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Abstract

This study aimed to elucidate the effects of Qingrehuoxue Formula (QRHXF) on NSCLC and its underlying
mechanisms. Nude mouse model of subcutaneous tumors was established. QRHXF and erastin were
administered orally and intraperitoneally, respectively. Mice’s body weight and subcutaneous tumor volumes
were measured. The effects of QRHXF on epithelial-mesenchymal transition (EMT), tumor-associated
angiogenesis and matrix metalloproteinases (MMPs) were assessed. Importantly, we also analysed the
anti-NSCLC of QRHXF form the aspect of ferroptosis and apoptosis and investigate its underlying mechanisms.
The safety of QRHXF in mice was also evaluated. QRHXF slowed down the speed of tumor growth and visibly
inhibited tumor growth. The expression levels of CD31, VEGFA, MMP2 and MMP9 were prominently
suppressed by QRHXF. Furthermore, QRHXF appeared to remarkably inhibite cell proliferation and EMT by
decreasing Ki67, N-cadherin and vimentin expression but elevating E-cadherin expression. There were more
apoptotic cells in QRHXF group’s tumor tissues, and QRHXF treatment increased BAX and cleaved-caspased
3 levels but decreased Bcl-2 levels. QRHXF significantly increased the accumulation of ROS, Fe?+, H,O3, and
MDA while reduced GSH levels. SLC7A11 and GPX4 protein levels were considerably suppressed by QRHXF
treatment. Moreover, QRHXF triggered ultrastructural changes in the mitochondria of tumor cells. The levels
of p53 and p-GSK-3B were upregulated, whereas that of Nrf2 was downregulated in the groups treated with
QRHXF. QRHXF displayed no toxicity in mice. QRHXF activated ferroptosis and apoptosis to suppress
NSCLC cell progression via p53 and GSK-3B/Nrf2 signaling pathways.
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Introduction

Lung cancer is a leading cause of death
worldwide, with high morbidity and mortality rates.
The number of lung cancer-related deaths was
approximately 1.80 million in 2020 [1]. Accumulating
evidence indicates that ferroptosis, a dynamic tumor
suppressor, is closely involved in cancer occurrence
and development. Ferroptosis is a novel type of
programmed cell death, which differs from apoptosis,

necrosis, and autophagy. It is based on iron-
dependent lipid peroxidation and accumulation of
reactive oxygen species (ROS) [2], which leads to
mitochondrial damage and breakdown of membrane
integrity. This subsequently facilitates cell disintegra-
tion and death. Ferroptosis is mainly regulated by
glutathione peroxidase 4 (GPX4) [3], which is at the
center of a network about regulatory mechanism
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of ferroptosis and plays a vital role in catalyzing the
reduction of lipid peroxides. It is also accompanied by
decreased solute carrier family 7 member 11
(SLC7A11) (the gene encoding for xCT) and glutathi-
one (GSH) levels. Inducing ferroptosis provides new
therapeutic opportunities for cancer management,
particularly for conventional therapy-resistant
cancers.

Numerous ferroptosis-associated pathways and
transcription factors have been identified in the past
few years, including tumor protein P53 (p53) and
nuclear factor-E2-related factor 2 (Nrf2). Various
studies have revealed that p53 is not only a tumor
suppressor but also a ferroptosis regulator that
enhances it by inhibiting SLC7A11 expression [4].
Nrf2, a crucial anti-ferroptotic transcription mediator,
translocates from the cytosol into the nucleus, binds to
the antioxidant response element (ARE), and subseg-
uently activates the transcription of downstream
genes, including SLC7A11 and GPX4 [5]. Inactivation
of glycogen synthase kinase-33 (GSK-3p) phospho-
rylation promotes nuclear accumulation of Nrf2[6].
Moreover, p53 and GSK3B/Nrf2 signaling pathways
have also been implicated in apoptosis by promoting
the release of pro-apoptotic factors [7, 8].

“Qing-re-huo-xue” formula (QRHXF), which
includes Scutellaria baicalensis and Radix paeoniae rubra,
is commonly used to treat chronic obstructive
pulmonary disease (COPD) and lung cancer in
traditional Chinese medicine. Our previous studies
have demonstrated that QRHXF treatment markedly
inhibited tumor growth and metastasis in a mouse
lung cancer model [9, 10]. QRHXF mainly includes
eight ingredients: albiflorin, paeoniflorin, baicalin,
oroxylinA-7-O-glucuronide, wogonoside, baicalein,
wogomn, and oroxylin A. Most of these chemical
components regulate the biological process of
oxidative stress and affect antioxidant balance [11, 12].
Hence, the present study investigated whether
QRHXF inhibits tumor growth in lung cancer by
inducing apoptosis and triggering ferroptosis in lung
cancer cells using a murine lung cancer model.

