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A B S T R A C T   

Objective: To study whether ACT exerts anti-fatigue activity against CRF by inducing skeletal muscle mitophagy 
via suppressing PHD2 to upregulate the HIF-1α/BNIP3 signaling pathway. 
Methods: In this study, the molecular docking virtual screening technique was used to screen active components 
in Cistanche tubulosa that act as potential PHD2 inhibitors; the preliminary verification was carried out by Surface 
plasmon resonance (SPR) technology. BALB/c mice were treated with Paclitaxel (PTX, 10 mg/kg) and ACT (50, 
100 mg/kg) alone or in combination for 20 days. Fatigue-related behaviors, energy metabolism and skeletal 
muscle mitochondria were assessed. Murine C2C12 myoblast was cultured and differentiated; then, a C26 tumor 
cell-conditioned medium was added to induce cachexia. Intracellular reactive oxygen species (ROS), mito
chondrial membrane potential, mitochondrial microstructure and function, autophagy, PHD2/HIF-1 and PINK1/ 
Parkin signal pathway proteins were analyzed. Then, interfering RNA technology was used to silence PHD2 and 
observe the efficacy of ACT. 
Results: We demonstrated that ACT exerted good binding activity with PHD2; ACT administration ameliorated 
PTX-induced muscle fatigue-like behavior via improving muscle quality and mitochondria function, increasing 
mitophagy, upregulating COXIV, CytoC, PINK1, Parkin, HIF-1α and BNIP3 expression and inhibiting p62, LC3B, 
PHD2 and Beclin-1 expression. The protective effect of ACT disappeared after transfection with the PHD2 gene 
knockdown plasmid Egln-1-RNAi. 
Conclusions: These results suggest that ACT can improve CRF by promoting mitophagy via suppression of PHD2 
to remove dysfunctional mitochondria, demonstrating that ACT has huge prospects for clinical application in 
CRF treatment.   

1. Introduction 

Cancer-related fatigue (CRF) is the predominant symptom of cancer 
cachexia and can be observed at any tumor stage [1]. Interestingly, CRF 
caused by different tumors is often exacerbated after treatment, with an 
estimated incidence of 25%− 99% during treatment, 65%− 100% after 
chemotherapy, 82%− 96% after radiotherapy, and 30%− 60% in pa
tients with moderate to severe CRF. Although patients experience relief 

after effective treatment, follow-up studies found that 25%− 33% of 
patients experience CRF for several years and can last more than ten 
years after diagnosis [2]. Unlike general fatigue, CRF cannot be elimi
nated by rest or sleep. Given the lack of effective treatment measures, 
the quality of life of cancer patients is seriously affected, thus becoming 
a major clinical conundrum. 

The etiology of CRF is complex, and the pathogenesis remains largely 
unclear. It has been reported that the tumor itself and the associated 
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treatment, complications and sociopsychological factors are the main 
causes of CRF [3]. Studies have shown that during chemotherapy or 
radiotherapy, non-target tissues such as skeletal muscle and nerve fibers 
are affected by the toxicity of chemotherapeutic drugs. In this regard, 
the structure and function of mitochondria in skeletal muscle have been 
documented to be destroyed, and the energy supply of muscle cells 
reduced, leading to an increase of oxidative stress, which causes CRF 
[4]. In recent years, skeletal muscle mitochondrial dysfunction has 
become major hot research to improve our understanding of the path
ogenesis of CRF [5]. 

Indeed, studies have shown that mitochondrial dysfunction can also 
exacerbate hypoxia in tumor environments. The predominant subjective 
feeling in patients with tumor-associated anemia is fatigue [6]. Anemia 
is common in CRF patients, which leads to inhibited mitochondrial 
function and aggravates hypoxia in tumor patients [7]. Accordingly, 
maintaining mitochondrial homeostasis and timely removal of damaged 
mitochondria in skeletal muscle under long-term hypoxic stress condi
tions seems to be an effective intervention strategy to alleviate CRF in 
cancer patients [8]. 

It has been established that mitophagy plays a crucial role in clearing 
dysfunctional mitochondria, fine-tuning the number of mitochondria 
and maintaining energy metabolism [9,10]. Hypoxia-inducible factor 
(HIF) has been shown to be an important regulator of cellular oxygen 
homeostasis, while Proline hydroxylase2 (PHD2) is a key enzyme that 
regulates the stability of HIF-1α [11]. Under hypoxic conditions, the 
activity of PHD2 is inhibited, which prevents the hydroxylation and 
degradation of HIF-1α. HIF-1α accumulates, translocates into the nu
cleus, binds to HIF-1β to form a heterodimer that acts as a transcription 
factor and induces mitophagy by regulating the expression of 
BNIP3/Beclin-1 [12]. A series of recent studies have substantiated that 
many drugs can treat CRF caused by anemia by improving the function 
of HIF via inhibition of PHD [13,14]. 

At present, there is no FDA-approved drug that can effectively pre
vent and treat CRF. An increasing body of evidence suggests that natural 
products of various sources have a lot of pharmacological effects and are 
expected to become new alternative drugs for managing CRF [15]. 
Cistanche tubulosa (family Orobanchaceae) is a parasitic plant widely 
grown in the southern region of Xinjiang in China. Cistanche tubulosa has 
been shown to exhibit various properties, including enhancing organism 
immunity, improving organism endurance, nourishing the kidneys, 
treating impotence, anti-oxidation and anti-aging [16]. This plant con
tains phenylethanol glycoside (CPhGs), iridoid and polysaccharides, of 

which the echinacoside and ACT are the main bioactive species. 
In a previous study, we found that the HIF-1 pathway ranked second 

among the top 20 related pathways as common targets of Cistanche 
tubulosa and CRF by the network pharmacology. In the present study, we 
used molecular docking technology to search for potential active com
ponents similar to PHD2 inhibitors in Cistanche tubulosa and SPR to 
verify their binding activity. The results showed that ACT ranked first 
among all compounds with a docking score of − 11.184 and KD (M) 
value of 11.6 μM, suggesting that ACT has a good binding activity with 
PHD2 protein. However, the association between ACT and skeletal 
muscle mitophagy remains unclear and warrants further exploration. 

In this study, the effects of ACT on PTX-induced fatigue in mice were 
investigated by performing a series of behavioral tests, analyzing the 
quality of skeletal muscle and the state and function of mitochondria, 
etc. Furthermore, a malignant cachexia model of muscle cells induced by 
co-culture of C26 and C2C12 cells was established to investigate the 
mitophagy of ACT and the effect of mitophagy signaling pathways 
PHD2/HIF-1α/BNIP3 and PINK1/Parkin (See workflow scheme in  
Fig. 1). Our experimental results showed that ACT alleviated CRF by 
promoting mitophagy via suppressing PHD2 to remove dysfunctional 
mitochondria, which indicates that ACT has huge prospects as a novel 
drug for CRF treatment. 

