
      The animals used in this study were maintained and 
treated according to the guidelines set by the 

Experimental Animal Research Committee of Osaka 
Medical College (this research was approved by the 
Animal Research Committee of Osaka Medical College 
under code 25090). 
 
Animal experiments 
 
      Twelve-week-old adult male Wistar rats (250-300 g) 
were purchased from SLC Japan Co. (Shizuoka, Japan). 
Five g/kg (40% v/v) ethanol was intraperitoneally 
injected once into the rats, which is consistent with the 
animal model of binge ethanol consumption (Collier et 
al., 1998; Eid et al., 2016; Betsuyaku et al., 2017; Horibe 
et al., 2017). Although the oral route is considered more 
physiologically relevant, the administration of ethanol 
through either oral or intraperitoneal routes yields 
comparable results concerning blood alcohol 
concentrations and organ damage (D'Souza El-Guindy et 
al., 2010; Chen et al., 2013). An equal volume of 
phosphate-buffered saline, instead of ethanol, was 
injected into the control group. For time-course studies, 
the animals were sacrificed at 0, 3, 6, and 24 hours after 
ethanol administration (three animals at each time point). 
Samples of rat spleen were fixed in either 4% 
paraformaldehyde for paraffin embedding or in 2% 
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M 
phosphate buffer for embedding in epoxy resin. The 
remaining samples were frozen at -80°C for western blot 
analysis. 
 
Hematoxylin and Eosin (H&E) staining 
 
      Following deparaffinization, 4 μm-sections were 
stained with H&E using standard methods for 
histopathological analysis of ethanol-induced damage to 
the rat spleen. The slides were observed using an 
Olympus BX41 immunofluorescence microscope. The 
antibodies and kits used in the current research are listed 
in Table1. 
 
TdT-dUTP Nick End Labeling (TUNEL) assay 
 
      TUNEL was performed according to the 
manufacturer ’s protocols, as previously reported 
(Betsuyaku et al., 2017; Horibe et al., 2017). Briefly, 
paraffin sections were deparaffinized, rehydrated, and 
then treated with a TUNEL reaction mixture (TdT 
enzyme and nucleotides conjugated with fluorescent 
dye) for 1 hour at 37°C. The slides were observed using 
an Olympus BX41 immunofluorescence microscope. 
The number of TUNEL-labeled splenocytes was counted 
from 30 random white pulps from each group. 
 
Immunohistochemical staining of RM4, OX-33, CD3, 
LC3, FOXO3a, and p62 
 
      Deparaffinized 4 μm-sections underwent antigen 
retrieval, blocking, and incubation with primary 
antibodies overnight at 4°C. The sections were labeled 
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for 1h with EnVision+ Dual Link, Single Reagents 
(K4003) for rabbit antibodies, or Single Reagents 
(K4063) for mouse antibodies (Dako, Kyoto, Japan). 
Sections were then stained with ImmPACT DAB 
Peroxidase substrate as chromogen (Vector 
Laboratories) and counterstained with hematoxylin. 
The slides were observed using an Olympus BX41 
immunofluorescence microscope. RM4-positive 
macrophages were counted from 30 random white 
pulps from each group. Quantification of other 
molecules in white pulps was performed with Image J 
(http://imagej.nih.gov/ij/) (Eid et al., 2016; Betsuyaku 
et al., 2017; Horibe et al., 2017). 
 
Immunofluorescence double staining of apoptotic and 
autophagy markers 
 
      The 4 μm-sections underwent a process of 
deparaffinization, rehydration, blocking of nonspecific 
antibody binding, and incubation for 1h at room 
temperature with the specific primary antibody LC3 
(Table 1) in addition to RM4, pan-cathepsin, or 

TUNEL for double labeling with LC3 (Zhu et al., 
2013). Alexa Fluor 594 and VectaFluor™ R.T.U. 
DyLight® 488 were used for double labeling 
(sequential method), and DAPI was used for nuclear 
counterstaining as previously reported (Eid et al., 2016; 
Betsuyaku et al., 2017; Horibe et al., 2017). The slides 
were observed on a confocal laser scanning microscope 
(Leica TCS SP8, Manheim, Germany). Quantification 
of LC3 and other marker colocalization was performed 
with Image J. 
 
