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Abstract: Despite advances in cancer therapy, high mortality persists due to drug resistance
and relapse. Developing selective anticancer agents with minimal toxicity and resistance remains
crucial. Baicalin shows antitumor potential, but its mechanism against papillary thyroid carcinoma
(PTC) remains unclear. We designed an optical resonator to monitor baicalin-membrane protein
interactions, identifying NGFR as the key ATR-shifted target. Mechanistic studies revealed
baicalin induces autophagy via the NGFR/MAPK/mTOR axis, validated through in vitro and
in vivo models. These findings position baicalin as a promising PTC therapeutic with clinical
translation potential.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In recent decades, thyroid cancer is gaining more and more attention worldwide due to its high
incidence rate. Further thyroid cancer ranks in 8th place for cancer incidence, and it is estimated
more than 40,000 new cases in 2024 in USA [1–3]. Therein, based on difference in tumor origin
and differentiation, thyroid cancer can be classified as papillary thyroid cancer (PTC), follicular
thyroid cancer (FTC), medullary thyroid carcinoma (MTC) and anaplastic thyroid carcinoma.
Among all subtypes, PTC accounts for more than 80-90% of cases, with a favourable prognosis
[4,5]. However, it is reported about 2.4% patients developed invasive cancer, and advanced-stage
disease and incidence-based mortality rates continue to increase [4]. PTC is mainly treated by
surgery, supplemented with endocrine therapy, I131 therapy and molecular-targeted therapy. But,
the standard treatment should be supervised due to the long treatment time, and more effective
drugs should be explored. Therefore, identifying a natural drug for PTC is very important.
Baicalin, a major bioactive flavone derived from Scutellaria baicalensis, has remarkable potentials
in anti-bacterial, anti-inflammation, anti-tumor and immune modulating functions. Baicalin
plays an antitumor role in a variaty of tumors, which induced ferroptosis in osteosarcomas and
gastric cancer, promoted antitumor immunity in hepatocellular carcinoma [6–11]. Moreover,
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baicalin was reported to be related with autophagy in nasopharyngeal carcinoma, heart-injury
and random-pattern skin flap [12–14].

Recently, autophagy is one of classic programmed cell deaths, and it degrades misfolded or
useless proteins in the lysosomal lumen and recycled for another biosynthesis in conditions of
hypoxia, starvation, stress and toxicity [15]. It is a highly conserved character from yeast to
mammals, which helps to maintain homeostasis. Autophagy plays a bidirectional role in tumor
progression, which plays either tumor-suppressing or tumor-promoting roles. AMPK/mTOR
signal pathway is critical for autophagy, and the phosphorylates of AMPK could deactivate
mTOR, which initiates autophagy [15]. However, the mechanism of baicalin in thyroid cancer
and the relationship between baicalin and autophagy have not studied yet. Addressed this issue, a
two-dimensional constrained optical resonator (TDCOR) is developed to carry out the relevant
mechanism of action induces apoptosis diverse signaling pathways by baicalin. In this design,
the use of double metal claddings which exhibit negative dielectric constant implies that the
effective index of the guided modes and hollow core capillary can exist in the region of 0<N< 1,
which is usually prohibited for the conventional guided modes and the surface plasmon resonance
16–18. Excitation of the ultrahigh order modes (UOMs) with N→0 [17], which means group
velocity approaches zero maximizes the interaction between membrane proteins and baicalin.
Thus it is possible to enhance the sensitivity of the platform. Experiment results have proved that
the TDCOR provide an effective way to monitor drug interactions in real time using membrane
proteins (NGFR, AMPK, CDH3, HSPA8 and MAGI2 which are screened by RNA-sequencing
after the baicalin has been used to inhibit PTC cell) of cancer cells process via ATR shifts.
Thus we designed the following study to explore the function of baicalin in papillary thyroid
cancer. According to the results of TDCOR, baicalin induce autophagy via NGFR/MAPK/mTOR
pathway in papillary thyroid cancer. Furthermore, we design a series of in vitro and in vivo
experiments to proof the key signaling pathway which has screened. Therefore, it could establish
baicalin as an effective and safe compound for papillary thyroid cancer treatment as well as help
to translate its potential from bench to bedside.