2. Materials and methods 

2.1. Reagents and antibodies 

C2C12 (CL-0044) and C26 cells line (CL-0071) were purchased from 
Procell Life Science&Technology Co.,Ltd. (Wuhan, China). ACT 
(HPLC>98.5%) was obtained from Yongjian Pharmaceutical Co., Ltd 
(Taizhou, China). PTX Injection was purchased from Yangtze River 
Pharmaceutical Group (Taizhou, China). The Mitochondrial membrane 
potential assay kit with JC-1 and total superoxide dismutase assay kit 
with WST-8 were obtained from Beyotime (Shanghai, China). The 
Reactive oxygen species assay kit was purchased from Solarbio Science 
& Technology Co., Ltd. (Beijing, China). The following primary anti
bodies were used in this study at the indicated dilution for western blot 
(WB) and immunofluorescence (IF) analysis: COXⅣ (GB11250, Serv
icebio, 1:1000 for WB), CytoC (GB11080, Servicebio, 1:1000 for WB), 
p62 (GB11239–1, Servicebio, 1:1000 for WB), LC3B (18725–1-AP, 
Proteintech, 1:500 for WB), PHD2/Egln1 (19886–1-AP, Proteintech, 
1:700 for WB), HIF-1α (GB111339, Servicebio, 1:700 for WB), BNIP3L 

Fig. 1. Workflow scheme. This work was composed of four main parts, including Cistanche tubulosa compound selection & SPR verification, in vivo and in vitro 
experiments. 
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(12986–1-AP, Proteintech, 1:700 for WB), Beclin-1 (GB112053, Serv
icebio, 1:700 for WB), PINK1(23274–1-AP, Proteintech, 1:600 for WB), 
Parkin(GB113802, Servicebio, 1:700 for WB), Fast Myosin Skeletal 
Heavy chain (GB112130, Servicebio, 1:700 for IF), Slow Myosin Skeletal 
Heavy chain (GB111857, Servicebio, 1:300 for IF), and β-actin 
(GB11001, Servicebio, 1:1000 for WB). The Peroxidase-conjugated 
second antibody was purchased from Proteintech (SA00001–2, 
Wuhan, China). 

2.2. Screening of active compounds in Cistanche tubulosa targeting PHD2 

2.2.1. Selection of the screening database 
To screen for potential compounds of Cistanche tubulosa that target 

PHD2, we downloaded the chemical structure of compounds in Cistanche 
tubulosa from the TCMSP database. ISIS software was used to intersect 
and merge the compounds. Finally, we established the database of 
traditional Chinese medicine in Cistanche tubulosa. At the same time, the 
binding data of PHD2 inhibitors were retrieved in the BindingDB web
site, using the keyword "PHD2" and processed by 1) Deleting the activity 
data of repetitive structures. 2) Removing the activity data value of the 
wrong structure based on the original literature. 3) Selecting a threshold 
of the activity data value of 10000 nM. 4) Removing compounds with 
complex molecular formulas. After meeting these four conditions, non- 
repetitive PHD2 inhibitors were selected, and a database of PHD2 in
hibitors was established by ISIS software. 

2.2.2. Molecular docking analysis 
The flexible docking process between chemical compounds and 

target proteins was conducted by the Rosetta software. A total of 30 
docking conformations were extracted and ranked according to the 
docking energy value. The detailed docking process was performed as 
follows: 1) A wide range of boxes was formed using the amino acid 
residues around the receptor’s active site. Different atoms were used as 
probes to scan and calculate the lattice energy. 2) A conformational 
search was carried out on the ligands within the box range. Finally, the 
ligands were scored according to their different conformations, orien
tation, position and energy, and the results were sorted. 3) For 501 
traditional Chinese medicine component systems, protein-small mole
cule semi-flexible docking was carried out, yielding 100 docking phases, 
ranked by the energy levels. The molecules with the most clustering and 
the lowest energy were selected as the representatives of each system. 

2.3. Surface plasmon resonance (SPR) assay 

SPR analysis was conducted with the Open SPR instrument (Nic
oyalife, Canada). The NTA sensor chip was first installed on the 
OpenSPR instrument in accordance with the standard operating pro
cedure. In the beginning, a maximum flow rate of 150 µm L/min was 
used, and the detection buffer consisted of 1%DMSO + PBS (pH 7.4). 
After reaching the signal baseline, the flow rate of the buffer was 
adjusted to 20 μL/min. After activating the chip, the prepared nicl2 
solution was injected through the injection port and functionalization of 
the chip surface was completed. Then, 200 μL of the dissolved ligand 
protein was prepared and injected through the injection port over 4 min. 
The baseline was observed for 5 min to ensure stability. The ligand- 
binding affinity was measured by comparing the signals before and 
after ligand injection. More ligands could be injected if needed. After the 
ligand signal was stable, a high concentration of analyte was injected to 
confirm the activity of the ligand and the approximate maximum 
binding capacity of the surface. The flow rate was increased to 150 μL/ 
min, and the appropriate regeneration buffer was injected to remove 
analytes. The analyte was diluted with buffer, and the concentration of 
the analyte was detailed in the experimental results. The binding time 
between protein and ligand was 240 s, and the natural dissociation was 
360 s by injection of the running buffer at a flow rate of 20 L/min. The 
data were analyzed with TraceDrawer (Ridgeview Instruments ab, 

Sweden) using a standard one-to-one binding model. 

2.4. In vivo experiments 

2.4.1. Animal models and drug treatment 
BALB/c (males; weighing 16–20 g) mice were purchased from the 

Animal Experiment Center of Xinjiang Medical University; the animal 
certificate number and SPF environment use license number were SCXK 
(Xin) 2018–0001 and SYXK (Xin) 2018–0003. Before the experiment, all 
mice were adaptively fed in a specific pathogen-free (SPF) environment 
for 7 days at a room temperature of 22–26 ℃, relative humidity of 
40–60%, under a 12/12 h light/dark cycle for 12 h, with free access to 
food and water. 

