
Summary. Tingible body macrophages (TBMs) play
essential roles in the phagocytosis of apoptotic
lymphocytes, specifically under exposure to various
stressors. Although excessive ethanol consumption may
enhance thymocyte apoptosis, reports investigating the
autophagic response of the thymus to ethanol toxicity are
still lacking. We investigated apoptosis and autophagy in
thymi of an animal model of binge ethanol exposure.
Adult male Wistar rats were injected intraperitoneally
either with 5 g/kg ethanol or phosphate buffer saline (for
the control group) and sacrificed 0, 3, 6 and 24 hours
after injection. Light and transmission electron
microscopy (TEM) studies revealed enhanced formation
of TBMs phagocytosing many apoptotic thymocytes in
the thymic cortex of the ethanol-treated rats (ETRs), and
this formation was particularly marked at 24 h. The
macrophages showed signs of activation under TEM and
immunofluorescence double labeling with RM4 (a
macrophage marker) and iNOS. Additionally, in
comparison to the control group, autophagy was
enhanced in ETR thymic TBMs as evidenced
ultrastructurally by accumulation of autophagic
vacuoles, immunohistochemical increases in LC3
puncta, Western blot analysis of the latter protein, and
colocalization of LC3 and RM4 in immunofluorescence
double labeling. Immunoelectron microscopy also
revealed LC3-labeled autophagic vacuoles and apoptotic

cell phagosomes in ETR TBMs, suggesting the
possibility of LC3-related phagocytosis. This was
confirmed by enhanced colocalization of LC3 with
lysosomal cathepsins in double labeling. These results
indicate that enhanced autophagy in ETR thymic TBMs
is not only a cytoprotective mechanism but could also be
involved in the clearance of apoptotic thymocytes, thus
preventing autoimmune reactions and suppressing
inflammatory response.
Key words: Autophagy, LAP, Apoptosis, Ethanol,
Thymus, TBMs 

Introduction 

Autophagy is a cytoprotective mechanism for the
removal of damaged cellular components after exposure
to various stressors such as oxidative stress and
mitochondrial damage (Kroemer et al., 2010; Perrotta et
al., 2011; Eid et al., 2013; Shin et al., 2016). Morpho-
logically, autophagy is characterized by the formation of
isolation membranes that engulf cellular components
producing autophagosomes. The latter then fuse with
lysosomes to form autolysosomes for cargo clearance.
Autophagosome formation is mediated by microtubule-
associated protein 1 light chain 3 (LC3), and is promoted
by lipidated LC3-II, which is produced from LC3
(Mizushima et al., 2011; Chen et al., 2012; Eid et al.,
2016a). Activation of the autophagy pathway also aids
LPS-stimulated macrophages in protection against cell
death, presumably by reducing the production of iNOS
and suppressing inflammatory response (Han et al.,
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2013; Liu et al., 2015; Yang et al., 2015). Based on in
vitro studies, LC3 targeting of the phagosomal
membrane has also been recently reported to enhance
maturation and degradation of phagosomes containing
zymosan particles, infectious agents and apoptotic cells
via a process called LC3-associated phagocytosis (LAP),
which is induced in a different way from autophagy. The
membrane of a LAP-engaged phagosome (LAPosome)
is single, while autophagosomes have a double
membrane. The signal required for LAP is reactive
oxygen species (ROS), which can also trigger autophagy
(Sanjuan et al., 2007; Shui et al., 2008; Martinez et al.,
2011; Sprenkeler et al., 2016). However, some studies
have shown that apoptotic cells can be degraded by
LC3-mediated autophagosomes in macrophages
(Baghdadi et al., 2013) and semiprofessional phagocytes
(Brooks et al., 2015), although the authors of these
studies insisted that LAP could contribute partially to
autophagosome-related degradation of phagocytosed
apoptotic cells.

