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Abstract Ferroptosis is a non-apoptotic regulated cell death caused by iron accumulation and subse-

quent lipid peroxidation. Currently, the therapeutic role of ferroptosis on cancer is gaining increasing in-

terest. Baicalin an active component in Scutellaria baicalensis Georgi with anticancer potential various

cancer types; however, the effects of baicalein on bladder cancer and the underlying molecular mecha-

nisms remain largely unknown. In the study, we investigated the effect of baicalin on bladder cancer cells

5637 and KU-19-19. As a result, we show baicalin exerted its anticancer activity by inducing apoptosis

and cell death in bladder cancer cells. Subsequently, we for the first time demonstrate baicalin-induced

ferroptotic cell death in vitro and in vivo, accompanied by reactive oxygen species (ROS) accumulation

and intracellular chelate iron enrichment. The ferroptosis inhibitor deferoxamine but not necrostatin-1,

chloroquine (CQ), N-acetyl-L-cysteine, L-glutathione reduced, or carbobenzoxy-valyl-alanyl-aspartyl-

[O-methyl]-fluoromethylketone (Z-VAD-FMK) rescued baicalin-induced cell death, indicating
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ferroptosis contributed to baicalin-induced cell death. Mechanistically, we show that ferritin heavy chain

1 (FTH1) was a key determinant for baicalin-induced ferroptosis. Overexpression of FTH1 abrogated the

anticancer effects of baicalin in both 5637 and KU19-19 cells. Taken together, our data for the first time

suggest that the natural product baicalin exerts its anticancer activity by inducing FTH1-dependent fer-

roptosis, which will hopefully provide a prospective compound for bladder cancer treatment.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction 100 units/mL penicillin, and 100 mg/mL streptomycin comprising
Ferroptosis is a recently discovered non-apoptotic modality of
regulatory cell death, which is driven by iron-dependent, lipid
peroxidation, membrane damage, and cell lysis1e3. Previous
studies have demonstrated that ferroptosis is involved in the
onset and development of numerous diseases, including
ischemiaereperfusion injury, cardiovascular diseases, acute kid-
ney injury, and neurodegenerative disorders4,5. Recently,
increasing studies have confirmed that ferroptosis contributes to
eliminating cancer cells in an apoptosis-independent manner6,7.
Therefore, ferroptosis is attracting more and more attention due to
its effectiveness in cancer treatment.

Scutellaria baicalensis Georgi or Huangqin, as a medicinal plant,
is used widely in many Asian countries especially in China. Baicalin,
a monomer of Chinese traditional herbs extracted from S. baicalensis
Georgi, exhibits its antitumor effects on several tumor progression.
Baicalein in combination with baicalin enhanced the growth-
inhibition effect of human breast cancer cells through the ERK/p38
MAPK pathway8. Baicalin initiated reprogramming of tumor-
associated macrophages into M1-like macrophages and promoted
the production of pro-inflammatory cytokines. Co-treatment with
tumor-associated macrophages and baicalin led to a decrease in its
motility and proliferation of hepatocellular carcinoma9. Baicalin
nanoliposomes showed a better antitumor therapeutic efficacy for
lung cancer compared with their controls10. Baicalin treatment trig-
gered autophagic cell death in T24 cells by blocking AKT/protein
kinase B signaling pathway11. However, the function of baicalin in
bladder cancer remains largely unknown.

In the study, we investigated the effect of baicalin on bladder
cancer cells 5637 and KU-19-19. As a result, we found that bai-
calin exhibited its anticancer activity by inducing apoptosis and
cell death in bladder cancer cells in a dose-dependent manner.
Subsequently, we for the first time demonstrated baicalin-induced
ferroptotic cell death in vitro and in vivo, accompanied by reactive
oxygen species (ROS) accumulation and intracellular chelate iron
enrichment. Subsequently, we showed that ferritin heavy chain 1
(FTH1) was a key determinant for baicalin-induced ferroptosis.
Overexpression of FTH1 abrogated the anticancer effects of bai-
calin in bladder cancer cells. Taken together, our data for the first
time suggest that baicalin exerts its anticancer function by trig-
gering FTH1-dependent ferroptosis, which may provide a poten-
tial anticancer drug for bladder cancer treatment.

