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A B S T R A C T   

Cancer chemotherapy drugs are widely criticized for their serious side effects and low cure rate. Therefore, 
adjuvant therapy as a combination with chemotherapy administration is being accepted by many patients. 
However, unclear drug targets and mechanisms limit the application of adjuvant treatment. In this study, we 
confirmed TMEM16A is a key drug target for lung adenocarcinoma, and narirutin is an effective anti-lung 
adenocarcinoma natural product. Virtual screening and fluorescence experiments confirmed that narirutin in
hibits the molecular target TMEM16A, which is specific high-expression in lung adenocarcinoma. Molecular 
dynamics simulations and electrophysiological experiments revealed the precise molecular mechanism of nar
irutin regulating TMEM16A. The anticancer effect of narirutin and its synergistic effect on cisplatin were 
explored by cell proliferation, migration, and apoptosis assays. The signaling pathways regulated by narirutin 
were analyzed by western blot. Tumor xenograft mice experiments demonstrated the synergistic anticancer effect 
of narirutin and cisplatin, and the side effects of high concentrations of cisplatin were almost eliminated. 
Pharmacokinetic experiments showed the biological safety of narirutin is satisfactory in vivo. Based on the sig
nificant anticancer effect and high biosafety, naringin has great potential as a functional food in the adjuvant 
treatment of lung cancer.   

1. Introduction 

Cancer is a malignant disease with high mortality rate in humans, 
and its incidence has increased in recent years [1,2]. Lung cancer ranks 
first as the cause of morbidity and mortality among all cancer types [3]. 
The incidence of lung cancer is increasing in the younger population and 
in women, making it an increasingly serious threat to human health [4]. 
Lung adenocarcinoma is a major subtype of lung cancer, accounting for 
40–55 % of cases [5]. Lung adenocarcinoma originates in the bronchial 
epithelium and mucous glands. It is asymptomatic in the early stages 
and lacks specificity in the late stages; therefore, it is often mis
diagnosed, and the optimal treatment period is missed [6,7]. Presently, 
patients with lung adenocarcinoma are mainly treated with individu
alized treatment plans that integrate multidisciplinary options, 
including chemotherapy, radiotherapy, surgery, and other adjuvant 

treatments [8–10]. 
Chemotherapeutic drugs for lung cancer treatment include broad- 

spectrum anticancer drugs, such as cisplatin (DDP), doxorubicin, and 
paclitaxel, but the side effects of many of them are severe [11–13]. Long- 
term use of DDP causes nephrotoxicity, bone marrow suppression, and 
liver damage and is accompanied by gastrointestinal adverse reactions, 
such as nausea, vomiting, and diarrhea [14–16]. These side effects cause 
both physical and psychological harm to patients, so that many cancer 
patients experience complications such as depression and anxiety during 
treatment [17,18]. Therefore, adjuvant drugs for lung adenocarcinoma 
to reduce side effects and improve drug efficacy through low-dose multi- 
target combined administration are being explored for individualized 
tumor therapy. Food adjuvant therapy is favored by cancer patients 
because of its safety, pain-free, low cost, and operational ease [19,20]. 

Functional foods help prevent and treat cancer. Approximately 35 % 
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of human cancers are closely related to dietary factors [21,22]. The 
incidence of breast, gastric, and colon cancers can be reduced by 
diversifying food intake, limiting sugar intake, and reducing dietary 
animal fat content [23–25]. Additionally, functional foods inhibit cancer 
growth through multiple pathways. For example, lycopene inhibits the 
production of oxidative free radicals through anti-oxidation, which de
lays cancer growth [26]. Astaxanthin significantly inhibits oral cancer 
by inducing cell cycle arrest, lysosomal acidification, and apoptosis 
[27]. Although various functional foods have been shown to have 
anticancer effects, most of their targets and mechanisms are unclear, 
which greatly limits their use as anticancer functional foods [28,29]. 

Drug screening based on specific protein targets is a classic drug 
development strategy to explore anti-lung adenocarcinoma functional 
foods. TMEM16A is endogenously highly expressed in lung cancer tis
sues [30,31]. It modulates the osmotic pressure of cancer cells by 
regulating intracellular and extracellular Cl− concentrations to change 
the cell shape. Cell morphology changes directly impact cancer cell 
proliferation, migration, and invasion [32,33]. In addition, TMEM16A 
also forms an interaction network with EGFR proteins and 
ezrin–radixin–moesin (ERM) proteins, and it regulates the growth of 
cancer cells through signal transduction [34,35]. TMEM16A is only 
expressed in specific normal tissues but is abnormally upregulated in 
cancer cells, so it is a suitable drug target for lung adenocarcinoma 
treatment [36]. 

In this work, virtual screening found that the binding affinity of 
natural product narirutin and TMEM16A protein was high. Subse
quently, fluorescence and electrophysiological experiments verified that 
narirutin was an effective TMEM16A inhibitor. Molecular modeling, cell 
experiments and animal experiments confirmed the anticancer effect 
and mechanism of narirutin in vitro and in vivo. The combination of low- 
concentration narirutin and DDP achieved synergistic anticancer effects 
and reduced the side effects of DDP. Therefore, narirutin is a potential 
functional food for adjuvant therapy of lung adenocarcinoma. 