Alcohol (ethanol) consumption is a global health
problem, and almost all body organs may be affected by
its abuse (Haorah et al., 2008; Liang et al., 2014; Yun et
al., 2014; Loftis et al., 2016). Excessive ethanol intake
induces lymphocyte depletion in lymphoid organs via
mechanisms related to the generation of high levels of
corticosteroids, bone marrow depression, lymphocyte
redistribution, hepatic dysfunction, and excessive
lymphocyte apoptosis (Budec et al., 1992; Han et al.,
1993; Collier et al., 1998; Eid et al., 2000; Kapasi et al.,
2003). Phagocytosis of apoptotic cells by phagocytes is
required for resolution of organ damage and
maintenance of immune tolerance (Brooks et al., 2015).
The clearance of apoptotic thymocytes after exposure to
various stressors such as xenobiotics and viral infection
is mediated by a class of macrophages known as tingible
body macrophages (TBMs), which exhibit high
phagocytic activity, often contain multiple apoptotic
nuclei, and can grow relatively large (Eid et al., 2000;
Salguero et al., 2004). In a previous study, we found
marked accumulation of TBMs laden with apoptotic
splenocytes in the splenic white pulp of chronic ethanol-
treated rats (ETRs). Transmission electron microscopy
(TEM) indicated that these macrophages were resistant
to apoptosis and appeared to have protective
mechanisms. However, the nature of these mechanisms
is not clearly understood (Eid et al., 2000). 

A growing body of data has recently indicated that
excessive ethanol intake via mechanisms related to
oxidative stress, mitochondrial damage and lipid
overload may enhance cytoprotective autophagy in
hepatocytes of humans and animal models of acute and
chronic alcoholism (Dolganiuc et al., 2012; Lin et al.,
2013; Eid et al., 2013, 2016a). Acute and chronic
ethanol consumption have also been reported to induce
iNOS expression in various macrophages and other cells
as a result of enhanced endotoxin and cytokine
production (Kanuri et al., 2009; Pla et al., 2016).
However, the involvement of autophagy in TBM

survival and phagocytosis of apoptotic thymocytes in
animal models of binge ethanol exposure have not yet
been reported. In this study, the authors investigated the
involvement of apoptosis, canonical autophagy and LAP
in acute ethanol-induced damage to rat thymi using
multiple light and electron microscopic techniques in
addition to Western blot analysis. The results
demonstrated enhanced thymocyte apoptosis in ETRs,
which was associated with upregulation of autophagy
and induction of LAP of apoptotic thymocytes in ETR
thymic TBMs. This could be a mechanism for
maintenance of immune homeostasis.
Materials and methods 

Rats and experimental design 

Adult male Wistar rats (12 weeks old) were
purchased from SLC Japan Co., Shizuoka, Japan. Their
body weight was around 250-300 g. They were
maintained and treated according to the guidelines set by
the Experimental Animal Research Committee of Osaka
Medical College. 5 g/kg (40% v/v) ethanol was
intraperitoneally injected once to the rats, which is
consistent with the animal model of binge ethanol
consumption. This dose of ethanol represents binge
drinking in humans as recently reported by us and other
investigators (Carson et al., 1996; Collier et al., 1998;
Zhou et al., 2001; Ding et al., 2010; Eid et al., 2016a).
The selection of the intraperitoneal route for ethanol
intake is consistent with animal models of acute ethanol
exposure. In fact, both the oral and intraperitoneal routes
of ethanol administration have been found to have
similar outcomes regarding blood concentration and
organ damage although the oral route is more
physiological (D'Souza El-Guindy et al., 2010; Chen et
al., 2013; Eid et al., 2016a). After administration of
ethanol, the rats were sacrificed by cervical dislocation
at various time points (0, 3, 6 and 24 h). An equal
volume of phosphate buffer saline, instead of ethanol,
was injected in the control group. Three animals were
examined at each time point (Ding et al., 2010; Eid et
al., 2016a). The pieces of rat thymi were fixed with
either 4% formalin for paraffin embedding, or 2%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M
phosphate for epoxy embedding and TEM. The other
thymic tissues were frozen at -80℃ for protein analysis. 
Antibodies and kits 