2. Materials and methods

2.1. Cell culture

The 5637 and KU-19-19 cell lines were obtained from ATCC, and
maintained in RPMI-1640 medium with 10% fetal bovine serum,
5% CO2 controlling the temperature at 37 �C.

2.2. Reagents and antibodies

All primary antibody subsequent experiments used were anti-BAX
antibody (Cell Signaling, 14796S), anti-53BP1 antibody (Cell
Signaling, 4937), anti-a-tubulin antibody (Sigma, T8203), anti-
transferrin antibody (Abcam, ab82411), anti-FTH1 antibody (Cell
Signaling, 4393S), anti-heme oxygenase-1 antibody (HO-1,
Abcam, ab189491), anti-ferritin antibody (Abcam, ab75937), anti-
cleaved caspase-3 antibody (Abcam, ab2302), anti-b-actin anti-
body (Cell Signaling, 12262S), anti-g-H2AX antibody (Millipore,
2652964), anti-P53 antibody (Novus, NB200-103). And reagents
mentioned in experiments were purified baicalin (>98%,
Shanghai Yuanye, B20570), deferoxamine mesylate (DFO, Sell-
eck, S5742), Z-VAD-FMK (MCE, HY-16658B), chloroquine (CQ,
Sigma, C6628), necrostatin-1 (Nec-1, MCE, HY-15760), N-ace-
tylcysteine (NAC, MCE, HY-B0215), L-glutathione reduced
(GSH, MCE, HY-D0187), FTH1 tagged ORF clone (Origene,
RC209845).

2.3. Cell viability assay

The cell viability of 5637 and KU-19-19 with the baicalin treat-
ments was determined using CCK8 (Meilunbio, Cat.: MA0218).
About 4.5 � 103 cells per well were seeded into 96-well plates.
And then treated with various concentrations of baicalin with or
without inhibitor or inducer for 24 h. After treatment, 100 mL per
well RPMI-1640 medium including 10 percentage CCK-8 was
added in wells and incubated at 37 �C for 1e4 h and then
measured at 450 nm wavelength12.

2.4. Colony-formation assay

About 3 � 103 cells per well were seeded in 100 mm plates. The
cells were maintained for about 18 days until the cells grew to
visible colonies. Then KU-19-19 or 5637 were maintained in
RPMI-1640 medium with two concentrates of baicalin for 1 day
and change into normal RPMI-1640 medium for two days. The
same operation needs to repeat about 3 times. Then colonies in
every plate were fixed by 4% paraformaldehyde and stained by
crystal violet solution for 1 h at room temperature.

2.5. Real-time quantitative PCR (qRT-PCR)

About 2 � 105 cells were added in 60 mm dishes and given
different treatments. RNA was extracted (Trizol, Ambion) and
reversed (Vazyme Biotech, Cat.: R323-01) to cDNA. RNA
extracted from the treated cells was prepared for RNA-seq
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experiments, as described previously13. qPCR reactions were
performed (Vazyme, Biotech, Cat.: Q711) and the program of
qPCR was followed by instruction. The primers for GAPDH were
a forward primer, 50-GTC TCC TCT GAC TTC AAC AGC G-30,
and a reverse primer, 50-ACC ACC CTG TTG CTG TAG CCA
A-30. The primers for TF were a forward primer, 50-TCA GCA
GAG ACC ACC GAA GAC T-30, and a reverse primer, 50-GAC
CAC ACT TGC CCG CTA TGT A-30.

2.6. Mitochondria mass assessment

Mito-Tracker Green was used to measure the mitochondria mass
of 5637 and KU-19-19 cells. And fluorescence intensity and
quantity reflect the number and mass of mitochondria. Mito-
chondria was a multifaceted regulator of cell death including
necroptosis, ferroptosis, pyroptosis, and programmed cell
death14e16. The cells were added in 60 mm plates and given
different treatments. After 24 h, cells were dyed with 20 nmol/L
Mito-Tracker Green (Beyotime Biotechnology, Cat.: C1048) for
1 h and 1 mg/mL Hoechst 33342 (Beyotime Biotechnology, Cat.:
C1022) for 10 min. The results were analyzed by a positive
fluorescence microscope.