Materials and methods
Mice

Male BALB/c nude mice (SPF, 5-week-olds)
were purchased from Beijing Weitonglihua
Laboratory Animal Co., Ltd. (Beijing, China). They
were housed in a specific facility without pathogens,
under a 12 h light-dark cycle, and food and water
were provided ad libitum. All animals were allowed
to acclimatize to their surroundings for 1 week. This
study was approved by the Animal Care and Use
Committee of the Affiliated Hospital of Shandong
University of Traditional Chinese Medicine (2021-50).

Establishment of model

A549 cells in the logarithmic growth phase were
suspended in hosphate Buffer Saline (PBS) mixed
with Matrigel, and the concentration was adjusted to
6x107/ml. BALB/c nude mice were injected
subcutaneously with 6x10¢ A549 cells into the right
axillary region. On day 15, the tumor masses were
palpable, and the tumor volume reached
approximately 200 mm? The tumor-bearing mice
were then blindly randomized into four groups: (1)
control (Control), (2) erastin (ferroptosis activator)
treatment (Erastin), (3) low-dose QRHXF (Low),
and (4) high-dose QRHXF (High) groups. Body
weight and subcutaneous tumor volume were
measured once every 3 days. The tumor volume was
calculated using the formula: volume (V)=axb?/2
(where, a=maximum long diameter and b=maximum
short diameter). After 21 days of intervention, the
mice were sacrificed. Tumors and heart, liver, spleen,
lung, and kidney tissues were extracted, and blood
samples were collected. Additionally, tumor weights
were measured, and images of the tumors were taken.

QRHXF preparation and treatment

The Chinese herbs Scutellaria baicalensis and
Radix paeoniae rubra were purchased from the
Affiliated Hospital of Shandong University of
Traditional Chinese Medicine. Pieces of these two
herbs were mixed in a 3:2 (w/w) ratio and decocted as
described in our previous study [9]. The final dose of
raw herbs for gavage was equivalent to 15 g/kg
(herbs/body weight, high-dose group).

Mice in the Low and High groups were orally
administered QRHXF once daily, while mice in the
control and erastin groups received the same volume
of sterilized water. Mice in the erastin group were
injected intraperitoneally with 20 mg/kg of erastin
every 3 days. Simultaneously, mice in the control,
low, and high groups were administered the same
amount of normal saline via intraperitoneal injection.

Iron assay

Iron levels were determined using an iron assay
kit (Nanjing Jiancheng, A039-2-1) according to the
manufacturer’s instructions. The tumor tissue (30 mg)
was homogenized in normal saline and then
centrifuged at 2500 rpm for 10 min at 4 °C to obtain
the supernatant. Then, the supernatant and test
solution were added to a tube and reacted with an
iron chromogenic reagent at 100 °C for 5 min. After
cooling to room temperature, the mixture was
centrifuged at 3500 rpm for 10 min at 4 °C, and the
supernatant was collected. Finally, 1.0 ml of the
supernatant was taken to measure the absorbance
values at 520 nm.
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Measurement of cellular ROS

ROS levels were measured using a tissue ROS
assay kit (Baiaolaibo, HR8821). Fresh tumor tissues
(50 mg) were added to a lysis buffer, and the
supernatant was then obtained after being centrifuged
at 100 g for 4 min at 4 °C. On the one hand, the protein
concentration was measured using a BCA protein
assay kit (Beyotime, P0010S); on the other hand, 200
uL of the sample was incubated with DHE for 30 min
at 37 °C. Subsequently, fluorescence intensity was
detected at an excitation wavelength of 488 nm and an
emission wavelength of 610 nm. The results were
expressed as the ratio of fluorescence intensity to
protein concentration.

Measurement of intracellular hydrogen
peroxide (H20,)

H>Os levels were measured using an H>O; assay
kit (A064-1-1, Nanjing Jiancheng), according to the
manufacturer’s instructions. The tumor tissue (30 mg)
was homogenized in normal saline and then
centrifuged at 10000 rpm for 10 min at 4 °C to obtain
the supernatant. The supernatant and test solution
were then added to a tube and mixed with the H.O»
reaction liquid. The absorbance was measured at 405
nm.

