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Abstract: Toosendanin (TSN) is a triterpenoid from the fruit or bark of Melia toosendan Sieb et Zucc,
which has clear antitumor and insecticidal activities, but it possesses limiting hepatotoxicity in clinical
application. Autophagy is a degradation and recycling mechanism to maintain cellular homeostasis,
and it also plays an essential role in TSN-induced hepatotoxicity. Nevertheless, the specific mechanism
of TSN on autophagy-related hepatotoxicity is still unknown. The hepatotoxicity of TSN in vivo and
in vitro was explored in this study. It was found that TSN induced the upregulation of the autophagy-
marker microtubule-associated proteins 1A/1B light chain 3B (LC3B) and P62, the accumulation of
autolysosomes, and the inhibition of autophagic flux. The middle and late stages of autophagy were
mainly studied. The data showed that TSN did not affect the fusion of autophagosomes and lysosomes
but significantly inhibited the acidity, the degradation capacity of lysosomes, and the expression of
hydrolase cathepsin B (CTSB). The activation of autophagy could alleviate TSN-induced hepatocyte
damage. TSN inhibited the expression of transcription factor EB (TFEB), which is a key transcription
factor for many genes of autophagy and lysosomes, such as CTSB, and overexpression of TFEB
alleviated the autophagic flux blockade caused by TSN. In summary, TSN caused hepatotoxicity by
inhibiting TFEB-lysosome-mediated autophagic flux and activating autophagy by rapamycin (Rapa),
which could effectively alleviate TSN-induced hepatotoxicity, indicating that targeting autophagy is
a new strategy to intervene in the hepatotoxicity of TSN.
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1. Introduction

Drug-induced liver injury (DILI) is a global, challenging liver disease and a major
complication for many drugs, including chemical drugs, biologics, herbal medicines, and
dietary supplements [1,2]. Due to differences in study design and the populations, inconsis-
tent standards of definition, etc., DILI reportedly shows different epidemiology in different
countries. The annual incidence of DILI is estimated to be 13.9/100,000 inhabitants in
France [3], 19.1/100,000 inhabitants in Iceland [4], 2.4/100,000 inhabitants in Britain [5],
2.3/100,000 inhabitants in Sweden [6], 3.42/100,000 inhabitants in Spain [7], 12/100,000 in-
habitants in South Korea [8], and 23.8/100,000 inhabitants in China [9]. However, the true
incidence of DILI is difficult to estimate and may be much higher than reported. It is worth
noting that the incidence of DILI caused by herbal medicine and dietary supplements
(HDS) is increasing worldwide [1]. A national prospective study in South Korea showed
that HDS were the main causes of liver injury, accounting for 27.5% of the inducing factors
of DILI [8]. Nevertheless, the pathological mechanism of liver injury caused by most HDS
is still unclear.

Toosendanin (TSN) is a tetracyclic triterpenoid extracted from the fruit or bark of
Melia toosendan Sieb et Zucc [10]. In China, TSN is widely used as a commercialized
and pesticide-free plant insecticide [11]. Extensive research has shown that TSN has a
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broad-spectrum anti-cancer effect by inhibiting proliferation and migration and reversing
chemotherapeutic drug resistance in tumor cells [12,13]. TSN possesses anti-virus [14],
anti-botulinum [15], and analgesic effects as well. However, recent evidence suggests
that TSN or herbal medicines containing TSN caused hepatotoxicity, which limits its
clinical application. TSN-induced hepatotoxicity was characterized by the elevation of
serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and hepatocytes
necrosis [16,17]). Previous research has established that TSN induced hepatocyte energy
metabolism disorder, glutathione (GSH) depletion, mitochondrial dysfunction, and caspase
activation [18]. However, the underlying mechanisms of TSN-induced hepatotoxicity
remain unknown.

Autophagy is a cellular degradation and recycling mechanism that occurs in response
to various stimuli, such as starvation and toxicity [19]. The whole dynamic process of
autophagy is called autophagic flux, which can be blocked by suppressing autophagosome–
lysosome fusion and inhibiting lysosomes’ degradation. Recent studies suggest that aber-
rant autophagic flux is involved in DILI, and autophagy possesses essential protective
functions [20,21]. In most cases, autophagy plays a protective role in DILI by selectively
removing damaged mitochondria, lipid droplets, protein aggregates, and adducts in hepa-
tocytes [22]. For example, acetaminophen, a well-known drug with hepatotoxicity, caused
autophagic flux blockade in mice livers. Pterostilbene had a protective effect against the
liver injury caused by acetaminophen, by restoring autophagic flux, while autophagy in-
hibitor chloroquine (CQ) aggravated acetaminophen-induced liver injury [23]. Autophagy
also plays a positive role in promoting hepatocyte survival in efavirenz- and alcohol-
induced liver injury [24,25]. It has been reported that TSN caused liver injury in zebrafish,
and the upregulation of beclin1, autophagy-related gene (atg) 3, and microtubule-associated
proteins 1A/1B light chain 3 (lc3) gene indicated that autophagy participated in TSN-induced
hepatotoxicity [26]. On the basis of these characteristics, we hypothesized that autophagy
is involved in TSN-induced liver injury.

During autophagy, lysosomes participate in fusion with autophagosomes and the
subsequent degradation of autophagic substrate. Disruption of lysosomal structure, the
acidic environment, or lysosomal function would disturb autophagic flux. Abnormali-
ties in lysosomal pH and cathepsin B (CTSB) protein expression level were observed in
cadmium-induced liver injury [27]. Lysosomal dysfunction, specifically the downregu-
lated expression of lysosomal membrane proteins 1 (LAMP1) and cathepsin D (CTSD),
also played an important role in the hepatocyte autophagic flux blockade caused by 1,3-
dichloro-2-propanol [28]. The effect of TSN on hepatocyte lysosomes remains elusive and
needs further exploration.

Transcription factor EB (TFEB), one member of the microphthalmia/transcription
factor E (MiT/TFE) family, is a key transcription factor for autophagy and lysosomal bio-
genesis. Under normal conditions, TFEB is phosphorylated by the mechanistic target of
rapamycin kinase complex 1 (MTORC1) and remains inactive in the cytoplasm. Upon cel-
lular stress, TFEB is dephosphorylated and translocated to the nucleus, specifically binding
to the coordinated lysosomal enhancement and regulation (CLEAR) motif to regulate the
transcriptional activation of autophagy and lysosome biogenesis genes [29]. Activation
of TFEB-mediated autophagy by trehalose has been shown to attenuate mitochondrial
dysfunction in cisplatin-induced acute kidney injury [30]. To understand the role of TFEB
in TSN-induced hepatotoxicity, further research is warranted.

This study aims to further explore the role of autophagy in TSN-induced hepatotoxi-
city, with a focus on autophagic flux, particularly autophagosome–lysosome fusion and
lysosomal degradation, as well as to elucidate the role of TFEB-mediated autophagy in
TSN-induced hepatotoxicity.
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2. Results
2.1. TSN Induces Cell Damage in HepG2 Cells and L02 Cells

To investigate the effect of TSN on the proliferation of HepG2 and L02 cells, cell
viability was detected by a Cell Counting Kit-8 (CCK-8) assay. HepG2 cells were treated
with TSN at various concentrations (0.01, 0.1, 1, 10, 100 µM) for 24 h. The viability of HepG2
cells with TSN exposure was reduced in a concentration-dependent manner (Figure 1A).
Similar to HepG2 cells, the viability of L02 cells was also reduced with the increase in
concentration of TSN exposure (Figure 1B). Lactate dehydrogenase (LDH), an intracellular
and stable enzyme, rapidly releases into the extracellular environment when the cell is
damaged, which is usually used to evaluate the integrity of plasma membrane [31]. To
further verify the toxicity of TSN on hepatocytes, the cell culture supernatants of HepG2 and
L02 cells treated with TSN were collected for an LDH leakage assay. The LDH leakage rates
of HepG2 and L02 cells with TSN exposure were significantly increased in a concentration-
dependent manner (Figure 1C,D). In addition, observation of the cell morphology was used
to intuitively reflect the damage of TSN to HepG2 cells. With the increase in concentration
and time of TSN exposure, the viable cell counting of HepG2 cells decreased, and the cell
morphology changed, mainly shrinking and rounding, compared with the control group
(Figure 1E). These results showed that TSN had obvious cellular toxicity on HepG2 and
L02 cells.
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Figure 1. TSN induced cell damage in HepG2 and L02 cells. HepG2 and L02 cells were treated
with TSN at various concentrations for 24 h. Cell viability of HepG2 cells (A) and L02 cells (B) was
determined using CCK-8 assay kit. The cell culture supernatants of HepG2 cells (C) and L02 cells
(D) were collected to measure LDH leakage using an LDH assay kit. (E) HepG2 cells were treated
with TSN at various concentrations (2.5, 5, 10 µM) for different time durations (0, 6, 24, 48 h), and
cellular morphology was captured under phase-contrast microscopy. Red arrows indicate the cells for
which morphology changed, mainly shrinking and rounding. Scale bar: 100 µm. Data are presented
as the mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01 versus control.
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2.2. TSN Inhibits Autophagic Flux in HepG2 Cells

