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Introduction

Tizoxanide (TIZ, Fig. 1a) and nitazoxanide (NTZ, Fig. 1b) are 
synthetic thiazolide derivative that are developed as cestocidal 
agents as discovered by Rossignol (Somvanshi et al. 2014). 
NTZ has been licensed for the treatment of Criptosporidium 
parvum and Giardia intestinalis infections in nonimmunodefi-
cient children and adults in the USA since 2002 and was mar-
keted by Romark Laboratories under the trade name Alinia® 
(Fox and Saravolatz 2005; Rossignol et al. 2009; Stachulski 
et al. 2011). NTZ and TIZ also show broad activity against 
numerous parasitic and microbial pathogens (Dubreuil et al. 
1996; Fox and Saravolatz 2005; Stachulski et al. 2017). Specifi-
cally, TIZ is more active than metronidazole against the met-
ronidazole-susceptible isolates of G. intestinalis and resistant 
isolates (Adagu et al. 2002). The effectiveness of NTZ or TIZ 
against various viruses, such as rotavirus, influenza, norovirus, 
human immunodeficiency virus, respiratory syncytial virus, 
and hepatitis B and C viruses, in vitro and in vivo have been 
discovered and piqued the attention of scholars (Rossignol et al. 
2009; Stachulski et al. 2011; La Frazia et al. 2013; Rossignol 
2014; Belardo et al. 2015). Given the wide spectrum of patho-
gens targeted by NTZ and TIZ, thiazolides might possess other 
pharmacological properties and complex molecular actions.

Autophagy is an evolutionarily conserved and tightly regu-
lated degradation system for intracellular components, which 
ultimately results in lysosomal digestion within mature cyto-
plasmic compartments (Essick and Sam 2010; Kobayashi 
2015). At least three forms, including chaperone-mediated 
autophagy, microautophagy, and macroautophagy, have been 
identified. Macroautophagy is the major regulated catabolic 
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mechanism that eukaryotic cells use to degrade long-lived pro-
teins and organelles (Levine and Kroemer 2008). Autophagy is 
involved in diverse physiological functions, including survival, 
differentiation, development, and homeostasis and protects 
organisms against diverse pathologies, including infections, 
cancer, and neurodegeneration (Levine and Kroemer 2008; 
Sparrer et al. 2017). Metformin, chloroquine, and rapamycin 
exert their pharmacological activities by participating in the 
autophagy of cells and regulating the related proteins (Kimura 
et al. 2013; Sotthibundhu et al. 2016; Wu et al. 2019).

In vivo, NTZ undergoes rapid deacetylation in plasma 
(half-life of 6 min) to form its metabolite TIZ, a compound 
with equal effectiveness, which is the only active form in 
the circulation unchanged even when plasma is diluted ten 
times (Adagu et al. 2002; Stockis et al. 2002a). Hence, NTZ 
is the active prodrug of TIZ, which is at least as active as 
NTZ against parasite, anaerobes, and viruses (Stockis et al. 
2002b; Fox and Saravolatz 2005; Lam et al. 2012).

TIZ exerts anti-inflammatory effects by suppressing the 
activation of NF-κB and MAPK signaling pathways (Shou 
et al. 2019b). Autophagy is a key negative regulator of inflam-
mation (Zhang et al. 2017). Compared with the wealth of 
information about TIZ against numerous pathogens or inflam-
matory, our knowledge about the role of TIZ in autophagy is 
still undeveloped. Here, TIZ was found to trigger autophagy 
in a concentration- and time-dependent manner. We further 
identified that the PI3K/Akt/mTOR pathway play important 
roles in the autophagy of RAW264.7 macrophage cells.