Measurement of GSH

The total GSH levels were quantified using a
GSH assay kit (Beyotime, S0053), as described in the
manufacturer’s protocol. The tumor tissue (30 mg)
was frozen with liquid nitrogen and ground into
powder. A protein removing buffer M was added to
the samples, and the suspension was centrifuged at
10000 g for 10 min at 4 °C to obtain the supernatant,
which was prepared for the GSH assay. The samples
were mixed with the detection working solution, and
absorbance was measured at 412 nm. The total GSH
content was calculated as the ratio of the absorbance
value to the control group.

Lipid peroxidation assessment

Malondialdehyde (MDA) assay kits (Beyotime,
S0131M) were used to assess the level of lipid
peroxidation according to the manufacturer’s
guidelines. Proteins were obtained from 30 mg of
tumor tissues using a radioimmunoprecipitation
assay (RIPA) protein extraction reagent (Beyotime,
P0013B). The protein concentration was determined
using a BCA protein assay kit. Then, 100 mL of the
protein sample or standard protein was incubated
with 200 mL of working fluid for MDA detection for
15 min at 100 °C. The samples were then cooled to
room temperature and centrifuged at 1000 g for 10
min at room temperature to obtain the supernatant.

Finally, 200 pL of the supernatant was added to the
96-well plate, and the absorbance was measured at
532 nm with a microplate reader. The MDA level was
represented as the ratio of absorbance value to the
control group.

Transmission electron microscopy (TEM)

The tumors were retracted and immediately
placed in a fixative (2.5% glutaraldehyde solution).
Subsequently, three 1x1x1 mm slices were cut from
different segments and post-fixed in the fixative. The
samples were further processed by staining,
dehydration, embedding, and sectioning to acquire
ultrathin slices. Finally, the stained sections were
visualized, and images were obtained using TEM
(Hitachi Limited, Japan).

Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay

The tumor tissues were fixed with 4% para-
formaldehyde and embedded in paraffin. Then,
sections cut from tumor tissues were stained with
TUNEL reagent (Beyotime, China, C1098) according
to the manufacturer’s protocol. The slides were
viewed under a light microscope, and images from
randomly selected areas were analyzed.

Western blotting (WB)

Total protein was extracted from the tumor
tissue using RIPA protein extraction reagent
containing phosphatase and protease inhibitors. The
total protein concentration was measured using a
BCA Protein Assay Kit. Then, the protein samples
were mixed with a loading buffer (containing
B-mercaptoethanol) and were heated at 100 °C for 10
min. Immunoblotting was performed using Bcl2-
Associated X Protein (BAX) (Abcam, ab32503), B-cell
lymphoma 2 (Bcl-2) (Abcam, 182858), SLC7A11
(Huabio, HA600097), GPX-4 (Bioss, 3884R), p53
(Proteintech,  60283-2-1g),  GSK-3f  (Huabio,
ET1607-71), p-GSK-3p (Bioss, 2066R), Nrf-2 (Santa
Cruz, 365949), cluster of differentiation 31 (CD31)
(Huabio, ER31219), vascular endothelial growth
factor-A (VEGFA) (Huabio, ET1604-28), MMP2
(Proteintech, 10373-2-AP), MMP9 (Proteintech,
10375-2-AP), Histone-H3 (Proteintech, 17168-1-AP),
and B-actin (Proteintech, HRP-60008). Densitometry
was performed using Image] software.

Immuohistochemical staining (IHC)

Tumor tissues were fixed in 4% paraformalde-
hyde and then embedded in paraffin. Sections cut
from tissues were were dewaxed with xylene,
rehydrated in ethanol and then stained with the
E-cadherin (Huabio, EM0502), N-cadherin (Huabio,
ET1607-37) and Vimentin (Huabio, ET-1610-39)
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antibodies overnight at 4 °C, respectively. The next
day, the sections were stained with HRP-conjugated
secondary antibodies and viewed under a
fluorescence microscope. Representative images were
captured and analyzed.

Hematoxylin and eosin (HE) staining

The tumor, heart, liver, spleen, lung, and kidney
tissues were fixed in 4% paraformaldehyde and
embedded in paraffin. Then, 5 mm thick sections cut
from the tissues were prepared and stained with HE,
as described in the manuscript protocol. Tissue
sections were observed, and images were captured
under a light microscope.