2. Results and discussions

2.1. Baicalin inhibits the proliferation, migration, and invasion of PTC cells

The 24 and 48 h cell viabilities of bcpap cells were measured by CCK8 assay. Baicalin could
inhibit the proliferation of bcpap cells in a dose- and time-dependent manner. The IC50 values
of 24 and 48 h were 158.8 and 113 µM, respectively (Fig. 1(b)). In addition, baicalin inhibited
the colony formation of thyroid cancer cells by the increasing of concentration (Fig. 1(c)).
Wound healing assay showed baicalin inhibited migration of bcpap cells, and the migrated areas
of three different concentrations were 93.63± 1.16, 84.16± 3.00 and 60.55± 3.86. Moreover,
the transwell assay showed the punctuated cells of migration assay of 0, 80 and 160 µM
were 254.0± 8.89, 91.67± 14.22, 22.33± 4.73, and 90.33± 9.07, 41.67± 3.51, 13.67± 1.53 of
invasion assay, respectively (Fig. 1(d)). The 24 h apoptosis rates of thyroid cell lines of 0, 80 and
160 µM were 1.86± 0.30%, 31.93± 4.66%, and 53.87± 12.31% (Fig. 1(e)).

2.2. Baicalin induces autophagy and apoptosis in thyroid cancer cells

From RNA sequencing, we compared untreated and baicalin treated thyroid cells, and found 3226
differential genes, including 1938 upregulating genes and 1288 downregulating genes (Fig. 2(a)
and Supplement 1 Appendix, Fig. S1). Furthermore, we completed GO and KEGG enrichment
analysis, and found baicalin might related to postsynaptic specialization membrane (Fig. 2(b)-(c)
and Supplement 1 Appendix, Fig. S1).

According to the results of GO and KEGG enrichment analysis [Fig. 2(a-e2)], we rough found
baicalin might related to postsynaptic specialization membrane, and the expression of NGFR,
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Fig. 1. (a) The molecule structure of baicalin. (b) The 24 h and 48 h cell viabilities of
bcpap cells by CCK8 assay (c) The colony formation assay of bcpap cells after 10 days
under baicalin treatment (d) The 24 h wound healing assay and 48 h migration and invasion
transwell assay of bcpap cells under baicalin of 0, 80, 160µM(×20) (e) The 24 h apoptosis
rates of bcpap cells under baicalin of 0, 80, 160µM with flow cytometry. The results were
represented the means± SD of triplicate independent experiments. ***P< 0.001, **P< 0.01,
*P< 0.05.

AMPK, CDH3, HSPA8 and MAGI2 which were connected to this pathway were upregulated,
respectively. Figure 2 (h) and SVIII Appendix, Fig. S10(a) shows the NGFR, AMPK, CDH3,
HSPA8 and MAGI2 structures. Therefore, we used TDCOR to analysis and screen molecule
which has interaction with baicalin. As shown in Fig. 2 (k), baicalin and NGFR, AMPK, CDH3,
HSPA8 and MAGI2 has been injected into resonator, and computer-controlled θ/2θ goniometer
performs angular scans while the intensity of the reflected beam is detected by a photodiode
from 20 to 120 mins, respectively. We can find that the ATR dip has stood at especial θ degree
apart between each other in different time besides beginning and ending time when NGFR has
been injected into TDCOR. The observed ATR dip shift and refractive index (RI) alterations
originates from NGFR-baicalin binding. Whilst the ATR dip of AMPK has stand at θ degree
apart between each other. And the series of ATR dips of CDH3, HSPA8 and MAGI2 coupling
angle difference is not especially noticeable. Compared with NGFR, CDH3, HSPA8 and MAGI2
ATR dip coupling angle, we can obtain that NGFR molecular structure has significant changed
by injecting baicalin, and the θ shift 0.20 degree from 0 to 120 mins. And the θ shift 0.15 degree
for CDH3, HSPA8 and MAGI2, respectively. As the θ shift display (Fig. 2 (k)), we can conclude
that NGFR molecule structure can easily to be changed by interaction with baicalin. According
to the results of analysis and screening by ATR shift from TDCOR, the NGFR is the target of
baicalin action point to induce autophagy. Therefore, we design a series of experiments to proof
the key signaling pathway which has screened in following part.