Materials and methods

Chemicals and reagents

TIZ (purity > 99.0%) and NTZ (purity > 98.5%) were synthe-
sized by the Key Laboratory of Veterinary Chemical Drugs 
and Pharmaceutics, Ministry of Agriculture and Rural Affairs, 
Shanghai Veterinary Research Institute, Chinese Academy of 
Agricultural Sciences and characterized by LC–UV, LC–MS, 
and NMR methods. NTZ and TIZ were dissolving in DMSO 
at the concentrations of 200 and 100 mM, respectively, and 

stored at − 20 °C. Rabbit polyclonal anti-PI3K (#4257), anti-
p-PI3K (#4228), anti-Akt (#4691), anti-p-Akt (#13,038), anti-
mTOR (#2983), anti-p-mTOR (#5536), anti-ULK1 (#8054), 
anti-p-ULK1 (#14,202), anti-p62 (#23,214), anti-LC3 
(#2775), and mouse polyclonal anti-β-actin (#3700) were pur-
chased from Cell Signaling Technology (Beverly, MA, USA). 
HRP-coupled anti-rabbit and anti-mouse secondary antibodies 
were purchased from Abcam Inc. (Cambridge, MA, USA). 
Alexa Fluor488 goat anti-rabbit secondary antibody was 
purchased from Beyotime Biotechnology, Inc. (Shanghai, 
China). Lipopolysaccharide (LPS), LY294002, Rapamycin, 
and DMSO were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Fetal bovine serum (FBS) and Dulbecco’s modi-
fied Eagle’s medium (DMEM) were purchased from Gibco 
(Aukland, NZ). Polyvinylidene difluoride (PVDF) membrane, 
4′,6-diamidino-2-phenylindole dihydrochloride (DAPI), BCA 
protein assay kit, and cell counting kit-8 (CCK-8) kit were 
purchased from Beyotime Biotechnology, Inc. (Shanghai, 
China). The ECL reagent (SuperSignal™ West Pico PLUS 
Chemiluminescent Substrate) was purchased from Thermo 
Fisher Scientific (Rockford, IL, USA). All other chemicals 
were of the highest grade commercially available.

Cell culture

RAW264.7, Vero, HepG2, and 293T cells were obtained 
from the cell bank of the Chinese Academy of Science 
(Shanghai, China). The cells were grown to 25 cm2 flasks 
supplemented with DMEM complete medium containing 
10% (v/v) heat-inactivated FBS. The cells were incubated 
at 37 °C in a humidified atmosphere of 5%  CO2 in air, and 
the medium was refreshed every 2–3 days. Under normal 
conditions, the shape of the cells was irregular round, with 
good refractive power and clear edges.

Cell viability assay

Cell viability was assessed using CCK-8 kit assay. The 
RAW264.7 cells were seeded in 96-well culture plates at a 
density of 5 × 104 cells/mL in 100 μL of medium and incubated 
for 12 h at 37 °C in the dark. Subsequently, the cells were 

Fig. 1  Chemical structures of 
TIZ (a) and NTZ (b). The dif-
ferences with a proton for TIZ 
and an acetyl moiety for NTZ 
show in circles
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incubated with various TIZ or NTZ concentrations in 37 °C 
and 5%  CO2 incubator for 12 h. The cells were rinsed gently 
once by phosphate-buffered saline (PBS), and then cell cul-
ture medium containing 10% 0.5 mg/mL CCK-8 reagent was 
added into each well for 30 min incubation away from light. 
The absorbance of each well was measured at 450 nm using 
an Infinite M1000 PRO plate reader (TECAN, Austria). The 
results were reported in percentage with the vehicle control 
(the DMSO concentration in each group was 0.1%). The data 
are shown as the average of the five wells for each group. Each 
experiment was repeated three times. The viability of Vero, 
HepG2 and 293T cells treated with TIZ was also determined.

Transmission electron microscopy (TEM) examination

Autophagy can be observed by visualizing the ultrastructural 
features of the autophagic vesicles in cells by TEM (Ylä-Ant-
tila et al. 2009). The RAW264.7 cells were rinsed with ice-cold 
0.1 M PBS (pH of 7.4) and centrifuged at 500 × g for 5 min 
at room temperature, after which the clear supernatants were 
removed. Cell pellets were fixed with 2.5% glutaraldehyde at 
least 30 min at 4 °C. After fixation, the treated cells were thor-
oughly washed in PBS and then post-fixed with 1%  OsO4 for 
1 h at room temperature. The cells were dehydrated in a graded 
series of ethanol and embedded in epoxy resin, and polymeriza-
tion was then performed at 80 °C for 24 h. Blocks were cut on 
a Leica ultramicrotome into ultrathin sections (70 nm), which 
were post-stained with uranyl acetate and lead citrate and then 
viewed with a Tecnai G2 Spirit BIOTWIN TEM (FEI, Holland).