Statistical Analysis

SPSS v.12 software (IBM, Chicago, Illinois, USA)
was used for the statistical analysis. Data are
presented as mean * standard deviation (SEM).
Differences among groups were evaluated using a
one-way analysis of variance (ANOVA). P-values
<0.05 were considered statistically significant, and all
experiments were performed at least thrice.

Results
QRHXF suppressed NSCLC tumorigenesis in

vivo

A subcutaneous tumor model of NSCLC was
established in male BALB/c mice to examine the
antitumor effect of QRHXF. Figure 1A showed that
QRHXF administration did not impact the mice’s
body weight (all p>0.05), indicating that QRHXF was
not toxic to the mice. However, erastin and QRHXF
significantly inhibited NSCLC cell growth (Figure
1B-E). Tumor volumes in the erastin and QRHXF
groups were clearly suppressed compared to those in
the control group (p<0.01, p<0.05; Figure 1B-C).
Meanwhile, the weight of the tumors in the erastin-
and QRHXF-treated groups was significantly lower
than that in the control group (p<0.01, p<0.05; Figure
1D-E). With the growing doses of QRHXF as shown
in Figure 1B-E, QRHXF groups showed a dose-
dependent decline in tumor volume and weight.
Moreover, it was worth mentioning that the
antitumor activity of erastin was stronger than that of
QRHXEF. Considering these results together suggested
that QRHFX inhibited NSCLC cell growth in vivo.

QRHXF induced histopathological changes in
tumor tissues

In the control group, HE staining of the tumor
tissues showed that the tumor cells were tightly
packed and exhibited a few necrotic cells. HE staining
of the tumor tissues in the control group also showed
obvious cell atypia, such as different cell sizes and

diverse morphologies, increased nuclear size with
dark staining, and irregular nuclear membranes
(Figure 2). These results also indicated that the nude
mouse models of subcutaneous tumors were
successfully established. Cell density was markedly
decreased in the erastin- and high-dose QRHXEF-
treated groups, and pathological karyokinesis was
observed (Figure 2). Moreover, more cells showed a
smaller nucleus with a shallower staining color, and
there was more tumor necrosis in the tumor tissues
(Figure 2). These observations further confirmed that
QRHXEF has antitumor activity.

QRHXEF inhibited tumor associated-
angiogenesis and metastasis in tumor-bearing
mice

CD31 is an endothelial marker, and VEGFA is a
key factor that induces tumor angiogenesis. The
protein expression of CD31 and VEGFA in the Erastin
and High-dose QRHXF groups was much lower than
that in the control group (all p<0.01, Figure 3A).

EMT is a key mechanism related to the invasion,
metastasis, and progression of NSCLC. The changes
of E-cadherin, N-cadherin, vimentin and are matrix
metallopeptidases are hallmarks of EMT. The results
showed that the expression of MMP2 and MMP9
significantly decreased after treatment with erastin
and QRHXF (p<0.05, p<0.01; Figure 3B). Mice
challenged with erastin exhibited less of the area of
N-cadherin and vimentin stained cells bur more of the
area of E-cadherin stained cells (Figure 3C). Similarly,
high-dose QRHXF group also exhibited a significant
increase of the area of positive E-cadherin staining
while a remarkable reduction of the area of positive
N-cadherin and vimentin staining, similar to erastin
treated group (Figure 3C). Taken together, these
findings suggested QRHXF had a strong weakening
effect on tumor angiogenesis and metastasis of
NSCLC cells.

QRHXF induced apoptosis and inhibit
proliferation of NSCLC cells in tumor-bearing
mice

TUNEL staining showed more apoptotic cells in
the erastin- and QRHXF-treated groups (Figure 4A),
and apoptotic levels gradually increased with an
increase in QRHXF concentration. The apoptosis-
related factors, BAX and Bcl-2, were also markedly
changed in the three treatment groups. Figure 4B
showed that the protein levels of BAX increased in the
Erastin and QRHXF groups (p<0.05, p<0.01), whereas
Bcl-2 significantly decreased (p<0.01). Concurrently,
with an increase in the expression of cleaved
caspase-3 (Figure 4B), the effect of erastin and
high-dose QRHXF activating apoptosis was
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confirmed. However, no differences were observed in
the expression of cleaved caspase-3 between control
group and low-dose QRHXF group.

