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Perspectives of lipid metabolism
reprogramming in head and
neck squamous cell carcinoma:
An overview

Xiangwan Miao1,2,3†, Beilei Wang1,2,3†, Kaili Chen1,2,3,
Rui Ding1,2,3, Jichang Wu1,2,3, Yi Pan1,2,3, Peilin Ji1,2,3, Bin Ye1,2,3*

and Mingliang Xiang1,2,3*

1Department of Otolaryngology & Head and Neck Surgery, Ruijin Hospital, Shanghai Jiao Tong
University School of Medicine, Shanghai, China, 2Shanghai Key Laboratory of Translational Medicine
on Ear and Nose Diseases, Shanghai, China, 3Ear Institute, Shanghai Jiao Tong University School of
Medicine, Shanghai, China
Recent studies showed that lipid metabolism reprogramming contributes to

tumorigenicity and malignancy by interfering energy production, membrane

formation, and signal transduction in cancers. HNSCCs are highly reliant on

aerobic glycolysis and glutamine metabolism. However, the mechanisms

underlying lipid metabolism reprogramming in HNSCCs remains obscure.

The present review summarizes and discusses the “vital” cellular signaling

roles of the lipid metabolism reprogramming in HNSCCs. We also address

the differences between HNSCCs regions caused by anatomical heterogeneity.

We enumerate these recent findings into our current understanding of lipid

metabolism reprogramming in HNSCCs and introduce the new and exciting

therapeutic implications of targeting the lipid metabolism.

KEYWORDS

lipid metabolism reprogramming, lipid catabolism, lipid synthesis, lipid
uptake, HNSCCs
Introduction

Over 850,000 people are diagnosed with head and neck squamous cell carcinomas

(HNSCCs) worldwide, and 440,000 people die of it (1, 2). Although human

papillomavirus (HPV)-positive HNSCCs patients have better outcomes with overall

survival (OS) rate of 70% (3, 4), patients with stage III–IV disease still suffer from local

invasion and therapeutic failure, with a poor prognosis and OS of approximately 40% at 5

years (5). The treatment for HNSCCs is individualized, with either surgery or combined

with radiotherapy, chemotherapy, target therapy or immunotherapy, as indicated by the

pathological or clinical features and anatomical regions (6). Extensive tissue resection,
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reconstruction, and side effects of radiotherapy and

chemotherapy seriously affect the life quality and survival rate

of HNSCCs patients, primarily due to impaired swallowing,

speaking and breathing functions (7). Because of inadequate

nutrient intake, half of the HNSCCs patients are malnourished

and about 80% of them lose weight during treatment (8, 9),

whereas some lose up to 20% of body weight (10). After exposure

to treatments, several metabolic changes occur because of wound

repairing and immune response (7), accompanied with other

existed metabolism reprogramming in tumors (11).

It’s well known that HNSCCs are highly reliant on glucose

metabolism, known as Warburg effect (12, 13). However,

nutritional limitation of the total calorie intake in HNSCCs

patients promote cancer cell proliferation (14, 15), indicating

that not only glucose metabolism, but also other metabolic

processes, such as glutamine and lipid metabolism, are vital.

As a newly discovered cancer characteristic (16), studies have

found that lipid metabolism is reprogrammed in cancers, too

(17). Lipid metabolism could support survival, proliferation,

invasion, and metastasis in cancer cells by contributing to

membrane formation, energy production and signal

transduction, and even mediate drug resistance (18, 19). Due

to the rapid proliferation rates and high metabolic energy

requirements, cancer cells have tremendous demand of lipids

(20, 21). Moreover, a variety of intermediate substrates produced

by glucose and glutamine metabolism could participate in lipid

metabolism, forming a “shortcut” cycling (22). Thus, lipid

metabolism reprogramming plays a “vital” role in HNSCCs.