Before administration, male BALB/c mice were placed in a swim
ming box (high 30 cm, diameter 25 cm) for adaptive swimming training 
for 7 days; the water temperature was 25 ℃ ± 1 ℃. According to the 
swimming time, the mice were randomly divided into 4 groups (n = 24): 
normal control (NC) group, PTX group, PTX + 50 mg/kg ACT group, 
and PTX + 100 mg/kg ACT group. 50 mg/kg and 100 mg/kg ACT were 
administered intragastrically once daily. 10 mg/kg PTX was adminis
tered by intraperitoneal injection, once every 2 days. After the animals 
were separated into different groups, the drugs were administered for 21 
days. The normal control group was administered with the corre
sponding volume of normal saline intragastrically. 

2.4.2. Ethology assessment 
To reflect the degree of fatigue of each group of mice, the exhaustive 

swimming test, open field test and tail suspension test were used. 
Exhaustive swimming test: Prior to administration and on days 10 

and 20 after administration, lead pendants (weighing 7% of the body
weight) were attached to the tail of mice. The mice in each group were 
put into a swimming box with a water temperature of 25 ℃ ± 1 ℃ (high 
30 cm, diameter 25 cm), and the exhaustive swimming time was 
recorded. Exhaustive swimming was observed when the tip of the mouse 
nose sank under the water for at least 10 s 

The open-field test was carried out using Chengdu Tai League TM- 
visual behavior experiment system. Mice were put into the center of 
the box, and the total distance moved and immobility time were 
observed for 5 min. Each mouse was tested after thorough cleaning of 
the box. 

Tail suspension test: all mice in the open-field experiment were 
treated according to the original grouping and administration plan. 
30 min after the last administration, the mouse tail (from the tail tip 
2 cm) was glued to the TS-200 tail suspension tester, the mouse head 
was placed 5 cm from the bottom of the tester, and the immobility time 
was recorded for 5 min 

2.4.3. Micro-CT 
To evaluate the changes in skeletal muscle content in each group of 

mice, the mice underwent Micro-CT (SkyScan 1176, Bruker, Germany). 
Before the analysis, the mice were anesthetized with a 3% isoflurane/ 
oxygen mixture and placed prone on the Micro-CT bed, keeping the hind 
limbs in a natural position for scanning. The following parameters: the 
distance from the upper end of the tibia to the medial malleolus (tibia 
length, L), and the vertical distance from the half-length of the tibia to 
the outer edge of the hindlimb muscle (muscle thickness, T), were 
measured. The Muscle mass index (IMM) was defined as the ratio of T to 
L, and the cross-sectional area of tibial muscles at half-length was 
measured by the ROI contour tool in Micro View analysis software. The 
left and right legs of each mouse were analyzed, and the average value 
was taken. 

2.4.4. Histological, Immunofluorescence staining and Reactive oxygen 
species measurements 

At the end of the experiment, the skeletal muscle tissues were fixed in 
10% Neutral Buffered Formalin for histological analysis under light 
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microscopy. 3–5 mm-thick skeletal muscle tissue sections were depar
affinized and processed routinely for hematoxylin and eosin (H&E) and 
immunofluorescence staining of the fast- and slow-twitch fibers. The 
frozen skeletal muscle tissues were taken out from a − 80 ◦C refrigerator 
and immediately embedded in the OCT compound. The OTC samples 
were cut into 10 µm-thick sections, incubated in DHE, and mounted with 
DAPI. Once DHE was oxidized to ethidium and subsequently interca
lated to DNA, a bright red fluorescence was observed. Images were ob
tained using the fluorescence microscope (DMi8, Leica, Germany) and 
analyzed with Image lab software. 

2.4.5. Detection of superoxide dismutase 
Total superoxide dismutase (SOD) activity was measured using the 

total superoxide dismutase assay kit with WST-8(S0101M, Beyotime, 
China). Skeletal muscle tissues were weighed and homogenized with 
SOD sample preparation solution on ice. Lysis samples were centrifuged 
at 1000 g for 10 min at 4 ℃. Twenty microliters of the diluted samples 
were added to 160 μL of the WST-8 working solution, then 20 μL of the 
initial solution was added. The SOD activity was analyzed at 450 nm 
after 30 min incubation at 37 ℃. Meanwhile, the absorbance of blank 1 
(buffer +WST-8 working solution + start solution) and blank 2 (buffer +
WST-8 working solution) was determined and used to calculate sample 
results according to the manufacturer’s instructions. The results of SOD 
activity were expressed as U/g protein. 

2.4.6. Transmission electron microscope of skeletal muscle 
The skeletal muscle tissues were post-fixed in 1% osmium tetroxide 

for 3 h. After dehydration with graded ethanol and acetone, samples 
were embedded in Spurr, sliced into pieces with the thickness of 70 nm, 
stained with uranyl acetate and lead citrate, and observed using TEM 
(JEM1230HC, JEOL, Japan). The mitochondrial Flameng score was 
evaluated at 10,000 × . 

2.5. In vitro experiments 

2.5.1. Cell culture 
C2C12 cells were cultured in a high glucose DMEM medium sup

plemented with 10% fetal bovine serum(FBS, Gibco, Australia) and the 
high glucose DMEM differentiation medium supplemented with 2% 
Horse serum(HS, Procell, China). C26 cells were cultured in a high 
glucose DMEM medium supplemented with 10% FBS and 1% penicillin 
and streptomycin. All cells were cultured at 37 ℃ with 5% CO2. 

2.5.2. Drug administration 
ACT was diluted with the cell culture media before use. C2C12 cells 

were divided into the Control group, C26 co-culture model group and 
C26 co-culture model + ACT group. The control group consisted of well- 
differentiated cells in normal culture media. In the C26 co-culture model 
group with C2C12 cells, C26 cells were cultured in high glucose DMEM 
medium containing 2% HS for 24 h; the culture medium was collected 
into a centrifuge tube and underwent centrifugation at 1000 r/min for 
5 min. The upper liquid was absorbed without contact with the bottom 
sediment, and a 100% conditioned medium was prepared. The 100% 
C26 medium was diluted to a 33% conditioned medium and co-cultured 
with differentiated C2C12 cells. In the C26 co-culture model + ACT 
group, cells were treated with different concentrations of ACT (25, 50 
and 100 μM) and 33% conditioned medium for 24 h. 