From detection results of TDCOR, we inferred baicalin suppressed thyroid cancer by
AMPK/mTOR pathway in autophagy related manner. Next, we analyzed correlation between
NGFR and autophagy related gene by TIMER2.0 [19,20] based on TCGA database, and found
CASP3, CASP9, ATG9A and MAP1LC3B positively relative with NGFR (Fig. 3(b)). To explore
the relationship between baicalin and NGFR, docking analysis was performed and the binding
energy between NGFR and baicalin was -8.322 kcal/mol, while the binding energy between
AMPK and baicalin was -9.433 kcal/mol. We indicated baicalin bind to protein NGFR and
AMPK directly.(Fig. 3(c)) In addition, the scores showed autophagy was induced in papillary
thyroid cancer, and expression of NGFR was elevated in autophagy process. Moreover, COIP
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Fig. 2. RNA seq and experimental system and optofluidic resonator. (a-c) The
differential genes between baicalin treated and control PTC cells (d1, d2) The GO enrichment
analysis between baicalin treated and control PTC cells (e1,e2) The KEGG enrichment
analysis between baicalin treated and control PTC cells. (f1) and (f2) the structure of
two-dimensional constrained optical resonator (TDCOR); (f3) The effective index of the
guided modes and hollow core capillary can exist in the region of 0<N< 1, which is usually
prohibited for the conventional guided modes and the surface plasmon resonance. (f4)
reflectivity of light R and coupled angle θ changed, when the refraction index of the sample
changed. The refractive index of the sample changed and the ATR position shifted, such
that the ATR dip would shift. (g1-g2) Experimental setup; (k1-k7) NGFR, AMPK, CDH3,
HSPA8, MAGI2 structures (https://swissmodel.expasy.org/), β-actin and PBS solution and
the ATR dip would shift when baicalin interaction.

assays were performed to verify interaction between protein AMPK and NGFR, and results
showed NGFR was related to AMPK/mTOR pathway in thyroid cancer (Fig. 3(d)).

After 24 hours of baicalin treatment, autophagosomes were observed by transmission electron
microscope (TEM) and fluorescence microscope in thyroid cancer cells. TEM showed autophago-
somes were induced under baicalin treatment (Fig. 3(e)). Moreover, bcpap cells were infected with
stubRFP-sensGFP-LC3 lentivirus, and yellow-green fluorescence spots (autophagosomes) were
observed by merging the red and green fluorescence signals under fluorescence microscope. After
baicalin treatment, yellow-green fluorescence spots were increased, which indicated autophagy
was induced under baicalin treatment (Fig. 3(f)).

https://swissmodel.expasy.org/
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Fig. 3. (a) Heatmap of autophagy and apoptosis markers between baicalin treated and
control PTC cells. (b)The scores of autophagy, NGFR and thyroid cancer. (c) The molecular
structure of NGFR and AMPK, and binding energy between baicalin by AutodockVina
1.2.2, the interaction value was -8.322 kcal/mol and -9.433 kcal/mol. (d) The COIP of
AMPK and NGFR in bcpap cells. (e) The autophagosomes images by transmission electron
microscope in baicalin treated and untreated PTC cells (Arrows indicated autophagosome)
(f) The autophagosomes photoed by fluorescence microscope in baicalin treated PTC cells
(×40) and autophagy flux with flow cytometry. **P< 0.01.