However, it should be noted that the anatomical HNSCCs

regions, especially in the neck and supraclavicular regions,

mainly contain brown adipose tissue and beige adipose cells

(23), which promote energy consumption and help improve the

glucose and lipid metabolic disorders (24). And this could

partially explain the marked heterogeneity among different

head and neck regions (25), especially nasopharyngeal

carcinoma (NPC). In NPC, the most common manifestation is

cervical lymph node metastasis, which is riches in brown adipose

tissue (23). Distant metastasis occurs in about 20% of NPC cases,

and half of them are bone/bone marrow metastasis (26), a region

where adipocytes predominate (27). Latest studies found that

activated brown adipose tissue can reduce glucose around

cancers and inhibit cancer growth (28). Because of these

differences in adipose tissue distribution, the mechanisms

underlying lipid metabolism in different HNSCCs, and other

solid carcinomas may vary.

Up to date, most studies were working on the key enzymes

involved in lipid uptake and synthesis in HNSCCs, and the

upregulation of these enzymes indicates the therapeutic

potentials of lipid uptake and synthesis inhibitors in HNSCCs.

In this review, we summarize the current studies working on

lipid metabolism enzymes and signal transduction molecules

and introduce the advancements for lipid metabolism disruption

in HNSCCs. Lipids are composed of fat (triglyceride, TG) and
Frontiers in Oncology 02
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lipoid (phospholipid, cholesterol, and cholesterol esters) and

both are involved in lipid uptake, synthesis, storage, and

catabol ism (20) . Thus, this review introduces the

reprogramming of lipid metabolism in HNSCCs by FA and

cholesterol, which are the main substrate for fat and lipoid.
Lipid uptake in HNSCCs

Cholesterol uptake

Cholesterol, which plays a crucial role in membrane

structure, is absorbed by intestinal enterocytes (29) and used

to synthesize very low-density lipoprotein (VLDL) in the liver

(30). VLDL is released into the blood and processed into low-

density lipoprotein (LDL), which is taken up by low-density

lipoprotein receptors (LDLR) on peripheral cells (31). Nicotine

in tobacco can induce an increase in LDLR expression in oral

epithelial cells, while smoking is an important risk factor for

HNSCCS (32). But the blood cholesterol and LDL levels are

significantly decreased in oral carcinoma patients (33, 34). These

results indicate that HNSCCs require more cholesterol and LDL

than normal cells. Daker et al. also found that Epstein-Barr virus

encoded RNA (EBERs) up-regulated LDLR and FA synthase

(FASN) in NPC cells (35). Besides, experiments on head and

neck cancer (HNC) cell lines revealed that the expression of

CD36 and LOX-1, another two LDL membrane receptors, were

significantly upregulated after exposure to oxidized LDL

(oxLDL) (36), which also suggested that the uptake of

cholesterol increased in HNSCCSs. However, lipid metabolism

varies according to different tumor microenvironment (TME)

and progression stages (37, 38). When oxLDL upregulated CD36

in HNC cell lines, the migration of cancer cells were reduced

after oxLDL exposure (36). Thus, the regulation of LDL

receptors needs further exploration in order to guide the

administration of cholesterol uptake inhibitor. The

mechanisms underlying cholesterol efflux proteins, such as

LXR or ABCA1, in HNSCCs are still lacking, which worth

more attention since they affect the total concentration of

cholesterol inside the cells, too.
FA uptake

FA is another essential molecule involved in lipid

biosynthesis and serves as a substrate for energy production

metabolism. Mammals produce only a few endogenous FAs,

which carry a double bond at d 9 in the hydrocarbon chain.

Other necessary FAs, especially polyunsaturated FAs, need to be

obtained from food (20, 39). FA are taken up by simple diffusion

through the lipid bilayer or by FA transporters on the membrane

(22). The currently known FA transporters include differentiated

cluster 36 (CD36, also known as FA translocation enzyme), FA
frontiersin.org
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transporter family (FATPs, also known as SLC27), and FA