Ki67 was used as an indicator related to the

proliferation capacity of cells. The immuno-
histochemistry showed that the density of
Ki67-positive cells in erastin and high-dose QRHXF
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proliferation of NSCLC cells in vivo.
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Figure 1. QRHXF inhibited lung tumor growth in a subcutaneous lung cancer model. (A) QRHXF had no effects on the weight of mice. (B)The growth curve of the
tumor volume (mms3) in mice. QRHXF slowed down the speed of tumor growth. (C and D) The representative images of mice with subcutaneous tumors and xenograft
tumors; The subcutaneous tumors in the nude mice treated with QRHXF (particularly high-dose) were noticeably smaller than those in the control mice. (E) The final weight
of subcutaneous tumors. QRHXF significantly inhibited the growth of the subcutaneous tumors in nude mice. Data are presented as mean + SEM (n=9 per group). Compared

to the control group, ns, P>0.05, *P<0.05, *P<0.01, **P<0.001.
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Figure 2. QRHXF induced histopathological changes in tumor tissues. Representative histological features of tumors examined by HE staining.
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QRHXF promoted NSCLC cell ferroptosis in
tumor-bearing mice

ROS, H,O,, and the expression of other
ferroptosis marker genes were measured to
investigate ~whether QRHXF could promote

ferroptosis of NSCLC cells in vivo. Figure 5A showed
that intracellular ROS levels were increased after
erastin and high-dose QRHXF treatment (p<0.01).
However, no differences were observed in the level of
ROS between control and low-dose QRHXF groups
(p>0.05, Figure 5A). Iron and H>O, were significantly
upregulated by erastin and QRHXF (p<0.05, p<0.01;
Figure 5B and C). In addition, erastin and high-dose
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to exert obvious effects on GSH or MDA levels in
tumor tissues (both p>0.05, Figure D and E).
Furthermore, erastin and QRHXF significantly
inhibited the expression of SLC7A11 and GPX4
(p<0.05, p<0.01; Figure 5F). It was worth noting that
erastin was more effective at inducing ferroptosis in
NSCLC cells. These data suggested that QRHXF could
trigger ferroptosis in NSCLC cells in tumor-bearing
mice.
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Figure 3. QRHXF inhibited tumor associated-angiogenesis and metastasis in tumor-bearing nude mice. (A) Western blotting showed that QRHXF
down-regulated CD31 and VEGFA expression. (B) The protein expression levels of MMP2 and MMP9 measured by western blotting were significantly reduced by QRHXF
treatment. (C) The results of immunohistochemical staining showed that QRHXF inhibited EMT as evidenced by elevating E-cadherin but decreasing N-cadherin and vimentin
expression. Data are presented as mean * SEM (n=4-5 per group). Compared to the control group, ns, P>0.05, “P<0.05, *P<0.01, **P<0.001.
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Figure 4. QRHXF induced apoptosis and inhibited proliferation of NSCLC cells in tumor-bearing mice. (A) TUNEL assay revealed that there were more
apoptotic cells in tumor tissues of the QRHXF groups. (B) QRHXF treatment increased BAX and cleaved caspase-3 levels but decreased Bcl-2 levels. (C) The density of
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to the control group, *P<0.05, *P<0.01, **P<0.001.

QRHXEF triggered ultrastructural changes of
mitochondria in tumor tissues

We performed TEM to observe the
mitochondrial morphological changes in lung cancer
cells. Strikingly, the tumor tissues of mice in the
erastin and QRHXF groups showed morphologic
features of ferroptosis, such as shrunken
mitochondria with increased membrane density and
decreased or disappeared mitochondrial -cristae
(Figure 6). However, erastin appeared to exert a more
obvious morphological change during ferroptosis
(Figure 6). Meanwhile, features of mitochondrial
damage, such as loss or disruption of cristae and
swelling, were also observed in the tumor tissues of
mice treated with high-dose QRHXF (Figure 6).

QRHXF induction of NSCLC cell apoptosis
and ferroptosis through p53 and GSK-3B/Nrf2
signal pathways

The expression levels of p53 and GSK-3f3 and the
phosphorylation status of GSK-3p and Nrf2 were
evaluated to explore the mechanisms underlying the
effects of QRHXF on NSCLC cell apoptosis and
ferroptosis. The results demonstrated that p53
expression was significantly increased in the
high-dose QRHXF group compared with that in the
control group (p<0.01; Figure 7A). In contrast, erastin
and a low dose of QRXHF had no obvious effect on
p53 expression (p>0.05; Figure 7A). Additionally,
GSK-3p phosphorylation was significantly activated
after treatment with erastin and QRHXF (p<0.01;
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Figure 7B). Furthermore, Nrf2 protein expression
levels in the erastin and low- and high-dose
QRHXF-treated groups were robustly decreased
compared to those in the control group (p<0.01;
Figure 7B). These observations indicated that QRHXF
induced apoptosis and ferroptosis partly via p53 and
GSK-3p/Nrf2 signal pathways.