Immunofluorescence staining

The RAW264.7 cells were plated in six-well plates at a 
density of 2 × 105 cells/mL and then subjected to different 
experimental treatments, including 0, 25, 50, 75, and 
100 μM TIZ. The cells were washed with sterile PBS two 
times, fixed with 4% paraformaldehyde in PBS for 20 min 
at room temperature, permeabilized with 0.1% Triton X-100 
in PBS for 10 min, and washed with PBS three times. The 
cells were then blocked with 3% bovine serum albumin 
(BSA) for 60 min at room temperature and incubated with 
anti-LC3 antibody (dilution at 1:500) overnight at 4 °C. The 
cells were washed two times with PBS and incubated with 
Alexa Fluor488-conjugated secondary antibody at a dilution 
of 1:500 for 1 h in the dark. The nuclei were stained with 
DAPI for 10 min at room temperature in the dark. The cells 
were washed two times with PBS and viewed by a laser-
scanning confocal microscope (Zeiss, LSM880, Germany).

Western blot analysis

The cells were seeded into six-well plates for further 
cultivation. After the confluence of the RAW264.7 cells 

reached 80–90%, the cells were subjected to different 
experimental treatments. After being collected and washed 
two times with ice-cold PBS (pH of 7.4), the cells were 
lysed with ice-cold RIPA buffer on ice for 15 min and 
harvested and collected via centrifugation at 12,000 × g for 
10 min at 4 °C. The supernatants were stored at − 80 °C and 
further employed to determine protein concentration by 
using BCA protein assay (Beyotime Biotech Inc., China). 
Equal amounts of each total protein lysate (30 μg) were 
determined, mixed with 5 × SDS sample buffer, boiled for 
5 min, and separated on a 10–15% SDS–polyacrylamide 
gel electrophoresis and then transferred onto immunoblot 
PVDF membranes at 250 mÅ. The blots were blocked at 
room temperature for 2 h in blocking buffer containing 5% 
BSA with Tris-buffered saline containing 0.1% Tween 20. 
The blots were incubated with primary antibodies against 
LC3B, p62, PI3K, p-PI3K, mTOR, p-mTOR, Akt, p-Akt, 
ULK1, p-ULK1, Atg7, Atg12, Beclin-1, and β-actin at 4 °C 
overnight. All primary antibodies were diluted at 1:1000. 
The membranes were washed three times with TBST for 
10  min each time, incubated with a 1:5000 dilution of 
horseradish peroxidase-conjugated secondary antibodies 
at room temperature for 1 h, and washed again for three 
times with TBST. The immune complexes were detected by 
enhanced chemiluminescence reagents. The experiment was 
independently conducted for three times.

Intracellular ROS detection

Intracellular ROS was measured with the oxidation-sensitive 
fluorescent probe (DCFH-DA) as previously described (Li 
et al. 2006). RAW264.7 murine macrophages were seeded 
into 6-well plates with 12 h of cultivation. After being 
treated with 1 µg/mL LPS and 0, 25, 50, 75, and 100 µM 
TIZ in the culture medium for 6 h and treated with 75 µM 
TIZ for different times, the cells were washed two times 
with PBS. The macrophages were then incubated with 
10 µM DCFH-DA at 37 °C for 20 min according to the 
manufacturer’s instructions. DCFH-DA was deacetylated 
intracellularly by nonspecific esterase, which was 
further oxidized by ROS to the fluorescent compound 
2,7-dichlorofluorescein (DCF). DCF fluorescence was 
detected by CytoFLEX flow cytometer (Becton Dickinson). 
For each sample, 10,000 events were collected.