Western blot analysis 
 
      Spleen samples were extracted, solubilized with 
SDS lysis buffer, and centrifuged. Equal amounts of 
protein were then subjected to SDS-polyacrylamide 
electrophoresis and transferred to polyvinylidene 
difluoride membranes. The membranes were blocked 
with 5% BSA and then incubated with an anti-LC3 
antibody, followed by peroxidase-labeled goat anti-
rabbit IgG antibody as reported in our previous studies 
(Betsuyaku et al., 2017; Horibe et al., 2017). 
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Table 1. Primary and secondary antibodies and kits used for the current study. 
 
A. Primary antibodies  

Primary Antibody                               Company                                Catalog Number                             Host                         Method                      Dilution 
 
RM4                                             Trans Genic inc.                                   KT014                                   Mouse                          IHC                          1:100 
                                                                                                                                                                                                     IF                            1:100 
CD45RA(OX-33)                                Bio-Rad                                     MCA340GA                               Mouse                          IHC                          1:100 
CD3(1F4)                                           Bio-Rad                                     MCA772GA                               Mouse                          IHC                          1:10 
LC3                                                       MBL                                           PM036                                   Rabbit                           IHC                          1:500 
                                                                                                                                                                                                   WB                          1:1000 
                                                                                                                                                                                                     IF                            1:250 
Actin                                     Santa Cruz Biotechnology                          sc-1616                                   Goat                            WB                          1:1000 
FOXO3a                                        Cell Signaling                                     12829                                    Rabbit                           IHC                          1:400 
p62/SQSTM1                                       Novus                                  H00008878-M01                           Mouse                          IHC                          1:100 
pan cathepsin                      Santa Cruz Biotechnology                          sc-6499                                   Goat                             IF                            1:100 
 
B. Secondary antibodies  

Secondary Antibody                                         Company                           Catalog Number                          Host                      Method                  Dilution 
 
AlexaFluor 488                                              Thermofisher                     A11001(anti-Mouse)                      Goat                          IF                       1:250 
AlexaFluor 594                                              Thermofisher                     A11012(anti-Rabbit)                       Goat                          IF                       1:250 
Envision + Dual link                                            DAKO                                     K4063                                                                  IHC                     1:1 
Envision + Single                                          DAKO Aurion                                K4002                                                                  IHC                     1:250 
Rabbit immunoglobulins                                     DAKO                                     E0432                                 Rabit                        IHC                     1:250 
donkey ant-goat IgG-HRP                  Santa Cruz Biotechnology                    SC-2304                             Donkey                      WB                     1:10,000 
donkey anti-mouse IgG-HRP              Santa Cruz Biotechnology                    SC-2096                             Donkey                      WB                     1:10,000 
donkey anti-rabbit IgG-HRP               Santa Cruz Biotechnology                    SC-2077                             Donkey                      WB                     1:10,000 
 
C. Kits  

Kit                                                                                                                          Company                                                                      Catalog Number 
 
Vectastain ABC standard Kit                                                                                    Vector                                                                              PK-4000 
ImmPACT DAB                                                                                                        Vector                                                                              SK-4105 
In Situ Cell Death (TUNEL) Detection Kit                                                       Roche Diagnotics                                                                 11684817910 
Western Lightning ECL Pro                                                                                 PerkinElmer                                                                     NEL120001EA 
VectaFluor™ R.T.U. DyLight® 488                                                                          Vector                                                                               DI-3788 
 
IHC: immunohistochemistry; IF: Immunofluorescence; WB: western blot. 



Ultrastructural studies with transmission electron 
microscope (TEM) 
 
      For histopathological studies, 1-micron semithin 
sections from blocks embedded in epoxy resin were cut 
and stained with toluidine blue. For TEM, 70-nm-thick 
ultrathin sections were double stained with uranyl 
acetate and lead citrate and observed with an H-7100 
transmission electron microscope (Hitachi, Japan). The 
identification of white pulps and the localization of 
apoptotic cortical splenocytes were first identified in the 
semithin sections stained with toluidine blue. 
Ultrastructurally, apoptotic cells are characterized by the 
margination of condensed chromatin, nuclear 
fragmentation, and the formation of apoptotic bodies 
(Eid et al., 2016; Betsuyaku et al., 2017; Horibe et al., 
2017). 
 
