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ARTICLE INFO ABSTRACT

Keywords: We investigated the cytoprotective effect of desipramine (DMI) during in vitro simulated ischemia/reperfusion (I/

Desipramine R) of rat hepatocytes. Primary hepatocytes isolated from male Sprague-Dawley rats were subjected to 4 h of

f}“"phagy anoxia at pH 6.2 followed by normoxia at pH 7.4 for 2 h to simulate ischemia and reperfusion, respectively.
1ver

During simulated reperfusion, some hepatocytes were reoxygenated using media containing 5 pM DMI. Necrotic
cell death and the onset of mitochondrial permeability transition (MPT) were assessed using fluorometry and
confocal microscopy. Changes in autophagic flux and autophagy-related proteins (ATGs) were analyzed by
immunoblotting. DMI was shown to substantially delay MPT onset and suppress I/R related cell damage.
Mechanistically, DMI treatment during reperfusion increased the expression level of the microtubule-associated
protein 1A/1B-light chain 3 (LC3) processing enzymes, ATG4B and ATG7. Genetic knockdown of ATG4B abol-
ished the cytoprotective effect of DMI. Together, these results indicate that DMI is a unique agent which en-

Ischemia and reperfusion injury

hances LC3 processing in an ATG4B-dependent way.

1. Introduction

A temporary cessation and subsequent resumption of blood flow due
to transient interruption of circulation during liver resection and
transplantation can cause hepatic ischemia/reperfusion (I/R) injury.
Mitochondrial dysfunction is a key cellular event which contributes to I/
R injury [1]. After reperfusion, the integrity of mitochondrial inner
membranes can become disrupted by the opening of permeability
transition pores, nonspecific channels in the inner membrane, resulting
in an uncontrolled influx of solutes up to 1500 Da in size into the
mitochondrial matrix. Consequently, mitochondria depolarize and fail
to generate adenosine triphosphate (ATP). This process is known as
mitochondrial permeability transition (MPT). Despite the importance of
MPT in mediating ischemic liver injury, current therapeutic strategies
using the MPT blocker cyclosporin A have had limited impact in the
clinical setting due to its narrow range of therapeutic efficacy [2] and its
inhibition of calcineurin [3]. Furthermore, cyclosporin A-insensitive
MPT can still occur when MPT induction increases [4].

Desipramine (DMI) is a Food and Drug Administration (FDA)-
approved antidepressant first developed in 1962 [5] which has been
reported to block the onset of MPT in the liver [6]. Numerous

antidepressant drugs have been shown to affect autophagy in a variety of
tissues [7]. Mitophagy is a form of selective autophagy which involves
the degradation of surplus or dysfunctional mitochondria [8]. As
defective mitophagy or insufficient rates of mitophagy result in the
accumulation of dysfunctional mitochondria, the timely onset of
mitophagy is critical to cellular survival. We have previously demon-
strated that impaired mitophagy after I/R is a causative event contrib-
uting to MPT [8]. Accordingly, we hypothesized that significant levels of
cytoprotection could be achieved during I/R injury by promoting
autophagy and preventing the onset of MPT. As yet, it is unknown how
DMI affects autophagy and I/R injury in the liver.

Here, we investigated the effects of DMI on an in vitro model of I/R
injury using primary rat hepatocytes. Our results show that DMI stim-
ulates autophagy in an ATG4B-dependent manner, suppressing the onset
of MPT and reducing hepatocyte death after I/R injury.