The following antibodies were used: mouse anti-
macrophage antibody RM4 (KT014) from Trans Genic
Inc, Kobe, Japan; rabbit anti-iNOS antibody (ab15326)
from Abcam; rabbit anti-LC3 antibody (PM036) from
MBL, Nagoya, Japan; goat anti pan cathepsin antibody
(sc-6499) from Santa Cruz; rabbit anti-β actin antibody
(#4970) from CST Japan. A Terminal deoxynucleotidyl
transferase dUTP-mediated nick-end labelling (TUNEL)
FITC-labeled kit, from Roche Diagnostics, Mannheim,
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Germany, was used for apoptosis detection.
Hematoxylin and eosin (H&E) staining

After deparaffinization, 4 µm-sections were stained
with H&E using standard methods for histopathological
evaluation of ethanol-induced thymic damage. 
TUNEL for detecting apoptotic cells and analysis 

TUNEL was performed according to the
manufacturer’s protocols. Paraffin sections of thymic
tissue were dewaxed, rehydrated in ethanol, then treated
with TUNEL reaction mixture (TdT enzyme and
fluorescent-labelled nucleotides) which labels the
fragmented nuclear DNA for 1 hour at 37°C. The
number of TUNEL-positive cortical thymocytes (green
labeling) were counted from 10 random high-power
fields (HPF) (400x magnification) from each group. The
slides were observed under Olympus BX41 fluorescence
microscope, Tokyo, Japan (Eid et al., 2016a). 
Immunohistochemical staining of RM4, iNOS and LC3 

Paraffin-embedded sections at 4 µm-thickness were
stained with the primary antibodies described above,
according to the manufacturer’s protocols. In brief, after
deparaffinization, antigen retrieval and blocking,
antibodies were applied overnight at 4℃. The sections
were labeled for 1 h with EnVision+ Single Reagents
(K4003) for rabbit antibodies and EnVision+ Dual Link,
Single Reagents (K4063) for mouse antibody from
Dako. Then, sections were treated with ImmPACT DAB
Peroxidase substrate as chromogen (Vector laboratories),
and counterstained with hematoxylin. RM4 positive
macrophages were counted from 10 random HPF (400x
magnification) from each groups. Quantification of LC3
puncta in thymic cortex of control and ETRs were
performed with image J (http://imagej.nih.gov/ij/) (Eid et
al., 2016a). 
Immunofluorescence double labeling of markers of
macrophages and autophagy 

In double labeling of RM4 and iNOS, RM4 and
LC3, and LC3 and pan cathepsin (lysosomal marker), we
used a sequential method for applying the primary
antibodies, followed by two secondary antibodies
conjugated to different fluorochromes according to
standard methods and as previously reported (Eid et al.,
2016a,b). The slides were observed under confocal laser
scanning microscope (Leica TCS SP8, Manheim,
Germany). Quantification of LC3 and pan cathepsin co-
localization was performed with image J.
Western blot analysis 

Total protein was extracted from rat thymi, solubilized
in SDS lysis buffer, and then centrifuged. Protein samples

were loaded on SDS-polyacrylamide gels for
electrophoresis and then transferred to polyvinylidene
difluoride membranes. The membranes were blocked with
5% BSA, and then incubated with anti-LC3 antibody,
followed by peroxidase-labelled goat anti-rabbit IgG
antibody as reported (Thomes et al., 2012).
TEM and quantitative analysis 

Ultrathin sections at 70 nm-thickness from blocks
embedded in epoxy resin were double stained with
uranyl acetate and lead citrate, and observed with H-
7650 transmission electron microscope, Hitachi, Japan.
For quantification of apoptosis, apoptotic cells were
counted from 10 random lower-magnification fields
(1,000x). The identification of thymi and localization of
apoptotic cortical thymocytes were first identified in
semithin sections stained with toluidine blue.
Ultrastructurally, Apoptotic cells are characterized by
margination of condensed chromatin, nuclear
fragmentation, and the formation of apoptotic bodies
(Otsuki, 2004; Eid et al., 2016a). 
Immunoelectron microscopy of LC3 