To determine the effect of TSN on autophagy, HeLa cells stably expressing green
fluorescent protein (GFP)-LC3 were employed. GFP-LC3 HeLa and HepG2 cells were
treated with TSN for 6 h at different concentrations (1, 5, 10, 20 µM) or treated with TSN
(10 µM) over a certain time course (0, 2, 6, 12, 24 h). TSN induced the accumulation of
GFP-LC3 puncta in concentration- and time-dependent manners (Figure 2A). Then, the
expression levels of LC3B-II and P62 were analyzed by Western blotting. The results
showed that TSN caused the concentration- and time-dependent upregulation of LC3B-II
and P62 in HepG2 cells (Figure 2B,C). Moreover, the mRNA levels of ATG4B and ATG7
decreased, and the mRNA level of ATG12 increased slightly; the mRNA levels of LC3B and
P62 increased significantly, while the mRNA levels of Beclin1, ATG5, and ATG10 did not
change under TSN treatment (Supplementary Figure S1). The results showed that TSN
generally had no obvious effect on the mRNA level of the genes related to early autophagy.
To further confirm the effect of TSN on autophagic flux, autophagy inhibitor CQ and
activator Rapa were used to measure the turnover of LC3-II. GFP-LC3 HeLa and HepG2
cells were treated by TSN (10 µM) with or without CQ (40 µM) or rapamycin (Rapa) (1 µM)
for 6 h. TSN, CQ, and Rapa could all cause the increase in GFP-LC3 puncta. However, TSN
treatment did not further increase the CQ-induced accumulation of GFP-LC3 puncta, while
it remarkably enhanced the Rapa-induced accumulation of GFP-LC3 puncta (Figure 2D).
Similarly, the relative expression levels of LC3B-II were upregulated in the TSN-, CQ-,
and Rapa-alone groups compared with the control group for HepG2 cells. There was no
difference in the protein level of LC3B-II between the CQ-alone group and the TSN-plus-
CQ group. Nevertheless, TSN further raised Rapa-induced upregulation of the LC3B-II
protein level (Figure 2E). In addition, cellular immunofluorescence staining showed that
TSN increased P62 puncta in a concentration-dependent manner (Figure 2F). The above
results indicate that TSN is an effective inhibitor of autophagic flux.
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Figure 2. TSN inhibited autophagic flux in HepG2 cells. (A) HeLa cells expressing GFP-LC3 were
treated with TSN for 6 h at different concentrations (1, 5, 10, 20 µM) or were treated with TSN (10 µM)
over a certain time course (0, 2, 6, 12, 24 h). The distribution of GFP-LC3 was examined, and the number
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of GFP-LC3 puncta was quantified. Scale bar: 40 µm. (B) HepG2 cells treated with TSN for 6 h at
different concentrations (1, 5, 10, 20 µM) were analyzed by Western blotting for the protein levels
of LC3B and P62. The ratios of LC3B-II/GAPDH and P62/GAPDH were calculated using ImageJ
software. (C) HepG2 cells treated with TSN (10 µM) over a certain time course (0, 2, 6, 12, 24 h) were
analyzed by Western blotting for the protein levels of LC3B-II and P62. The ratios of LC3B-II/GAPDH
and P62/GAPDH were calculated using ImageJ software. (D) HeLa cells expressing GFP-LC3 were
treated by TSN (10 µM) with or without chloroquine (CQ, 40 µM) or rapamycin (Rapa, 1 µM) for
6 h. The distribution of GFP-LC3 was examined, and the number of GFP-LC3 puncta was quantified.
Scale bar: 40 µm. (E) HepG2 cells were treated by TSN (10 µM) with or without CQ (40 µM) or
Rapa (1 µM) for 6 h. The endogenous LC3B was analyzed by Western blotting, and the ratio of
LC3B-II/GAPDH was calculated using ImageJ software. (F) HepG2 cells were treated with TSN at
different concentrations (1, 5 10, 20 µM) or CQ (40 µM) for 6 h. Cellular immunofluorescence staining
was used to detect P62, and the number of P62 puncta was quantified. Scale bar: 20 µm. Data are
presented as the mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01 versus control;
ns, not significant.

2.3. TSN Increases the Accumulation of Autolysosomes in HepG2 Cells and L02 Cells

To observe the changes of autophagic flux caused by TSN, a red fluorescent pro-
tein (RFP)–GFP–LC3 tandem sensor was used to assess the autophagy system. During
autophagy, the acidic environment of lysosomes can lead to a decrease in GFP fluores-
cence because it makes the latter unstable, whereas more RFP fluorescence puncta can be
observed because RFP possesses acid-resisting properties [32]. HepG2 and L02 cells trans-
fected with an RFP–GFP–LC3 tandem sensor were treated with TSN (10 µM), autophagy
inhibitor Bafilomycin A1 (Baf), or Rapa (1 µM) for 6 h. Compared with the control group,
the Rapa group significantly increased the RFP fluorescence puncta in HepG2 and L02
cells. However, similar to the Baf group, TSN treatment increased both the RFP and GFP
fluorescent puncta that produced colocalization (puncta formation with yellow overlay)
(Figure 3A), indicating TSN acted on the middle or late stages of autophagy. In these stages,
autophagosomes fuse with lysosomes to generate autolysosomes, and then the contents
are degraded. The effect of TSN on the fusion of autophagosomes and lysosomes was
detected by determining the localization of the lysosome membrane marker LAMP1 and
the autophagosome marker LC3B. Similar to the TSN group, autophagosomes could not be
degraded after fusion with lysosomes, so the RFP and GFP puncta co-located to form yellow
puncta in the HepG2 cells in the Baf group by inhibiting the degradation of lysosomes.
Conversely, relatively fewer yellow puncta were observed in Rapa-treated cells (Figure 3B).
These results suggest that TSN did not inhibit the fusion of autophagosomes and lysosomes.
In addition, HepG2 cells were treated with TSN (10 µM) over a certain time course (0, 6,
24 h), and then the ultrastructure of HepG2 cells was detected with transmission electron
microscopy (TEM). Obvious autolysosomes were observed in the TSN-treated HepG2 cells,
indicating that TSN could cause the accumulation of autolysosomes (Figure 3C).
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Figure 3. TSN increased the accumulation of autolysosomes in HepG2 cells and L02 cells. (A) HepG2
cells and L02 cells transfected with an RFP–GFP–LC3 tandem sensor were treated with TSN (10 µM),
bafilomycin A1 (Baf, 0.5 µM), or Rapa (1 µM) for 6 h. The colocalization of GFP and RFP puncta was
imaged using confocal microscopy. Scale bar: 10 µm. (B) HepG2 cells were treated with TSN (10 µM),
Baf (0.5 µM), or Rapa (1 µM) for 6 h, and then cellular immunofluorescence staining was used to
detect the colocalization of LC3B and LAMP1. Scale bar: 10 µm. (C) HepG2 cells were treated with
TSN (10 µM) for a certain time course (0, 6, 24 h), and then transmission electron microscopy (TEM)
was used to detect the ultrastructure of HepG2 cells. Red arrows indicate autolysosome structures.
Scale bar: 3 µm. Data are presented as the representative figures of three independent experiments.

2.4. TSN Induces Lysosome Dysfunction in Vitro

Given the important role of lysosomes in the late stage of autophagy, we assessed
the lysosomal acidity, expression levels of membrane associated proteins, and hydrolase
CTSB, as well as the lysosomal degradation function, in the TSN group. The lysosomal
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acidity was monitored by LysoTracker Red (LTR) staining in HepG2 and L02 cells treated
with TSN (10 µM), Baf (0.5 µM), or Rapa (1 µM) for 6 h. Compared with the control group,
TSN and Baf inhibited the acidic environment of lysosomes to varying degrees, while
Rapa had no effect on the acidity of lysosomes (Figure 4A). Then, HepG2 cells treated
with TSN for 6 h at various concentrations (2.5, 5, 10, 20 µM) or at 10 µM over a certain
time course (0, 6, 12, 24, 36, 48 h) were analyzed by Western blotting for the protein
levels of LAMP1, lysosomal membrane proteins 2 (LAMP2), and CTSB. TSN increased
LAMP1 expression in a time-dependent manner, while the level of LAMP2 protein did
not change. It should be noted that TSN significantly reduced the expression of CTSB
in both concentration-dependent and time-dependent manners (Figure 4B,C). Next, Dye
Quenched-Bovine Serum Albumin (DQ-BSA) was used to detect the effect of TSN on
lysosomal degradation. Similar to normal lysosomal conditions, DQ-BSA in the control
group could be degraded, then releasing red fluorescence. Compared with the control
group, TSN, Baf, and E64D plus pepstatin A (two lysosomal hydrolase inhibitors) treatment
significantly inhibited the degradation ability of lysosomes, which was different from the
result of starvation treatment (Earle’s balanced salt solution, EBSS group) (Figure 4D).
Moreover, the enzyme activity of CTSB decreased in a concentration-dependent manner
with TSN treatment (Figure 4E). To determine whether TSN caused lysosome membrane
permeabilization, the colocalization of CTSB and LAMP1 was evaluated. Similar to the
control group, TSN did not affect the colocalization of CTSB and LAMP1, indicating that
TSN did not change the integrity of the lysosomal membrane (Figure 4F). Taken together,
the above results suggest that TSN causes lysosomal dysfunction.

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 10 of 26 
 

 

 

Figure 4. Cont.