2. Materials and methods
2.1. Isolation of primary rat hepatocytes

Animal experimental protocols were approved by the Animal Studies
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Committee at Washington University School of Medicine in St. Louis.
Male Sprague Dawley rats (150-200 g; Charles River Laboratories,
Wilmington, MA) were acclimated for at least 72 h prior to experi-
mentation and standard rodent food and water was provided ad libitum.
Primary hepatocytes were isolated using a two-step collagenase perfu-
sion method, as previously described [8]. Greater than 90% cell
viability, as assessed using the trypan blue exclusion assay, was required
for all cells used in this study. Hepatocytes were cultured overnight in
Dulbecco’s Modified Eagle’s Medium (DMEM) with 100 units/mL
penicillin, 100 pg/mL streptomycin, 10% fetal bovine serum, 100 nM
insulin, and 100 nM dexamethasone. For cell death assays, aliquots (0.5
mL) containing 2.0 x 10° hepatocytes were plated onto 24-well mi-
crotiter plates (Falcon, Lincoln Park, NJ). For confocal imaging, 2 mL of
2.0 x 10° cells were cultured on glass bottom 35-mm culture dishes. For
immunoblot analysis, hepatocytes were plated on 35-mm culture dishes
at a concentration of 10° cells/mL. All plates and dishes were coated
with 0.1% Type I rat tail collagen. Hepatocytes were cultured in hu-
midified 5% CO- and 95% air at 37 °C. Cells were washed three times
with a fresh Krebs-Ringer-N-2-hydroxyethylpiperazine-N’-2-ethanesul
fonic acid (HEPES) buffer (KRH) at pH 7.4 to remove unattached cells
prior to ischemia. KRH buffer at pH 7.4 or pH 6.2 contained (in mM) 115
NaCl, 5 KCl, 2 CaCly, 1 KHPOy4, 1.2 MgSOy4, and 25 Na-HEPES. Tar-
get-specific gene delivery was performed using adenoviral vectors, as
previously reported [8].

2.2. In vitro simulated I/R

To simulate tissue ischemia (referred to as ischemia hereafter), iso-
lated hepatocytes were placed in anoxic KRH buffer at pH 6.2 in an
anaerobic chamber (Coy Laboratory Products, Ann Arbor, MI) for 4 h.
Anoxia was maintained at 37 °C under an atmosphere of 95% N-5% Hy
with a heated palladium catalyst to convert residual oxygen to water
vapor. Oxygen tension in the chamber was less than 0.001 Torr, as
routinely monitored by a gas analyzer (Model 10; Coy Laboratory
Products). To simulate reoxygenation and recovery to normal intracel-
lular pH which occurs during reperfusion, anoxic KRH buffer at pH 6.2
was replaced with aerobic KRH buffer at pH 7.4 (referred to as reper-
fusion hereafter) [8]. Reperfusion was continued for up to 2 h at 37 °C.
Some hepatocytes were treated with 5 pM DMI for 20 min before
reperfusion and continuously during reperfusion.

2.3. Cell death assay

Levels of necrotic cell death were determined at 5, 60, and 120 min
post-reperfusion using propidium iodide (PI) fluorometry using a
SpectraMax iD3 fluorescence reader (Molecular Devices, San Jose, CA),
as described previously [8].

2.4. Confocal imaging of MPT onset

Hepatocytes cultured on glass bottom dishes were treated with a
combination of 100 nM tetramethylrhodamine methylester (TMRM), 1
pM calcein-AM, and 3 pM PI to monitor mitochondrial membrane po-
tential, MPT, and necrosis respectively, as previously described [8].
Confocal images were collected using an inverted Zeiss 880 laser scan-
ning confocal microscope (Zeiss, Jena, Germany) equipped with a 63x N.
A. 1.4 oil-immersion plan-apochromat lens. To visualize autophago-
somes and mitophagosomes, hepatocytes infected with adenovirus
encoding GFP-tagged LC3 (GFP-LC3) were labeled with TMRM [8].
Adenovirus expressing LacZ (Ad-LacZ) was used as a viral vector control.
Confocal experiments were conducted at 37 °C.

2.5. Immunoblot analysis of autophagic flux and autophagy-related
proteins (ATGs)

To measure autophagic flux, hepatocytes were treated with 20 pM
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chloroquine (CQ) for 20 min prior to reperfusion. Changes in LC3
expression were analyzed by immunoblotting [9]. Inmunoblotting of
ATG expression in the presence or absence of 5 pM DMI was conducted,
as previously described [9]. The intensity of the immunoreactive bands
was determined using TOTALLAB TL 120 software (Nonlinear Dynamics
Ltd., Newcastle, UK).