2.7. Measurement of intracellular chelate iron

About 4 � 105 cells were added in 60 mm plates. 5637 and KU-
19-19 were treated as indicated for 24 h after attachment. Living
cells were collected and stained by Phen Green SK (Thermo-
Fisher, Cat.: P14313) according to the manufacturer’s instructions.
The fluorescent degree was analyzed by a flow cytometer (Beck-
man Coulter, CytoFLEX S).

2.8. Measurement of ROS

About 3 � 105 cells were added in 60 mm plates. After attachment
overnight, cells were treated differently for 24 h, and then replaced
with serum-free medium containing 10 mmol/L DCFH-DA,
(Beyotime Biotechnology, Cat.: S0033) for 0.5e1 h. Cells were
washed twice with PBS to get rid of remnant DCFH-DA. Then,
the cells were resuspended in 300 mL PBS, and the ROS gener-
ation was analyzed by flow cytometer with about 10,000 labeled
cells analyzed17.

2.9. Apoptosis assays

The percent of apoptosis in cells was assayed according to the
instructions (BD, 556547). About 2 � 105 cells were added in
60 mm dishes and given different treatments. After treatments for
24 h, the cells were collected and resuspended in 300 mL ice-cold
1 � binding buffer and dyed with PI and FITC Annexin V about
30 min at 4 �C in the dark. The results were analyzed by a flow
cytometer.

2.10. Western blotting analysis

About 8 � 105 cells were added in 100 mm dishes. After
attachment, the cells were given different treatments for 24 h.
Then collected cells had been lysed in RIPA (Beyotime
Biotechnology, Cat.: P0013B) for 30 min on ice. After centri-
fuged at 10,000 rpm (Eppendorf AG, type: 5430R, Barhau-
senweg 1 22339 Hamburg, Germany), the supernatant was
collected and quantified the protein concentrations by the BCA
Protein Assay Kit (Beyotime Biotechnology, Cat.: P0010).
Equal amounts (15 mg) of total protein were resolved in 12%
SDS-PAGE and then transferred to PVDF membranes (Milli-
pore, Cat.: ISEQ00010). Membranes with proteins were con-
ducted to blocking, washing, incubation with antibodies, and
finally detection with enhanced chemiluminescence.

2.11. In vivo bladder tumor model

All mouse experiments were approved by the Use and Care of
Animals Committee at Hangzhou Normal University. About
6 � 106 KU-19-19 cells were injected into the about 3e5 weeks
old female BALB/c nude mice (about 18 g, n Z 5). Tumor di-
mensions were measured every 2 days by digital caliper, and the
tumor volume (V) was calculated by Eq. (1):

V Z (Maximal length � Maximal width2)/2 (1)

Once palpable tumors appeared, the mice were randomized in
four groups: the control (deionized water containing 7% Tween 80
and 0.1% CMC-Na) group, the DFO (100 mg/kg/day) group, the
baicalin (200 mg/kg/day) group, and DFO þ baicalin group. After
10 days of drug administration (intraperitoneal injection, once
daily), mice were sacrificed, and tumor specimens resected were
collected for immunohistochemical staining and Perl’s staining
(Solarbio Life Sciences, G1420).

2.12. Statistical analysis

Unless otherwise stated, three times at least in all studies were
performed. The results are expressed with mean � standard de-
viation (SD). The significance of the results in statistics was
determined by the t-test in Graphpad Prism.

3. Results

3.1. Baicalin triggered cell death and inhibited cell
proliferation in bladder cancer cells

To investigate the effect of baicalin, two human bladder cancer
cell lines 5637 and KU-19-19 were treated with different con-
centrations of baicalin for 24 h. As a result, the cell counting Kit-8
(CCK-8) assay showed baicalin-induced cell death of bladder
cancer in a dose-dependent manner (Fig. 1A). Cell apoptosis was
assessed by annexin V-FITC/PI staining. The results show that a
high percentage of cell death and apoptosis was found in 5637 and
KU-19-19 cells after the treatment with baicalin (Fig. 1B and C).
To examined the effect of baicalin on cell proliferation, the colony
formation assay was made. As a result, baicalin treatment
significantly inhibited colony formation (Fig. 1D and E). These
results indicate that baicalin treatment triggered cell death and
inhibited cell proliferation of bladder cancer cells.