Statistical analysis

All experiments were performed at least three times to ensure 
reproducibility. All values were showed as mean ± S.D. Sta-
tistical analysis was performed with SPSS 22.0 software. 
The significance of the differences was evaluated by one-
way ANOVA. P < 0.05 was considered significant.
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Results

Effects of NTZ and TIZ on cell viability

RAW264.7 cells were exposed to different doses (0, 25, 50, 75, 
100, and 150 μM) of NTZ and TIZ for 12 h to analyze the viabil-
ity of these drugs on these cells. These cells were then cultured 
with these treatments and assayed for subsequent experiments. 
As shown in Fig. 2, NTZ and TIZ induced a cytotoxic effect on 
RAW264.7 cells in a dose-dependent manner. Compared with 
that of the control group, the viability of RAW264.7 cells was 
not significantly reduced when the NTZ and TIZ concentrations 
reached up to 100 μM. However, after the treatment with NTZ 
or TIZ at 150 µM, the cell viability of the macrophage signifi-
cantly decreased (90.43% and 80.65%, respectively). The Vero, 
HepG2, and 293T cells were slightly more sensitive to TIZ than 
the RAW264.7 cells according to the cell viability analysis (data 
were not shown). Therefore, the doses of drug for further experi-
ments were no more than 100 μM.

Immunofluorescence staining and TEM analysis

Immunofluorescence staining, TEM, and Western blot 
analysis were conducted to explore whether TIZ can induce 
autophagy in the RAW264.7 cells. As shown in Fig. 3a, the 
pattern of LC3 immunoreactivity was absent in the control 
cells. Immunofluorescence results exhibited that typical 
cytoplasmic LC3 punctate was formed considerably in the 
RAW264.7 cells exposed to TIZ, and LC3-labeled aggre-
gation and the number of the cells with LC3-punctated 
foci significantly increased in a dose-dependent manner, 
thereby indicating that TIZ induced excessive autophagy of 
the RAW264.7 cells. As shown in Fig. 3b and c, a dose-
dependent increase in the LC3-II/LC3-I expression level 
ratio in experimental groups was detected by Western blot 
(P < 0.01), which was in accordance with the results above. 
Western blot analysis (Fig. 3e and f) also revealed a time-
dependent increase with 75 μM TIZ treatment in the LC3-
II/LC3-I expression level ratio (P < 0.01). Compared with 
those of the control group, the LC3-II/LC3-I expression 
level ratios significantly increased by 72%, 79%, 89%, and 
96% after RAW264.7 cell incubation with 75 μM TIZ for 3, 
6, 9, and 12 h, respectively. As shown in Fig. 3a, d, e, and 
g, the protein p62 expression level significantly decreased 
in dose- and time-dependent manners with the TIZ-treated 
group compared with the control group (P < 0.01), This result 
further indicated that TIZ induced excessive autophagy in the 
RAW264.7 cells. Autophagosome in cells was examined by 
TEM to observe autophagy activation induced by TIZ. As 
shown in Fig. 3h, the control group displayed few autophago-
somes and lysosomes in the RAW264.7 cells, whereas many 
autophagosomes were found in the TIZ-treated group.

As the active prodrug of TIZ, whether NTZ activated 
autophagy in the RAW264.7 cells should also be investi-
gated. As shown in Fig. 4, the levels of the autophagy pro-
teins LC3 and P62 were examined via Western blot analy-
sis. Compared with the control groups, the LC3-II/LC3-I 
expression level ratio significantly increased (P < 0.01) in 
dose-dependent manner with NTZ treatment, while p62 
expression significantly decreased (P < 0.01).

LC3‑II/LC3‑I expression level ratios in Vero, HepG2, 
293T, and RAW264.7 cells

Whether TIZ can activate autophagy in different cell lines 
were investigated through Western blot by detecting the acti-
vation of TIZ on LC3 expression in the Vero, HepG2 and 
293T cells. As shown in Fig. 5, compared with the control 
groups, the LC3-II/LC3-I expression level ratios of the Vero, 
HepG2, 293T, and RAW264.7 cells significantly increased 
(P < 0.01) after the cells were treated with 50 μM TIZ for 
12 h.