2. Materials and methods 

2.1. Virtual screening 

To screen for safe and reliable TMEM16A inhibitors, the molecular 
docking software Vina [37] was used to perform virtual screening of a 
compound library containing >5000 natural products (provided by 
Chengdu DeSiTe Biological Technology Co., Ltd. of China, http:// 
www.028desite.com/). The calcium-bound structure of TMEM16A 
(PDB ID: 5OYB) was programmed to be docking receptor. The extra
cellular vestibule of the TMEM16A channel as the inhibitor binding 
pocket was set to docking box. The PDBQT files of TMEM16A and li
gands were prepared by Autodock [38], TMEM16A was set to rigid, and 
the ligand was flexible. The grid center was determined according to the 
center of the binding pocket, and the searching space size was 24 Å3. The 
global search exhaustiveness value was set to 50. The maximum energy 
difference between the optimal binding mode and the worst case was set 
to 5 kcal/mol to ensure diverse docked poses. 

2.2. YFP fluorescence quenching assay 

LA795 cells were cultured in a standard cell incubator with 
RPMI1640 medium. YFP-F46L/H148Q/I152L plasmid was transfected 
to LA795 cells, and the fluorescence was excited with 488 nm and 
detected at 520 ± 15 nm. When TMEM16A ion channels in the mem
brane were activated, I− in the bath solution entered cells through the 
channels to quench YFP fluorescence. However, the channels could not 
be activated by Eact (a TMEM16A activator; CAS: 461000-66-8, MCE, 
New Jersey, USA) [39] if the cells were incubated with TMEM16A in
hibitor so that the YFP fluorescence was kept bright. The blank control 
group has not contained any drug. The Eact group was added with 20 μM 
Eact at the time marked by arrow, the T16Ainh-A01 (a TMEM16A 

inhibitor; CAS: 552309-42-9, MCE, New Jersey, USA) [40] group and 
the Narirutin (CAS: 14259-46-2, Solarbio, Beijing, China) group con
tained 20 μM T16Ainh-A01 or 100 μM narirutin in the bath solution, and 
20 μM Eact was added at the arrow mark on this basis. The bath solution 
was PBS buffer containing 150 μM NaI. Fluorescence was detected by a 
confocal laser scanning microscope (IX83-FV3000, Olympus, Tokyo, 
Japan). 

2.3. Electrophysiology 

Electrophysiology data was recorded by HEKA patch clamp (HEKA 
Elektronik, Lambrecht, Germany). Patch pipettes were pulled to resis
tance of 3–5 MΩ using a P97 puller (Sutter Instrument, Novato, USA). 
Data were low pass filtered at 2.9 kHz, sampled at 10 kHz, and recorded 
by Pulse software with a Digi LIH1600 interface (HEKA, Lambrecht, 
Germany). The stimulation voltage waveform was a step voltage from 
− 80 to +80 mV. Solutions were prepared as described previously [41]. 
Bath solution: 150 mM NaCl, 1 mM MgCl2⋅6H2O, 10 mM HEPES, 10 mM 
glucose, and 10 mM mannitol; the solution was adjusted to pH 7.4 using 
NaOH. Pipette solution: 130 mM CsCl, 10 mM EGTA, 1 mM Mg-ATP, 1 
mM MgCl2⋅6H2O, and 10 mM HEPES; the solution was adjusted to pH 
7.4 using CsOH. The 600 nM Ca2+ in the pipette solution was calculated 
using CaEGTA Calculator V1.2: https://somapp.ucdmc.ucdavis. 
edu/pharmacology/bers/maxchelator/CaEGTA-NIST.htm. 

2.4. Molecular dynamics simulations 

CHARMM-GUI [42] was used to construct the TMEM16A simulation 
system. TMEM16A protein was inserted into POPC lipid bilayers, and a 
solvated system was added with 150 mM KCl. Simulations were per
formed using Amber16 [43] of Amber ff14SB force field, lipid14 force 
field, and Joung/Cheatham ion parameters [44,45]. Parametrization of 
narirutin was performed using the Antechamber module of Amber16. 

Before the production simulation, the system of solutions, mem
branes, and the entire system were sequentially performed for energy 
minimization. The system temperature was increased from 0 to 100 K 
and 100 to 300 K under the NVT and NPT ensemble, respectively, and 
the protein was restrained (10 kcal⋅mol− 1⋅Å− 2). An NPT equilibration of 
300 ps was performed. The water molecules were filled the pore, protein 
Cα atoms were restrained with a constraint force of 2 kcal⋅mol− 1⋅Å− 2. 
Two independent 100 ns simulations were performed under NPT con
ditions at 300 K and 1 bar in the simulation. With two independent 
subunits in each system, quadruple sampling can finally be achieved. 
The final simulations used Langevin thermostat and Monte Carlo con
stant pressure device with a non-viscous cutoff of 10 Å. Long-range 
electrostatic interactions and van der Waals interactions were cut off 
at 12 Å. The MD time step was set to 2 fs. The generated trajectories were 
analyzed by The CPPTRAJ module of the Amber program. Visualization 
and analysis of model features were performed by VMD 1.9.2 program 
[46] and Open-Source Pymol (https://pymol.org). 

2.5. Quantum chemical calculation 

The electrostatic surface potential analysis of drugs and residues was 
calculated by density functional theory. The molecular wave function 
information was calculated by Gaussian 03 as described previously [47]. 
Wave function data were generated using the B3LYP/6-31G** level al
gorithm and molecular surface analysis maps were visualized by Mul
tiwfn [48] and VMD 1.9.2 program [46]. 