2.5.3. Cell counting Kit-8 assay 
CCK-8 assay (BA00208, Bioss, China) was conducted to determine 

the viability of C2C12 cells, according to the manufacturer’s in
structions. Cells exhibiting logarithmic growth were seeded in a 96-well 
plate at a density of 5 × 103 cells/ well. After incubation for 24 h and 
48 h, 20 μL CCK-8 reagent was added to each well. A microplate reader 
(ThermoFisher, USA) at 450 nm was applied to detect the viability of 
cells. Samples were run for each concentration in quadruplicates. The 

following formula (Eq. (1)) was used to calculate the percentage of cell 
viability:  

Cell viability (%) = (mean absorbency in test wells - mean absorbency in blank 
wells)/(mean absorbency in control wells - mean absorbency in blank wells)×
100                                                                                               (1)  

2.5.4. Detection of ROS by flow cytometry 
Generation of intracellular ROS was measured using 2,7′-dichloro

fluorescein-diacetate (DCFH-DA, CA1410, Solarbio, China). C2C12 cells 
were cultured in a high glucose DMEM differentiation medium supple
mented with 2% HS, 1% penicillin and streptomycin, at 37 ℃ in 5% 
CO2, and treated with 33% C26 conditioned medium and different 
concentrations of ACT for 24 h, then incubated with DCFH-DA (10 μM) 
for 30 min at 37 ℃. After being washed twice with serum-free culture 
media, the level of ROS was determined using a flow cytometer (Becton 
Dickinson, San Jose, US). DCFH-DA positive cells with high ROS levels 
were analyzed using FlowJo software (version 10, FlowJo LLC). 

2.5.5. Mitochondrial membrane potential measurement 
The mitochondrial membrane potential was measured using a JC-1 

fluorescent probe (C2006, Beyotime, China). The C2C12 cells were 
cultured in a high glucose DMEM differentiation medium supplemented 
with 2% HS, 1% penicillin and streptomycin, at 37 ℃ in 5% CO2, 
treated with 33% C26 conditioned medium and different concentrations 
of ACT for 24 h and then incubated with JC-1 for 20 min at 37 ℃. The 
stained cells were washed twice and analyzed using a confocal laser 
scanning microscope (C2, Nikon, Japan). Mitochondrial depolarization 
was indicated by a decrease in red/green fluorescence intensity ratio. 

2.5.6. Transmission electron microscope of C2C12 cells 
C2C12 cells were fixed with 2.5% glutaraldehyde and then post-fixed 

with 1% osmium tetraoxide, dehydrated in a graded series of ethanol 
concentrations and embedded in epoxy resin. The ultrathin sections 
were mounted on copper grids and then double-stained with uranyl 
acetate and lead citrate. The samples were examined and photographed 
under a JEOL electron microscope (JEM1230 HC, JEOL, Japan). The 
number of autolysosomes and mitochondrial Flameng score were eval
uated at 40,000 × . 

2.5.7. Western blotting assay 
Total proteins of cells were isolated by radioimmunoprecipitation 

assay (RIPA) lysis buffer (89901, ThermoFisher, USA) and quantified 
using a BCA detecting kit (G2026, Servicebio, China). Proteins were 
separated by SDS-poly-acrylamide gel electrophoresis and transferred to 
PVDF membranes. Membranes were blocked with 5% fat-free milk in 
TBST buffer at room temperature for 2 h and then incubated overnight 
with rabbit anti-LC3B, p62, COXⅣ, CytoC, PHD2, HIF-1α, BNIP-3, 
beclin-1, PINK1 and Parkin at 4 ℃. The membranes were washed 
three times in TBST and incubated with goat anti-rabbit conjugated 
secondary antibody (1:25 000 dilution) for 1 h at room temperature. 
Finally, the film was exposed, developed and fixed to observe the results. 
The gray value of each special band on the image was digitized by 
ImageJ software V1.8 (National Institute of Health), with β-actin serving 
as the internal reference. 

2.5.8. Plasmid DNA, siRNA, and transfection 
The C2C12 cells were maintained in a high glucose DMEM differ

entiation medium supplemented with 2% HS, 1% penicillin and strep
tomycin, at 37 ℃ in 5% CO2 and treated with a 33% C26 conditioned 
medium. Then, C2C12 cells were transfected with a plasmid expressing 
the constitutively active form of PHD2 and vector control (GeneChem, 
Shanghai, China) using Lipofectamine 3000 (Invitrogen, Carlsbad, CA) 
according to the manufacturer’s instructions. Briefly, cells in the 6-well 
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plates were incubated with plasmid /Lipofectamine 3000 complex at 
37 ℃ for 48 h, and the medium was replaced with the concentration of 
ACT 50 µM for 24 h. Then, the cell lysates were collected for ROS con
tent and verified by Western blot. 

2.6. Statistical analysis 

SPSS 20.0 was used for statistical analyses. The measurement data 
were expressed as mean ± standard deviation (SD). One-way ANOVA 

was performed for multiple group comparisons and the LSD test for the 
difference between two groups. A P-value < 0.05 was statistically 
significant. 

3. Results 

3.1. ACT was selected as a key compound with anti-PHD2 potential 

To screen for potential compounds of Cistanche tubulosa that target 
PHD2, the Traditional Chinese Medicine Systems Pharmacology Data
base and Analysis Platform (TCMSP) was retrieved. Next, the topological 
parameters of each selected compound, including the conformation, 
orientation, position and energy, were calculated and scored using 
protein-small molecule semi-flexible docking. The molecules with the 
most clustering and the lowest energy were selected as the representa
tives of each system. The top 9 compounds with scores from high to low 
are shown in Table 1 and Fig. 2C (the rest of the compounds are listed in 
Supplementary Table 1). Among these, ACT (PubChem CID: 5281800) 
exhibited the highest potential binding activity with PHD2 (Fig. 2D). 
Accordingly, ACT was selected as a key compound for further analysis. 
The molecular formulas and chemical structures of ACT are shown in 
Fig. 2A. 

Table 1 
TCMSP database (components of Cistanche tubulosa) molecular system binding 
model (sorted by energy score, all compound molecules ranked in the top 10).  