Ultrathin sections were etched with saturated sodium
metaperiodate and hydrochloric acid, washed with
filtered distilled water and incubated in 0.1% bovine
serum albumin in Tris buffer for 1 h. After incubation in
LC3 antibody solution (1/250 dilution) for 2 h, ultrathin
sections were washed with Tris buffer and then
incubated in secondary antibody conjugated with 10 nm-
gold particles (1/10 dilution). Grids were washed and
counterstained with uranyl acetate for a few minutes as
reported (Eid et al., 2016a,b). 
Statistical analysis 

The Student t test was used for comparison between
ethanol-treated and control groups. P<0.05 was
considered as significant.
Results 

Ethanol-induced elevation of apoptosis in cortical
thymocytes is associated with TBM accumulation

As shown in Fig. 1A, compared to the control group,
H&E staining showed TBM accumulation in ETR
thymic cortexes, peaking at 24 h after EtOH injection.
The TUNEL labeling and TEM shown in Fig. 1B,C
demonstrate a significant increase in ETR cortical
thymocyte apoptosis compared to the control group.
Because accumulations of TBMs and thymocyte
apoptosis in ETRs peaked at 24 h compared to other
time points (3 h and 6 h) (data not shown), the 24 h time
point was chosen for analysis in subsequent experiments.
In addition, this time period was characterized by the
highest autophagic activity in TBMs as shown below. 

965
Ethanol enhances apoptosis and autophagy in rat thymi



966
Ethanol enhances apoptosis and autophagy in rat thymi

Fig. 1. Increased apoptosis of thymocytes associated with accumulation of TBMs in ETR thymic cortexes. A. H&E staining showing apoptotic
thymocytes (yellow arrows) within TBMs (red arrows) in the thymic cortex. The framed areas are magnified on the right. B. TUNEL labeling (white
arrows) and quantification of apoptotic cells (the histogram on the right side). C. TEM and histogram demonstrating a significant increase of thymocyte
apoptosis in ETR thymic cortexes (black arrows). Black arrow heads indicate lysosomes. The inset (a magnification of the framed area) shows two
lysosomes with characteristic limiting membranes. N: nucleus of macrophage; *P<0.05; ***P<0.001.
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Fig. 2. Enhanced expression of RM4 and iNOS in ETR thymic TBMs. A. Immunolabeling and quantification of RM4 (a macrophage marker; black arrow
heads). B. Immunostaining of iNOS (white arrow heads). The brown color (DAB reaction) indicates positive staining. C. Immunofluorescence double
labeling for RM4 and iNOS ***P<0.001.



Induction of iNOS in ETR thymic TBMs as revealed by
immunohistochemical and immunofluorescence double
labeling studies

Immunohistochemical staining using RM4 (a marker
for TBMs and other macrophages) showed enhanced
expression and a significant increase of TBM presence
in ETR thymic cortexes compared to the control group,
with a peak at 24 h in line with H&E staining and TEM
findings (Fig. 2A). Immunohistochemical staining also
revealed that iNOS was induced and upregulated in ETR
cortexes, while the expression of this protein was almost
absent in the control group. Cells expressing iNOS have
a macrophage-like morphology (Fig. 2B). This was
confirmed by iNOS and RM4 immunofluorescence
double-labeling (Fig. 2C), where colocalization of these
proteins was more frequent in ETR thymi. 
Enhanced autophagic response in ETR thymic TBMs

As shown in Fig. 3a-f, compared to the control
group (a), TEM demonstrated many autophagic
vacuoles: autophagosomes (b-d), autolysosomes (e) and