Statistical analysis 
 
      The student’s t-test was used for comparison 
between the ETR and control groups. P<0.05 was 
considered significant. 
 
Results 
 
The accumulation of apoptotic splenocytes and TBMs in 
white pulps of ETRs 
 
      As shown in Fig. 1A,B, compared with the control 
group, toluidine staining of 1-micron semithin sections 
showed greater splenocyte apoptosis and TBM 
accumulation in ETR white pulps, specifically in the T 
cell-dependent zone around the central artery (PALS), 
peaking 6 h after ethanol injection. These findings were 
also observed in H&E-stained sections (data not shown). 
TEM imaging (Fig. 1C) demonstrated the ultrastructural 
features of TBMs and apoptotic splenocytes in ETR 
white pulps. Compared with the control (Fig. 1C), many 
apoptotic splenocytes were observed within the TBMs; 
these macrophages appeared to be normal. TUNEL 
labeling confirmed the enhanced splenocyte apoptosis in 
ETR white pulp, which was statistically significant (Fig. 
2A). Otherwise, immunohistochemical staining of RM4 
(a marker of TBMs and other macrophages) showed that 
ethanol increased TBM accumulation following 
splenocyte apoptosis, and the peak was at 24h (Fig. 2B). 
 
Marked depletion of T cells in ETR white pulps 
 
      As shown by immunohistochemical staining of B-
cell marker CD-45RA (Fig. 3A), the expression of 
CD45RA in ETR white pulps was slightly reduced. On 
the other hand, the expression of CD3, a specific marker 
of T cells (Fig. 3B), was markedly reduced in ETR white 
pulps. Quantitative analysis of immunostaining 
confirmed the depletion of T cells. The downregulation 
in CD3 immunostaining can be attributed to the 
enhanced apoptosis and phagocytosis of T cells by 

splenic TBMs. Conversely, CD45RA(OX-33) 
immunostaining, a B-cell marker, exhibited a slight 
reduction. This suggests that T cells are more susceptible 
to the apoptotic effects of ethanol. This specific ethanol-
induced reduction in T cells compared with B cells has 
been documented in earlier studies using various 
methods, including flow cytometry (Shellito and Olariu, 
1998). Furthermore, these results align with our previous 
investigation in the thymus of ETRs, demonstrating 
increased apoptosis in cortical thymocytes (Betsuyaku et 
al., 2017). 
  
Enhanced autophagy in TBMs of ETRs  
 
      Immunohistochemical staining of LC-II (a marker of 
autophagic vacuoles or autophagosomes) demonstrated a 
significant increase in LC3 puncta formation (indicating 
the formation of LC3-II-mediated autophagosomes) in 
ETR white pulps (Fig. 4A,B). Western blot analysis also 
supported this result (Fig. 4C), as evidenced by the 
upregulation of LC3-II. Double-labeling immuno-
fluorescence revealed elevated LC3-II expression and 
puncta formation, which co-localized with RM4 (a marker 
of macrophages recognizing lysosomes) in ETR white 
pulp TBMs (Fig. 4D), indicating that autophagy is 
specifically marked in ETR TBMs. TEM is the gold 
standard for the detection of autophagic vacuoles, 
including autophagosomes and autolysosomes. As shown 
in Figure 5 and compared with control white pulp 
macrophages (Fig. 5a), multiple autophagic vacuoles, 
including autophagosomes (marked by yellow arrows), 
autolysosomes (marked by black arrowheads), and 
multilamellar bodies (indicated by red arrows), were 
observed in ETR TBMs (Fig. 5b,c). Autophagosomes in 
these macrophages were found to contain damaged 
mitochondria and many lysosomes located close to the 
autophagosomes. Enhanced autophagy in TBMs of ETRs 
is not related to the transcription factor FOXO3a based on 
immunohistochemical analysis (data not shown). 
FOXO3a is a transcription factor for autophagy genes 
such as LC3 (Horibe et al., 2017), However, 
immunostaining showed no differences between control 
and ETR TBMs. To confirm the formation of 
autolysosomes in ETR TBMs, double-labeling 
immunofluorescence of LC3-II with pan cathepsin (a 
lysosomal marker) (Fig. 6A,B) showed the enhanced 
expression of these proteins and their co-localization, 
which was statistically significant, indicating increased 
autophagic activity compared with the control group. 
Likewise, immunohistochemical staining of p62 (an 
adaptor protein of autophagy and substrate of LC3) 
demonstrated the downregulation of p62 expression in 
ETR TBMs (Fig. 6C), indicating the enhanced autophagic 
flux. 
 