Title chemical compound docking score XP GScore glide gscore 

MOL003333 acteoside -11.184 -11.203 -11.203 
MOL003202 8-epi-Loganic acid -10.718 -10.718 -10.718 
MOL008872 cistanoside B -10.419 -10.419 -10.419 
MOL000346 succinic acid -10.415 -10.421 -10.421 
MOL008876 echinacoside_qt -9.271 -9.271 -9.271 
MOL005320 arachidonate -9.164 -9.167 -9.167 
MOL008861 Cistanoside F -8.471 -8.472 -8.472 
MOL001669 geniposidie acid_qt -8.205 -8.22 -8.22 
MOL008859 Cistanoside E -8.111 -8.111 -8.111 
MOL008857 Cistanoside A -7.92 -7.92 -7.92  

Fig. 2. Selection of the key compounds from Cistanche tubulosa. A, the 2D-chemical structure of ACT downloaded from the TCMSP database; B, PHD2 protein 
structure and molecular docking cavity; C, TCMSP database (components of Cistanche tubulosa) molecular system binding model (sorted by energy score, all com
pound molecules ranked in the top 9); D, the binding pattern of ACT to PHD2 protein; E, interactions between the ACT and PHD2 were determined by SPR assay, The 
KD of the PHD2 protein with a series of concentrations of ACT was calculated by SPR. 
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3.2. Interactions between ACT and PHD2 were validated by the SPR 
assay 

The interactions between ACT and PHD2 were further evaluated by 
real-time biomolecular interaction analysis and SPR. The kinetics of the 
binding reaction were determined by injecting different concentrations 
of the compounds over a recombinant human PHD2 (Egln1) immobi
lized on the chip surface. The data were fitted to a monovalent binding 
model by non-linear regression. The equilibrium dissociation constants 
(KD) for ACT and PHD2 were 1.16e-5, respectively, with association 
rates of 4.09e2 and dissociation rates of 4.75e-3 (Fig. 2E). 

3.3. Effect of ACT on exhaustive swimming time 

The exhaustive swimming test, open field test and tail-suspension 
experiment were used to evaluate the anti-fatigue properties of ACT. 
The results showed no significant difference in exhaustive swimming 
time among each group (p > 0.05) at baseline. The exhaustive swim
ming time of mice in the ACT (50, 100 mg/kg)-treated groups was 
significantly higher than in the PTX group on days 10 and 20 (p < 0.01) 
(Fig. 3B). 

3.4. Effect of ACT on the open field test 

The open field test results in each group of mice can be observed in 
Fig. 3A. The results showed that ACT (50, 100 mg/kg) significantly 

reduced the immobility times and corner zone times of mice compared 
to the PTX group (p < 0.01). Moreover, ACT (50, 100 mg/kg) also 
improved the exercise time, the total exercise distance and center time 
compared to the PTX group (p < 0.01). 

3.5. Effect of ACT on the tail suspension experiment 

As shown in Fig. 3C, the cumulative resting time of the PTX group 
was significantly longer than the control group. Compared with the PTX 
group, the cumulative resting time of the PTX + 50 mg/kg ACT group 
and the PTX + 100 mg/kg ACT group were significantly shorter 
(p < 0.01). These findings suggest that ACT exerts potent anti-fatigue 
effects. 

3.6. Micro-CT changes of the Effect of ACT on skeletal muscle content 

We previously established that mice in the PTX group had poor 
endurance and were more prone to fatigue. Given the key role of skeletal 
muscle loss in CRF, we sought to assess the skeletal muscle content of 
these mice; a well-established imaging macroscopic evaluation method 
was used to evaluate the skeletal muscle content of mice in each group. 
As seen in Fig. 3D, the muscle mass index of the PTX group was lower 
than the control group(p < 0.01), while 100 mg/kg ACT could signifi
cantly accentuate the decrease of muscle mass index induced by PTX 
(p < 0.01). Similar results were also obtained on the index of the cross- 
sectional area of muscle groups in half-length(p < 0.01). 

Fig. 3. Alleviating effect of ACT on PTX-induced cancer-related fatigue. 50 mg/kg and 100 mg/kg ACT were administered intragastrically, once daily. 10 mg/kg PTX 
was administered by intraperitoneal injection, once every 2 days. A, the results of the open field test in each group of mice; B, the degree of fatigue was evaluated by 
the exhaustive swimming time test; C, the results of tail suspension test in each group of mice (Mice struggled to escape for a period of time and adopted a posture of 
immobility. The cumulative immobility time of the animal was recorded during the course of the experiment); D, micro-computed tomography for non-invasive 
evaluation of muscle mass in mouse models of cancer-related fatigue induced by PTX. The values are presented as mean ± SD. #P < 0.05, ##P < 0.01, 
compared with control group, *P < 0.05, **P < 0.01, compared with model group. 
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3.7. Histopathology changes of the effect of ACT on skeletal muscle 

HE staining results showed that the cross-sectional muscle area in the 
PTX group was significantly smaller than in the control group, sugges
tive of significant skeletal muscle atrophy. Consistently, 50 mg/kg ACT 
and 100 mg/kg ACT could significantly improve skeletal muscle atrophy 
in mice (Fig. 4A). 

3.8. Effects of ACT on fast and slow muscle fibers of skeletal muscle 

It is widely acknowledged that skeletal muscles have differences in 
the contraction speed and anti-fatigue ability and are generally divided 
into fast-twitch muscle fibers (type II muscle fiber mainly) and slow- 
twitch muscle fibers (type I muscle fiber mainly) based on the differ
ence in tissue structure, and the distribution and composition of muscle 
fibers. The results of fast and slow-twitch muscle fibers staining (Fig. 4B, 
E) showed that compared with the control group, the proportion of fast- 

twitch muscle fibers in the PTX group increased significantly (p < 0.01), 
while the proportion of slow-twitch muscle fibers decreased signifi
cantly in PTX group (p < 0.01). Compared with the PTX group, the 
proportion of fast-twitch muscle fibers was significantly reduced, and 
the proportion of slow-twitch muscle fibers increased in the PTX 
+ 50 mg/kg ACT group and PTX + 100 mg/kg ACT group (p < 0.01). 

3.9. Effects of ACT on ROS and SOD in skeletal muscle 

Given that excessive oxidative stress can lead to fatigue, we inves
tigated the effects of ACT on oxidative stress in PTX-induced CRF in 
mice. The results showed that ACT (50, 100 mg/kg) significantly 
decreased ROS levels in mice compared to the PTX group (p < 0.05) 
(Fig. 4C, F). Moreover, ACT (50, 100 mg/kg) also increased SOD activity 
in mice compared to the PTX group (p < 0.01) (Fig. 4G). These findings 
suggest that the anti-fatigue effect of ACT could be attributed to a certain 
extent to its anti-oxidative properties. 