Pharmaceuticals 2022, 15, 1509 9 of 23

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 10 of 26 
 

 

 

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 11 of 26 
 

 

 

Figure 4. TSN induced lysosome dysfunction in HepG2 cells and L02 cells. (A) HepG2 cells and L02 

cells were treated with TSN (10 μM), Baf (0.5 μM), or Rapa (1 μM) for 6 h, then lysosomal acidity 

was monitored by LTR staining, and the relative LTR fluorescent intensity was quantified. Scale bar: 

40 μm. (B) HepG2 cells treated with TSN for 6 h at different concentrations (2.5, 5 10, 20 μM) were 

analyzed by Western blotting for the protein levels of LAMP1, LAMP2, and CTSB. The ratios of 

LAMP1/GAPDH, LAMP2/GAPDH, and CTSB/GAPDH were calculated using ImageJ software. (C) 

HepG2 cells treated with TSN (10 μM) over a certain time course (0, 6, 12, 24, 36, 48 h) were analyzed 

by Western blotting for the protein levels of LAMP1, LAMP2, and CTSB. The ratios of 

LAMP1/GAPDH, LAMP2/GAPDH, and CTSB/GAPDH were calculated using ImageJ software. (D) 

HepG2 cells and L02 cells were firstly incubated with 10 μg/mL DQ-BSA in EBSS medium for 1.5 h 

and then treated with TSN (10 μM), Baf (0.5 μM), E64D (25 μM) plus pepstatin A (50 μM) (E + P), 

and EBSS medium for another 6 h. The relative DQ-BSA fluorescent intensity was quantified. Scale 

bar: 40 μm. (E) HepG2 cells were treated with TSN for 6 h at different concentrations (2.5, 5, 10, 20 

μM), and then CTSB activity was assayed using a CTSB Activity Assay Kit (Fluorometric). (F) 

HepG2 cells were treated with or without TSN (10 μM) for 6 h, and then cellular 

immunofluorescence staining was used to detect the colocalization of CTSB and LAMP1. Scale bar: 

10 μm. Data are presented as the mean ± SD of three independent experiments. ** p < 0.01 versus 

control. 

Figure 4. Cont.



Pharmaceuticals 2022, 15, 1509 10 of 23

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 11 of 26 
 

 

 

Figure 4. TSN induced lysosome dysfunction in HepG2 cells and L02 cells. (A) HepG2 cells and L02 

cells were treated with TSN (10 μM), Baf (0.5 μM), or Rapa (1 μM) for 6 h, then lysosomal acidity 

was monitored by LTR staining, and the relative LTR fluorescent intensity was quantified. Scale bar: 

40 μm. (B) HepG2 cells treated with TSN for 6 h at different concentrations (2.5, 5 10, 20 μM) were 

analyzed by Western blotting for the protein levels of LAMP1, LAMP2, and CTSB. The ratios of 

LAMP1/GAPDH, LAMP2/GAPDH, and CTSB/GAPDH were calculated using ImageJ software. (C) 

HepG2 cells treated with TSN (10 μM) over a certain time course (0, 6, 12, 24, 36, 48 h) were analyzed 

by Western blotting for the protein levels of LAMP1, LAMP2, and CTSB. The ratios of 

LAMP1/GAPDH, LAMP2/GAPDH, and CTSB/GAPDH were calculated using ImageJ software. (D) 

HepG2 cells and L02 cells were firstly incubated with 10 μg/mL DQ-BSA in EBSS medium for 1.5 h 

and then treated with TSN (10 μM), Baf (0.5 μM), E64D (25 μM) plus pepstatin A (50 μM) (E + P), 

and EBSS medium for another 6 h. The relative DQ-BSA fluorescent intensity was quantified. Scale 

bar: 40 μm. (E) HepG2 cells were treated with TSN for 6 h at different concentrations (2.5, 5, 10, 20 

μM), and then CTSB activity was assayed using a CTSB Activity Assay Kit (Fluorometric). (F) 

HepG2 cells were treated with or without TSN (10 μM) for 6 h, and then cellular 

immunofluorescence staining was used to detect the colocalization of CTSB and LAMP1. Scale bar: 

10 μm. Data are presented as the mean ± SD of three independent experiments. ** p < 0.01 versus 

control. 

Figure 4. TSN induced lysosome dysfunction in HepG2 cells and L02 cells. (A) HepG2 cells and L02
cells were treated with TSN (10 µM), Baf (0.5 µM), or Rapa (1 µM) for 6 h, then lysosomal acidity
was monitored by LTR staining, and the relative LTR fluorescent intensity was quantified. Scale
bar: 40 µm. (B) HepG2 cells treated with TSN for 6 h at different concentrations (2.5, 5 10, 20 µM)
were analyzed by Western blotting for the protein levels of LAMP1, LAMP2, and CTSB. The ratios
of LAMP1/GAPDH, LAMP2/GAPDH, and CTSB/GAPDH were calculated using ImageJ software.
(C) HepG2 cells treated with TSN (10 µM) over a certain time course (0, 6, 12, 24, 36, 48 h) were
analyzed by Western blotting for the protein levels of LAMP1, LAMP2, and CTSB. The ratios of
LAMP1/GAPDH, LAMP2/GAPDH, and CTSB/GAPDH were calculated using ImageJ software.
(D) HepG2 cells and L02 cells were firstly incubated with 10 µg/mL DQ-BSA in EBSS medium for
1.5 h and then treated with TSN (10 µM), Baf (0.5 µM), E64D (25 µM) plus pepstatin A (50 µM) (E + P),
and EBSS medium for another 6 h. The relative DQ-BSA fluorescent intensity was quantified. Scale
bar: 40 µm. (E) HepG2 cells were treated with TSN for 6 h at different concentrations (2.5, 5, 10, 20 µM),
and then CTSB activity was assayed using a CTSB Activity Assay Kit (Fluorometric). (F) HepG2 cells
were treated with or without TSN (10 µM) for 6 h, and then cellular immunofluorescence staining
was used to detect the colocalization of CTSB and LAMP1. Scale bar: 10 µm. Data are presented as
the mean ± SD of three independent experiments. ** p < 0.01 versus control.

2.5. TSN Blocks Autophagic Flux by Inhibiting TFEB in Vitro

TFEB is a crucial transcription factor that controls autophagy and lysosomal biogenesis.
To explore whether TSN exerted autophagic flux blockade and liver injury effects through
TFEB, the expression level of TFEB was detected. TSN treatment induced the downreg-
ulation of active TFEB and upregulation of inactive p-TFEB (Ser211) in a concentration-
dependent manner in HepG2 and L02 cells (Figure 5A). Since TFEB mainly functions by
translocating to the nucleus, the expression level of nuclear TFEB was detected. TFEB ex-
pression in the nucleus also decreased under TSN treatment in a concentration-dependent
manner in HepG2 and L02 cells (Figure 5B). Then, HepG2 cells were transfected with GV739
plasmid (negative control) or TFEB-GV739 plasmid and were treated by TSN (10 µM) for
6 h. The results showed that overexpression of TFEB significantly reversed the upregula-
tion of LC3B-II and P62 induced by TSN and upregulated the expression level of CTSB
(Figure 5C). In addition, overexpression of TFEB could restore the lysosomal pH disturbed
by TSN (Figure 5D). The above results suggested that TSN blocked autophagic flux by
inhibiting TFEB.
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Figure 5. TSN blocked autophagic flux by inhibiting TFEB in vitro. (A) HepG2 cells and L02 cells
treated with TSN for 6 h at different concentrations (2.5, 5 10, 20 µM) were analyzed by Western
blotting for the protein levels of TFEB and p-TFEB (Ser211). (B) HepG2 cells and L02 cells were
treated with TSN for 6 h at different concentrations (2.5, 5 10, 20 µM). The expression levels of TFEB
in nuclear and cytosolic fractions were determined using Western blotting. (C,D) HepG2 cells were
transfected with GV739 plasmid or TFEB-GV739 plasmid and then were treated by TSN (10 µM)
for 6 h. The protein levels of TFEB, LC3B, P62, and CTSB were determined by Western blotting
(C). Lysosomal acidity was monitored by LTR staining, and the relative LTR fluorescent intensity
was quantified (D). Scale bar: 40 µm. Data are presented as the mean ± SD of three independent
experiments. Relative protein expression levels were calculated using ImageJ software. * p < 0.05,
** p < 0.01 versus vehicle control. ns, not significant. # p < 0.05, ## p < 0.01 versus TSN group in cells
transfected with empty plasmid GV739.

2.6. Activation of Autophagy Alleviates TSN-Induced Cell Damage

To explore the relationship between the TSN-induced inhibition of autophagic flux
and hepatotoxicity, the CCK-8 assay was used to assess the effect of autophagy activation
on cell viability in HepG2 and L02 cells incubated with TSN. HepG2 and L02 cells were
subjected to TSN (10 µM) treatment, with or without Rapa (1 µM), for 24 h. In comparison
to the control group, cell viability was inhibited in the TSN-alone treatment group but
increased after co-treatment with Rapa (Figure 6A,B). Moreover, the expression levels
of LC3B-II increased in the TSN-alone treatment group in comparison to the control yet
decreased after co-treatment with Rapa, similar to the results for P62 (Figure 6C,D). The
results showed that autophagy activation alleviated TSN-induced cell damage.
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Figure 6. Activation of autophagy alleviated TSN-induced cell damage. HepG2 and L02 cells were
treated by TSN (10 µM) with or without Rapa (1 µM) for 24 h. (A) (HepG2) and (B) (L02) cell
viability was determined using a CCK-8 assay kit. (C) (HepG2) and (D) (L02) protein levels for LC3B
and P62 were analyzed by Western blotting, and the ratios of LC3B-II/GAPDH and P62/GAPDH
were calculated using ImageJ software. Data are presented as the mean ± SD of three independent
experiments. * p < 0.05, ** p < 0.01 versus control; # p < 0.05, ## p < 0.01 versus TSN group.