In the next study, we analyzed the expression of several
apoptotic and ferroptotic proteins in bladder cancer cells after the
baicalin treatment by Western blotting. The data suggest baicalin
treatment promoted apoptosis in bladder cancer cells (Fig. 1F). As
we know, ferroptosis was also involved in cancer cell death. So,
we detected the expression of several iron regulatory proteins.
Western blotting showed that increased transferrin, phosphory-
lated histone H2AX (g-H2AX), P53, tumor suppressor P53
binding protein 1 (53BP1) and decreased FTH1 were found in
baicalin-treated bladder cancer cells. These data suggest baicalin



Figure 1 The cell viability of 5637 and KU-19-19 cells was detected after the treatment with baicalin. (A) The cell viability of 5637 and KU-

19-19 was examined by CCK-8 assay after the treatment with various concentrations of baicalin for 24 h. (B) and (C) Representative results of

annexin V-FITC/PI staining and quantitative analysis after the treatment with baicalin for 24 h, mean � SD, n Z 3; *P < 0.05, **P < 0.01. (D)

and (E) Representative results of the colony formation and quantitative analysis, mean � SD, n Z 3; *P < 0.05, **P < 0.01. Scale: 30 mm. (F)

The expression of BCl-2-associated X (BAX), P53 binding protein 1 (53BP1), phosphorylated histone H2AX (g-H2AX), P53, ferritin heavy chain

1 (FTH1), transferrin, and cleaved caspase-3 was determined by Western blotting.
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Figure 2 The effect of baicalin alone or in combination with other cell death inhibitors on the inhibition of growth of bladder cancer cells. (A)

5637 and KU-19-19 were treated with baicalin accompanied with or without Nec-1 for 24 h, then cell viability was tested. (B) 5637 and KU-19-19

were treated with baicalin along with or without chloroquine (CQ) for 24 h, then cell viability was tested. (C) Pretreatment with or without

carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-FMK), 5637 and KU-19-19 cells were treated with baicalin for 24 h,

then cell viability was assayed. (D) 5637 and KU-19-19 were treated with baicalin with or without deferoxamine (DFO) for 24 h and cell viability

was analyzed, **P < 0.01. (E) 5637 and KU-19-19 were treated with baicalin with or without glutathione (GSH) for 24 h, then cell viability was

analyzed, mean � SD, n Z 3; *P < 0.05, **P < 0.01. (F) 5637 and KU-19-19 were treated with baicalin along with or without N-acetylcysteine

(NAC) for 24 h and the cell viability was assayed, mean � SD, n Z 3; **P < 0.01.

Baicalin induces ferroptosis in bladder cancer cells by downregulating FTH1 4049
treatment could induce apoptosis, oxidative DNA damage18 and
ferroptosis in bladder cancer.

3.2. Ferroptosis contributed to baicalin-induced cell death in
bladder cancer cells

To determine which cell death form dominantly contributed to the
cell death induced by baicalin, several inhibitors of different cell
death pathways were utilized. The co-treatment with chloroquine
(CQ, autophagy inhibitor), necrostatin-1 (Nec-1, necroptosis in-
hibitor), or Z-VAD-FMK (pan-caspase inhibitor) could not
significantly reverse baicalin-caused cell death in bladder cancer
cells (Fig. 2AeC). Whereas, the ferroptosis inhibitor deferox-
amine (DFO), oxygen-derived free radicals scavenger glutathione
(GSH) and ROS inhibitor N-acetylcysteine (NAC) remarkably
rescued baicalin-induced cell death (Fig. 2DeF). Moreover,
baicalin-induced cell death was almost rescued through co-
treatment with iron chelator DFO (Fig. 3A and B). These results
indicate ferroptosis as the predominant method that contributed to
baicalin-induced cell death.