2.6. Site-directed mutagenesis 

Mutagenesis primers were designed by Agilent Primer Design Web
site (https://www.agilent.com.cn/store/primerDesignProgram.jsp): 
T385A Primer, 5′-cctctgtgtgacaaggcctgcagctactgga-3′. N525A Primer, 
5′-cagccttggccatggcctcctccccgtctg-3′. R535A Primer, 5′- 
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gtgcggtccaacatcgcggttacagtcacggc-3′. R621A Primer, 5′- 
catcttccgctctttcgcgatggaggagtgtgcc-3′. E623A Primer, 5′- 
tctttccggatggcggagtgtgccccg-3′. E624A Primer, 5′-ccggatg
gaggcgtgtgccccgg-3′. 

2.7. CCK-8 and Colony formation assay 

Cells were cultured in 96-well plates and incubated with drugs for 24 
h. Then, 10 μL CCK-8 (Solarbio, Beijing, China) was added to each well 
for 2 h. The absorbance at 450 nm was detected, and the cell viability 
was defined as the absorbance of the test group divided by that of the 
control group. 

Cells were cultured in 6-well plates with 100 cells in each well and 
incubated with drugs for 2 weeks. The cells were washed with PBS and 
stained with Giemsa. The number of colonies was statistically analyzed 
by ImageJ software (National Institutes of Health, Bethesda, USA). 

2.8. Wound healing assay 

Cells were c scraped with a 10 μL tip and cultured with low nutrient 
medium containing drugs. Cells were photographed at 0, 24, 48, and 72 
h using a Nikon microscope (TE2000-S, Tokyo, Japan). The relative 
wound area was calculated by dividing the experimental group by the 
control group analyzed by ImageJ software. 

2.9. Annexin-V assay 

Cells were cultured with drugs for 24 h and collected. Cells were 
incubated with binding buffer containing annexin V-FITC and propi
dium iodide (PI) (Solarbio, Beijing, China). Samples were analyzed by 
CytoFLEX flow cytometer (Beckman Coulter, California, USA). 

2.10. Western blot 

Cells were cultured with drugs for 24 h in 6-well plates and collected. 
Cells (106) were lysed by RIPA cell lysate, and 20 μg proteins were added 
to each well. The proteins were separated on 8 % sodium dodecyl 
sulfate-polyacrylamide gels and electroblotted onto PVDF membrane at 
80 V. The blots were incubated overnight with antibodies and incubated 
with corresponding secondary antibodies. Blots were detected by 
Chemiluminescence imaging system (BIO-RAD, California, USA). 

2.11. Tumor xenografts in mice 

All the animal experiments were approved by the Animal Welfare 
and Ethical Committee of Hebei University Experimental Animal Center. 
The approval number for this work is IACUC-2021XG033. LA795 cells 
were inoculated to Balb/c mice (6- to 8-week-old) in the right forelimb. 
Tumor volumes were measured every 5 days and calculated with the 
formula of length × width2 / 2. The mice were divided into 6 groups 
when the tumor volume reached 150 mm3: (1) control group, (2) 30 μM 
narirutin (17.43 mg/kg) group, (3) 60 μM narirutin (34.86 mg/kg) 
group, (4) 10 μM DDP (3 mg/kg) group, (5) 20 μM DDP (6 mg/kg) 
group, and (6) 30 μM narirutin + 10 μM DDP group. Drugs were 
administrated to mice via intragastric administration. Mice were injec
ted 6 times and measured 7 times. All the mice were sacrificed after 7 
times measurements. 

2.12. Pharmacokinetic study of narirutin in mice 

100 μM (58.1 mg/kg) of narirutin were intragastric administration to 
rats. 200 μL of blood was collected from the orbit at different times. 
Agilent 1100 high performance liquid chromatograph (Agilent 

Fig. 1. Narirutin is an ingredient TMEM16A inhibitor. (A). Virtual Screening flowchart. (B). TMEM16A inhibitor binding pocket. (C). Binding conformation of 
narirutin and CaCCinh-A01 to TMEM16A. (D). YFP fluorescence quenching curves of blank control, Eact, T16Ainh-A01 and narirutin in LA795 cells. (E). Real-time YFP 
fluorescence images at 1 and 5 min (n = 3). 
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Technology Co., Ltd., USA) with Agilent Zorbax-SB C18 column (4.6 
mm × 150 mm, 5 μm) was used for chromatographic analysis. The 
mobile phase was acetonitrile water (20:80). The flow rate was 1.0 mL/ 
min, and the detection wavelength was 283 nm. The pharmacokinetic 
parameters were fitted by DAS 2.0 software. 

2.13. Data analysis 

Origin 9.0 was used for graphic creation and statistical data analysis. 
All data were presented as mean values ± SD. Independent-samples t- 
test or paired-samples t-test was used for statistical evaluations of 
different group comparisons. Asterisks indicate significant differences 
(*P < 0.05, **P < 0.01). 