QRHXEF displayed no toxicity in tumor-bearing
mice

The biological safety of QRHXF in mice was also
investigated. HE staining showed no noticeable
pathological changes in major organs, including the
lung, heart, liver, spleen, and kidney (Figure 8). Liver
and kidney function indices were also measured,
including alanine aminotransferase (ALT), albumin
(ALB), alkaline phosphatase (ALP), aspartate
transaminase (AST), creatinine (CREA), UA, and urea.
As shown in Figure 9A-G, QRHXF treatment did not
affect liver or renal function (p>0.05). Additionally, no
changes in body weight were observed in the two
QRHXF groups compared to the control group
(Figure 1A). Considering these results together clearly
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indicates that QRHXF caused no toxicity in the
tumor-bearing mice.

Discussion

QRHXF is frequently used in the clinical
treatment of inflammatory diseases and cancer in
Chinese. Our previous study demonstrated that
QRHXF remarkably inhibit NSCLC cell growth and
metastasis by ameliorating immunosuppressive
tumor microenvironment [13]. QRHXF as a developed
herbal formula, contains a variety of chemical
constituents, such as wogonin, baicalein, beta-
sitosterol, baicalin, paeoniflorin, et al. [13]. These
ingredients exert antitumor effects by modulating
oxidative stress and apoptosis and impeding cell
cycle. These encouraging findings promoted us to
valuate whether QRHXF could play antitumor effects
by inducing ferroptosis. Data from this study revealed
that QRHXF also suppressed NSCLC cell growth and
metastasis by promoting apoptosis and ferroptosis
through p53 and GSK-33/Nrf2 signal pathways.
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Figure 5. QRHXF promoted NSCLC cell ferroptosis in tumor-bearing mice. The ROS, iron, H0O2, GSH, and MDA levels were measured using assay kits. QRHXF
significantly increased the accumulation of ROS (A), iron (B), H20; (C), and MDA (E) but reduced GSH levels (D). (F) Western blotting showed that SLC7A11 and GPX4
protein levels were considerably suppressed by QRHXF treatment. Data are presented as mean + SEM (n=7-10 per group). Compared to the control group, ns, P>0.05, “P<0.05,

*P<0.01, **P<0.001.
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Figure 6. QRHXEF triggered ultrastructural changes of mitochondria in tumor tissues. Representative transmission electron microscopy images showed that tumor
tissues of mice in the QRHXF groups (especially those in the high-dose group) showed morphologic features of ferroptosis and apoptosis, shrunken mitochondria with increased
membrane density, and decreased or disappeared mitochondrial cristae, and loss or disruption of cristae and swelling.
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Figure 7. QRHXF exerted effects on p53 and GSK-3B/Nrf2 signal pathways. The protein expression levels of p53, GSK-3B, p-GSK-3B, and Nrf2 were measured by
western blotting. QRHXF upregulated the protein levels of p53 (A) and p-GSK-3B (B) but downregulated nuclear Nrf2 in tumor tissues (B). No significant differences in GSK-38
levels were detected. Data are presented as mean * SEM (n=4-5 per group). Compared to the control group, ns, P>0.05, “P<0.05, **P<0.001.
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Figure 9. QRHXEF displayed no toxicity on liver and kidney functions. Function indexes of the liver and kidney were tested, including ALT (A), ALB (B), ALP (C), AST
(D), CREA (E), UA (F), and urea (G). They were all found within the reference intervals, and no significant differences were observed among these groups. Data are presented
as mean * SEM (n=6-11 per group). Compared to the control group, ns, P>0.05.
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Figure 8. QRHXF displayed no toxicity on the major organs in tumor-bearing mice. The HE staining images of organs, including the lung, heart, liver, spleen, and
kidneys, were analyzed, and no obvious pathologic changes were observed in these organs.
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Apoptosis is considered programmed cell
death, and most anticancer agents exert an inhibitory
effect on cancers by reprogramming tumor cells to
undergo apoptosis. In the present study, we
evaluated whether QRHXF also could inhibit the
growth of NSCLC cells by inducing apoptosis. Bcl-2,
BAX and caspase 3 play crucial roles in apoptosis and
their expression levels were evaluated by WB. TUNEL
staining was performed to confirm this hypothesis.
The results showed that QRHXF treatment induced
more apoptotic cells and markedly upregulated BAX
but downregulated Bcl-2. In addition, QRHXF
upregulated the expression of cleaved caspase-3, thus
inducing cellular apoptosis and promoting cell death.
Baicalein, Scutellaria flavonoids, and other flavonoid
components, as active ingredients of QRHXF, have
been reported to have the potential to inhibit NSCLC
cell proliferation and metastasis and activate
autophagic flux [14-16]. These effects may partly
explain the anti-lung cancer efficacy of QRHXF in
tumor-bearing mice.