2.6. Materials

The Antibodies used in this study were ATG3, ATG4B, ATG7, BECN1,
BNIP3, Cathepsin D, LC3-I/II, mTOR, phospho-mTOR (Ser2448), AMPK,
phospho-AMPK, phospho-ULK1 (Ser317), Rubicon, phospho-ULK1
(Ser757) (Cell Signaling Technology, Beverly, MA), LAMP-2 (Invi-
trogen, Carlsbad, CA), TFEB (Novus Biologicals, Littleton, CO), FIP200
(MilliporeSigma, St. Louis, MO), p62 (BD Biosciences, Franklin Lakes,
NJ) and p-actin (Santa Cruz Biotechnology, Santa Cruz, CA). All other
reagents used were of analytical grade and purchased from Milli-
poreSigma (St. Louis, MO).

2.7. Statistical analysis

The data were expressed as mean + SE and obtained from at least 3
separate cell preparations. Differences between means were compared
by the Student t-test using a level of significance of p < 0.05. Statistical
analyses were performed using SigmaStat version 3 (Systat Software Inc,
San Jose, CA).

3. Results

To simulate hepatic ischemia, rat hepatocytes were incubated in
anaerobic, nutrient-deficient, and acidic KRH buffer (pH 6.2) at 37 °C.
After 4 h of ischemic conditions, the anaerobic buffer was replaced with
aerobic KRH buffer at pH 7.4. Similar to a previous report [8], hepato-
cyte death progressively increased after reperfusion (Fig. 1A). DMI at 5
uM significantly reduced cell death during 120 min of reperfusion, while
a lower concentration (1 pM) did not. Hepatotoxicity was observed at
100 pM DML

Reperfusion of ischemic hepatocytes induces the opening of perme-
ability transition pores, leading to uncoupling of oxidative phosphory-
lation and subsequent cell death [10]. Accordingly, we investigated
whether DMI suppresses the onset of MPT after I/R (Fig. 1B). Calcein is a
green fluorescent dye that is readily taken up into the cytosol and nu-
cleus but is excluded by polarized mitochondria that electrophoretically
accumulate TMRM. Consequently, functional mitochondria that have
not undergone MPT appear as round, dark voids. Upon the development
of MPT, mitochondria become depolarized, allowing calcein to redis-
tribute from the cytosol into mitochondria and causing the disappear-
ance of these calcein negative voids [8]. Along with calcein labelling of
mitochondria that have undergone MPT, we used PI to label the nuclei of
necrotic cells. After 4 h of ischemia, TMRM fluorescence was barely
detectable due to anoxic depolarization of mitochondria. Mitochondria
still excluded calcein under these conditions, indicating that MPT had
not occurred. After 10 min of reperfusion, the mitochondria in 5 out of 6
cells repolarized while still excluding calcein. Following 20 min of
reperfusion, one cell had undergone necrosis (yellow arrows) while
another cell was dying (loss of TMRM). Widespread onset of MPT and
subsequent necrosis ensued thereafter. After 60 min of reperfusion, 5 out
of 6 cells had undergone necrosis. In sharp contrast, reperfusion with
DMI markedly suppressed MPT onset and cell death (Fig. 1C). After 120
min of reperfusion, only one cell had become necrotic. Thus, these re-
sults demonstrate that DMI suppresses both the MPT and hepatocyte
death after I/R.

Impaired autophagy is known to contribute to hepatic I/R injury [8].
Thus, we investigated whether DMI can act as a cytoprotective agent by
blocking aberrant autophagy in reperfused hepatocytes. Autophagic flux
was determined using CQ, a lysosomal inhibitor (Fig. 2A-C) [9]. The
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Fig. 1. Cytoprotection by DMLI. (A) Cell death was determined after 5, 60, and
120 min of reperfusion following 4 h of ischemia (N = 8). **p < 0.01 vs no
addition. (B) Confocal images of the onset of MPT, mitochondrial membrane
potential, and necrosis during I/R were collected with 5 pM DMI. Arrows
indicate a nuclear labeling of PI (cell death).