3. Results 

3.1. Food ingredient narirutin is a natural TMEM16A inhibitor 

Virtual screening based on the target protein binding pocket is an 
effective method for drug development. Virtual screening of 5000 nat
ural product molecules was performed using open-source docking 
technology with TMEM16A. The drug binding pocket of TMEM16A 
confirmed previously was set as the receptor docking region for mo
lecular docking [49]. The results showed that the food ingredient nar
irutin formed a stable binding conformation with TMEM6A (Fig. 1A). 
The conformation of narirutin binding to TMEM16A is shown in Fig. 1B. 
Local magnified results showed that narirutin bind to the extracellular 
vestibule region of the pore of TMEM16A which was similar to CaCCinh- 
A01, and the affinity of narirutin was higher than CaCCinh-A01 (Fig. 1C). 

Fig. 2. Narirutin inhibited TMEM16A whole-cell current in LA795 cells. (A). Typical TMEM16A whole-cell currents of HEK293 cells transfected with TMEM16A and 
the currents were inhibited by 100 μM narirutin (n = 5). (B). Statistical results of (A). (C). Typical TMEM16A whole-cell currents in LA795 cells inhibited by 16Ainh- 
A01 (n = 5). (D). Statistical results of (C). (E). Typical TMEM16A whole cell currents inhibited by different concentrations of narirutin (n = 5). (F). TMEM16A 
currents at +80 mV with varying concentrations of narirutin (n = 5). (G). The current density-voltage curve of TMEM16A inhibited with different concentrations of 
narirutin (n = 5). (H). Dose-response curve for narirutin inhibition of TMEM16A currents in LA795 cells (n = 5). 
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YPF fluorescence quenching assays were performed to verify the 
inhibitory effect of narirutin on TMEM16A. The results showed that 
activation of TMEM16A by 10 μM Eact led to quenching of cellular YFP 
fluorescence, whereas T16Ainh-A01 and narirutin inhibited the activa
tion of Eact (Fig. 1D). Real-time fluorescence images (at 1 and 5 min) 
showed that narirutin achieved the same inhibitory effect as the 
TMEM16A inhibitor, T16Ainh-A01 (Fig. 1E). Combined virtual screening 
and fluorescence results demonstrate that the food ingredient narirutin 
is a potent TMEM16A inhibitor. 

3.2. Narirutin concentration dependently inhibits TMEM16A whole-cell 
currents 

Whole-cell patch clamp experiments were performed to evaluate the 
inhibitory effect of narirutin on TMEM16A. First, exogenous trans
fection of TMEM16A in HEK293 cells showed that 100 μM narirutin 
inhibited the TMEM16A whole-cell current by >90 % (Fig. 2A and B). 
The Cl− current in LA795 cells was detected using the same experi
mental system, and the current was inhibited by T16Ainh-A01 (Fig. 2C 
and D). Different concentrations of narirutin were then added to the 
bath solution, and the changes in TMEM16A currents were recorded 
(Fig. 2E). Statistical results indicated that TMEM16A was almost 
completely inhibited by narirutin above 100 μM (Fig. 2F). The current 
density-voltage curve showed that narirutin mainly inhibited the out
ward current of TMEM16A (Fig. 2G). The Hill equation was used to fit 
the inhibitory effect of different concentrations of narirutin, and its IC50 
was 25.89 ± 2.74 μM (Fig. 2H). Thus, narirutin inhibited endogenous 
TMEM16A currents in a concentration-dependent manner in LA795 
cells. 

3.3. Dynamic behavior of narirutin binding to TMEM16A 

To investigate the stability of TMEM16A binding to narirutin, a 
complex simulation system was constructed, including TMEM16A, 
narirutin, water, ions, and POPC (Fig. 3A). The docking conformations 
of narirutin were placed in chains A and B of TMEM16A. The root mean 
square deviation (RMSD) of TMEM16A was calculated to evaluate the 
conformational stability of the complex system during MD simulations. 
As shown in Fig. 3B, RMSD values of the protein backbone atoms ranged 
between 1.56 and 1.74 Å relative to the initial structure. The mobility of 
the protein residues was examined by plotting the root-mean-square 
fluctuation (RMSF) of the backbone atoms of the TMEM16A residue. 
RMSF values of all the helices in the pore region were <2 Å (Fig. 3C), 
which indicated that the proteins in the system were stable. The average 
RMSF of the narirutin heavy atoms in the quadruplet trajectories is <3 Å 
(Fig. 3D), indicating that it is stable in this binding mode. 

3.4. Binding mode of narirutin and TMEM16A 

To reveal the mode of interaction of narirutin with TMEM16A, the 
free energy landscape of narirutin bound to TMEM16A was mapped. 
RMSD and radius of gyration of narirutin were calculated. These data 
were used as reaction coordinates to determine the lowest-energy 
conformation of narirutin (Fig. 4A). The results showed the presence 
of a stable bound state of narirutin in binding mode (Fig. 4A). As shown 
in Fig. 4B, narirutin formed six interactions with the 22 residues in the 
binding pocket. Among them, H-bond interactions with A523, T385, 
R621, E623, E624, and N525; C‑carbon H-bond with D383, C386, R535, 
and E623; alkyl interactions with R531 and K384; π-cation interactions 

Fig. 3. Molecular dynamics simulation of the TMEM16A system. (A). Simulation of the TMEM16A system. TMEM16A was shown in cartoon; POPC was shown in 
stick (gray). Narirutin was shown as magenta sticks. (B). The root means square deviation (RMSD) of the TMEM16A protein. (C). The root means square fluctuation 
(RMSF) of the TMEM16A protein. (D). The RMSF of heavy atoms of narirutin. 
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with R535; π‑sulfur interactions with C386 and C382; and van der Waals 
interactions with V538, A521, R515, T518, M622, M524, F620 L827, 
and S387 (Fig. 4B). These interactions allowed narirutin to bind stably 
above the pores of the TMEM16A channel, thus blocking the pores. 