Activation of LC3-associated phagocytosis (LAP) in ETR 
TBMs 
 
      To test LAP activation in ETR TBMs, we performed 
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TUNEL/LC3 double labeling, as shown in Figure 7A. 
LC3 puncta were found to decorate TUNEL-positive 
apoptotic splenocytes. Thus, LC3-II could be involved 
not only in canonical autophagy (for maturation of 

autophagosomes and fusion with lysosomes, forming 
autolysosomes) but also in LAP via LC3-mediated 
fusion between phagosomes and lysosomes (Fazeli and 
Wehman., 2017). The enhanced formation of 
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Fig. 1. Enhanced 
splenocyte apoptosis and 
phagocytosis by tingible 
body macrophages (TBMs) 
in the white pulp of ethanol-
treated rats (ETRs). A, B. 
Toluidine-stained semithin 
sections reveal apoptotic 
splenocytes (red arrows) 
within TBMs (black arrows) 
in the white pulp. The 
framed areas are magnified 
on the right. C. TEM 
images show a marked 
increase of apoptotic 
splenocytes and TBMs in 
ETRs, confirming A&B. CA, 
central artery; WP, white 
pulp; RP, red pulp.



autolysosomes and phagolysosomes in ETR TBMs is 
evidenced by double-labeling immunofluorescence of 
LC3-II with pan cathepsin (a lysosomal marker) (Fig. 
6A,B). According to TEM (Fig. 7B), phagocytosed 
apoptotic splenocytes in ETRs were encapsulated by 
phagosomal membranes adjacent to autophagosomes, 
confirming the induction of LAP. 
 
Discussion 
 
      The results of this study include three major 
findings: enhanced T-cell apoptosis by ethanol exposure 
and concomitant accumulation of TBMs; an increased 
autophagic response in TBMs; and phagocytosis of 
apoptotic lymphocytes by these macrophages via LAP. 
      Several studies have shown that excessive ethanol 
intake induces T-cell apoptosis in various tissues, 
including the spleen, resulting in immunosuppression 
(Shellito and Olariu, 1998; Kapasi et al., 2003; Hote et 

al., 2008). The results of our study are consistent with 
these findings; in addition, we provided light 
microscopic and ultrastructural evidence of TBM-
mediated phagocytosis of apoptotic T cells. A previous 
study by Betsuyaku et al. (2017) demonstrated ethanol-
induced thymocyte apoptosis, and here we report 
ethanol-induced splenic T-cell apoptosis based on the 
immunohistochemistry of T cells and the localization of 
apoptotic cells in the PALS. However, the reduction of 
splenic B-cell expression was not as drastic as that of T 
cells. The difference in apoptotic response may be 
dependent on the sensitivity to some toxins and 
regulators, such as lymphocyte homing, ethanol 
metabolites, and corticosterone, in addition to other 
mechanisms (Eid et al., 2000; Pasala et al., 2015).  
      The observed enhanced apoptosis in spleen T cells 
of ETRs in the current study is consistent with the 
apoptotic impact of ethanol documented in various 
organs using the same animal model, such as thymocytes 
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Fig. 2. Quantitative analysis of apoptotic splenocytes and TBMs using the TUNEL method and immunohistochemistry. A. TUNEL-positive splenocytes 
(maximum at 6h in ETRs) (red arrows) and quantification (the histogram on the right). B. Immunohistochemical staining and quantification of RM4-
positive macrophages (maximum at 24h in ETRs) (black arrowheads) *p<0.05, **p<0.005, ***p<0.001.