difference in LC3-II levels before and after CQ treatment indicates the
net amount of autophagic cargo delivered to lysosomes. Both control
and DMI-treated hepatocytes displayed similar levels of autophagic flux
under normoxic conditions. After reperfusion, control cells displayed
minimal autophagic flux, consistent with our previous report [8]. In
stark contrast, cells reperfused with DMI had significantly greater
autophagic flux after 2 h of reperfusion. Interestingly, autophagic flux in
DMI-treated cells was lower than the control group after 1 h of reper-
fusion. Noticeably, a substantial reduction in levels of LC3-I, a
non-lipidated form of LC3, was detected in the DMI-treated group after
20 min and 60 min of reperfusion, suggesting that DMI may be inducing
alterations in LC3 processing. Changes in autophagic activity during I/R
were also assessed via immunoblot analysis of p62 expression (Fig. 2D).
DMI significantly decreased the expression of p62 after 1 h of
reperfusion.

To further investigate DMI-mediated cytoprotection, confocal im-
ages were collected in GFP-LC3 and TMRM labeled hepatocytes to
visualize autophagosomes and mitochondria, respectively (Fig. 3) [8].
When control cells were incubated in nutrient-rich DMEM,
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autophagosomes were barely visible (Fig. 3A and C), confirming mini-
mal autophagic activity under nutrient-sufficient conditions. However,
when cells were treated with DMI for 20 min, numerous autophago-
somes were visible as green punctae. The number of autophagosomes
per cell increased more than 6-fold after DMI treatment.

Starvation is a potent inducer of autophagy [2]. To examine the ef-
fects of DMI on autophagy under starvation conditions, cells were
incubated for 2 h in nutrient-deficient KRH (Fig. 3B and C). As expected,
the number of autophagosomes per cell markedly increased, from 2.2 to
25.0 per cell under these conditions, confirming robust induction of
autophagy by starvation in these hepatocytes. DMI treatment further
increased the number of autophagosomes to 86.0 per cell under star-
vation conditions. Noticeably, in the presence of DMI, numerous mito-
chondria were encircled by LC3-positive ring-like structures, indicative
of the onset of mitophagy [8,11]. Moreover, the size of GFP-LC3 positive
punctae and the number of positive ring-like structures were consider-
ably greater in the DMI group as compared to controls. It is unlikely that
the induction of mitophagy by DMI occurs as a result of altered mito-
chondrial membrane potential, as similar TMRM intensity levels are
observed between treated and control cells. Together, these data
demonstrate that DMI enhances mitophagy in hepatocytes.

Decreased LC3-I levels after DMI treatment (Fig. 2) prompted us to
hypothesize that DMI augments LC3 processing, particularly the mo-
lecular step involving the conversion and recycling of LC3-II. LC3 pro-
cessing is mediated by at least 3 different ATGs: ATG3, ATG4B, and
ATG7 [12,13]. Immunoblot analysis revealed that DMI significantly
increased ATG4B and ATG7 expression after 20 and 120 min of reper-
fusion (Fig. 4A and B). Although we observed an increasing trend in
ATGS3 levels, no statistical significant difference was achieved. We also
analyzed the expression of other autophagy-related proteins involved in
different stages of autophagy: (1) signaling and initiation (mTOR,
AMPK, RUBICON, BNIP3, ULK1, and FIP200), (2) sequestration and
maturation (BECN1 and ATG12-5), and (3) degradation (LAMP2 and
cathepsin D) (Fig. 4B and C). Among these, only FIP200 levels were
significantly increased by DMI treatment.