Molecular mutagenesis was performed to verify the mode of binding 
of narirutin to the TMEM16A channel. Six residues (T385, N525, R535, 
R621, E623, and E624) that interacted electrostatically with narirutin 
were mutated to alanine. The inhibition of mutants by 100 μM narirutin 
showed that the above sites significantly affected the inhibition of the 
TMEM16A channel by narirutin, especially R535, E623, and E624. The 
electrostatic surface potentials of narirutin with R535, E623, and E624 
in the steadiest state were calculated to characterize the electrostatic 
interactions. As shown in Fig. 4D and E, there was an overlap of van der 
Waals surfaces at the three sites where R535/E623/E624 bound with 
narirutin, and the electrical properties of the overlapping regions were 
complementary. This result indicates that the benzene ring in the 
structure and the hydroxyl group on the sugar ring are crucial for the 
binding of narirutin and TMEM16A. 

3.5. Narirutin mediated regulation of TMEM16A potentiates the 
inhibitory effect of DDP on lung adenocarcinoma cell proliferation 

TMEM16A expression is positively correlated with cancer cell pro
liferation. Therefore, the regulatory effect of narirutin-mediated inhi
bition of TMEM16A on the proliferation of LA795 cells was tested using 
CCK-8 and colony formation assays. CCK-8 results indicated that narir
utin inhibited LA795 cell viability in a concentration-dependent manner 
(Fig. 5A). Next, TMEM16A in LA795 cells was knocked down using 
shRNA to confirm that TMEM16A was the target of narirutin. The 
viability of LA795 cells was significantly reduced after transfection with 
shRNA, and adding 30 μM narirutin on this basis did not further reduce 
cell viability, which proved that TMEM16A was the target of narirutin. 
Because DDP mainly acts on different targets along with narirutin, we 
evaluated the combined administration of DDP and narirutin. Co- 

administration of 10 μM DDP and 30 μM narirutin produced additive 
effects on cell viability inhibition, and TMEM16A shRNA combined with 
DDP achieved similar results (Fig. 5B). Colony formation assays were 
performed to detect the inhibitory effect of narirutin on the proliferation 
of single cell. The inhibitory effects of DDP and narirutin on LA795 cell 
colony formation also showed significant additive effects. The number 
of colonies was significantly reduced following TMEM16A shRNA 
knockdown. On this basis, the addition of 30 μM narirutin did not 
improve the inhibitory effect, whereas the addition of DDP further 
reduced the number of colonies (Fig. 5C and D). In addition, the above 
experiments were performed on lung fibroblast 2BS cells, which do not 
express endogenous TMEM16A. The results showed that narirutin did 
not inhibit 2BS cell viability (Fig. 5E) or colony number (Fig. 5F and G); 
however, the inhibitory effect of DDP was broad-spectrum. Therefore, 
we propose that narirutin inhibits cancer cell proliferation by targeting 
TMEM16A and enhancing the tumor suppressive effect of DDP. 

3.6. Narirutin inhibits lung adenocarcinoma cell migration by targeting 
TMEM16A 

The inhibitory effect of narirutin on LA795 cell migration was 
evaluated using wound healing assays. The results in Fig. 6A showed 
that narirutin significantly inhibited LA795 cell migration. The statis
tical results indicated that different concentrations of narirutin inhibited 
LA795 cell migration in a concentration- and time-dependent manner 
(Fig. 6B). Additionally, the migration rate of LA795 cells was signifi
cantly reduced after shRNA transfection. On this basis, adding 30 μM 
narirutin did not further inhibit cell migration, which proved that 
TMEM16A was the target of narirutin in inhibiting LA795 cell migration 
(Fig. 6C). However, statistical results showed that DDP did not inhibit 
LA795 cell migration, nor did it potentiate the effect of narirutin 
(Fig. 6D). This may result from the direct regulation of DNA replication 
by DDP. Finally, we performed experiments on 2BS cells that did not 
express TMEM16A, and the results showed that neither narirutin nor 

Fig. 4. Binding mode of narirutin and TMEM16A. (A). Free energy landscape of the narirutin binding mode. (B). Representations of the binding mode of the narirutin 
and TMEM16A in the lowest binding energy conformation. (C). Inhibition rate of different TMEM16A mutants by 100 μM narirutin (n = 3). (D). ESP-mapped 
molecular VDW surface of narirutin and R535/E623/E624. (E). Pi-Cation and H-bond interaction between Narirutin and R535/E623/E624. 
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Fig. 5. Narirutin inhibited lung cancer cell proliferation targeting TMEM16A. (A). Inhibitory effect of the proliferation of LA795 cells with different concentrations of 
narirutin (n = 8). (B). Inhibitory effect of TMEM16A shRNA, shRNA + 30 μM narirutin, 10 μM DDP, 10 μM DDP + 30 μM narirutin and 10 μM DDP + shRNA to the 
proliferation and colonies formed of LA795 cells (n = 8). (C). Inhibitory effect of TMEM16A shRNA, shRNA + 30 μM narirutin, 10 μM DDP, 10 μM DDP + 30 μM 
narirutin and 10 μM DDP + shRNA to the colonies formed of LA795 cells (n = 3). (D). Statistical results of (C) (n = 3). (E). Inhibitory effect of 30 μM narirutin, 10 μM 
DDP and 10 μM DDP + 30 μM narirutin to the proliferation of 2BS cells (n = 8). (F). Inhibitory effect of 30 μM narirutin, 10 μM DDP and 10 μM DDP + 30 μM 
narirutin to the colonies formed of 2BS cells (n = 3). (G). Statistical results of (F) (n = 3). 
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DDP affected 2BS cell migration (Fig. 6E and F). The above results 
indicate that narirutin regulates cancer cell migration by inhibiting 
TMEM16A, whereas DDP did not affect cancer cell migration. 