Fig. 4. Mechanism of ACT treatment in improving cancer-induced fatigue in mice. 50 mg/kg and 100 mg/kg ACT were administered intragastrically, once daily. 
10 mg/kg PTX was administered by intraperitoneal injection, once every 2 days. A, Photomicrographs of skeletal muscle sections stained with H&E (200X); B and E, 
immunofluorescence staining of fast and slow-twitch muscle fibers (red represents fast muscle fibers, green represents slow muscle fibers, 200X); C and F, ROS 
fluorescence staining(100X), DHE can enter the cell freely through living cells and be oxidized by intracellular ROS to form oxidized ethidium. Oxidized ethidium can 
be incorporated into chromosome DNA to produce red fluorescence. The amount and change in ROS content were assessed according to the red fluorescence in frozen 
sections of skeletal muscle tissue; D, representative images of the mitochondrial ultrastructure in skeletal muscle sections under transmission electron microscopy 
(scale bar =2 µm and 500 nm). G, SOD content in skeletal muscle tissues. The values are expressed as mean ± SD of three independent experiments. #P < 0.05, 
##P < 0.01, compared with control group, *P < 0.05, **P < 0.01, compared with model group. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
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3.10. Transmission electron microscope changes of the effect of ACT on 
the skeletal muscle ultrastructure 

Under transmission electron microscopy, the skeletal muscle struc
ture of the PTX group was seriously damaged compared to the control 
group. The structure of skeletal muscle mitochondria was swollen, with 
an irregular shape. The membrane was dissolved and connected, and the 
internal crest was disordered(p < 0.01). However, after ACT(100 mg/ 
kg) treatment, the morphology of mitochondria in the PTX group was 
intact and regularly arranged, but mild swelling could be observed 
(p < 0.01) (Fig. 4D). 

3.11. Cell proliferation in C2C12 cells cultured with 33% C26 
conditioned medium and ACT 

To establish a cachexia model of muscle cell carcinoma in C2C12 
cells, a 33% C26 conditioned medium was used as an inducer. CCK-8 
assays were performed to determine the effective concentration of C26 
conditioned medium and ACT in C2C12 cells. As indicated by Fig. 5A, a 
dose of 33% C26 conditioned medium and 25, 50, and 100 μM ACT were 
chosen for the subsequent studies. In addition, we found that the 33% 
C26 conditioned medium induced a decrease in viability of C2C12 cells, 
and this phenomenon was reversed after treatment with 25, 50, and 
100 μM ACT at 24 h and 48 h (p < 0.01). 

Fig. 5. Mitophagy in C2C12 cells. C2C12 cells were treated with a 33% C26 conditioned medium for 24 h with different concentrations of ACT (25, 50 and 100 μM). 
A, the cell viability was assessed by CCK-8 assays; B, the level of intracellular ROS was detected by Flow cytometry; C, mitochondrial membrane potential was 
detected by JC-1 probe, when the mitochondrial membrane potential is high, JC-1 aggregated in the mitochondrial matrix to form J-aggregates, which produce red 
fluorescence; when the mitochondrial membrane potential is low, JC-1 could not gather in the mitochondrial matrix, and JC-1 is a monomer, producing green 
fluorescence.; D, representative images of the mitochondrial ultrastructure in C2C12 cells under transmission electron microscopy (scale bar =2 µm and 500 nm). The 
values are presented as mean ± SD of three independent experiments. #P < 0.05, ##P < 0.01, compared with control group, *P < 0.05, **P < 0.01, compared with 
model group. 

S. Zhang et al.                                                                                                                                                                                                                                   



Biomedicine & Pharmacotherapy 150 (2022) 113004

9

3.12. Effect of ACT on ROS accumulation in C2C12 cells induced by 33% 
C26 conditioned medium 

To identify the protective mechanisms of ACT in C26 conditioned 
medium-treated C2C12 cells, we assessed whether ACT could alleviate 
the C2C12 cell response to oxidative stress. In addition, we quantified 
the intracellular ROS levels. The results showed that stimulation with 
33% C26 conditioned medium significantly increased intracellular ROS 
production (p < 0.01), whereas treatment with ACT (50, 100 μM) could 
effectively decrease the generation of ROS (p < 0.01) (Fig. 5B). 

3.13. Effects of ACT on the Mitochondrial membrane potential of C2C12 
cells cultured in 33% C26 conditioned medium 

To investigate whether ACT leads to mitochondrial changes in 
C2C12 cells, we measured the mitochondrial membrane potential by JC- 
1 probe. As shown in Fig. 5C, a significant decrease in red fluorescence 
intensity and an increase in green fluorescence intensity were observed 
in C26 conditioned medium-treated C2C12 cells (p < 0.01). However, 
administration of ACT (25, 50, and 100 μM) significantly increased red 

fluorescence intensity and decreased green fluorescence intensity 
(p < 0.01). 

3.14. Effects of ACT on the ultrastructure and mitochondrial 
autophagosomes of C2C12 cells cultured in 33% C26 conditioned medium 

As demonstrated in Fig. 5D, stimulation with the C26 conditioned 
medium for 24 h resulted in a significant increase in the percentage of 
cells with fragmented mitochondria compared with the control 
(p < 0.01). Treatment with 50 μM ACT significantly decreased the 
percentage of fragmented mitochondria and increased the number of 
autophagosomes in C26 conditioned medium-treated C2C12 cells 
(p < 0.01). 

3.15. Effect of ACT on the protein expressions of autophagy, 
mitochondrial function and HIF-1 pathway in C2C12 cells induced by 
33% C26 conditioned medium 

The morphology of mitochondria is closely related to their function. 
The protein expression levels of COXIV, CytoC, LC3B, p62, PINK1 and 

Fig. 6. ACT regulated the HIF-1α/BNIP3 signaling pathway via inhibition of PHD2 expression. C2C12 cells were treated with a 33% C26 conditioned medium for 
24 h with different concentrations of ACT (25, 50 and 100 μM). Western blot was used to quantify protein expression levels. Flow cytometry was used to detect the 
level of intracellular ROS in each group. A-C, the protein expression levels of CytoC, COX IV, LC3B, p62, PHD2, HIF-1α, BNIP3, Beclin-1 PINK1 and Parkin in C2C12 
cells. #P < 0.05, ##P < 0.01, compared with control group, *P < 0.05, **P < 0.01, compared with model group; D, the level of intracellular ROS with Egln1-RNAi 
plasmid in C2C12 cells; E, the protein expression levels of PHD2, CytoC and COX IV in C2C12 cells. β-actin served as a loading control. #P < 0.05, ##P < 0.01, 
compared with C26 conditioned medium group, *P < 0.05, **P < 0.01, compared with C26 conditioned medium +Egln1-RNAi group, +P < 0.05, ++P < 0.01, 
compared with C26 conditioned medium + ScrRNA group. 
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Parkin, which reflect the key functional indexes of mitochondria, were 
assessed in the control group, C26 conditioned medium group and C26 
conditioned medium + different final concentrations (25, 50, 100 μM) 
ACT group, with β-actin as the internal reference. We found that the 
expression of COX IV and CytoC in the C26 conditioned medium group 
was significantly lower than in the control group(p < 0.01). In contrast, 
the expression of LC3B and p62 was significantly higher in the C26 
conditioned medium group (p < 0.01). Compared with the C26 condi
tioned medium group, the expression of COX IV and CytoC in the C26 
conditioned medium + different final concentrations (25, 50, and 
100 μM) ACT group increased significantly(p < 0.01), while the 
expression of LC3B and p62 decreased significantly. Moreover, ACT (25, 
50, and 100 μM) significantly increased PINK1 and Parkin compared to 
the C26 conditioned medium group (p < 0.01). Furthermore, the PHD2/ 
HIF-1α/BNIP3 pathway was analyzed. The results showed that 
compared with the C26 conditioned medium group, the expression of 
PHD2 protein decreased significantly, while the expression of HIF-1α, 
BNIP3 and Beclin-1 increased significantly (Fig. 6A-C). 