2.3. Baicalin promotes autophagy and apoptosis by NGFR/AMPK/mTOR signaling
pathway in thyroid cancer cells

The 24 and 48 h cell viabilities of bcpap and bc-shNGFR cells were measured by CCK8 assay.
Baicalin could inhibit the proliferation of both cells in a dose- and time-dependent manner,
and the inhibitory effects of bcpap was better than bc-shNGFR. Furthermore, the 24 h IC50
values of two cells were 158.8µM and 199.3µM, and the 48 h IC50 values of two cells were
113µM and 151.6µM, respectively (Fig. 4(a)). The colonies of bapap cells under 0, 80µM
baicalin and AMPK, mTOR inhibitor were 711.67± 12.66, 206.00± 7.211, 274.33± 7.10 and
83.00± 5.00, and 700.33± 11.59, 529.00± 18.74, 610.667± 10.693, and 489.67± 15.01of bc-
shNGFR cells, respectively (Fig. 4(b)). The 24 h apoptosis rates of bcpap cells of 0, 160µM
and AMPK, mTOR inhibitor were 1.92± 0.18%, 48.67± 4.12%, 9,81± 0.84%, 71.15± 3.10%,
2.65± 0.41%, 25.46± 0.99%, 5.69± 0.38%,34.92± 5.03% for bc-shNGFR cells (Fig. 4(c)).
Wound healing assay showed the migrated areas of bcpap cells under 0, 160µM and AMPK,
mTOR inhibitor were 89.62± 1.84, 60.25± 4.16, 85.47± 4.39, 41.76± 1.49 and 90.21± 1.64,
80.07± 1.42, 73.96± 3.94, 67.57± 2.10 for bc-shNGFR cells. Moreover, the transwell assay
showed the punctuated bcpap cells of migration assay of 0, 160µM and AMPK, mTOR inhibitor
were 484.33± 20.13, 37.67± 3.512, 165.00± 6.65, 47.33± 3.512, and 90.33± 9.07, 19.00± 2.00,
50.67± 1.53, 10.67± 1.53 of invasion assay, and punctuated bc-shNGFR cells of migration assay
of 0, 160µM and AMPK, mTOR inhibitor were 492.33± 16.62, 198.67± 8.62, 254.00± 8.89,
96.67± 5.51 and 93.33± 6.81, 42.33± 3.512, 76.00± 2.65, 28.00± 3.606 of invasion assay
respectively (Fig. 4(e)). From above, baicalin inhibited proliferation,migration, invasion and
promoted apoptosis of bcpap cells, and knocking down NGFR could reverse.
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Fig. 4. (a) The 24 h and 48 h cell viabilities of bcpap and bc-shNGFR cells by CCK8 assay
(b) The colony formation assay of bcpap and bc-shNGFR cells after 10 days under baicalin
treatment (c) The 24 h apoptosis rates of bcpap cells under baicalin of 0, 160µM combined with
dorsomorphin or rapamycin with flow cytometry. (d) The 24 h wound healing assay of bcpap
cells and bc-shNGFR under baicalin of 0, 160µM combined with dorsomorphin or rapamycin.
(e) 48 h migration and invasion transwell assay of bcpap cells and bc-shNGFR under baicalin
of 0, 160µM combined with dorsomorphin or rapamycin (×20). (f) The autophagosomes
photoed by fluorescence microscope in baicalin/dorsomorphin/rapamycin treated PTC
cells (×40). and autophagy flux with flow cytometry. The results were represented the
means± SD of triplicate independent experiments. ***P< 0.001, **P< 0.01, *P< 0.05, ns
had no significance.

After baicalin treatment, yellow-green fluorescence spots increased, which indicated autophagy
was initiated. Meanwhile, yellow-green fluorescence spots faded after 24 h treatment of
dorsomorphin (AMPK inhibitor), while green fluorescence signals quenched and merged signals
showed orange meaning autolysosome appeared after rapamycin (mTOR inhibitor) treatment
(Fig. 4(f)).

2.4. Baicalin suppress tumor growth of tumor bearing mice by NGFR/AMPK/mTOR
signaling pathway

Combined with results above, we speculated that baicalin may inhibit thyroid cancer through
the NGFR/AMPK/mTOR pathway. We designed an in vivo experiment of six groups to verify
this hypothesis. Bcapap or bc-shNGFR cell suspension was transplanted subcutaneously in
balb/c-nu mice and randomly divided into six groups: BC-con group, BC-low group, BC-high
group, BC-shNGFR-con group, BC-shNGFR-low group, and BC-shNGFR-high group. Low and
high dose group mice undertook intraperitoneal injection of baicalin 40 mg/kg and 80 mg/kg
everyday, while control group undertook PBS solutions. After 28 days of invention, we executed
mice and removed the subcutaneous tumors for immunofluorescence detection. It was found that
the tumor of the low and high group was significantly smaller than the control group, P< 0.001,
and showed no significance between shNGFR-low and shNGFR-high group. It inferred that the
baicalin can effectively inhibit the growth of thyroid cancer tumors (Fig. 5(a-c)).