MMPs, EMT and tumor angiogenesis are
involved in tumor cell invasion and metastasis. As
previously  demonstrated, QRHXF effectively
restrained NSCLC progression possibly by regulating
RASAL2 gene [10]. RASAL2 have been shown to be
served as a regulator of EMT [17]. Here, our results
confirmed that QRHXF could suppress the process of
EMT. Furthermore, QRHXF was able to remarkably
inhibit the overproduction of CD31, VEGFA, MMP2
and MMP9. These data indicated that QRHXF exhibits
extraordinary anti-metastasis effect in NSCLC.

Our previous studies demonstrated that
baicalein could promote apoptosis in NSCLC cells via
the ROS-mediated mitochondrial-endoplasmic reticu-
lum pathway [18, 19]. Excess production of
mitochondrial ROS created by oxidative stress might
lead to apoptosis via activation of caspases and
damage to the mitochondrial membrane potential
[20]. In our study, ROS levels in tumor tissues were
significantly elevated following QRHXF treatment in
a subcutaneous lung cancer model. Hence, QRHXF
may be a therapeutic approach for NSCLC by
activating the apoptosis of cancer cells.

Compared to apoptosis, ferroptosis, which is a
new form of cell death, has boosted the perspective of
cancer strategies. Several studies implicate that
oxidative stress, cysteine metabolism, and iron
metabolism are involved in ferroptosis. Converging
evidence indicates that excessive mitochondrial ROS
accumulation leads to ferroptosis by promoting lipid
peroxidation [21]. QRHXF can ameliorate the
oxidative-antioxidant balance, and our results
showed that QRHXF treatment could elevate ROS and
MDA levels in tumor tissues. In addition, excessive

accumulation of intracellular Fe?* further triggers the
production of Fe3* and ROS through Fenton reaction
[21]. Consistent with this, treatment with QRHXF was
found to significantly elevate iron level. These
observations prompted us to evaluate whether
QRHXF modulated ferroptosis in lung cancer cells.

The SLC7A11-GPX4 signaling axis is considered
the most dominant ferroptosis pathway. SLC7A11,
the major component of system xc-, is mainly
responsible for importing cystine, which is then
reduced to cysteine and used to synthesize GSH [22].
GPX4, the key upstream regulator in the ferroptotic
process, exerts its function in suppressing lipid
peroxidation by using GSH as a substrate [22].
Inhibiting SLC7A11 leads to GSH depletion and
blocks GPX4 activity [23, 24]. Direct GPX4 inactivation
or inhibition destroys the lipid peroxidation chain
reaction [3, 23]. Collectively inhibiting GSH synthesis
or GPX4 activity contributes to ferroptotic cell death.
Erastin is a typical inducer of ferroptosis, which
triggers  ferroptosis by  inhibiting  systemic
xc-mediated cystine uptake. Consistent with previous
studies [25, 26], our results suggested that erastin
caused an increase in intracellular ROS but decreased
GSH levels, accompanied by downregulation of
SLC7A11 and GPX4. In this study, we also
demonstrated that continued treatment with QRHXF
could induce ferroptosis in NSCLC cells,
characterized by elevated ROS, iron, H>O», and MDA
levels and lower intracellular GSH levels. Moreover,
QRHXF promoted GPX4 degradation and inhibited
SLC7A11 protein expression. Interestingly, electron
microscopy revealed the morphological features of
ferroptosis in the presence of QRHXF, suggesting that
QRHXF exerted cytotoxic effects on NSCLC cells by
targeting ferroptosis.