Fig. 2  Cytotoxicity of TIZ (a) and NTZ (b) on RAW264.7 cells. 
Cells were treated with TIZ at 25, 50, 75, 100, and 150 µM for 12 h, 
and cell viability was assayed by the CCK-8 kit. The cell viability 
of macrophage treated with NTZ and TIZ at 150  µM were resulted 
in significant decrease (90.43% and 80.65%, respectively). Data are 
expressed as the means ± S.D. of three independent experiments
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Autophagy‑related protein expression level

TIZ-induced autophagy in the RAW264.7 cells was 
observed, and then the autophagy-related proteins, such as 
Atg7, Atg5–Atg12 conjugation, and Beclin-1, which were 
involved in modulating autophagy, were further detected by 
Western blot. As shown in Fig. 6, the protein expression 
levels of Beclin-1, Atg7, and Atg5–Atg12 conjugation in 
the TIZ treatment groups were remarkably higher than those 
of the control group (P < 0.05 or 0.01) and exerted evident 

Fig. 4  NTZ induced the autophagy of RAW264.7 cells in dose 
dependent manner. Note a a dose-dependent manner of LC3 and 
p62 was determined in RAW264.7 cells treated with 0, 25, 50, 75 
and 100 μM NTZ by western blot; b the density analysis of blots of 
LC3 treated with NTZ; c the density analysis of blots of p62 treated 
with NTZ. Values are expressed as mean ± S.D. of three replicates. 
**P < 0.01 versus the control group

Fig. 5  TIZ activated LC3-II accumulation in Vero, HepG2 and 293T 
cells. Note: a, b The expression levels of LC3-II/LC3-I were detected 
by western blot when each cells treated with 0 and 50 μM TIZ; c the 
ratios analysis of LC3-II/LC3-I treated with TIZ in each cells. Values 
are expressed as mean ± S.D. of three replicates. **P < 0.01 versus 
the control group

Fig. 3  Effects of TIZ on the autophagy of RAW264.7 cells. Note: 
a LC3 and DAPI immunofluorescence staining were performed to 
detect autophagy in RAW264.7 cells treated with 0, 25, 50, 75 and 
100 μM TIZ; b a dose-dependent manner of LC3 and p62 was deter-
mined in RAW264.7 cells treated with 0, 25, 50, 75 and 100 μM TIZ 
by western blot; c the density analysis of blots of LC3 treated with 
TIZ; d the density analysis of blots of p62 treated with TIZ; e a time-
dependent manner of LC3 and p62 were determined in RAW264.7 

cells treated with 75 μM TIZ by western blot; f The density analysis 
of blots of LC3 treated with different times; G: The density analysis 
of blots of p62 treated with different times; h electron micrographs 
of morphological changes in RAW264.7 cells treated with 0, 75 
and 100  μM TIZ. Phagophore were pointed out by yellow arrows, 
autophagosomes were pointed out by red arrows, while typical autol-
ysosomes were indicated with blue arrows. Values are expressed as 
mean ± S.D. of three replicates. **P < 0.01 versus the control group

◂
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dose-dependent manner. After the RAW264.7 cells were 
incubated with 100 μM of TIZ for 12 h, the expression levels 
of Beclin-1, Atg7, and Atg5–Atg12 conjugation significantly 
increased by 59%, 93%, and 57%, respectively, compared 
with those of the control group.

PI3K/Akt/mTOR pathway analysis

To determine whether PI3K/Akt/mTOR signaling is 
involved in TIZ-induced autophagy, we determined the 
expression levels of the key proteins in PI3K/AKt/mTOR 
pathway on key protein expression by Western blot after 
the RAW264.7 cells were treated with TIZ. As shown in 
Fig. 7a–e, the p-PI3K/PI3K, p-Akt/Akt, p-mTOR/mTOR, 
and p-ULK1/ULK1 ratios were significantly inhibited 
upon 25 to 100 µM TIZ treatment for 12 h in a dose-
dependent manner (P < 0.05 or 0.01). Compared with the 
control group, the p-PI3K/PI3K, p-Akt/Akt, p-mTOR/
mTOR, and p-ULK1/ULK1 ratios in the RAW264.7 
cells treated with 100 µM TIZ significantly decreased by 
65%, 48%, 40%, and 24%, respectively. Meanwhile, the 
p-mTOR/mTOR ratio significantly decreased in a time-
dependent manner (P < 0.05 or 0.01) when the cells were 
treated with 75 µM TIZ (Fig. 7f and g), thereby further 
indicating that TIZ repressed the mTOR activity in the 
RAW264.7 cells.