As shown in Fig. 5(d), the caspase3 expression was elevated by concentrations of baicalin,
and the intensity in BC-high group was significantly higher than that in BC-shNGFR-high
group, P< 0.05; There was no significant difference between BC group and BC-shNGFR
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Fig. 5. Tumor growth in balb/c-nu mice treated with different concentrations of
baicalin, and immunofluorescence detection of caspase3 and p62 in tumor. (a) Sub-
cutaneous tumor growth in balb/c-nu mice treated with baicalin. (b) The illustration of
balb/c-nu mice model (c) Tumor growth curves of tumor bearing mice. (d-e) The intensity
of caspase3 and p62 in tumor tissues were detected by immunofluorescence under different
drug concentrations (magnification× 400), and quantitative statistics of d-e. **P< 0.01,
***P< 0.001, and ns had no statistical difference.

group of con and low groups (P> 0.05). From Fig. 5(e), the p62 expression was decreased by
concentrations of baicalin, and the intensity in BC-high group was significantly lower than that
in BC-shNGFR-high group, P< 0.05; the intensity in BC-low group was significantly lower
than that in BC-shNGFR-low group, P< 0.05; There was no significant difference between
BC-con group and BC-shNGFR-con group (P> 0.05). Above results indicated that baicalin
could increase the expression of caspase3 and weaken the expression of p62 in thyroid cancer
by targeting NGFR, which concluded baicalin could induce autophagy and apoptosis by the
NGFR/AMPK/mTOR pathway.

2.5. Side effects of baicalin in thyroid cancer tumor-bearing mice

We sacrificed mice and removed main organs such as heart, liver, spleen, lung and kidney to
perform HE staining, and found no significant difference in morphology among all groups
(Fig. 6(a)). Meanwhile, there was no significant difference between groups in liver and kidney
biochemical indexes, such us ALT, AST, ALP, BUN, CRE (Fig. 6(b)). We conducted cck8 assays
in liver, kidney, thyroid and myocardial normal cell lines for drug cytotoxity test (AML12, mice
liver cell line; HK2, human kidney cell line; NTHY-ori 3-1, human thyroid cell line; H9c2, Rat
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myocardial cell line).As a result, the normal cell viabilities were maintained as high as 80% after
incubating at the concentration of 240µM for 24 hrs (Fig. 6(c)). We concluded baicalin had
no significant side effects of main organs within the effective therapeutic dose range in thyroid
cancer.

Fig. 6. Safety evaluation of balb/c-nu mice in different groups. (a) Representing H&E
staining images of major organs (heart, liver, spleen, lung and kidney) treated with different
concentration of baicalin after 21 days (scale bar: 50 µm, magnification× 200). (b) Liver and
kidney biochemical indexes treated with baicalin after 21 days. (c) Normal cell viabilities of
different baicalin concentrations at 24 h.

2.6. Discussions

The revealing rate of thyroid cancer is raising these years mainly due to ultrasound technology
[3]. However, more and more patients were diagnosed advanced stage, which leads to poor
prognosis. Thanks to immune therapy, median progression-free survival of advanced patients
can reach 18.3-20.1 months, especially for radioiodine-refectory thyroid cancer [2]. However,
adverse effects like hand-foot skin reaction, hypertension, diarrhoea always annoy patients,
and more effective and mild drug is needed. Traditional Chinese medicines (TCM) have been
used for thousands of years which provide an alternative treatment for cancer. As one of the
most traditional medicinal plants, Scutellaria baicalensis has been used to treat fever, cough,
diarrhea and infection for more than 2000 years. Baicalin is a flavonoid isolated from the dried
root of Scutellaria baicalensis, and it has a wide range of pharmacological effects. Moreover,
baicalin plays an antitumor role in a variaty of tumors, which induced ferroptosis through
Hrf2/xCT/ GPX4 axis in osteosarcomas [9], enhanced the efficacy of 5-Fluorouracil in gastric
cancer by promoting ROS-mediated ferroptosis [8,11], and regulated the radioresistance of
CNE-2R cells via autophagy in nasopharyngeal carcinoma [6]. Until now, the drug target
identification and validation is still a time-consuming and laborious work, while technique
including phenotypic screening, biochemical screening and affinity-based screening have the
disadvantages in complicated sample processing and time-consuming. Our study aimed to
explore an effective and efficient method to predict drug target by means of optical resonator.
We designed a two-dimensional constrained optical resonator (TDCOR) to detect ATR dip shift.
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This means has an advantage of a high sensitivity of 700°/RIU for the TE and TM modes, and
NGFR was selected from four candidates.