It is commonly accepted that p53 plays a central
role in cell cycle arrest, apoptosis, and DNA damage.
However, emerging research indicates that the tumor
suppressor pb3, a positive regulator of ferroptosis,
promotes ferroptosis via a transcription- dependent
mechanism [27-29]. Previous experiments have
shown that SLC7A11 is a direct p53 target, and p53
represses SLC7A11 expression, thereby mediating
lipid peroxidation and ferroptotic cell death [29, 30].
In addition, the previous study have shown that the
activation of p53 depends on excessive ROS induced
by erastin, which in turn gives a rise to ROS
generation [31]. In this context, erastin treatment
behaved as expected in this respect, as we found an
increase in ROS and p53 activation in tumor tissues in
erastin-treated mice. Given that the administration of
QRHXF significantly reduced SLC7A1l protein
expression and led to ROS overproduction, here we
investigated the relationship between QRHXF and

https://lwww.jcancer.org



Journal of Cancer 2023, Vol. 14

347

p53. Similarly, we observed that QRHXF treatment
markedly enhanced p53 expression and behaved the
cytotoxic effects as expected in two respects, including
the induction of apoptosis and ferroptosis in NSCLC
cells.

Nrf2 is a transcription factor that plays a key
role in regulating cellular oxidative steady-state by
binding to the antioxidant response element (ARE) in
the nucleus to promote target gene transcription.
Emerging evidence has implicated that Nrf2
performed a protective role against ferroptosis [5, 32].
Inhibition or knockdown of Nrf2 significantly reduces
the expression of SLC7A11 and GPX4, resulting in an
imbalance in homeostatic oxygen homeostasis [5, 32].
Nrf2 can act via a direct or indirect effect on GPX4
expression and function. Previous studies confirmed
that treatment with erastin significantly decreased the
expression of Nrf2 by promoting Nrf2 degradation
[33, 34]. Consistent with the published studies [33, 34],
we also found that erastin treatment remarkably
reduced Nrf2, SCL7A11 and GPX4 protein expression.
High-dose QRHXF approximately exterted similar
effects of erastin, which might be due to the fact that
Ab549 cells represent insensitive to ferroptosis induced
by erastin[35]. Conversely, evidence also suggested
that ferroptosis induced by erastin was reversed by
Nrf2 inhibition through modulting heme oxygenase-1
(HO-1) [36, 37]. However, HO-1 attenuated oxidative
stress by decreasing overall ROS generation and
promotes degradation of the pro-oxidant [38]. It may
be explained by the crosstalk between ROS and Nrf2
and Nrf2/HO-1 appears to play a dual role in redox
homeostasis.

In addition, growing evidence indicates that
GSK-3p regulates the oxidant-antioxidant balance by
modulating the transcription factor Nrf2 [39, 40].
Phosphorylated GSK3p activation is positively
correlated with Nrf2 [26, 41], and inhibition of GSK-3f3
phosphorylation abolishes Nrf2 activation [42].
GSK-33 overexpression sensitizes erastin-induced
ferroptosis, with an abundant accumulation of lipid
peroxide and ROS production [26, 43]. In turn,
erastin-induced ferroptosis can be abrogated by
GSK-3p, inhibition which is antagonized by
inactivating Nrf2 [26]. Similarly, this study detected
significant p-GSK3[ elevation but decreased nuclear
Nrf2 levels in tumor tissues treated with QRHXF.
Thus, we inferred that the mechanism of ferroptosis
promotion by QRHXF treatment might also be
associated with the GSK-3B/Nrf2 signaling axis
(Figure 10). However, the contribution of ferroptosis
by QRHXF toward the observed anti-NSCLC activity
is yet to be further explored.
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Figure 10. Schematic illustration of the proposed mechanisms by which QRHXF
promoted ferroptosis and apoptosis in NSCLC cells.

Conclusion

In this study, we demonstrated the potential
therapeutic effect of QRHXF in mouse lung cancer
model and explored its regulatory mechanism. This
potential therapeutic effect might be mediated by
inducing apoptosis and ferroptosis. At the same time,
QRHXF also exerted anti-metastasis and anti-
proliferation effects as evidenced by inhibiting EMT
and tumor-associated angiogenesis and diminishing
elevated expression of MMPs and Ki67. QRHXF
activated apoptosis and ferroptosis in NSCLC cells
partly via the p53 and GSK-3p/Nrf2 signaling
pathways (Figure 10). Our study provided new
insights into the application of QRHXF in lung cancer
treatment.
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