2.7. TSN Induces Liver Injury in Balb/c Mice

The hepatotoxicity of TSN in vivo was investigated. Balb/c mice were intraperi-
toneally administered TSN at different doses (5, 10, 20 mg/kg) or by vehicle for 24 h.
Compared with the vehicle group, the relative liver weight (liver weight to body weight
ratio) in the TSN-administration groups increased in a dose-dependent manner (Figure 7A).
Serum ALT, AST, and LDH levels were elevated in TSN-administration mice (Figure 7B–D).
The results of a liver histological evaluation further confirmed the liver injury caused
by TSN. In the vehicle group, the structure of hepatic sinusoid was clear, the structure
of hepatocytes was intact, and the arrangement of hepatocytes was ordered. However,
especially in the high-dose TSN group, hepatocyte necrosis, nuclear pyknosis, and the
nuclear disappearance of some hepatocytes were observed (Figure 7E). The above results
showed that TSN induced acute liver injury in mice.
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Figure 7. TSN induced liver injury in Balb/c mice. Balb/c mice were intraperitoneally administered
TSN at different doses (5, 10, 20 mg/kg) or by vehicle for 24 h. Serum and liver tissue were harvested
after TSN treatment. (A) Liver index were calculated from vehicle and TSN-treated groups. The
effects of TSN on the levels of ALT (B), AST (C), and LDH (D) in serum were measured. (E) The
effects of TSN on the histological changes in mice liver tissues are indicated by H&E staining. Scale
bar: 2 µm (above) and 4 µm (below). Data are presented as the mean ± SD * p < 0.05, ** p < 0.01
versus vehicle, n = 9.

2.8. TSN Inhibits Autophagic Flux and Induces Lysosome Dysfunction in Balb/c Mice

To further verify the effect of TSN on autophagic flux and lysosomal function in vivo,
the expression levels of autophagy-related proteins and lysosomal-related proteins were
detected. Western blotting showed that the expression of LC3B-II and P62 in the TSN-
administration groups were upregulated in a dose-dependent manner (Figure 8A). The
upregulation of LC3B-II and P62 induced by TSN in vivo was further verified by immuno-
histochemistry (IHC) staining (Figure 8B). In addition, TSN downregulated the expression
of CTSB in mice livers, which was consistent with the results in vitro. The expression
level of LAMP1 was not affected by TSN administration, while the expression level of
LAMP2 was up-regulated in a dose-dependent manner (Figure 8C). Interestingly, the TSN-
induced downregulation of CTSB in vivo was further verified by IHC staining (Figure 8D).
A dose-dependent downregulation of TFEB expression by TSN was also observed in mouse
liver tissue (Figure 8E). Based on these data, TSN inhibited autophagic flux and induced
lysosome dysfunction in vivo.
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< 0.05, ** p < 0.01 versus vehicle, n = 9. 

3. Discussion 

Meliae Toosendan is one of the widely reported hepatotoxic traditional Chinese 

medicines, and its main toxic ingredient is TSN. At present, few studies mention that 

autophagy may be involved in TSN-induced hepatotoxicity [26]. However, the specific 

effect of TSN on autophagy in hepatocytes, especially on functional autophagic flux, is 

unknown. On these grounds, this study explored the effect of TSN on hepatocyte 

autophagy and the role of autophagy in TSN hepatotoxicity. The data showed that the 

proliferation of HepG2 and L02 cells with TSN treatment was inhibited, the release rate 

of LDH increased, and the morphology and number of cells changed significantly, which 

demonstrated that TSN had obvious hepatotoxicity. TSN induced the accumulation of 

GFP-LC3 puncta and the upregulation of LC3B-Ⅱ and P62 protein expressions in time-

dependent and concentration-dependent manners. The combination of autophagy-

inhibitor CQ or autophagy-inducer Rapa with TSN and the increase in autolysosomes’ 

number in HepG2 cells suggested that TSN inhibited the autophagic flux. Further, TSN 

restrained lysosomal acidic environment and degradation ability and inhibited the 

activity and expression level of lysosomal hydrolase CTSB. Rapa combined with TSN 

alleviated the decrease in cell viability caused by TSN, indicating that TSN-induced 

blockade of autophagic flux was one important factor for its hepatotoxicity. TSN had a 

significant inhibitory effect on the expression of TFEB, a master transcription factor for 

lysosomal biogenesis and functions, while overexpression of TFEB reversed the blockade 

of autophagic flux and restored lysosomal pH, indicating that TSN-induced inhibition of 

autophagic flux is TFEB-dependent. Overall, our study demonstrated that TSN induced 

obvious hepatotoxicity through TFEB-lysosome-mediated autophagic flux blockade. 

Human hepatoblastoma HepG2 cell is a prominent cell model for toxic-induced 

hepatotoxicity evaluations in vitro [33]. Among the hepatic cell lines, HepG2 cells first 

showed the key characteristics of hepatocytes and have retained most of the metabolic 

functions of normal hepatocytes [34]. So HepG2 is the main cell line used in this study, 

and it is sensitive to the cytotoxicity of TSN. However, studies have shown that the 

expression level of cytochromes (CYP) genes (mainly CYP2B6, CYP3A4) in HepG2 is 

lower than that in normal hepatocytes [35]. HepG2 cells cannot fully represent the 
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Figure 8. TSN inhibited autophagic flux and induced lysosome dysfunction in Balb/c mice. Balb/c
mice were intraperitoneally administered TSN at different doses (5, 10, 20 mg/kg) or by vehicle for
24 h. Serum and liver tissue were harvested after TSN treatment. (A) The protein levels of LC3B
and P62 were determined by Western blotting, and the ratios of LC3B-II/GAPDH and P62/GAPDH
were calculated using ImageJ software. (B) Representative results of IHC staining for LC3B and P62.
Scale bar: 3 µm. (C) The protein levels of LAMP1, LAMP2, and CTSB were determined by Western
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blotting, and the ratios of LAMP1/GAPDH, LAMP2/GAPDH, and CTSB/GAPDH were calculated
using ImageJ software. (D) Representative results of IHC staining for CTSB. Scale bar: 3 µm. (E) The
protein level of TFEB was determined by Western blotting. Data are presented as the mean ± SD
* p < 0.05, ** p < 0.01 versus vehicle, n = 9.

3. Discussion

Meliae Toosendan is one of the widely reported hepatotoxic traditional Chinese medicines,
and its main toxic ingredient is TSN. At present, few studies mention that autophagy may
be involved in TSN-induced hepatotoxicity [26]. However, the specific effect of TSN on
autophagy in hepatocytes, especially on functional autophagic flux, is unknown. On these
grounds, this study explored the effect of TSN on hepatocyte autophagy and the role of
autophagy in TSN hepatotoxicity. The data showed that the proliferation of HepG2 and L02
cells with TSN treatment was inhibited, the release rate of LDH increased, and the morphol-
ogy and number of cells changed significantly, which demonstrated that TSN had obvious
hepatotoxicity. TSN induced the accumulation of GFP-LC3 puncta and the upregulation
of LC3B-II and P62 protein expressions in time-dependent and concentration-dependent
manners. The combination of autophagy-inhibitor CQ or autophagy-inducer Rapa with
TSN and the increase in autolysosomes’ number in HepG2 cells suggested that TSN in-
hibited the autophagic flux. Further, TSN restrained lysosomal acidic environment and
degradation ability and inhibited the activity and expression level of lysosomal hydrolase
CTSB. Rapa combined with TSN alleviated the decrease in cell viability caused by TSN,
indicating that TSN-induced blockade of autophagic flux was one important factor for its
hepatotoxicity. TSN had a significant inhibitory effect on the expression of TFEB, a master
transcription factor for lysosomal biogenesis and functions, while overexpression of TFEB
reversed the blockade of autophagic flux and restored lysosomal pH, indicating that TSN-
induced inhibition of autophagic flux is TFEB-dependent. Overall, our study demonstrated
that TSN induced obvious hepatotoxicity through TFEB-lysosome-mediated autophagic
flux blockade.

Human hepatoblastoma HepG2 cell is a prominent cell model for toxic-induced
hepatotoxicity evaluations in vitro [33]. Among the hepatic cell lines, HepG2 cells first
showed the key characteristics of hepatocytes and have retained most of the metabolic
functions of normal hepatocytes [34]. So HepG2 is the main cell line used in this study, and
it is sensitive to the cytotoxicity of TSN. However, studies have shown that the expression
level of cytochromes (CYP) genes (mainly CYP2B6, CYP3A4) in HepG2 is lower than that in
normal hepatocytes [35]. HepG2 cells cannot fully represent the phenotype of hepatocytes,
as it is not accurate enough to evaluate many hepatotoxic compounds by using HepG2
cell lines alone. Therefore, a second cell line model, human normal liver cell line L02, was
employed to further evaluate the hepatotoxicity of TSN and explore its toxic mechanism.
Moreover, HeLa (cervical cancer cell) stably expressing GFP-LC3 was used for the tool
cells to detect the impact of TSN on LC3. After finding that TSN induced the LC3 puncta
accumulation in GFP–LC3 HeLa tool cells, we then detected the protein expression level of
LC3B on HepG2 cells to verify the accumulation effect of TSN on LC3 in liver cells. The
hepatotoxicity of TSN and its inhibition effects on autophagic flux and lysosomes were
also confirmed in the mouse model. Altogether, this study convincingly shows that TSN
induced hepatotoxicity through TFEB-lysosome-mediated autophagic flux blockade.