Nerve Growth Factor Receptor (NGFR), also named P75 NTR, is known as one of neurotrophin
receptors and pro-neurotrophins receptors, which participate in neurotrophin development [21,22].
It belongs to the TNF-receptor gene family. In particular, recent researches showed NGFR
enrolled in tumor growth and dissemination [23,24]. NGFR always played as tumor suppressor
and participated in blocking cell cycle progression and inducing apoptosis in gastric, bladder,
and prostate cancers [25,26]. However, the mechanism of NGFR in thyroid cancer is not
clear [27,28]. Our study showed baicalin related to autophagy in papillary thyriod cancer via
NGFR/AMPK/mTOR pathway, which interacts with tumor progression.

Autophagy is a fundamental and ubiquitous biological event conserved in mammals including
humans. Basically, autophagy is a catabolic process that cellular components including small
molecules and damaged organelles are degraded for recycle to meet the energy needs, especially
under the extreme conditions, such as hypoxia, stress, starvation, toxicity. Autophagy classically
contains three formats, namely, macroautophagy, microautophagy and chaperone-mediated
autophagy. The macroautophagy is the most common one and is regarded as autophagy [15].
Autophagy is widely involved in tumor biological behaviors including cancer stem cell (CSC)
survival, cell death, distant metastasis, drug resistance and so on. The dysregulated autophagy
has indicated to be involved in thyroid cancer progression [15]. It is reported autophagy closely
related with thyroid function and prognosis of thyroid cancer, it could downregulate sodium/iodide
symporter (NIS)-mediated iodide uptake via ROS/AMPK/mTOR pathway [29]. Studies showed
autophagy was associated with differentiation of thyroid cancer, especially in braf/ras-mutant
cancer, which indicated the resistance of RAI therapy [15]. It was reported inhibition of mTOR
suppressed autophagy, thus reduced EMT and metastasis of bcpap cell lines [30] Furthermore,
as another way of cell death, apoptosis is closely linked to autophagy in a variety of cancers.
Electroscope is used for confirmation and identification of autophagy, and all stages of autophagy
can be detected by it. In addition, LC3 and p62 are markers of autophagy, the increased ratio of
LC3I/LC3II and decreased p62 protein indicate the initiation of autophagy. Our results showed
increased signals under TEM and elevation of LC3I/LC3II ratio and decline of p62 in tumor
bearing mice after baicalin intervention. Results indicated baicalin induced autophagy through
NGFR/AMPK/mTOR pathway in thyroid cancer. AMPK/mTOR pathway works as upstream
of autophagy, and deactivation of mTOR initiated autophagy under condition of deprivation of
nutrients.

3. Conclusion

We provide an effective way to monitor drug interactions in real time using membrane proteins
(NGFR, AMPK, CDH3, HSPA8 and MAGI2 which are screened by RNA-sequencing after the
bacalin has been used to inhibit PTC cell) of cancer cells process via ATR shifts. According
to the results of TDCOR, baicalin induce autophagy via NGFR/MAPK/mTOR pathway in
papillary thyroid cancer. Further, it unveils exciting opportunities in clear and rapid analysis of
the molecular antibacterial, anti-inflammation, anti-tumor and immune modulating functions
mechanism of herbs in Chinese medicine.

4. Materials and methods

4.1. Chemicals

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were obtained from
Invitrogen (Gibco, USA). Dimethylsulfoxide (DMSO) and Cell Counting Kit-8 (CCK8) were
obtained from TargetMOI (Boston, MA). Lentivirus sh-RNA NGFR and stubRFP-sensGFP-LC3
lentivirus was purchased by Genechem (Shanghai, China). Bacailin was purchased from LC
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Laboratories (LC Laboratories, Woburn, MA). Rapamycin (RAPA) was obtained from Cell
Signaling Technology (CST, USA). Total AMPK, total mTOR and phosphorylated mTOR
antibodies were obtained from Cell Signaling Technology (CST, USA). The NGFR antibody was
obtained from Abcam (USA), and β-actin and HRP-conjugated secondary antibody from Abcam
(USA).

4.2. Cell lines and cell cultures

Human papillary thyroid cancer cell lines bcpap were purchased from National collection
of authenticated cell cultures (Shanghai, China). Bcpap cell lines were cultured in DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin antibiotic mixture (Gibco, USA) at
37 °C in an atmosphere of 5% CO2. Furthermore, AML12, HK2, NTHY-ori 3-1, H9c2 were
purchased from National collection of authenticated cell cultures (Shanghai, China) for drug
toxicity detection. AML12 was cultured in DMEM/F-12(1:1) medium supplemented with 10%
fetal bovine serum (FBS), 1% Insulin-transferrin-sodium (ITS) and 40 ng/ml Dexamethasone,
other cell lines were cultured in DMEM supplemented with 10% fetal bovine serum and
penicillin-streptomycin antibiotic mixture (Gibco) at 37 °C in an atmosphere of 5% CO2.