3.16. Effect of ACT on ROS and the protein expressions of mitochondrial 
function in C2C12 cells induced by 33% C26 conditioned medium with 
Egln1-RNAi plasmid 

We established that ACT could decrease the expression levels of 
PHD2 protein and increase the expression of its downstream targets. 
Next, we sought to explore whether inhibition of PHD2 could suppress 
the effects of ACT on mitophagy by Egln1-RNAi, a specific PHD2 
knockdown plasmid (Fig. 6D-E). Compared with the C26 conditioned 
medium group, the intracellular ROS content, p62 and PHD2 protein 
expression decreased significantly, and CytoC protein expression 
increased significantly in the C26 conditioned medium + Egln1-RNAi 
group’s (p < 0.01). In contrast, the intracellular ROS content, p62, 
CytoC and PHD2 protein expression in the C26 conditioned medium 
+ ScrRNA group did not change significantly (p > 0.05). Compared 
with the C26 conditioned medium + Egln1-RNAi group, the intracel
lular ROS content, p62 protein expression increased significantly, and 
CytoC protein expression decreased significantly in C26 conditioned 
medium + ScrRNA group and C26 conditioned medium + Egln1-RNAi 
+ ACT group (p < 0.01). Moreover, compared with the C26 conditioned 
medium + ScrRNA group, the intracellular ROS content and p62 protein 
expression were significantly decreased, and the CytoC protein expres
sion was significantly increased in the C26 conditioned medium 
+ ScrRNA + ACT group (p < 0.01). The above results indicate that ACT 
affects intracellular ROS levels, mitochondrial function and mitophagy 
by mediating PHD2 expression levels. 

4. Discussion 

It is widely acknowledged that malignant tumors can spread to 
healthy tissues in other parts of the body and are difficult to treat, 
becoming a serious public health concern. During tumor occurrence, 
development, treatment, and rehabilitation, cancer patients often feel 
very tired and complain of a lack of strength, which does not improve 
after resting. Accordingly, the academic circle has put forward the 
concept of cancer-related fatigue, which has gradually become a topic of 
concern in the field of oncology [17]. It has been established that the 
occurrence of CRF is related to cancer or the treatment of cancer, in
terferes with the normal life of patients, significantly affects the quality 
of life and the treatment of cancer patients. Hence, it is necessary to 
explore the pathogenesis and develop novel therapeutic measures [18]. 

The etiology of CRF is complex, encompassing both peripheral and 
central mechanisms, which have been hypothesized to contribute to 
overall fatigue in cancer patients. Generally, CRF is mainly induced by 
energy metabolism disruption in skeletal muscles and neuro
inflammation in the CNS [19]. The skeletal muscle is a high metabolic 
organ that needs adequate ATP generation. The mitochondrial content 

in skeletal muscle tissue is rich and is the main place of energy con
version and biological oxidation, termed the "energy factory" of cells 
[20]. Research has shown that chemotherapy nonspecifically targets the 
skeletal musculature, especially the mitochondria, inducing adverse side 
effects such as mitochondrial dysfunction due to low energy supply and 
high oxidative stress [21]. During oxidative phosphorylation, mito
chondria produce ROS and other by-products, which cause oxidative 
stress; excessive accumulation of ROS leads to further damage to the 
structure and function of mitochondria [22,23]. Moreover, hypoxia is a 
common phenomenon in solid tumors. It has been shown that hypoxic 
stress causes the accumulation and activation of HIF-1α. Activated 
HIF-1α can regulate the expression of a variety of hypoxia response 
genes by combining with the corresponding target gene sequences and 
activating mitophagy to clear damaged mitochondria, to maintain ox
ygen homeostasis and energy metabolism balance [24]. PHD2 is a key 
enzyme that regulates the stability of HIF-1α. Interestingly, many po
tential drugs that improve the function of HIF by inhibiting PHD2 have 
gone far in clinical trials, and a series of recent studies have proved their 
clinical efficacy in the treatment of anemia. Therefore, the quest for safe 
and effective PHD2 inhibitors to improve HIF function and increase 
mitophagy is essential for treating CRF [25]. 

Cistanche tubulosa is a genus of Orobanchaceae Cistanche, a perennial 
parasitic herb that is a potent tonic and has a long history as a medicinal 
plant in China. Modern pharmacological studies have shown that Cis
tanche tubulosa has many properties, such as immune regulation [26], 
anti-fatigue [27,28], anti-oxidative stress [29], nourishing liver and 
kidney [30,31]. In our study, molecular docking virtual screening was 
used to identify potential active components of Cistanche tubulosa similar 
to PHD2 inhibitors. ACT exhibited the highest docking score (− 11.184), 
suggesting it has a good binding affinity with PHD2 protein. Then we 
used SPR technology to verify the docking results in vitro. To explore the 
potential mechanism of ACT against CRF, we carried out animal ex
periments and cell experiments in vivo. 

Disease models involve using model organisms to study the patho
genesis of diseases. Clinically, tumor patients undergo radiotherapy to 
kill tumor cells; however, radiation can also cause damage to the func
tions of normal body cells. A CRF model induced by radiation was used 
to simulate clinical practice to observe the fatigue state of mice [32,33]. 
Moreover, a CRF model of tumor-bearing mice in the late stage of 
cachexia was established. The tumor-bearing mice were subcutaneously 
inoculated with tumor cells or tumor cells inoculated into the corre
sponding organs to replicate the carcinoma model in situ. The fatigued 
state of mice was observed in the late time window of the natural sur
vival state of tumor mice [34,35]. Moreover, a CRF model induced by 
chemotherapeutic drugs was based on the drug properties of the 
chemotherapeutic drugs used by tumor patients, which inevitably 
damaged normal cell function and induced a sense of fatigue in patients. 
This model was established to mimic clinical chemotherapy [36,37]. 
The chemotherapeutic drug PTX used in this experiment was a new 
anti-microtubule drug, which exerts its effect by maintaining the sta
bility of tubulin and inhibiting cell mitosis via promoting tubulin poly
merization and inhibiting its depolymerization. However, the adverse 
reactions of PTX are relatively large, including allergic reactions, 
neurotoxicity, myelosuppression, cardiovascular toxicity, gastrointes
tinal reactions, muscle and joint pain, hepatotoxicity, hair loss and local 
reactions, etc. Importantly, the incidence and severity of adverse re
actions are dose-dependent. Moreover, the adverse reactions of PTX, 
especially neurotoxicity and muscle and joint pain, are also important 
causes of chemotherapy-related fatigue [38]. Accordingly, PTX 
(10 mg/kg, iv for 5 days) has been used to establish an animal model of 
chemotherapy-related fatigue [36]. 