3.7. Narirutin inhibits TMEM16A to enhance DDP induced apoptosis 

As high concentrations of DDP strongly induced cancer cell apoptosis, 
we detected the effect of the combined administration of narirutin and 
DDP on LA795 apoptosis. LA795 cells incubated with 30, 60, and 120 μM 
narirutin presented apoptosis rates of 7.27 ± 2.74 %, 22.94 ± 4.88 %, and 
54.32 ± 7.21 %, respectively (Fig. 7A–D and G). 10 μM DDP induced a 

LA795 cell apoptosis rate of 22.14 ± 4.28 % (Fig. 7E), and 10 μM DDP 
combined with 30 μM narirutin resulted in an apoptosis rate of 56.21 ±
5.21 % (Fig. 7E–F and H). The effect of combined administration of 30 μM 
narirutin and 10 μM DDP was significantly higher than that of the su
perposition of the two administrations separately, which indicated that 
narirutin enhanced the drug sensitivity of LA795 cells to DDP. Based on 
this result, we speculate that narirutin may delay the resistance to DDP, 
but further experiments are needed to verify this hypothesis. The apoptosis 
of 2BS cells that did not express TMEM16A showed that narirutin did not 
induce apoptosis in 2BS cells (Fig. 7J and K). The combined administration 
of narirutin and DDP did not promote the apoptosis inducing effects of 

Fig. 6. Narirutin inhibited lung cancer cell migration targeting TMEM16A. (A). Inhibitory effect of the migration of LA795 cells with different concentrations of 
narirutin (n = 3). (B). Statistical results of (A) (n = 3). (C). Inhibitory effect of TMEM16A shRNA, shRNA + 30 μM narirutin, 10 μM DDP, 10 μM DDP + 30 μM 
narirutin and 10 μM DDP + shRNA to the migration of LA795 cells (n = 3). (D). Statistical results of (C) (n = 3). (E). Inhibitory effect of 30 μM narirutin, 10 μM DDP 
and 10 μM DDP + 30 μM narirutin to the migration of 2BS cells (n = 3). (F). Statistical results of (E) (n = 3). 
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DDP (Fig. 7L, M, and I). Therefore, we propose that narirutin promotes 
DDP sensitivity by TMEM16A. These results indicate that low concentra
tions of narirutin can enhance DDP-induced apoptosis in cells endoge
nously expressing TMEM16A. 

3.8. Signal transduction mechanism of narirutin inhibits the growth of 
LA795 cells 

To elucidate the molecular mechanism by which narirutin inhibits 
the growth of LA795 cells, we detected the expression of proteins related 
to cell proliferation, migration, and apoptosis. Western blot results 
showed that incubation of LA795 cells with 30 μM narirutin reduced the 
phosphorylation of MEK1/2 and ERK1/2 proteins, which affected the 
expression of downstream cyclin D1 and regulated the cell cycle (Fig. 8A 
and B). Because narirutin regulated the cell cycle through the MAPK 
signaling pathway, instead of directly acting on nuclear DNA as DDP, 
narirutin was less cytotoxic. In addition, narirutin downregulated 
β-catenin, N-cadherin, and vimentin and upregulated E-cadherin 
expression (Fig. 8C and D). These proteins were associated with adhe
sion factors, such as membrane skeleton linkages, and their expression 
level changes reduced cancer cell motility. Finally, the expression of 
apoptosis related proteins cleaved-caspase 3 and cleaved-caspase 9 was 
significantly upregulated by narirutin (Fig. 8E and F). In addition, 
TMEM16A shRNA also achieved similar regulatory effects (Supple
mentary Fig. 1). These results indicate that narirutin inhibits TMEM16A, 

which mediates various signal pathways related to cell proliferation, 
migration, and apoptosis, resulting in the inhibition of LA795 cell 
growth. 

3.9. Narirutin inhibits lung adenocarcinoma growth and potentiates the 
DDP effect in vivo 

In vitro experiments showed that the combined administration of 
narirutin and DDP achieved good anticancer effects, and the side effects 
and the in vivo tumor suppressor effects of the combined administration 
should be evaluated in tumor xenograft mice. Schematic of the experi
ments is shown in Fig. 9A. The curve of tumor volume growth with time 
showed that the tumor volume in the control group continuously 
increased, whereas the tumor volume of each administration group was 
inhibited to varying degrees (Fig. 9B). The tumor volume with 30 μM 
narirutin + 10 μM DDP was lower than that with 60 μM narirutin or 20 
μM DDP alone. This result indicated that the combined administration 
enhanced the sensitivity of drugs in vivo, but not only the efficacy of 
superposition. The growth of mice's body weight over time showed that 
20 μM DDP caused weight loss in mice, whereas the other groups gained 
weight normally (Fig. 9C). Mice were sacrificed, and tumors were 
dissected after all administrations were completed (Fig. 9D). The results 
of tumor weight corresponded to those of tumor volume, and the 30 μM 
narirutin + 10 μM DDP group achieved the highest tumor inhibition rate 
(Fig. 9E). To further explore the pharmacological mechanism of 