(Betsuyaku et al., 2017). This apoptotic effect of ethanol 
has been reported to be mediated by the mitochondrial 
pathway, involving mechanisms linked to oxidative 
stress, induction of inducible nitric oxide synthase, and 
other factors (Eid et al., 2000; Kapasi et al., 2003; Hote 
et al., 2008; Horibe et al., 2017). 
      In the current study, immunofluorescence labeling of 
pan cathepsin, and electron microscopy revealed an 
increase in the number of lysosomes in TBMs of ETRs. 
Enhanced lysosomal formation has also been reported in 
thymic TBMs (engulfing apoptotic thymocytes) 
(Betsuyaku et al., 2017) and Sertoli cells (phagocytosing 
apoptotic germ cells) of ETRs (Horibe et al., 2017). 
Therefore, splenic TBMs may be activated by ethanol 
exposure, producing many lysosomes required for 
autolysosome and phagolysosome formation.  
      The enhanced prosurvival autophagic response to 
acute ethanol exposure in various cells, including 
macrophages, has already been demonstrated in other 

organs such as the liver, testis, and thymus. (Eid et al., 
2016; Betsuyaku et al., 2017; Horibe et al., 2017). 
Electron microscopy in the current study revealed 
ultrastructural features of enhanced autophagosome and 
autolysosome formation in TBMs of ETRs. This is 
confirmed by enhanced expression of LC3-II using 
immunohistochemistry and LC3-II/RM4 double-labeling 
immunofluorescence. This is consistent with a recent 
study in castrated rats showing macrophages 
phagocytosing apoptotic cells expressed LC3-II/CD68 (a 
macrophage marker), suggesting autophagy's prosurvival 
role as well as the induction of LAP (Silva et al., 2018). 
In the thymi of ETRs, both the direct effect of ethanol 
and the phagocytosis of many apoptotic T cells can 
induce damage to TBMs through oxidative or nitrative 
stress, which may require autophagy induction as a 
survival mechanism (Betsuyaku et al., 2017). In the 
current study, such a cytoprotective cascade can also be 
induced in splenic ETR TBMs, where LC3-II 
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Fig. 3. Ethanol enhances splenic T-cell apoptosis. A. Immunohistochemical labeling of OX-33 (CD45RA) (B cell marker) B. immunostaining of CD3 (T-
cell marker) and quantification on the right side. The brown color (DAB reaction) indicates positive staining. *p<0.001
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Fig. 4. Significant upregulation of the autophagosome marker LC3-Ⅱ in ETR TBMs A, B. Immunohistochemical staining and quantification of LC3 dots 
(black arrowheads). C. Quantification of LC3-Ⅱ in rat spleen using western blot. D. Immunofluorescence double labeling of RM4 (a macrophage marker) 
and LC3 indicates enhanced co-localization in ETR white pulp TBMs. *p<0.005.



upregulation and p62 downregulation support this 
possibility. Furthermore, autophagy has been 
demonstrated to play a prosurvival role in peritoneal 
macrophages engulfing apoptotic lymphocytes in vitro, 
as demonstrated by the reduced viability of these 
macrophages when autophagy is blocked (Zhou et al., 

2016).  
      The results of the current study revealed the 
excessive formation of multilamellar bodies in ETR 
TBMs, which are thought to be multi-membrane 
autophagosomes undergoing repeated sequestration 
(Brooks et al., 2015). In addition, autophagosomes were 
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Fig. 5. Ultrastructural characteristics of enhanced autophagy in TBMs in Control (a) and ETRs (b-i) The framed area in b is magnified in c, that in c is 
still magnified in d, and that in e is magnified in f. Yellow arrows (autophagosomes); black arrowheads (autolysosomes); white arrowheads 
(lysosomes); and red arrows (multilamellar bodies). M: macrophage nucleus.
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Fig. 6. Increased autolysosome formation and enhanced autophagic flux in ETR TBMs. A, B. Immunofluorescence double labeling of LC3 with pan-
cathepsin (a lysosomal marker) and quantitative analysis. C, D. Immunohistochemistry of p62 and quantification.



found to contain damaged mitochondria, suggesting the 
induction of selective autophagy of mitochondria 
(mitophagy), an important anti-apoptotic mechanism. 
Further studies are required to investigate the specific 
mechanisms of mitophagy in TBMs, such as the PINK1-
Parkin pathway (Eid et al., 2016). 