Detection of PI3K and mTOR inhibitor function

To confirm the role of PI3K/Akt/mTOR pathways on the 
TIZ-induced autophagy further, we detected the key protein 
expression levels of the RAW264.7 cells by immunofluo-
rescence staining and Western blot after the cells were pre-
treated with LY294002 (PI3K inhibitor, 5 μM) or rapamycin 
(mTOR inhibitor, 1 μM) for 1 h and then to treatment with 
75 μM TIZ for 12 h. As shown in Fig. 8a, the RAW264.7 
cells of the control and LY294002-treated groups exhibited 
the negative pattern of the LC3 immunoreactivity in immu-
nofluorescence. However, the RAW264.7 cells exposed 
to TIZ, rapamycin, and TIZ + rapamycin were observed 
that the typical cytoplasmic LC3 punctate was significant 
formed, and LC3-labeled aggregation and the number of the 
cells with LC3-punctated foci significantly increased. The 
immunoreactivity intensity of the TIZ + LY294002-treated 
group was higher than those of the control and LY294002 
groups but lower than those of the TIZ, rapamycin, and 
TIZ + rapamycin groups. Meanwhile, compared with the 
75 µM TIZ group, the ratios of p-PI3K/PI3K and LC3-II/
LC3-I treated by TIZ + LY294002 and those of p-PI3K/PI3K 
and p-mTOR/mTOR treated by TIZ + rapamycin were sig-
nificantly suppressed (P < 0.05 or 0.01). However, the ratios 
of LC3-II/LC3-I treated by TIZ + rapamycin significantly 
increased (P < 0.01) are shown in Fig. 8b–e.

Fig. 6  Effects of TIZ on the expression of autophagy-related proteins. Note: a 
a dose-dependent manner of Beclin-1, Atg7 and Atg5–Atg12 conjugation was 
determined in RAW264.7 cells treated with 0, 25, 50, 75 and 100 μM TIZ by 
western blot; b the density analysis of blots of Beclin-1 treated with TIZ; c 
the density analysis of blots of Atg7 treated with TIZ; d the density analysis 
of blots of Atg5–Atg12 conjugation treated with TIZ. Values are expressed as 
mean ± S.D. of three replicates. *P < 0.05, **P < 0.01 versus the control group
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Fig. 7  TIZ suppressed the activation of PI3K/AKT/mTOR pathway. Note: a the expression levels of p-PI3K/PI3K, p-Akt/Akt, p-mTOR/mTOR 
and p-ULK1/ULK1 were detected by western blot when RAW264.7 cells treated with 0, 25, 50, 75 and 100 μM TIZ; b the ratios analysis of 
p-PI3K/PI3K treated with TIZ; c the ratios analysis of p-Akt/Akt treated with TIZ; d the ratios analysis of p-mTOR/mTOR treated with TIZ; e 
the ratios analysis of p-ULK1/ULK1 treated with TIZ. Values are expressed as mean ± S.D. of three replicates. *P < 0.05, **P < 0.01 versus the 
control group
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Fig. 8  TIZ-induced autophagy was attenuated by LY294002 and enhanced by rapamycin Note: a LC3 and DAPI immunofluorescence stain-
ing were performed to detect autophagy in RAW264.7 cells; b the expression levels of p-PI3K/PI3K, p-mTOR/mTOR and LC3-II/LC3-I were 
detected by western blot; c the ratios analysis of p-PI3K/PI3K; d the ratios analysis of p-mTOR/mTOR; e the ratios analysis of LC3-II/LC3-I. 
TIZ + LY294002 and TIZ + rapamycin mean the cells were pre-treated with LY294002 (PI3K inhibitor, 5 μM) or rapamycin (mTOR inhibitor, 
1 μM) then to treatment with 75 μM TIZ for 12 h. Values are expressed as mean ± S.D. of three replicates. Data within a column without the 
same superscript letters differ significantly (P < 0.05 or P < 0.01)
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Detection of LPS‑induced intracellular ROS

DCFH-DA was used to determine the intracellular ROS 
in the RAW264.7 cells that were treated with LPS. As 
shown in Fig. 9, the production of the intracellular ROS 
had significant upregulation after 1.0 µg/mL LPS-treated 
macrophage. However, the production of the intracellular 
ROS significantly reduced by 43–79% in a dose-dependent 
manner (P < 0.01), after the LPS-stimulated RAW264.7 cells 
were incubated with TIZ (25, 50, 75, and 100 µM). TIZ 
also remarkably suppressed the activation that LPS induced 
significant increase in the intracellular ROS with increase in 
the treatment time (P < 0.01).