To investigate the underlying molecular mechanisms of DMI-
mediated cytoprotection, we knocked down the expression of ATG4B
in hepatocytes using an adenoviral vector expressing ATG4B short
hairpin RNA (Ad-shATG4B) (Fig. 4D) [8]. Overnight incubation with
different concentrations of adenovirus showed that a multiplicity of
infection (MOI) of 30 reduced ATG4B expression by 65%. Higher viral
concentrations did not enhance knockdown efficacy. The effect of
Ad-shATG4B on cell death after I/R, with and without DMI, was
examined with an MOI of 30. Hepatocytes treated with Ad-LacZ (viral
control) developed time-dependent necrosis after reperfusion. As before,
DMI significantly suppressed necrosis in control cells. However,
knockdown of ATG4B expression abolished this suppression of necrosis.
ATGA4B knockdown alone slightly increased cell death only during the
early phase of reperfusion. Taken together, these results suggest that
ATG4B is a key component in DMI-mediated protection against I/R
injury.

4. Discussion

Here we demonstrate that the FDA-approved drug DMI prevents the
onset of MPT and promotes hepatocyte viability in an ATG4B-dependent
manner after simulated I/R. Consistent with previous reports [8,9], our
study confirmed the importance of mitochondria and autophagy in he-
patic I/R injury (Fig. 1). DMI-mediated cytoprotection resulted from its
autophagy inducing effect, as DMI was shown to enhance (1) autophagic
flux after I/R (Fig. 2), and (2) the formation of autophagosomes and the
onset of mitophagy under both nutrient-sufficient and -deficient condi-
tions (Fig. 3). Mechanistically, ATG4B may play an integral role in
DMI-mediated protection against I/R injury. We demonstrated that DMI
increased the expression of ATG4B (Fig. 4A and B) and knockdown of
ATG4B using targeted shRNA removed DMI’s cytoprotective effect
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this figure legend, the reader is referred to the Web version of this article.)

(Fig. 4D).

A key finding in the present study is the modulatory effect of DMI on
ATG4B expression levels. ATG4B is a cysteine protease with a catalytic
triad of Cys74, Asp278, and His280 residues [14]. LC3 is processed by
three distinct steps, (1) proteolytic cleavage of pro-LC3 into LC3-I by
ATG4B, (2) generation of LC3-II through the lipidation of LC3-I with
phosphatidylethanolamine (PE) by ATG3 and ATG7, and (3) removal of
the PE moiety from LC3-II and recycling of LC3-I by ATG4B [14-16]. We
found that DMI treatment caused a significant increase in both ATG4B

and ATG7 levels. Moreover, immunoblot analysis of LC3-I/II revealed
unique changes in LC3-I levels induced by DMI during I/R. LC3-I levels
remained unaltered during 4 h of ischemia in both groups, but there
were noticeable reductions in LC3-I after reperfusion. While LC3-1 levels
in control cells were considerably reduced after 120 min of reperfusion,
DMI-treated cells showed a significant loss of LC3-I from 20 min after
commencement of reperfusion. After 120 min, LC3-I expression was
barely detectable in DMI-treated cells. When CQ was added to block the
degradation of cargo molecules in autophagosomes, reductions in LC3-I
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after DMI treatment. *p < 0.05 and **p < 0.01 vs DMI 0 min. (D) Cell death after I/R was determined after adenoviral knockdown of ATG4B. **p < 0.01 vs Ad-LacZ.

expression were also observed in DMI-treated cells at 20 and 60 min
after commencement of reperfusion. Intriguingly, CQ treatment signif-
icantly increased LC3-I levels at 120 min. The reduction in LC3-I levels
could occur (1) if PE mediated lipidation of LC3-I to LC3-II outpaces de
novo synthesis of LC3, or (2) if LC3-1is recycled back to LC3-II by ATG4B
[17]. The former scenario is less likely as the changes in LC3-II levels
from 60 min to 120 min of reperfusion were minimal in both groups. In
addition, ischemic hepatocytes lose 97% of ATP during 60 min of
reperfusion [18]. Hence, a highly ATP-consuming de novo synthesis of
LC3 is energetically unfavorable in reperfused cells. The idea that DMI
treatment induces enhanced recycling of LC3-I was also supported by
our observation that the total LC3 levels during 60 min of reperfusion, as
estimated by the sum of LC3-I and LC3-II on immunoblots, remained
similar before and after the addition of CQ.