multilamellar bodies (f) in ETR TBMs. The autophago-
somes engulfed damaged mitochondria, where the
remains of cristae are clearly seen. Importantly, the
autophagosomes were located close to apoptotic cell
phagosomes in TBMs, which may suggest a functional
relationship between the autophagic and phagocytic
machineries as discussed later (Sanjuan et al., 2007; Shui
et al., 2008). In addition, most apoptotic thymocytes in
ETRs were in fact observed within TBMs showing signs
of phagocytic activity such as smaller nuclear/
cytoplasmic ratio (Eid et al., 2000; Jiang et al., 2016).
Increased multilamellar body formation was also seen in
ETR TBMs, which may indicate repeated sequestration
of autophagosome membranes, reflecting enhanced
autophagic and phagocytic activity (Brooks et al., 2015).
Immunohistochemical staining of LC3 (a specific
marker of autophagosomes) showed a significant
increase in LC3 puncta formation in the thymic cortex of
the ETRs, especially in cells with macrophage-like
morphology (Fig. 4A). This indicates the conversion of
LC3 to lipidated LC3-II, which is essential for
autophagosome formation (Eid et al., 2016a). This was
confirmed by Western blot analysis demonstrating the

968
Ethanol enhances apoptosis and autophagy in rat thymi

Fig. 3. Ultrastructural features of increased autophagy in thymic TBMs of ETRs. Control (a), ETRs (b-f). Black arrows indicate apoptotic cells, red
arrows mark autophagosomes and blue arrows show autolysosomes. The framed areas are magnified on the right. N: nucleus of macrophage. Arrow
head indicate damaged mitochondria within autophagosome. The stars in f mark multilamellar bodies.
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Fig. 4. Significant increase of LC3-II in thymic TBMs of ETRs. A. Immunohistochemistry of LC3. White arrows mark LC3 puncta in cells with
macrophage-like morphology. The histogram on right shows statistical analysis. ***P<0.001. B. Western blot analysis showing upregulation of LC3-II in
ETR thymi. C. Immunofluorescence double labeling for RM4 and LC3 demonstrating enhanced colocalization in ETR thymic TBMs compared to
control.



upregulation of LC3-II in the thymi of ETRs compared
with the control group (Fig. 3B) (Mizushima et al., 2011;
Thomes et al., 2012). LC3 and RM4 immunofluores-
cence double labeling also showed higher colocalization

in the ETR thymi (Fig. 4C), indicating the dominant
expression of LC3 by TBMs. Taken together, these data
indicate that autophagy was upregulated in ETR thymic
TBMs compared to the control group.
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Fig. 5. TEM of apoptotic cell phagosomes within TBMs. a. Control. b-d. ETRs. The framed area in b is magnified in c and d. Red arrows show
apoptotic cell phagosomes, white arrows indicate lysosomes, blue arrows mark autophagosomes, and arrow heads mark phagosomal membranes. AP:
apoptotic thymocyte. N: macrophage nucleus.



Involvement of LC3 in phagocytosis of apoptotic
thymocytes by TBMs

As shown in Fig. 5b,c and compared to control (Fig.
5a), there are many apoptotic cell phagosomes in ETR
thymic TBMs surrounded by a phagosomal membrane
closely related to or almost fused with autophagosomes
(also seen in Fig. 3). Moreover, Fig. 5b showed the
increase of lysosomal numbers and sizes in ETR thymic

TBMs compared to the control group. As LC3
localization to apoptotic cells may stimulate their
degradation by phagocytes as reported in LAP
(Bandyopadhyay and Overholtzer, 2016), the authors
investigated the expression of LC3 using immuno-
electron microscopy. As shown in Fig. 6b-d, compared
to the control group (a), there was a marked increase of
LC3 immunogold labeling in autophagosomes and
apoptotic cells within phagosomes of ETR thymic
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Fig. 6. Enhanced LC3 immunogold labeling of autophagosomes and apoptotic cell phagosomes in TBMs of ETRs. The micrographs show control (a)
and ETRs (b-d). The framed area in b is magnified in c. Yellow arrows mark LC3 immunogold particles. Black arrows indicate autophagosomes. Arrow
head marks phagosomal membranes. AP: apoptotic thymocyte.



TBMs. Collectively, these results indicate that enhanced
LC3 expression in ETR thymic TBMs may play
important roles in their survival and clearance of
apoptotic thymocytes via LC3-related phagocytosis. To
confirm the enhanced autophagy and phagocytosis in
ETR TBMs, we performed double labeling for LC3 and
lysosomal pan cathepsin, with results showing enhanced
colocalization of these proteins in ETR TBMs (Fig. 7).