Discussion

NTZ exhibits polypharmacology actions via its active 
metabolite TIZ (Rossignol 2014). Several of the key func-
tional proteins of pathogens (such as PFOR, NQO1) or host 
cells (such as GSTP1, UPR, PKR, eIF2-α) have been iden-
tified as the target of NTZ and TIZ against parasite, anaer-
obes, and viruses (Hoffman et al. 2007; Müller et al. 2008; 
Rossignol and Keeffe 2008; Müller and Hemphill 2011; Ros-
signol 2014). Autophagy and generation of inflammatory 
response and immune response are directly connected (Peña-
Sanoja and De Sanctis 2013; Iida et al. 2017). Drug-induced 
autophagy can potentially enhance immune responses and 
provide an attractive therapeutic strategy (Bishop and Brad-
shaw 2018). However, the effect of the drugs on autophagy 
in cells has rarely been reported on many molecular mecha-
nisms studies. TIZ inhibits inflammation in murine mac-
rophage in vitro (Shou et al. 2019a) that aroused our interest 
in exploring the autophagy induced by TIZ in RAW264.7 
cells.

Autophagy is an orchestrated homeostatic and catabolic 
cellular process to dispose of waste material and damaged 
organelles (Guan et al. 2017). This process also can remove 
intracellular microbial pathogens and plays an important 
role in innate and adaptive immunity, cell survival and 
death, metabolism, and development (Kroemer and Jäät-
telä, 2005). In monitoring autophagy, the contents of LC3 
are proportional to the number of autophagic vacuoles and 
have been considered to be autophagosome markers in mam-
mals (Tanida et al. 2004). p62 can be used as an autophagy 
marker because autophagy deficiency can increase p62 level 
(Manley et al. 2013). In the present study, the results showed 
that the number of cytoplasmic LC3 punctate cells and the 
ratio of LC3-II/LC3-I expression significantly increased, 
and the p62 expression level decreased in dose- and time- 
dependent manners in the Raw264.7 cells exposed to TIZ 
compared with the controls. These results indicated that 
TIZ induced a notable autophagy of Raw264.7 cells. TEM 
observation showed that the increased number of autophagic 
vacuoles in the cytoplasm of Raw264.7 cells in the treated 
groups supported the findings above. TIZ also activated the 
LC3-II/LC3-I expression level ratios significantly increased 
in the Vero, HepG2 and 293T cells. The results indicated 
that TIZ induced evident autophagy not only in Raw264.7 
cells but also in other different cell lines. NTZ, as the active 
prodrug of TIZ, activated the changes in LC3-II/LC3-I and 
p62 expression levels. The results indicated that leading to 

Fig. 9  The fluorescence intensity that intracellular ROS triggered 
was detected by flow cytometer. Note: a the fluorescence inten-
sity was decreased with TIZ concentration increasing. # shows the 
P < 0.01 when single LPS treated group compared with untreated 
group, and **shows P < 0.01 when TIZ groups compared with single 
LPS treated group. b **shows P < 0.01 compared between the same 
treatment groups
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autophagy should be a potential characteristic of thiazolide 
derivative.

Atg5, Atg7, and Atg12 are key proteins involved in the 
extension of the phagophoric membrane in autophagic vesi-
cles. The extension process requires the covalent attachment 
of the protein Atg12 to Atg5 through an ubiquitin-like con-
jugation system and is activated by Atg7 (Wesselborg and 
Stork, 2015). Meanwhile, Beclin-1, which is also named 
Atg6, is a well-known key regulator of autophagy (Wirawan 
et al. 2012). The expression of Atg5–Atg12 conjugation, 
Atg7, and Beclin-1 showed significant dose dependent 
increase with TIZ in the present study. This result indi-
cated that the autophagic structures were formed, and the 
autophagy membranes extended in the Raw264.7 cells. The 
results further showed that TIZ induced marked autophagy 
in the Raw264.7 cells.