In this study, there was no significant difference in mental state, 
activity, diet and fur appearance among each group of mice at baseline. 
The mice in each group were lively and active; their fur was smooth and 
neat. They exhibited sensitivity to food and could quickly escape. There 
was no significant change in the above observations in the control group 
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during the whole experiment. Compared with the control group, mice in 
the other groups gradually exhibited sparse hair, aggregation, inacti
vation, retardation and reduced food intake. Overall, the general con
dition of mice in the PTX + ACT group was better than in the PTX model 
group. The above results suggest that ACT administration could improve 
the mental state, activity, diet and fur appearance of PTX to some extent. 
Moreover, the exhaustive swimming test showed that ACT could 
significantly alleviate the decline of swimming ability of mice induced 
by PTX. Similar results were observed in the open field test and tail 
suspension test. To sum up, we provided compelling evidence that ACT 
can significantly improve fatigue induced by PTX. Then, to explore the 
relationship between CRF and skeletal muscle mitophagy and the 
mechanism of ACT, we analyzed the skeletal muscle content of each 
group of mice. Micro-CT showed that the muscle mass of the PTX model 
mice was decreased, and HE staining further confirmed the phenomenon 
of muscle atrophy in PTX model mice. Muscle fiber staining showed few 
slow-twitch muscle fibers in the PTX group. Importantly, treatment with 
ACT could significantly alleviate the above changes. It has been reported 
that after treatment with chemotherapy or radiotherapy, the normal 
structure and function of skeletal muscle mitochondria are damaged 
involving different signaling pathways, and the structure of the mito
chondrial membrane is irregularly arranged. Besides, slow-twitch mus
cle fibers of skeletal muscle are rich in mitochondria and high in 
myoglobin content. These results are consistent with our experimental 
results; PTX-induced damage can be reversed to some extent by treat
ment with 100 mg/kg of ACT. 

According to the literature, mitophagy is maintained at a low level 
under normal conditions, activated under ischemia, hypoxia and hun
ger, and degrades by wrapping the damaged mitochondria to lysosomes 
[39]. Therefore, mitophagy is an important endogenous protective 
mechanism. It has been shown that autophagy is very important for the 
clearance of dysfunctional mitochondria in skeletal muscle. The 

disruption of this process can lead to the rapid accumulation of 
dysfunctional mitochondria and a decline in muscle mass. The present 
study found that the C26 conditioned medium could significantly reduce 
cell survival rate, destroy mitochondria, and induce autophagosome 
aggregation. These findings may be attributed to a series of cytokines 
secreted by C26 cells, including IL-6, TNF-α, IL-1β, IFN-γ and leukemia 
inhibitory factors that play an important role in disrupting energy 
metabolism in skeletal muscle cells. Our results suggest that the C26 
conditioned medium could induce mitophagy but not the timely clear
ance of damaged mitochondria. Recent studies indicated that autophagy 
has a complex and close relationship with hypoxia. Evidence from 
various mammalian cell types indicates that HIF-1α induces autophagy 
by activating BNIP3, and the enhanced stability of HIF-1α is closely 
related to a decrease in PHD2 activity [40]. It has been established that 
autophagy involves the formation of autophagosomes, and this mecha
nism is initiated by the dissociation of the Beclin1/Bcl-2 complex. HIF-1 
mediates the increase in BNIP3 expression during skeletal muscle 
exposure to hypoxia. Importantly, BNIP3 can compete with Beclin1 for 
binding to Bcl-2, leading to the release of Beclin1, thus promoting the 
initiation of autophagy and mitophagy [41]. 

In the early stages of our study, we conducted KEGG pathway 
enrichment of the common targets of Cistanche tubulosa and CRF using 
network pharmacology. The results showed that the HIF-1 signaling 
pathway was ranked second among the top 20 related pathways. These 
results were verified in the mouse cancer cachexia model induced by 
H22 hepatoma cells. Nonetheless, the specific regulatory mechanism of 
Cistanche tubulosa in cancer-related fatigue mediated by HIF-1 α remains 
largely unknown. This study confirmed that ACT, the landmark 
component of Cistanche tubulosa, could promote mitophagy with accel
erated clearance of autophagosomes, thus increasing cell viability, 
reducing intracellular ROS levels and increasing mitochondrial mem
brane potential. In addition, this study further confirmed that the PHD2/ 

Fig. 7. The putative mechanistic diagram of the enhancing effect of ACT on mitophagy via suppression of PHD2 expression.  
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HIF-1α/BNIP3 pathway is an important signaling hub in ACT-enhancing 
mitophagy. The expression levels of autophagy-associated proteins, 
mitochondrial functional proteins and HIF-1 signaling pathway proteins 
were quantified by Western-blot. We found that ACT could significantly 
upregulate the expression levels of mitochondrial functional proteins 
COXIV, CytoC, HIF-1α, BNIP3, PINK1 and Parkin, and significantly 
downregulate the expression of autophagy marker proteins p62, LC3B 
PHD2, and Beclin-1. We found that the protective effect of ACT dis
appeared when a PHD2 gene knockdown plasmid Egln-1-RNAi was 
used, suggesting that PHD2 is a key target protein involved in regulating 
mitophagy, and ACT promotes mitophagy against CRF through the 
PHD2/HIF-1α/BNIP3 signaling pathway. 

5. Conclusion 

The present work demonstrated that ACT could promote mitophagy 
by suppressing PHD2 expression to remove dysfunctional mitochondria 
and alleviate CRF (Fig. 7). These findings provide novel insights into the 
mechanisms of this new drug formulation for the future treatment of 
CRF. However, the underlying mechanisms are more complex than 
described here, and our results do not exclude the possible involvement 
of other mechanisms caused by ACT to treat CRF. 
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