It is known that intracellular iron and ROS accumulation are
critical events in ferroptosis. Thus, intracellular chelate iron was
determined by using the fluorescent indicator Phen Green SK, the
fluorescence of which is quenched by iron. As expected, baicalin
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Figure 4 FTH1 was a key determinant for baicalin-induced ferroptosis. (A) The expression of FTH1 and transferrin was detected by Western

blotting. (B) Untransfected cells and FTH1-transfected cells were treated with or without baicalin for 24 h and then ROS level was detected,

mean � SD, n Z 3; **P < 0.01. (C) FTH1-transfected 5637 and KU-19-19 cells were treated with baicalin for 24 h and then intracellular chelate

iron was analyzed, mean � SD, nZ 3; *P < 0.05, **P < 0.01. (D) FTH1-transfected 5637 and KU-19-19 cells were treated with baicalin for 24 h

and then the cell viability was detected by CCK-8, mean � SD, n Z 3; *P < 0.05.

Baicalin induces ferroptosis in bladder cancer cells by downregulating FTH1 4051
treatment triggered a decrease in the proportion of Phen Green SK-
positive cells, indicating that ferroptosis was triggered (Fig. 3C).
Then, ROS were explored by immunofluorescence and DCFH-DA
fluorescent probe. As a result, baicalin treatment-induced ROS
accumulation in bladder cancer cells (Fig. 3D).Becausemitochondria
are major sources of ROS within the cell, we next detected the
mitochondrial damage by Mito-Tracker Green staining. As shown in
Fig. 3E, baicalin treatment triggered mitochondrial damage and cell
death. Moreover, these critical events could be rescued by co-
treatment with iron chelator DFO (Fig. 3CeE).

In the subsequent experiments, we detected the effect of co-
treatment with baicalin and iron chelator DFO on the ferroptotic
protein expression. The expression of transferrin (TF), which is
responsible for the transport of iron into cells,was increased following
treatment with baicalin (Fig. 3F). In contrast, the expression of a
negative ferroptosis-regulated protein (FTH1 and HO-1) was
decreased (Fig. 3F). Moreover, DFO treatment could abolish the
ferroptosis induced by baicalin treatment, which was confirmed by
Figure 3 DFO could trigger significantly the treatment of baicalin in b

cytometer with the treatment of baicalin with or without DFO, mean � SD,

along with or without DFO for 24 h, then intracellular chelate iron was an

oxygen species (ROS) level was analyzed by a flow cytometer, mean � S

detect mitochondria damage. Scale: 100 mm. (F) The expression of FTH

treatment with baicalin with or without DFO for 24 h by Western blotti

transferrin, mean � SD, n Z 3; **P < 0.01.
Western blotting. Besides, the transcriptional expression of transferrin
was consistent with its protein expression when the bladder cancer
cells were treated with baicalinwith or without DFO (Fig. 3G). Taken
together, these findings strongly suggested that baicalin triggered
ferroptotic cell death in bladder cancer cells.

3.3. FTH1 was a key determinant for baicalin-induced
ferroptosis

Todetectwhether FTH1plays an important role in ferroptosis induced
by baicalin, 5637 and KU-19-19 cells were transfected with FTH1
plasmid with or without baicalin. The data show FTH1 over-
expression significantly decreased the expression of transferrin,
indicating baicalin-induced ferroptosis was attenuated (Fig. 4A). We
found that as long as baicalin was added, the level of ROS in the cells
always increased significantly. In addition, the intracellular ROS level
of the bladder cancer cells transfected by FTH1was remarkably lower
than that in untransfected cells (Fig. 4B); however, higher intracellular
ladder cancer cells. (A) and (B) The cell death was observed by flow

nZ 3, **P < 0.01. (C) 5637 and KU-19-19 were treated with baicalin

alyzed, mean � SD, n Z 3; *P < 0.05, **P < 0.01. (D) The reactive

D, n Z 3; **P < 0.01. (E) Mito-Tracker Green staining was made to

1, HO-1, transferrin in bladder cancer cells was detected after the

ng. (G) qRT-PCR was performed to detect the mRNA expression of



Figure 5 Baicalin triggered ferroptosis in bladder cancer xenograft model. (A) An image of tumor samples in each group. (B) Tumor volume in

each group was analyzed. Data are expressed as the mean � SD, n Z 3; **P < 0.01. (C) Mice weight in each group was analyzed. (D) and (E)