Autophagy is the main degradation form of damaged organelles and macromolec-
ular proteins in eukaryotic cells, which is of great significance for maintaining cellular
homeostasis. In recent years, rising attention has been paid to the relationship between
autophagy and DILI. For example, the hepatotoxic mechanism of acetaminophen, the main
cause of acute liver failure, has been widely studied. It has been reported that excessive ac-
etaminophen is metabolized to produce the reactive metabolite N-acetyl-p-phenylquinone
imine (NAPQI), which combines with GSH and exhausts GSH, leading to the binding of
NAPQI with intracellular protein to cause mitochondrial dysfunction, liver cell necrosis,
liver damage, and possible liver failure [22,36]. Acetaminophen could activate or inhibit
autophagy, which may be dependent on different treatment conditions [37,38]. Interest-
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ingly, whether autophagy is activated or inhibited by acetaminophen, the activation of
autophagy could prevent acetaminophen-induced liver injury [37,38]. The protective effect
of autophagy may be due to the selective removal of acetaminophen adducts or damaged
mitochondria [22]. In this study, TSN inhibited TFEB-lysosome-dependent autophagic flux.
Similar to acetaminophen, activated autophagy (by rapamycin or overexpression of TFEB)
could restore TSN-inhibited autophagic flux and reduce hepatotoxicity. This study further
enhanced our understanding of the molecular mechanism of autophagy-mediated DILI
protection, and the activation of autophagy provides a better option for DILI patients.

Lysosomes, as the degradation center of cells, participate in the fusion of autophago-
somes and lysosomes and the degradation of the contents. However, the effect of TSN on
lysosomes was unknown. Our data showed that TSN did not inhibit the colocalization
of LC3B and LAMP1, indicating that TSN did not affect autophagic flux by inhibiting
autophagosome–lysosome fusion. TSN also significantly inhibited lysosomal acidity, the
expression and activity of protease CTSB, and degradation ability. The low pH value
in lysosomes provides an acidic environment for a large number of hydrolases with a
normal expression level and activity that are the key factors for performing the degradation
function of lysosomes. CTSB is a lysosomal cysteine protease that regulates the occur-
rence and development of tumor, liver fibrosis, obesity, Alzheimer’s disease, and other
diseases [39–42]. Interestingly, our data showed that TSN caused a significant decrease in
CTSB protein expression both in vivo and in vitro and in CTSB enzyme activity in vitro. In
general, TSN showed a multifaceted and significant lysosomal inhibitory capacity, leading
to the inhibition of autophagic flux.

TFEB is a key transcription factor controlling autophagy and lysosomal biogenesis.
TFEB-dependent autophagy activation has been proven to play a protective role in renal
injury induced by multiple drugs [30,43,44]. So whether TFEB could play a role in TSN-
induced hepatotoxicity has aroused our research interest. This study found that the total
and nuclear protein levels of TFEB in hepatocytes were significantly downregulated by TSN.
Overexpression of TFEB could reverse the accumulation of LC3B-II and P62 proteins caused
by TSN, upregulate the protein expression of target gene CTSB, and restore the normal
lysosomal pH, suggesting that TFEB-dependent dysfunction of autophagy is involved in
TSN-induced hepatotoxicity; thus, targeting TFEB to regulate autophagy may become a
new therapeutic strategy for TSN-induced hepatotoxicity.

4. Material and Methods
4.1. Materials

TSN (purity > 98%, MB6571) was purchased from Meilunbio Company (Dalian, China).
Chloroquine (CQ, purity 99.50%, HY-17589A), rapamycin (Rapa, purity 99.81%, HY-10219),
Bafilomycin A1 (Baf, purity > 99.0%, HY-100558), E64D (purity 99.55%, HY-100229), and
pepstatin A (purity 98.28%, HY-P0018) were purchased from MedChemExpress (Monmouth
Junction, NJ, USA). Anti-LC3B (18725-1-AP), anti-P62 (18420-1-AP), anti-LAMP2 (66201-1-
Ig), and anti-GAPDH (60004-1-Ig) primary antibodies were purchased from Proteintech
(Rosemont, IL, USA). Anti-LAMP1 (#15665), anti-CTSB (#31718), anti-TFEB (#37785), anti-
p-TFEB(Ser211) (#37681), and anti-Histone H3(#4499) primary antibodies were purchased
from Cell Signaling Technology (Billerica, CA, USA).

4.2. Cell Culture

Human hepatoblastoma HepG2 cells were purchased from the Chinese Academy of
Science cell bank (Shanghai, China). The human hepatic L02 cells and GFP-LC3 HeLa
cells [45,46] were kindly gifted by Min Li (School of Pharmaceutical Sciences, Sun Yat-sen
University, Guangdong, China). HepG2 cells and GFP-LC3 HeLa cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose medium (Biological Industries,
Kibbutz Beit Haemek, Israel), with 10% fetal bovine serum (Gibco, Grand Island, NY, USA).
L02 cells were cultured in RPMI-1640 medium (Biological Industries, USA), with 10%
fetal bovine serum (Biological Industries, USA). All of the media were supplemented with
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100 U/mL penicillin and 100 µg/mL streptomycin (Gibco, Grand Island, NY, USA). All of
the cells were incubated at 37 ◦C in a humidified atmosphere with 5% CO2.

4.3. Cell Transfection

HepG2 cells at 70% confluency were transiently transfected with TFEB-GV739 plasmid
or GV739 vector purchased from GeneChem Co., Ltd. (Shanghai, China) using Lipofec-
tamine™ 3000 (Invitrogen, Carlsbad, CA, USA). Following transfected for 48 h, cells were
treated by TSN (10 µM) for 6 h to perform the assigned assays.

4.4. Cell Viability Assay

Cell viability was determined by CCK-8(Bimake, Houston, TX, USA), in accordance
with the instructions of the manufacturer. HepG2 and L02 cells were seeded in 96-well
cell culture plates at a density of 5 × 104 cells/mL and incubated for 12 h. The cells were
treated with different concentrations of TSN for 24 h. At the end of the incubation, 10 µL
CCK-8 solution was added to each well and incubated at 37 ◦C for 1 h. The absorbance
was detected at 450 nm by using a microplate reader (Thermo Multiskan Sky, Waltham,
MA, USA), and then the cell viability was calculated.

4.5. LDH Leakage Assay

HepG2 and L02 cells were seeded in 96-well cell culture plates at a density of
5 × 104 cells/mL and incubated for 12 h. The cells were treated with different concen-
trations of TSN for 24 h. Cell culture supernatants were collected, and the level of LDH
leakage was measured by a microplate reader (Thermo Multiskan Sky, USA), in accordance
with the instructions of the manufacturer, using the LDH Assay Kit (Abcam, Cambridge,
MA, USA).

4.6. Analysis of Cell Morphology

HepG2 cCells were seeded in 24-well cell culture plates at a density of 2 × 104 cells/mL
and incubated for 12 h. The cells were treated with different concentrations of TSN (2.5,
5, 10 µM) for different time durations (0, 6, 24, 48 h). After treatment, the changes in cell
morphology were observed under phase-contrast microscopy (Olympus, Tokyo, Japan).

4.7. Western Blot Analysis

Total protein fractions of HepG2 cells, L02 cells, and liver tissue were obtained by
RIPA lysis buffer (Beyotime, Shanghai, China) containing 2% protease inhibitor cocktail
and 1% phosphatase inhibitor. Nuclear and cytosolic proteins were prepared by a Nuclear
and Cytoplasmic Protein Extraction Kit (Beyotime, Shanghai, China). Samples containing
30 µg of protein were separated by SDS-PAGE. Then, the proteins were transferred to
polyvinylidene difluoride (PVDF) membranes (Merck Millipore, Billerica, MA, USA). The
membranes were blocked with 5% nonfat milk at room temperature for 1 h and then
incubated with primary antibodies overnight at 4 ◦C. After washing with TBST (20 mM Tris,
150 mM NaCl, 2.7 mM KCl, 0.1% Tween 20, pH 7.4) solution, the membranes were incubated
with HRP-conjugated secondary antibody at room temperature for 1 h. After washing
with TBST solution, an electrochemiluminescence (ECL) kit (Thermo Fisher Scientific,
Waltham, MA, USA) was used to develop the membranes, in accordance with the protocol
of the manufacturer. Each band was visualized by a chemiluminescence detection system
(BioRad Laboratories, Hercules, CA, USA). Gray values of protein bands were analyzed by
ImageJ Software.

4.8. Quantitative Real-Time PCR Analysis

Total RNA was extracted from cells using RNA simple total kit (Tiangen, Beijing,
China). After reverse transcription using the M-MLV reverse transcriptase kit (Accurate
Biology, Changsha, Hunan, China), complementary DNA (cDNA) was prepared to quanti-
tative PCR with SYBR Green (Accurate Biology, Changsha, Hunan, China), in accordance
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with the instructions of the manufacturer. The primer sequences (Sangon Biotech, Shang-
hai, China) for the target genes are shown in Supplementary Table S1. Subsequent PCR
amplification was conducted on a LightCycler 480 II system (Roche Diagnostics, Basel,
Switzerland). The relative mRNA expression was analyzed by using the 2−∆∆Ct method,
and GAPDH was used as the internal control.