Discussion 

The two major findings of the current study are:
firstly, the robust accumulation of TBMs overexpressing
RM4 and iNOS proteins associated with phagocytosis of
large numbers of apoptotic thymocytes in the thymic
cortex of acute ETRs. Secondly, and more importantly,
TBMs of ETRs exhibit enhanced autophagic activity
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Fig. 7. Upregulation of LC3 and pan cathepsin (lysosomal
marker) colocalization signals in ETR thymi. Arrows indicate
colocalization on mergence (yellow). The histogram below
shows statistical analysis of colocalization signals. *P<0.05.



reflecting ethanol toxicity, and show evidence of LAP
activation. To the authors’ knowledge, this is the first
report showing such findings in thymi with an animal
model of binge ethanol exposure. 

The histopathological findings of the present study
demonstrated that the accumulation of thymic TBMs in
ETRs give the cortex a “starry sky” appearance, as
reported by others (Eid et al., 2000; Salguero et al.,
2004). Although some studies have shown evidence of
enhanced apoptosis in ETR thymi based on light
microscopic techniques (Han et al., 1993; Collier et al.,
1998), the ultrastructural evidence of enhanced
thymocyte apoptosis and accumulation of TBMs have
not been reported in animal models of alcoholism.
Therefore, we were keen in the current study to
demonstrate the ultrastructural features of enhanced
apoptosis of cortical thymocytes and phagocytosis in
ETR TBMs (Mcllory et al., 2000; Eid et al., 2000).
Enhanced expression of RM4-positive thymic TBMs in
ETRs also indicates the acceleration of lysosomal
processing of phagocytosed thymocytes, as RM4
antibody is designed for the detection of epitopes present
on the membrane of endosomes and lysosomes of
macrophages during endolysosomal processing (Iyonaga
et al., 1997; Eid et al., 2000). 

The induction of iNOS in ETR thymic TBMs may
be related to enhanced endotoxin and cytokine
production (Kanuri et al., 2009; Pla et al., 2016). Some
reports have in fact indicated that limited NO production
by iNOS may stimulate the uptake of apoptotic cells by
phagocytes (Satake et al., 2000; Fernandez-Boyanapalli
et al., 2010). However, as excessive induction of iNOS
by ethanol may have detrimental effects on phagocytes
due to the production of large amounts of NO, activation
of autophagy in ETR thymic TBMs in the current study
may be a plausible mechanism to suppress excessive
iNOS production as supported by other recent studies
(Han et al., 2013; Liu et al., 2015; Yang et al., 2015; Pla
et al., 2016; Ilyas et al., 2016).

As the ETR thymic TBMs in the current study
appeared to have normal nuclear morphology and intact
cell membranes, enhanced autophagic response in these
macrophages may be a prosurvival mechanism induced
by oxidative and nitrative stress. This enhanced
autophagy in ETR thymic TBMs was evidenced by
ultrastructural detection of autophagic vacuoles,
immunohistochemistry of LC3 puncta, double labeling
of LC3 and RM4 and Western blot analysis of LC3-II
(Dolganiuc et al., 2012; Han et al., 2013; Lin et al.,
2013; Eid et al., 2016a). Importantly, iNOS production
may be required for redox-dependent conversion of
LC3-I to LC3-II mediated by Atg4 (Gorbunov and
Kiang, 2009). However, as mentioned previously,
upregulation of autophagy in ETR TBMs may be a
mechanism to dampen excessive iNOS and inflam-
matory response associated with acute ethanol toxicity
(Kanuri et al., 2009; Pla et al., 2016). TEM also revealed
increased lysosomal numbers and sizes in ETR thymic
TBMs compared to the control group (Figs. 1, 5).