4.3. RNA sequencing

RNA of baicalin-treated and untreated cells was extracted. Differences in gene expression profiles
between the two groups were represented by volcano maps, with vertical dashed lines representing
up-regulated and down-regulated differences of 2.0 times (log2 conversion), respectively, and
up-regulated genes represented by red dots in the figure.The volcano map of differentially
expressed genes was drawn using the R language ggplots2 software package, and the results
showed that there were differences in the gene expression profiles of mice after dual drugs
treatment.

In order to further analyze the function of differentially expressed genes after baicalin
administrations, we used topGO to conduct the related analysis of GO enrichment, and KEGG
pathway to annotate the differential genes and the gene list and number of each pathway, and
hypergeometric distribution method was used to obtain P values (P< 0.05). Use genescloud
platform (https://www.genescloud.cn) for data analysis, and pheatmap package (V1.0.8) developed
by heat map tool drawing heat maps.

4.4. Autodock

To analyze the binding affinities and modes of interaction between the drug candidate and
their targets, AutodockVina 1.2.2, a silico protein–ligand docking software was employed.
The molecular structures of NGFR and AMPK were retrieved from PubChem Compound
(https://pubchem.ncbi.nlm.nih.gov/). The 3D coordinates of NGFR (PDB ID: 4F42; resolu-
tion: X-RAY DIFFRACTION 2.38 Å), AMPK (PDB ID: 4EAG; resolution: were: X-RAY
DIFFRACTION 2.701 Å) downloaded from the PDB (http://www.rcsb.org/pdb/home/home.do).
For docking analysis, all protein and molecular files were converted into PDBQT format with all
water molecules excluded and polar hydrogen atoms were added. The grid box was centered to
cover the domain of each protein and to accommodate free molecular movement. The grid box
was set to 30 Å× 30 Å× 30 Å, and grid point distance was 0.05 nm. Molecular docking studies
were performed by Autodock Vina 1.2.2 (http://autodock.scripps.edu/).

4.5. CCK8 assay

Cell viability was detected via Cell Counting Kit-8 (CCK-8) assay. bcpap cell lines were incubated
with baicalin for 24 to 48 h, and then replaced with 100uL 10% CCK-8 reagent (TargetMOI,
China) for 1 h at 37C. The OD of each well was measured at 450 nm using a Thermo Scientific
Varioskan Flash (Thermo Fisher Scientific, USA).

https://www.genescloud.cn
https://pubchem.ncbi.nlm.nih.gov/
http://www.rcsb.org/pdb/home/home.do
http://autodock.scripps.edu/
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4.6. Colony formation

Bcpap cells were seeded at a concentration of 100 cells/well into 12-well plates in DMEM
supplement. After 24 h of culture, baicalin of different concentration were added into plates, and
change solutions every 3 days. Cells were fixed with 4% formaldehyde for 15 mins, stained with
0.5% crystal violet for 15 mins and plates were observed by scanner after 10 days.

4.7. Cell invasion and migration

Cell invasion and migration was measured using 24-well transwell chamber (Corning Costar)
precoated with or without Matrigel. Cells in serum-free medium were seeded at 1× 105 per well
in the top chamber, while 20% FBS medium with different concentration drugs was added in the
bottom chamber. After incubation for 24 h at 37 °C, cells were fixed with 4% formaldehyde for
15 mins, stained with 0.5% crystal violet for 15 mins and counted.

4.8. Wound healing

Bcpap cells were seeded at a concentration of 1× 105 cells/well into 12-well plates in DMEM
supplement. Cells were incubated overnight yielding confluent monolayer for wounding. Wound
tracks in the monolayer were scored in each well using a 200 µL pipette tip. Then the suspended
cells were washed twice with PBS, and the wounded cell monolayer was incubated in 5%FBS
medium with different concentration of baicalin for 24 h. Photographs of the wound area were
captured at the 0 and 24 h with microscope (Olympus America Inc, USA).