The PI3K/Akt/mTOR pathway exhibits an important 
function in the regulation of autophagy (Zhao et al. 2016). 
The increase in the expression levels of the autophagy-
related proteins (Atg5–Atg12 and Atg7) showed that 
autophagy levels enhance when the PI3K/Akt/mTOR path-
way is inhibited (Xue et al. 2017). Through a Beclin-1-de-
pendent pathway, the activated Akt also induces autophagy 
(Hanahan and Weinberg 2011). The kinase mammalian 
target of rapamycin (mTOR) is also a downstream target 
of the PI3K and kinase Akt pathways, which are activated 
by the receptors of neurotrophins and growth factors, and 
promotes cell growth, differentiation, and survival (Heras-
Sandoval et  al. 2014; Manning and Toker 2017). The 
mTOR is a pivotal negative regulatory axis of autophagy 
and direct inhibitors of mTOR and those of pathways acti-
vating mTOR subsequently induce autophagy (Cuyàs et al. 
2014). To gain insight into the mechanism of TIZ-induced 
autophagic activity, we examined the PI3K/Akt/mTOR 
signaling pathway by Western blot assay. The results 
showed that the expression levels of phosphorylated PI3K, 
Akt, and mTOR in the Raw264.7 cells exposed to TIZ 
significantly decreased in a dose-dependent manner. TIZ 
also significantly decreased the phosphorylated mTOR 
expression levels in a time-dependent manner. The results 
indicated that TIZ downregulated PI3K, Akt, and mTOR 
activity in the Raw264.7 cells. ULK1 is also homologous 
to Atg1 in yeast and an important protein in autophagy for 
mammalian cells (Cheong et al. 2011) The suppression of 

mTOR can induce ULK1 activation through the phospho-
rylation of ULK1 and ULK1-dependent autophagy (Kim 
et al. 2011). Therefore, the ULK1 expression level was 
determined after TIZ exposure in vitro. The phosphoryla-
tion of ULK1 was downregulated by TIZ, which also indi-
cated that TIZ induced autophagy through the PI3K/Akt/
mTOR pathway. The inhibition of PI3K with LY294002 
can also inhibit autophagic sequestration (Blommaart et al. 
1997), but the inhibition of mTOR with rapamycin can 
promote it (Heras-Sandoval et al. 2014). In the present 
study, the results showed that the LC3 activity was sig-
nificantly promoted in immunofluorescence and blot assay, 
and the phosphorylation levels of PI3K and mTOR signifi-
cantly decreased during the presence of mTOR inhibitor. 
However, the activity of LC3-II and the phosphorylation 
of PI3K were suppressed, and the phosphorylation of 
mTOR was elevated with the presence of PI3K inhibitor. 
These results indicated that TIZ repressed the activity of 
the PI3K/Akt/mTOR pathway in the Raw264.7 cells.

Meanwhile, LPS triggers inflammatory response and 
leads to excessive ROS in immune cells (Park et al. 2015). 
TIZ represses LPS-induced oxidative stress (Shou et al. 
2019a) and inflammatory by inhibiting the NF-κB and 
MAPK signaling pathways (Shou et al. 2019b). Whether 
ROS participate in autophagy regulation is unclear, 
although several compounds can induce autophagy via 
oxidative stress (Chen et al. 2016). In the present study, the 
production of intracellular ROS in LPS-treated cells was 
remarkably repressed by TIZ in the present experiment, 
thereby indicating that intracellular ROS did not partici-
pate in TIZ-induced autophagy in Raw264.7 cells, and 
the protective effect of TIZ on cells can be multifaceted.

This study was the first to determine that TIZ trig-
gered autophagy through a mechanism that was involved 
in the repression of PI3K/AKT/mTOR pathway in the 
RAW264.7 murine macrophages (Fig. 10). The results 
provide novel insights into the protection of TIZ on cells. 
This work also displayed that thiazolide compounds can 
be a new autophagy inducer and inhibitor of PI3K/AKT/
mTOR family molecule. Further studies are warranted to 
explore the potential mechanism for the complex biologi-
cal targets and functions, such as through autophagy, anti-
oxidant, and anti-inflammatory activities, of TIZ.
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