Ultrastructurally, lysosomes appear as dense bodies with
visible content surrounded by a single limiting
membrane, and are often observed in a perinuclear
pattern (Appelqvist et al., 2013). This supports their
differentiation from dark lipid droplets, which are not
delimited by conventional unit membranes, are devoid of
internal structures and are usually associated with the
endoplasmic reticulum (Fujimoto and Parton, 2001).
Importantly, TEM identification and accumulation of
lysosomes in TBMs of ETRs was confirmed by
enhanced expression of pan cathepsin and its
colocalization with LC3, indicating the fusion between
autophagosomes and lysosomes (Fig. 7) and enhanced
autophagic flux (Zughaier et al., 2015; Eid et al., 2016a;
Pla et al., 2016). Notably, TEM in the current study
revealed damaged mitochondria within autophagosomes
in ETR thymic TBMs; this may be an anti-apoptotic
mechanism, as these damaged organelles may have a
pro-apoptotic effect. The question of whether there is a
specific mechanism such as parkin-mediated mitophagy
for the clearance of damaged mitochondria in TBMs
needs further investigation as we recently reported in
hepatocytes of ETRs (Eid et al., 2016a,b).

Immunoelectron microscopy in the current study
revealed LC3-labeled phagosomal membranes and
apoptotic cells within phagosomes of ETR thymic TBMs
in addition to adjacent autophagosomes, indicating LAP
activation (Sanjuan et al., 2007; Shui et al., 2008;
Martinez et al., 2011; Sprenkeler et al., 2016). In the
study that led to the first LAP report, the authors
mentioned the possibility of LC3-II translocation from
autophagosomes to phagosomes (Sanjuan et al., 2007;
Shui et al., 2008). This may explain the observation
based on TEM (Figs. 3, 5c) of close association of
autophagosomes with apoptotic cell phagosomes.
However, the possibility of direct involvement by LC3-
mediated autophagic machinery in the degradation of
apoptotic cells within phagosomes of ETR TBMs cannot
be ruled out, as demonstrated by a number of studies
(Baghdadi et al., 2015; Brooks et al., 2015). In fact, the
current study’s LC3 labeling of apoptotic cells in
phagosomes may be essential for lysosomal fusion with
phagosomes. This was confirmed by double labeling of
LC3 and pan cathepsin, which revealed enhanced
colocalization of these proteins in ETR TBMs,
indicating elevated formation of phagolysosomes and
degradation of cargo as seen in canonical autophagy
(Sanjuan et al., 2007; Ferguson and Green 2014;
Bandyopadhyay and Overholtzer, 2016). The present
study’s results may be supported by recent reports
indicating that the LGG-1/LC3 autophagy genes may be
recruited to internalized apoptotic cells by the phagocyte
in C. elegans, promoting the formation of autophago-
somes and autolysosomes, which may fuse with
phagosomes to accelerate corpse degradation (Li et al.,
2012; Zou et al., 2012). Collectively, there seems to be a
functional convergence of autophagy and phagocytosis,
as evidenced by LC3-mediated degradation of
phagocytosed cargo based on the stimulation of

973
Ethanol enhances apoptosis and autophagy in rat thymi



lysosome/phagosome fusion (Ferguson and Green,
2014).

It has been reported that TBMs are absent in the
germinal centers of lymph nodes in patients with
systemic lupus erythematosus (SLE), resulting in a
defect in the clearance of apoptotic lymphocytes and
progression of the disease (Baumann et al., 2002).
Interestingly, a number of recent studies have reported
that the defect in LAP for the clearance of apoptotic
lymphocytes increases the risk of SLE. (Bandyopadhyay
and Overholtzer, 2016; Martinez et al., 2016).
Accordingly, it can be concluded that the activation of
autophagy and LAP observed in ETR thymic TBMs in
the current study may prevent autoimmune diseases such
as SLE. 

In conclusion, enhanced autophagy in thymic TBMs
of acute ETRs may be a prosurvival mechanism and
important for the phagocytosis and degradation of
apoptotic thymocytes, thus preventing autoimmune
reaction and suppressing inflammatory response
associated with ethanol toxicity. Further studies are
needed to explore the relationship between autophagy
and phagocytosis in macrophages for various diseases
such as cancer and autoimmune/infectious conditions. 
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