Fig. 7. Narirutin promoted lung cancer cell apoptosis targeting TMEM16A. (A–D). LA795 cells apoptosis induced by different concentrations of narirutin (n = 3). 
(E–F). LA795 cells apoptosis induced by 10 μM DDP and 10 μM DDP + 30 μM narirutin (n = 3). (G). Statistical results of (A–D) (n = 3). (H). Statistical results of (E–F) 
(n = 3). (I). Statistical results of (J–M) (n = 3). (J–M). 2BS cells apoptosis induced by 30 μM narirutin, 10 μM DDP and 10 μM DDP + 30 μM narirutin (n = 3). Annexin 
V-FITC (− )/PI (− ) for living cells, Annexin V-FITC (+)/PI (− ) for early apoptotic cells, Annexin V-FITC (+)/PI (+) for late apoptotic cells, Annexin V-FITC (− )/PI (+) 
for dead cells. 
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narirutin in vivo, frozen sections and H&E staining were performed on 
the tumor tissues and organs. The results of pathological sections 
showed that the livers of mice in the 20 μM DDP group produced mul
tiple round holes and inflammatory infiltration, which might be caused 
by acute liver injury from high concentrations of DDP (Fig. 9F). Different 
degrees of cell shrinkage deformation, nuclear lysis was observed in the 
tumor tissues of all the drug groups, which may be the main reason for 
tumor inhibition. In conclusion, the narirutin and DDP combined 
administration group achieved the best anticancer effect without serious 
side effects. 

3.10. In vivo pharmacokinetics of narirutin 

The distribution of narirutin in rats' blood and main organs after 
intragastric administration was determined by pharmacokinetic exper
iments. The results showed that the drug concentration in the blood 
reached a maximum at 1.26 ± 0.30 h, and then the blood concentration 
gradually decreased. After 24 h, almost no narirutin residue was 
detected in the blood (Fig. 10A). The pharmacokinetic parameters of 
narirutin fitted according to blood drug concentration over time were 
shown in Fig. 10B. The narirutin concentrations in the heart, liver, 
spleen, lung, kidney, stomach, intestine, and tumor were consistent with 
those in the blood (Fig. 10C). Narirutin was not detected in the brain, 
indicating that it could not cross the blood-brain barrier. Everted sac 
experiments showed that the absorption percentage (Fig. 10D) and cu
mulative absorption (Fig. 10E) of narirutin increased with time, indi
cating that the intestinal absorption of narirutin was satisfactory. 
Therefore, the pharmacokinetic characteristics of narirutin include its 
rapid metabolism and easy absorption in vivo. 

4. Discussion 

This study found that narirutin is a safe and effective functional food 
for adjuvant therapy of lung adenocarcinoma. Narirutin inhibited 
endogenous TMEM16A expression and function in lung adenocarcinoma 
and regulated cancer cell proliferation, migration, and apoptosis. The 
multi-target combination administration of low concentration narirutin 
and DDP not only achieved satisfactory therapeutic effects but also 
eliminated the side effects caused by high concentrations of DDP. 

The advantage of narirutin as an adjuvant food treatment for lung 
adenocarcinoma is its high biosafety. Our study shows that intragastric 
administration of 60 μM narirutin did not affect the normal weight gain 
in mice (Fig. 9C). Moreover, pathological sections of mice also show that 
60 μM narirutin did not cause damage to the major organs (Fig. 9F). In 
contrast, the 20 μM DDP group achieved a significant tumor suppressor 
effect but showed serious toxicity at the same time. The body weight of 
the 20 μM DDP treated mice continued to decrease with administrations, 
and the pathological morphology of the liver cells was changed (Fig. 9C 
and F). The toxicity of DDP results from damage to the membrane 
structure of normal cells caused by high concentrations of DDP. How
ever, our experiments showed that, unlike DDP, narirutin was safe for 
normal cells without TMEM16A expression (Fig. 5E, 6F, and 7I). In view 
of the safety of narirutin and the high efficiency of DDP, low concen
tration narirutin and DDP co-administration was designed. The targets 
of narirutin and DDP were different and expected to achieve a mutually 
reinforcing effect. As expected, the tumor suppression rate of the com
bined administration of 30 μM narirutin + 10 μM DDP was higher than 
that of 60 μM narirutin or 20 μM DDP alone, and there were no side 
effects, such as from 20 μM DDP (Fig. 9). The combined administration 

Fig. 8. The signal pathway of narirutin inhibited LA795 cell growth. (A). Expression of TMEM16A, MEK1/2, phospho-MEK1/2, ERK1/2, phospho-ERK1/2 and cyclin 
D1 in 30 μM narirutin incubated LA795 cells (n = 3). (B). Statistical results of (A) (n = 3). (C). Expression of β-catenin, E-cadherin, N-cadherin, and vimentin in 30 μM 
narirutin incubated LA795 cells (n = 3). (D). Statistical results of (C) (n = 3). (E) Expression of cleaved-caspase 3 and cleaved-caspase 9 in 30 μM narirutin incubated 
LA795 cells (n = 3). (F). Statistical results of (E) (n = 3). 
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achieved a dual impact of treating tumors and protecting the body at the 
same time. 