4.9. Immunofluorescence Staining

HepG2 cells were seeded in confocal dishes at a density of 4 × 104 cells/mL and
incubated for 12 h. After treatment with the specified drugs for 6 h, HepG2 cells were
fixed with 4% paraformaldehyde (PFA) for 20 min, permeated with immunostaining
permeabilization buffer (Beyotime, Shanghai, China) for 20 min, and then blocked with
blocking buffer (Beyotime, Shanghai, China) for 30 min. After removal of the blocking
solution, cells were incubated with primary antibodies at 4 ◦C overnight. After washing
with PBS buffer 3 times, the cells were incubated with anti-rabbit Alexa Fluor 488-labeled
secondary antibodies (Beyotime, Shanghai, China) and anti-mouse Alexa Fluor 555-labeled
secondary antibodies (Beyotime, Shanghai, China) under protection from light at room
temperature for 1 h. The cells were mounted in anti-fade mounting medium (Beyotime,
Shanghai, China). Stained samples were inspected using confocal microscopy (Olympus,
Tokyo, Japan).

4.10. RFP–GFP–LC3 Assay

HepG2 and L02 cells were seeded in confocal dishes at a density of 4 × 104 cells/mL
and incubated for 12 h. Cells were transfected with viral particles expressing RFP–GFP–LC3
(Invitrogen, Carlsbad, CA, USA), in accordance with the instructions of the manufacturer.
After 24 h of transfection, cells were treated with TSN (10 µM), Baf (0.5 µM), or Rapa (1 µM)
for 6 h. The colocalization of GFP and RFP puncta was imaged using confocal microscopy.

4.11. Transmission Electron Microscopy

HepG2 cells were treated with TSN (10 µM) over a certain time course (0, 6, 12 h)
and then 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) was used for fixed cell
sample. After 2 h, cells were dehydrated in a graded ethanol series and then embedded.
Ultrathin sections of these cells were mounted on copper grids and then stained. Finally,
transmission electron microscopy (Hitachi Ltd. HT7800/HT7700 Serial, Tokyo, Japan) was
used for visualizing.

4.12. LTR Staining

HepG2 and L02 cells were treated with TSN (10 µM), Baf (0.5 µM), or Rapa (1 µM) for
6 h and then were incubated with 50 nM LTR (Invitrogen, Carlsbad, CA, USA) at 37 ◦C for
20 min. The cells were washed with PBS and then immediately observed under a confocal
microscope. The LTR fluorescence intensity was quantified by ImageJ software.

4.13. DQ-BSA Assay

HepG2 and L02 cells were firstly incubated with 10 µg/mL DQ-BSA (Invitrogen, Carls-
bad, CA, USA) in EBSS (Gibco, Grand Island, NY, USA) medium for 1.5 h and then treated
with TSN (10 µM), Baf (0.5 µM), E64D (25 µM) plus pepstatin A (50 µM), EBSS for another
6 h. The cells were washed with PBS and then immediately observed under a confocal
microscope. The DQ-BSA fluorescence intensity was quantified by ImageJ software.

4.14. CTSB Activity Assay

HepG2 cells were treated with TSN for 6 h at different concentrations (2.5, 5, 10,
20 µM). CTSB activity was assayed using a CTSB Activity Assay Kit (Fluorometric) (Abcam,
#ab65300), in accordance with the instructions of the manufacturer. The mixtures of cell
lysate, reaction buffer, and substrate were incubated for 2 h at 37 ◦C, and then fluorescent
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intensity (excitation 400 nm, emission 505 nm) was detected using a Multifunctional
Microplate Reader (Biotek, Synergy H1, Winooski, VT, USA).

4.15. Animal Experiment

Thirty-six specific pathogen-free (SPF) male Balb/c mice (5–7 weeks) were obtained
from the Laboratory Animal Center of Sun Yat-sen University in Guangzhou, China. The
animal study was performed in accordance with the protocol approved by the Animal
Ethical and Welfare Committee of Sun Yat-sen University (Approval No.: SYSU-IACUC-
2021-000292). All mice were housed at 20–26 ◦C and 40–70% humidity, with a 12 h cycle
of artificial lighting and free access to water and food. The mice were assigned randomly
into four groups (n = 9 in each group). Mice in the vehicle group were treated with saline
containing 10% propylene glycol, and the TSN groups were treated with different doses
of TSN (5, 10, 20 mg/kg) dissolved in saline containing 10% propylene glycol through
intraperitoneal injection. After treatment for 24 h, all mice were weighed and euthanized.
Livers and blood were collected. Serum was isolated from blood for the determination of
ALT, AST, and LDH levels. Livers were photographed, weighed, and then stored at −80 ◦C
for subsequent analysis.

4.16. Serum Biochemical Assay

The serum levels of ALT, AST, and LDH were measured by an automatic analyzer
(Hitachi Ltd. 3100 Serial, Tokyo, Japan) using standardized commercially available kits
(Guangzhou Donglin Biotechnology Co., Guangzhou, China).

4.17. Histopathological Examinations (HE)

The livers were individually excised and immediately immersed in a formaldehyde
solution for 24 h. The recipe for formaldehyde solution is 10% of 37–40% formaldehyde
solution and 90% of 0.01 mol/L pH 7.4 PBS. After fixation and paraffin-embedding, 3-µm-
thick sections were cut and stained with hematoxylin and eosin for overall morphological
evaluation using an optical microscope (Nikon ECLIPSE E100, Nikon, Japan).

4.18. IHC

Livers were embedded in paraffin and sectioned into 3 µm thick slices. Immunohis-
tochemistry was performed using antigen retrieval with high temperature treatment in
Tris/EDTA buffer (pH 9.0). Anti-LC3B, anti-P62, and anti-CTSB antibodies were used as
primary antibodies, and the secondary antibody was HRP-labeled. All specimens were
examined by a microscope (Nikon ECLIPSE E100, Nikon, Japan).

4.19. Statistical Analysis

Data analysis was performed by Prism 7.0 (GraphPad Software, CA, USA). All data are
expressed as the mean ± standard deviation (SD) of at least three independent experiments.
Data analysis was determined using the Student’s two-tailed t-test or one-way ANOVA.
p < 0.05 was considered statistically significant.

5. Conclusions

Our study demonstrated that TSN had significant hepatotoxicity both in vivo and
in vitro. TSN suppressed hepatocyte autophagic flux by inhibiting TFEB expression and,
thus, the lysosomal acidity, degradation function, and expression of hydrolase CTSB.
Activation of autophagy could effectively alleviate the hepatotoxicity induced by TSN,
indicating that autophagy has a protective effect against TSN-induced liver injury, which
is expected to be further studied to develop an effective strategy for alleviating TSN-
induced hepatotoxicity.
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Abbreviations

ALT serum alanine aminotransferase
AST aspartate aminotransferase
ATG autophagy-related gene
Baf bafilomycin A1
CLEAR coordinated lysosomal enhancement and regulation
CQ chloroquine
CTSB cathepsin B
CTSD cathepsin D
CYP cytochromes
DILI drug-induced liver injury
DQ-BSA Dye Quenched-Bovine Serum Albumin
GFP green fluorescent protein
GSH glutathione
HDS herbal medicine and dietary supplements
LAMP1 lysosomal membrane proteins 1
LAMP2 lysosomal membrane proteins 2
LC3 microtubule-associated proteins 1A/1B light chain 3
LDH lactate dehydrogenase
LTR LysoTracker Red
MTORC1 mechanistic target of rapamycin kinase complex 1
Rapa rapamycin
RFP red fluorescent protein
TFEB transcription factor EB
TSN toosendanin

References
1. Li, X.; Tang, J.; Mao, Y. Incidence and Risk Factors of Drug-Induced Liver Injury. Liver Int. 2022, 42, 1999–2014. [CrossRef]

[PubMed]
2. Garcia-Cortes, M.; Robles-Diaz, M.; Stephens, C.; Ortega-Alonso, A.; Lucena, M.I.; Andrade, R.J. Drug Induced Liver Injury: An

Update. Arch. Toxicol. 2020, 94, 3381–3407. [CrossRef] [PubMed]
3. Sgro, C.; Clinard, F.; Ouazir, K.; Chanay, H.; Allard, C.; Guilleminet, C.; Lenoir, C.; Lemoine, A.; Hillon, P. Incidence of

Drug-Induced Hepatic Injuries: A French Population-Based Study. Hepatology 2002, 36, 451–455. [CrossRef] [PubMed]
4. Björnsson, E.S.; Bergmann, O.M.; Björnsson, H.K.; Kvaran, R.B.; Olafsson, S. Incidence, Presentation, and Outcomes in Patients

with Drug-Induced Liver Injury in the General Population of Iceland. Gastroenterology 2013, 144, 1419–1425.e3. [CrossRef]
[PubMed]

5. De Abajo, F.J.; Montero, D.; Madurga, M.; Rodríguez, L.A.G. Acute and Clinically Relevant Drug-Induced Liver Injury: A
Population Based Case-Control Study. Br. J. Clin. Pharmacol. 2004, 58, 71–80. [CrossRef]

https://www.mdpi.com/article/10.3390/ph15121509/s1
http://doi.org/10.1111/liv.15262
http://www.ncbi.nlm.nih.gov/pubmed/35353431
http://doi.org/10.1007/s00204-020-02885-1
http://www.ncbi.nlm.nih.gov/pubmed/32852569
http://doi.org/10.1053/jhep.2002.34857
http://www.ncbi.nlm.nih.gov/pubmed/12143055
http://doi.org/10.1053/j.gastro.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23419359
http://doi.org/10.1111/j.1365-2125.2004.02133.x