      One of the key molecules in autophagy induction is 
LC3, and its upregulation was identified in the current 
study. Transcription factor FOXO3a was reported to 
enhance the expression of autophagy genes, including 
LC3 (Tran et al., 2002; Zhou et al., 2012; Czarny et al., 
2015; Li et al., 2017). We investigated the expression of 
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Fig. 7. Light and ultrastructural features of the activation of LC3-associated phagocytosis (LAP) in ETR TMBs. A. TUNEL/LC3 double labeling showing 
decoration of apoptotic cells with LC3. B. (a, b) TEM showing phagosomal membranes (black arrowheads) surrounding phagocytosed apoptotic 
solenocytes (white stars) by TBMs in ETRs. The white arrows indicate autophagosomes. M, macrophage nucleus.



this transcription factor by immunohistochemistry, 
however, its expression was not significant (data not 
shown). Thus, LC3 expression may be regulated by 
other transcription factors, such as TFEB, a master 
regulator of autophagy and lysosomal proteins (Horibe 
et al., 2017). 
      Recent studies show that LAP clears apoptotic cells 
more rapidly than classical phagocytosis, thus 
preventing secondary necrosis and inflammation (Li et 
al., 2012; Kim et al., 2013; Lam et al., 2013; Ferguson 
and Green, 2014; Matte et al., 2016). In the current 
research, LC3 puncta were found to be closely related to 
apoptotic TUNEL-positive splenocytes engulfed by ETR 
TBMs. This indicated the possibility of the induction of 
LAP. This possibility was confirmed by TEM studies, 
which revealed the presence of LAPsomes enclosed by 
single membranes adjacent to autophagosomal vesicles 
in these macrophages, indicating the activation of LAP. 
A recent study found that LC3-II-positive cells were 
simultaneously TUNEL-positive T cells in the spleens of 
infected pigs, suggesting the involvement of apoptosis 
and autophagy in the clearance of apoptotic 
lymphocytes. (Gou et al., 2017). Further studies are 
needed to confirm the induction of LAP in splenic TBMs 
by studying specific proteins such as Rubicon and 
Beclin-1 (Yefimova et al., 2020; Pena-Martinez et al., 
2022).  
      The current study revealed enhanced autophagy in 
splenic TBMs of ETRs. This autophagic activity seems 
to function as an anti-apoptotic mechanism, countering 
the detrimental effects of ethanol, including oxidative 
stress. Notably, no apoptotic TBMs were detected using 
the TUNEL method, TUNEL/LC3 double labeling, and 
TEM. Furthermore, this phenomenon may be associated 
with an increased occurrence of T-cell apoptosis, thereby 
accelerating LAP. The observed enhancement of 
autophagy and LAP in splenic TBMs has also been 
reported in thymic macrophages (Betsuyaku et al., 2017) 
and Sertoli cells (Horibe et al., 2017) using the same 
animal model of acute ethanol toxicity. 
      The contribution of the defect in LAP to the 
clearance of apoptotic lymphocytes and the increased 
risk of systemic lupus erythematosus (SLE) was 
highlighted recently (Bandyopadhyay and Overholtzer, 
2016; Pena-Martinez et al., 2022). SLE is commonly 
marked by anti-double-stranded DNA antibodies from B 
cells, however, pathologically, autoreactive T cells are 
considered as important to its pathogenicity as B cells. 
Moreover, the importance of the clearance of apoptotic 
cells by TBMs in SLE is also reported (Baumann et al., 
2002). Our two studies collectively demonstrate the role 
of the autophagic machinery in clearing apoptotic T 
cells, both in primary lymphoid organs such as the 
thymus (Betsuyaku et al., 2017) and secondary lymphoid 
organs, as observed in the current study focusing on the 
spleen. Consequently, specific macrophages engaging in 
phagocytosis, canonical autophagy, and LAP play roles 
in eliminating damaged T lymphocytes induced by 
ethanol and other xenobiotics within central and 

peripheral lymphoid organs. This process holds potential 
to prevent diseases such as SLE. Additionally, the 
activation of autophagy and LAP in the spleen may play 
a crucial role in the phagocytosis of various microbes, 
including viruses, bacteria, fungi, and parasites 
(Upadhyay and Philips, 2019). 
      In conclusion, we provided for the first time light 
and electron microscopic evidence indicating enhanced 
autophagy in splenic TBMs of ETRs. This appears to be 
a cytoprotective mechanism, required for phagocytosis, 
clearance of many apoptotic T cells, and inhibition of 
autoimmunity and the inflammatory response. 
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