Developing anticancer functional food adjuvant therapy is an 
important research direction for comprehensive cancer therapy. Various 
functional foods have been shown to inhibit tumor growth. For example, 
bamboo fungus polysaccharides can clear superoxide anion free radicals 
and inhibit lipid peroxidation of cell membranes to anticancer [50]. 
Curcumin induces non-apoptotic cell death pathways in cancer cells by 
killing cells resistant to pro-apoptotic stimuli [51]. In addition, the ef
fects of narirutin have been confirmed, including anti-tuberculosis, 
blood pressure lowering, and anti-allergic (airway inflammation) 
[52,53]. However, its target and pharmacological mechanisms in vivo 
are unclear. This study confirms that TMEM16A is a key target of nar
irutin in lung cancer. As TMEM16A is also distributed in vascular 
smooth muscle and airway tissues, we speculate that the pharmaco
logical action of narirutin in reducing blood pressure and treating 
allergic airway inflammation may be related to TMEM16A. However, 
further experimental verification is required. Several studies show that 
TMEM16A is highly expressed in a variety of cancer cells and closely 
associated with the growth of cancer cells. TMEM16A regulates multiple 
functions in lung cancer with rapid growth and easy metastasis. Lung 
cancer cells H1299 with high expression of TMEM16A grow faster than 
HBE16 cells with low expression of TMEM16A. The growth of H1299 
cells can be inhibited by knocking down or inhibiting TMEM16A [54]. 
High expression of TMEM16A in human lung adenocarcinoma cell line 
GLC82 and lung squamous cell line NCI-H520 is positively correlated 
with cancer cell growth and invasion [55]. TMEM16A is involved in cell 
proliferation, migration and apoptosis in lung adenocarcinoma LA795 
cells [56]. Therefore, TMEM16A can be used as a biomarker and drug 
target for lung cancer. This study elucidates the molecular mechanism of 

narirutin's anticancer action as inhibiting TMEM16A to regulate the 
phosphorylation level of the downstream MAPK signaling pathway. This 
study clarifies the target and tumor suppressor mechanism of narirutin 
and provides preliminary data for the development of narirutin as a 
functional food for anticancer adjuvant therapy. 

In addition, the molecular mechanism of narirutin mediated regu
lation of TMEM16A gating was analyzed by molecular simulation 
combined with experiments. Although some TMEM16A inhibitors have 
been identified, the mechanism of their interaction with the TMEM16A 
protein has not received sufficient attention. The extracellular vestibular 
region of TMEM16A channels constitutes the inhibitor binding pocket of 
TMEM16A in both the calcium-bound and -unbound states. The binding 
sites of various small-molecule inhibitors, such as CaCCinh-A01 [49], 
nuciferine [57], zafirlukast [43], theaflavins [58], and procyanidins 
[59], are located in this region. In addition, cryo-electron microscopy 
structural studies showed that the binding sites of 1PBC [60] and 
niclosamide [61] may be located below the extracellular vestibule or on 
the side close to TM1. This indicates that the extracellular region of 
TMEM16A, especially the region above the pore, is a key region for 
inhibitor binding. We counted the reported binding sites of several in
hibitors to TMEM16A (Supplementary Table 1). Residues R515/R535/ 
E624 appeared more frequently, indicating the three residues may 
possess a broad affinity for the inhibitors. Here, the binding sites of 
narirutin were identified as R535/E623/E624, which further suggests 
that R535 and E624 in the extracellular vestibule are key residues for 
inhibitor binding to TMEM16A. The results provide critical information 
for rational drug design. Interaction analysis shows that the benzene 
ring in the structure of narirutin and the hydroxyl group on the sugar 
ring is key electrostatic interaction sites. This information is important 
for developing narirutin as an anticancer functional food. 

Fig. 9. Narirutin inhibited the growth of lung adenocarcinomas in vivo. (A). Schematic diagram of the experimental protocol. (B). Tumor volume growth in different 
groups (n = 6). (C). Body weight change curve in different groups (n = 6). (D). Images of the tumor tissues after 7 detections (n = 6). (E). Statistical results of tumor 
tissue weight (n = 6). (F). Tissue sections of major organ and tumor tissues in different administration groups (n = 6). 
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Narirutin mainly exists in the peels and seeds of citrus plants of the 
Rutaceae family, such as grapefruit, tangerines, oranges, and lemons 
[62]. These plants are major fruits in the tropics and subtropics. They are 
widely distributed, easy to grow and produce high yields. They have 
grown in >135 countries worldwide [63]. The narirutin extraction 
process is simple. The plants are crushed, filtered, concentrated, 
ethanol-precipitated, and separated using organic solvent. After vola
tilization, a crude extract is obtained. Narirutin crystals with a purity 
>95 % can be prepared through multiple crystallizations [64]. Thus, 
narirutin can be easily used in patients as an adjuvant therapeutic food 
owing to its low extraction cost and high yield. 

In summary, narirutin inhibited the growth of lung cancer cells by 
targeting TMEM16A. The multi-target combinatorial administration of 
narirutin and DDP significantly improve the treatment effect on lung 
cancer and eliminate side effects. Therefore, narirutin may be used as an 
adjuvant therapeutic functional food along with DDP treatment for lung 
adenocarcinoma. 
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