Pharmaceuticals 2022, 15, 1509 22 of 23

6. De Valle, M.B.; Av Klinteberg, V.; Alem, N.; Olsson, R.; Björnsson, E. Drug-Induced Liver Injury in a Swedish University Hospital
out-Patient Hepatology Clinic. Aliment. Pharmacol. Ther. 2006, 24, 1187–1195. [CrossRef]

7. Andrade, R.J.; Lucena, M.I.; Fernández, M.C.; Pelaez, G.; Pachkoria, K.; García-Ruiz, E.; García-Muñoz, B.; González-Grande, R.;
Pizarro, A.; Durán, J.A.; et al. Drug-Induced Liver Injury: An Analysis of 461 Incidences Submitted to the Spanish Registry Over
a 10-Year Period. Gastroenterology 2005, 129, 512–521. [CrossRef]

8. Suk, K.T.; Kim, D.J.; Kim, C.H.; Park, S.H.; Yoon, J.H.; Kim, Y.S.; Baik, G.H.; Kim, J.B.; Kweon, Y.O.; Kim, B.I.; et al. A Prospective
Nationwide Study of Drug-Induced Liver Injury in Korea. Off. J. Am. Coll. Gastroenterol. ACG 2012, 107, 1380–1387. [CrossRef]

9. Shen, T.; Liu, Y.; Shang, J.; Xie, Q.; Li, J.; Yan, M.; Xu, J.; Niu, J.; Liu, J.; Watkins, P.B.; et al. Incidence and Etiology of Drug-Induced
Liver Injury in Mainland China. Gastroenterology 2019, 156, 2230–2241.e11. [CrossRef]

10. Zhang, S.; Cao, L.; Wang, Z.-R.; Li, Z.; Ma, J. Anti-Cancer Effect of Toosendanin and Its Underlying Mechanisms. J. Asian Nat.
Prod. Res. 2019, 21, 270–283. [CrossRef]

11. Li, H.; Zhang, J.; Ma, T.; Li, C.; Ma, Z.; Zhang, X. Acting Target of Toosendanin Locates in the Midgut Epithelium Cells of
Mythimna Separate Walker Larvae (Lepidoptera: Noctuidae). Ecotoxicol. Environ. Saf. 2020, 201, 110828. [CrossRef]

12. Zhang, J.; Yang, F.; Mei, X.; Yang, R.; Lu, B.; Wang, Z.; Ji, L. Toosendanin and Isotoosendanin Suppress Triple-Negative Breast
Cancer Growth via Inducing Necrosis, Apoptosis and Autophagy. Chem. Biol. Interact. 2022, 351, 109739. [CrossRef]

13. Yang, T.; Xu, R.; Huo, J.; Wang, B.; Du, X.; Dai, B.; Zhu, M.; Zhan, Y.; Zhang, D.; Zhang, Y. WWOX Activation by Toosendanin
Suppresses Hepatocellular Carcinoma Metastasis through JAK2/Stat3 and Wnt/β-Catenin Signaling. Cancer Lett. 2021, 513,
50–62. [CrossRef]

14. Jin, Y.-H.; Kwon, S.; Choi, J.-G.; Cho, W.-K.; Lee, B.; Ma, J.Y. Toosendanin From Melia Fructus Suppresses Influenza A Virus
Infection by Altering Nuclear Localization of Viral Polymerase PA Protein. Front. Pharmacol. 2019, 10, 1025. [CrossRef]

15. Nakai, Y.; Pellett, S.; Tepp, W.H.; Johnson, E.A.; Janda, K.D. Toosendanin: Synthesis of the AB-Ring and Investigations of Its
Anti-Botulinum Properties (Part II). Bioorg. Med. Chem. 2010, 18, 1280. [CrossRef]

16. Jin, Y.; Huang, Z.; Li, L.; Yang, Y.; Wang, C.; Wang, Z.; Ji, L. Quercetin Attenuates Toosendanin-Induced Hepatotoxicity through
Inducing the Nrf2/GCL/GSH Antioxidant Signaling Pathway. Acta Pharmacol. Sin. 2019, 40, 75–85. [CrossRef]

17. Yang, F.; Li, L.; Yang, R.; Wei, M.; Sheng, Y.; Ji, L. Identification of Serum MicroRNAs as Potential Toxicological Biomarkers for
Toosendanin-Induced Liver Injury in Mice. Phytomedicine 2019, 58, 152867. [CrossRef]

18. Yan, X.; Zhuo, Y.; Bian, X.; Li, J.; Zhang, Y.; Ma, L.; Lu, G.; Guo, M.-Q.; Wu, J.-L.; Li, N. Integrated Proteomics, Biological Functional
Assessments, and Metabolomics Reveal Toosendanin-Induced Hepatic Energy Metabolic Disorders. Chem. Res. Toxicol. 2019, 32,
668–680. [CrossRef]

19. Behrends, C.; Sowa, M.E.; Gygi, S.P.; Harper, J.W. Network Organization of the Human Autophagy System. Nature 2010, 466,
68–76. [CrossRef]

20. Qian, H.; Chao, X.; Williams, J.; Fulte, S.; Li, T.; Yang, L.; Ding, W.-X. Autophagy in Liver Diseases: A Review. Mol. Aspects Med.
2021, 82, 100973. [CrossRef]

21. Zhou, J.; Li, Y.; Liu, X.; Long, Y.; Chen, J. LncRNA-Regulated Autophagy and Its Potential Role in Drug-Induced Liver Injury.
Ann. Hepatol. 2018, 17, 355–363. [CrossRef] [PubMed]

22. Williams, J.A.; Ding, W.-X. Role of Autophagy in Alcohol and Drug-Induced Liver Injury. Food Chem. Toxicol. 2020, 136, 111075.
[CrossRef] [PubMed]

23. Kang, K.-Y.; Shin, J.-K.; Lee, S.-M. Pterostilbene Protects against Acetaminophen-Induced Liver Injury by Restoring Impaired
Autophagic Flux. Food Chem. Toxicol. 2019, 123, 536–545. [CrossRef] [PubMed]

24. Apostolova, N.; Gomez-Sucerquia, L.; Moran, A.; Alvarez, A.; Blas-Garcia, A.; Esplugues, J. Enhanced Oxidative Stress and
Increased Mitochondrial Mass during Efavirenz-Induced Apoptosis in Human Hepatic Cells. Br. J. Pharmacol. 2010, 160,
2069–2084. [CrossRef] [PubMed]

25. Ding, W.-X.; Li, M.; Chen, X.; Ni, H.-M.; Lin, C.-W.; Gao, W.; Lu, B.; Stolz, D.B.; Clemens, D.L.; Yin, X.-M. Autophagy Reduces
Acute Ethanol-Induced Hepatotoxicity and Steatosis in Mice. Gastroenterology 2010, 139, 1740–1752. [CrossRef] [PubMed]

26. Sun, M.; Liu, Q.; Liang, Q.; Gao, S.; Zhuang, K.; Zhang, Y.; Zhang, H.; Liu, K.; She, G.; Xia, Q. Toosendanin Triggered
Hepatotoxicity in Zebrafish via Inflammation, Autophagy, and Apoptosis Pathways. Comp. Biochem. Physiol. Part C Toxicol.
Pharmacol. 2021, 250, 109171. [CrossRef]

27. Zou, H.; Wang, T.; Yuan, J.; Sun, J.; Yuan, Y.; Gu, J.; Liu, X.; Bian, J.; Liu, Z. Cadmium-Induced Cytotoxicity in Mouse Liver Cells Is
Associated with the Disruption of Autophagic Flux via Inhibiting the Fusion of Autophagosomes and Lysosomes. Toxicol. Lett.
2020, 321, 32–43. [CrossRef]

28. Lu, J.; Fan, Y.; Liu, M.; Zhang, Q.; Guan, S. 1,3-Dichloro-2-Propanol Induced Lipid Accumulation by Blocking Autophagy Flux in
HepG2 Cells. Toxicology 2021, 454, 152716. [CrossRef]

29. Mohamud, Y.; Tang, H.; Xue, Y.C.; Liu, H.; Ng, C.S.; Bahreyni, A.; Luo, H. Coxsackievirus B3 Targets TFEB to Disrupt Lysosomal
Function. Autophagy 2021, 17, 3924–3938. [CrossRef]

30. Zhu, L.; Yuan, Y.; Yuan, L.; Li, L.; Liu, F.; Liu, J.; Chen, Y.; Lu, Y.; Cheng, J. Activation of TFEB-Mediated Autophagy by Trehalose
Attenuates Mitochondrial Dysfunction in Cisplatin-Induced Acute Kidney Injury. Theranostics 2020, 10, 5829–5844. [CrossRef]