Representative results of free iron deposition and quantitative analysis, mean � SD, n Z 3; **P < 0.01. Scale: 50 mm and 2.5 mm. (F) The

expression of FTH1 was determined by immunohistochemical staining. Scale: 120 mm.
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chelate iron was observed after FTH1 overexpression (Fig. 4C).
Moreover, overexpression of FTH1 significantly abrogated the anti-
cancer effects of baicalin in both 5637 and KU-19-19 cells (Fig. 4D).
So, these results suggest that FTH1 was a critical regulator for
baicalin-induced ferroptosis in bladder cancer cells.

3.4. Baicalin triggered ferroptosis in bladder cancer xenograft
model

To investigate the therapeutic potential effect of baicalin in vivo, a
subcutaneous xenograft model was performed. When the xenografts
reached about 70 mm3 in size, the mice were randomly divided into
four experimental groups (five mice per group): the control
group (solvent), baicalin treatment group (200 mg/kg), DFO group
(100mg/kg) andDFOplus baicalin group.As shown inFig. 5A andB,
a significant decrease in tumor volume was detected in the baicalin
treatment group compared with those observed in their control group.
Moreover, iron chelator DFO treatment could antagonize the anti-
cancer effect of baicalin in bladder cancer cells. However, the mice
weights were not affected by baicalin treatment (Fig. 5C), indicating
no notable toxicity. Then we investigated the effect of baicalin on
ferroptosis by immunohistochemical and Prussian blue staining.
Prussian blue staining shows that, compared with the control group,
the deposition of free iron in cells was significantly increased in
baicalin-treatedmice (Fig. 5D and E). Immunohistochemical staining
indicated FTH1 expression was decreased in the baicalin treatment
group compared with those observed in their control group (Fig. 5F).
Taken together, our results demonstrated that baicalin triggered fer-
roptosis in bladder cancer in vivo.
4. Discussion and conclusions

Ferroptosis, a novel cell death form characterized by the iron-
dependent accumulation of lipid peroxidation, has recently been
recognized as a tumor suppression mechanism in cancer therapy,
particularly in the eradication of malignant tumors resistant to
conventional therapies19,20. Many research also demonstrated that
there was a DNA damage-dependent ferroptosis, in which multi-
ple interrelated pathways eventually lead to ferroptosis21e23. In
recent years, increasing studies have been made in finding novel
anticancer drugs based on ferroptosis. Given that natural com-
pounds are the important sources for new anticancer drugs, those
natural chemicals that have the potential to induce ferroptosis in
cancer are attracting growing interest.

Baicalin, the major bioactive flavones extracted from the roots
of S. baicalensis Georgi (Scutellariae Radix), also called
“Huangqin” in traditional Chinese medicine. Increasing evidence
support that baicalin has a potential role in cancer treatment.
Baicalin could suppress cell proliferation and migration triggered
apoptosis and cell cycle arrest24e26. However, the function of
baicalin leading to ferroptosis and bladder cancer has been
unexplored.

Here, we show that baicalin developed its anticancer activity
through inducing apoptosis and cell death in bladder cancer in a
dose-dependent manner. Subsequently, we demonstrate for the first
time that baicalin triggered ferroptosis in vitro and in vivo, as evi-
denced by ROS accumulation and intracellular chelate iron
enrichment. Mechanistically, we show FTH1 is a critical mediator
for baicalin-induced ferroptosis in bladder cancer cells.



Figure 6 A schematic diagram about the central role of baicalin in ferroptosis induction in bladder cancer. Baicalin exerts its anticancer activity

in bladder cancer by inducing FTH1-dependent ferroptosis, which will hopefully provide great therapeutic potential for bladder cancer treatment.

Baicalin induces ferroptosis in bladder cancer cells by downregulating FTH1 4053
Overexpression of FTH1 abrogated the anticancer effects of bai-
calin both in vitro and in vivo. In summary, our investigations
demonstrate the natural compound baicalin exerted its anticancer
effect by triggering FTH1-dependent ferroptosis, which could
provide a ferroptosis inducer for bladder cancer treatment (Fig. 6).
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