4.9. Cell lentiviral transfection

Bcpap cells were plated at a density of 1× 105 cells per 60-mm dish for 24 h and then infected with
the stubRFP-sensGFP-LC3 or shNGFR lentivirus in DMEM. Forty-eight hours after infection, the
cells were re-plated and selected with puromycin for 48 hours. The resulting NGFR-knockdown
and stubRFP-sensGFP-LC3 bcpap cells were expanded for further analysis. The transfection
effects were confirmed by RT-PCR.

4.10. Animals and in vivo model

All animal experiments were performed in accordance with the national and institutional
guidelines for animal care and were approved by the Animal Experiment Ethics Committee of
Shanghai Renji hospital affiliated to Shanghai Jiaotong University School of Medicine. Mice were
maintained under specific pathogen free conditions and randomly assigned to each experimental
group.All mice were supplied with sterile drinking water and fed freely. Six to eight weeks old
BALB/c-nu mice were used for the studies. BALB/c-nu mice were injected with 5× 106 bcpap
cells. All cells were injected subcutaneously into the flank. All control groups was fed with PBS
50 ml/kg/d, and baicalin (Macklin, Shanghai) were diluted into 10 mM solution using DMSO
solution, drugs were further diluted on the day of experiment.

4.11. Flow cytometry

We seeded bcpap cells (1× 106cells) in every T25 culture flask, and we added different con-
centrations of baicalin after 24 h incubation. After another 24 h, we collected and washed
the supernatant and the adherent cells and added 1 µl of annexin and propidium iodide to test
solutions respectively.

FITC signal(GFP) was detected in stubRFP-sensGFP-LC3 bcpap cells, which was illustrated
as autophagy flux. The samples were detected by LSR Fortessa X-20 or Celesta Flow cytometry
system, and analyzed by Flow Jo software.
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4.12. Immunofluorescence

The mice tissues were fixed with formaldehyde and embedded in paraffin. Subsequently, the
tissue samples were cut into 4 µm thickness, deparaffinized in xylene, and rehydrated through
graded ethanol solutions to analyze caspase3, P62 expression. The sections were deparaffinized
and rehydrated, then blocked with 3% bovine serum albumin (BSA) for 30 min. The sections
were next incubated with anti-CASP3, anti-P62 antibody (Proteintech, China) overnight at 4 °C
and Cy3-labeled secondary antibody for 1 h at 37 °C, followed by nuclear staining with DAPI
for 10 mins at room temperature. The staining results were observed by Nikon confocal laser
microscope (Eclipse Ti-SR, Nikon) and imaging system (DS-U3, Nikon). The fluorescence
intensity quantification were analyzed with the Image J software.

4.13. TEM (Transmisson electron microscope)

Cells were collected and fixed in 2.5% glutaraldehyde overnight. Then the cells were treated
with 1% osmic acid 0.1 M phosphate buffer PBS (PH7.4) was fixed at room temperature (20°C)
for 2 h. The tissue was progressively dehydrated with 50%-70%-80%-90%-95%-100%-100%
alcohol. After a second rinsing, cells were dehydrated with graded acetone and finally embedded
in Quetol 812. Ultrathin sections were observed under an electron microscope (FEI, USA).

4.14. Western blotting

Cells were lysed in RIPA buffer containing protease inhibitors, and protein concentrations were
determined using a BCA assay. Samples were denatured by boiling in loading buffer (5 min,
100°C), and then equal amounts of protein (20-50µg) were separated by SDS-PAGE (12% gel) at
110 V for 1.5 hr. Next, proteins were transferred onto PVDF membranes using a wet transfer
system (200 mA, 1.5 hr, 4°C), and blocked with blocking buffer for 1 hr at room temperature.
Primary antibodies such as anti-β-actin (A01015,1:5000Abbkine); anti-NGFR (8238), anti-mTOR
(2972,1:1000, CST); anti-Beclin1 (11306-1-AP), anti-ATG5 (10181-2-AP,1:1000, Proteintech)
were diluted and incubated overnight at 4°C. Membranes were washed 3 times with TBST, then
incubated with HRP-conjugated secondary antibodies (1:5000) for 1 hr at RT. β-actin served as a
loading control. Results were visualized using ECL substrate and quantified by ImageJ software.

4.15. Statistical analysis

Statistical analyses were conducted using Graphpad Prism 8 software. Results are expressed as
mean± standard error of the mean (S.E.M.). The significance of differences among experimental
groups was determined by ANOVA analysis. The differences are considered statistically significant
at P< 0.05.
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