31. Zhao, S.; Feng, J.; Li, J.; Cao, R.; Zhang, Y.; Yang, S.; Yin, L. The RNA Binding Protein HnRNPK Protects against Adriamycin-
Induced Podocyte Injury. Ann. Transl. Med. 2021, 9, 1303. [CrossRef]

http://doi.org/10.1111/j.1365-2036.2006.03117.x
http://doi.org/10.1016/j.gastro.2005.05.006
http://doi.org/10.1038/ajg.2012.138
http://doi.org/10.1053/j.gastro.2019.02.002
http://doi.org/10.1080/10286020.2018.1451516
http://doi.org/10.1016/j.ecoenv.2020.110828
http://doi.org/10.1016/j.cbi.2021.109739
http://doi.org/10.1016/j.canlet.2021.05.010
http://doi.org/10.3389/fphar.2019.01025
http://doi.org/10.1016/j.bmc.2009.12.030
http://doi.org/10.1038/s41401-018-0024-8
http://doi.org/10.1016/j.phymed.2019.152867
http://doi.org/10.1021/acs.chemrestox.8b00350
http://doi.org/10.1038/nature09204
http://doi.org/10.1016/j.mam.2021.100973
http://doi.org/10.5604/01.3001.0011.7381
http://www.ncbi.nlm.nih.gov/pubmed/29735795
http://doi.org/10.1016/j.fct.2019.111075
http://www.ncbi.nlm.nih.gov/pubmed/31877367
http://doi.org/10.1016/j.fct.2018.12.012
http://www.ncbi.nlm.nih.gov/pubmed/30543896
http://doi.org/10.1111/j.1476-5381.2010.00866.x
http://www.ncbi.nlm.nih.gov/pubmed/20649602
http://doi.org/10.1053/j.gastro.2010.07.041
http://www.ncbi.nlm.nih.gov/pubmed/20659474
http://doi.org/10.1016/j.cbpc.2021.109171
http://doi.org/10.1016/j.toxlet.2019.12.019
http://doi.org/10.1016/j.tox.2021.152716
http://doi.org/10.1080/15548627.2021.1896925
http://doi.org/10.7150/thno.44051
http://doi.org/10.21037/atm-21-3577


Pharmaceuticals 2022, 15, 1509 23 of 23

32. Wang, Y.; Hao, C.-L.; Zhang, Z.-H.; Wang, L.-H.; Yan, L.-N.; Zhang, R.-J.; Lin, L.; Yang, Y. Valproic Acid Increased Autophagic
Flux in Human Multiple Myeloma Cells in Vitro. Biomed. Pharmacother. 2020, 127, 110167. [CrossRef]

33. Lu, J.; Yang, Y.; Zhu, L.; Li, M.; Xu, W.; Zhang, C.; Cheng, J.; Tao, L.; Li, Z.; Zhang, Y. Exposure to Environmental Concentrations of
Natural Pyrethrins Induces Hepatotoxicity: Assessment in HepG2 Cell Lines and Zebrafish Models. Chemosphere 2022, 288, 132565.
[CrossRef]

34. Arzumanian, V.A.; Kiseleva, O.I.; Poverennaya, E.V. The Curious Case of the HepG2 Cell Line: 40 Years of Expertise. Int. J. Mol.
Sci. 2021, 22, 13135. [CrossRef]

35. Gerets, H.H.J.; Tilmant, K.; Gerin, B.; Chanteux, H.; Depelchin, B.O.; Dhalluin, S.; Atienzar, F.A. Characterization of Primary
Human Hepatocytes, HepG2 Cells, and HepaRG Cells at the MRNA Level and CYP Activity in Response to Inducers and Their
Predictivity for the Detection of Human Hepatotoxins. Cell Biol. Toxicol. 2012, 28, 69–87. [CrossRef]

36. McGill, M.R.; Jaeschke, H. Metabolism and Disposition of Acetaminophen: Recent Advances in Relation to Hepatotoxicity and
Diagnosis. Pharm. Res. 2013, 30, 2174–2187. [CrossRef]

37. Shi, C.; Xue, W.; Han, B.; Yang, F.; Yin, Y.; Hu, C. Acetaminophen Aggravates Fat Accumulation in NAFLD by Inhibiting
Autophagy via the AMPK/MTOR Pathway. Eur. J. Pharmacol. 2019, 850, 15–22. [CrossRef]

38. Ni, H.-M.; Bockus, A.; Boggess, N.; Jaeschke, H.; Ding, W.-X. Activation of Autophagy Protects against Acetaminophen-Induced
Hepatotoxicity. Hepatology 2012, 55, 222–232. [CrossRef]

39. Peng, S.; Yang, Q.; Li, H.; Pan, Y.; Wang, J.; Hu, P.; Zhang, N. CTSB Knockdown Inhibits Proliferation and Tumorigenesis in HL-60
Cells. Int. J. Med. Sci. 2021, 18, 1484–1491. [CrossRef]

40. Tao, Y.; Qiu, T.; Yao, X.; Jiang, L.; Wang, N.; Jia, X.; Wei, S.; Wang, Z.; Pei, P.; Zhang, J.; et al. Autophagic-CTSB-Inflammasome
Axis Modulates Hepatic Stellate Cells Activation in Arsenic-Induced Liver Fibrosis. Chemosphere 2020, 242, 124959. [CrossRef]

41. Araujo, T.F.; Cordeiro, A.V.; Vasconcelos, D.A.A.; Vitzel, K.F.; Silva, V.R.R. The Role of Cathepsin B in Autophagy during Obesity:
A Systematic Review. Life Sci. 2018, 209, 274–281. [CrossRef] [PubMed]

42. Chitranshi, N.; Kumar, A.; Sheriff, S.; Gupta, V.; Godinez, A.; Saks, D.; Sarkar, S.; Shen, T.; Mirzaei, M.; Basavarajappa, D.;
et al. Identification of Novel Cathepsin B Inhibitors with Implications in Alzheimer’s Disease: Computational Refining and
Biochemical Evaluation. Cells 2021, 10, 1946. [CrossRef] [PubMed]

43. Zhao, Y.; Li, Z.-F.; Zhang, D.; Wang, Z.-Y.; Wang, L. Quercetin Alleviates Cadmium-Induced Autophagy Inhibition via TFEB-
Dependent Lysosomal Restoration in Primary Proximal Tubular Cells. Ecotoxicol. Environ. Saf. 2021, 208, 111743. [CrossRef]
[PubMed]

44. Yuan, L.; Yuan, Y.; Liu, F.; Li, L.; Liu, J.; Chen, Y.; Cheng, J.; Lu, Y. PGC-1α Alleviates Mitochondrial Dysfunction via TFEB-
Mediated Autophagy in Cisplatin-Induced Acute Kidney Injury. Aging 2021, 13, 8421–8439. [CrossRef]

45. Fu, Y.; Hong, L.; Xu, J.; Zhong, G.; Gu, Q.; Gu, Q.; Guan, Y.; Zheng, X.; Dai, Q.; Luo, X.; et al. Discovery of a Small Molecule
Targeting Autophagy via ATG4B Inhibition and Cell Death of Colorectal Cancer Cells in Vitro and in Vivo. Autophagy 2018, 15,
295–311. [CrossRef]

46. Liu, Y.; Luo, X.; Shan, H.; Fu, Y.; Gu, Q.; Zheng, X.; Dai, Q.; Xia, F.; Zheng, Z.; Liu, P.; et al. Niclosamide Triggers Non-Canonical
LC3 Lipidation. Cells 2019, 8, 248. [CrossRef]

http://doi.org/10.1016/j.biopha.2020.110167
http://doi.org/10.1016/j.chemosphere.2021.132565
http://doi.org/10.3390/ijms222313135
http://doi.org/10.1007/s10565-011-9208-4
http://doi.org/10.1007/s11095-013-1007-6
http://doi.org/10.1016/j.ejphar.2019.02.005
http://doi.org/10.1002/hep.24690
http://doi.org/10.7150/ijms.54206
http://doi.org/10.1016/j.chemosphere.2019.124959
http://doi.org/10.1016/j.lfs.2018.08.024
http://www.ncbi.nlm.nih.gov/pubmed/30107168
http://doi.org/10.3390/cells10081946
http://www.ncbi.nlm.nih.gov/pubmed/34440715
http://doi.org/10.1016/j.ecoenv.2020.111743
http://www.ncbi.nlm.nih.gov/pubmed/33396069
http://doi.org/10.18632/aging.202653
http://doi.org/10.1080/15548627.2018.1517073
http://doi.org/10.3390/cells8030248

	Introduction 
	Results 
	TSN Induces Cell Damage in HepG2 Cells and L02 Cells 
	TSN Inhibits Autophagic Flux in HepG2 Cells 
	TSN Increases the Accumulation of Autolysosomes in HepG2 Cells and L02 Cells 
	TSN Induces Lysosome Dysfunction in Vitro 
	TSN Blocks Autophagic Flux by Inhibiting TFEB in Vitro 
	Activation of Autophagy Alleviates TSN-Induced Cell Damage 
	TSN Induces Liver Injury in Balb/c Mice 
	TSN Inhibits Autophagic Flux and Induces Lysosome Dysfunction in Balb/c Mice 

	Discussion 
	Material and Methods 
	Materials 
	Cell Culture 
	Cell Transfection 
	Cell Viability Assay 
	LDH Leakage Assay 
	Analysis of Cell Morphology 
	Western Blot Analysis 
	Quantitative Real-Time PCR Analysis 
	Immunofluorescence Staining 
	RFP–GFP–LC3 Assay 
	Transmission Electron Microscopy 
	LTR Staining 
	DQ-BSA Assay 
	CTSB Activity Assay 
	Animal Experiment 
	Serum Biochemical Assay 
	Histopathological Examinations (HE) 
	IHC 
	Statistical Analysis 

	Conclusions 
	References