Another noteworthy finding is that CQ treatment at 120 min of
reperfusion markedly elevated levels of total LC3 in DMI-treated cells,
but not in control cells, implying that DMI-treated hepatocytes may
stimulate de novo synthesis of LC3 in the later stage of reperfusion. As
the synthesis of new autophagy proteins is an ATP-dependent process,
recycling of LC3-I/II may allow hepatocytes to reserve cellular energy
that could be used for other vital ATP-consuming reactions. Reperfused
hepatocytes recover only 30-40% of basal ATP, even with treatment
with cyclosporin A, an MPT blocker which prevents hepatocyte death
after I/R [18]. Thus, hepatocytes are likely to benefit energetically from
LC3 recycling.

The present study has revealed a new function of DMI; regulation of
LC3 processing in an ATG4B-dependent manner. Although DMI was
initially developed for the treatment of depression, it is clear that this

tricyclic agent is multi-functional. Besides its blockage of the reuptake of
norepinephrine and serotonin in the brain [5], DMI has been known to
inhibit acid sphingomyelinase (aSMase) [19] and acid ceramidase [20].
In mouse livers, it has been proposed that imipramine, a metabolic
precursor of DMI [21], blocks aSMase and attenuates I/R injury [22].
However, imipramine binding may not be aSMase-specific and could
elicit many off-target effects. Indeed, impaired autophagy was observed
in hepatocytes isolated from aSMase knockout mice [23]. In non-hepatic
cells, genetic ablation of aSMase suppressed the formation of autopha-
gosomes [24]. Unlike imipramine, DMI stimulates autophagy in glioma
cells [25]. As aSMase is predominantly localized to lysosomes [26] and
lysosomal accumulation of DMI does not occur at a significant rate after
transient exposure [27], DMI-mediated stimulation of autophagy is
likely to be independent of aSMase.

Four different isoforms of ATG4 exist in mammalian cells, all of
which are able to process LC3/GABA type A receptor-associated protein
(GABARAP) family [28]. Among them, ATG4B is the major isoform and
can cleave all seven members of the LC3/GABARAP family [29]. ATG4A
is known to preferentially process GABARAP at a slower rate, while the
processing of LC3/GABARAP family by either ATG4C or ATG4D was
nominal [29]. Although we did not test the effects of other isoforms,
their involvement in DMI-mediated LC3 processing is unlikely.

DMI also significantly increased the expression of FIP200, an initi-
ator of autophagy [30], indicating that DMI’s autophagy inducing effect
may occur during the initiation stage of autophagy. However, neither
Ser317 nor Ser757 of ULK1 was phosphorylated after DMI treatment.
Phosphorylation of ULK1 at Ser317 by AMPK promotes autophagy,
whereas mTOR-dependent phosphorylation of ULK1 at Ser757 prevents
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autophagy [31]. In addition, we could not observe evidence for the
activation of either AMPK or mTOR by DMI. Thus, it is likely that the
mechanism of action of DMI-mediated cytoprotection in reperfused
hepatocytes occurs through alterations to LC3 processing rather than
through alterations to autophagy initiation. Future studies are war-
ranted to elucidate how FIP200 affects LC3 processing.

Despite the novel findings described herein, our study is not without
limitations. Firstly, in vivo I/R experiments are needed to validate the in
vitro primary hepatocyte data into more clinically relevant models.
Secondly, autophagic flux over the course of I/R as measured using p62
was not identical to that observed with LC3-II. Importantly, unlike LC3-
I, cellular p62 can exist either in a soluble form or in detergent-resistant
aggregates [32]. Moreover, it has been documented that p62 expression
is cell type-specific and does not always inversely correlate with auto-
phagic activity [33].

In conclusion, we have shown that DMI promotes autophagy by
enhancing in ATG4B-mediated LC3 processing, thereby suppressing the
onset of MPT and protecting hepatocytes from necrotic death after I/R.
DMI as an autophagy-regulating agent represents a novel potential
therapeutic approach to protecting hepatocytes and improving hepatic
function after I/R.
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