binding proteins on the plasma membrane (also known as

FABPs). Abnormal elevation of these three proteins occurs in

a variety of cancers (20, 40). Among them, CD36 has been

studied most comprehensively in HNSCCs. In oral squamous

cell carcinoma (SCC), CD36 upregulation promotes tumor

metastasis, while its inhibition leads to complete remission or

elimination of lymph node and lung metastases in in vivo oral

carcinoma models (40). These findings suggest the therapeutical

use of CD36 inhibitors in advanced HNSCCs patients. What’s

more, CD36 inhibitors could reduce the growth of oral SCC cells

and inhibited lipid droplet (LD) formation, tumor progression,

and metastasis (41–43). And it is important to know that our

daily dietary intake may affect the expression of CD36 as Pascual

et al. found that dietary palmitic acid (PA) activated CD36 in

oropharyngeal carcinoma and stimulated metastasis of cancer

cells, which was promoted by a specialized proregenerative

extracellular matrix secreted from cancer-associated Schwann

cells (44). Thus, nutritional interventions should be considered

together with lipid metabolism inhibitors for cancer treatment.

Similar to CD36, Rauch et al. found that FABP protein

expression was significantly increased in HNSCCs compared

to normal tissues (45). Then, Ohyama et al. further found

abnormal expressions of FABP4 and FABP5 in tongue

carcinoma, whereas only FABP5 was expressed in normal

tongue epithelial cells, which showed a higher expression level

in injured and cancer tissues (46). Although few studies have

evaluated the role of FA transporter family in HNSCCs, these

studies revealed that HNSCCs require more FAs than normal

cells. However, the killing efficiency of the FA uptake inhibitors
Frontiers in Oncology 03
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should be researched more specifically, along with the optimal

duration of use, usefulness and efficiency of nutritional

interventions, and long-term side effects.
Lipid synthesis and storage in
HNSCCs

Citric acid, produced by the citric acid cycle or glutamine

metabolism, is the starting molecule involved in intracellular

lipid synthesis. ATP-citric acid lyase (ACLY) converts citric acid

to acetyl-CoA and oxaloacetate, which are used to synthesize

different lipids in the cells (Figure 1). Although there is no direct

evidence of ACLY expression in HNSCCs, Zheng et al. found

that the long non-coding RNA TINCR could bind to ACLY and

protect it from degradation in NPC, which maintained the total

acetyl-CoA level in cells (47). In addition, Sur et al. reported that

bitter gourd extract could significantly reduce the expression of

ACLY, acetyl-CoA carboxylase (ACC), and FASN genes in oral

carcinoma, and promote cell apoptosis (48). These results

suggest that the ACLY expression is increased in HNSCCs,

which may contribute to the survival of cancer cells and ACLY

inhibition may be used as a new anticancer treatment

in HNSCCs.
Cholesterol synthesis

Cholesterol biosynthesis begins with the conversion of two

molecules of acetyl-CoA to acetoacetyl-CoA by acetyl-CoA
FIGURE 1

Lipid synthesis and storage in HNSCCs. Lipid synthesis begins with citric acid, produced from the TCA cycle, which is used to synthesize
different lipids in the cytoplasm. There are two main pathways involved: FA de novo synthesis and cholesterol synthesis. The produced lipids are
stored as LDs. Most enzymes involved in lipid synthesis are upregulated in HNSCCs.
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acetyltransferase (ACAT). Subsequently, a third acetyl-CoA

molecule is synthesized into HMG-CoA by HMG-CoA

synthase (HMGCS). HMG-COA reductase (HMGCR) is the

next rate-limiting step in cholesterol synthesis and produces

mevalonate (Figure 1). Mevalonate can be modified to produce

different cholesterols with various physiological functions, such

as lipid raft in cell membrane (29). Using genetic variation

assessment, Gormley et al. reported that there was limited

evidence regarding LDL reduction by HMGCR, Niemann-Pick

type C1-like 1 (NPC1L1), CETP, or other circulating lipid trait

genes on the risk of oral or oropharyngeal carcinoma (49).

However, ACAT1 was reported to be associated with poor

prognosis of oral SCC (50). This may be explained by the lack

of consideration of cholesterol efflux in the previous study,

which affects the total quantity of cholesterol inside the cancer

cells. Although previous findings related to cholesterol synthesis

are controversial and there are limited reports about the

expression and prognostic role of cholesterol synthesis-related

enzymes in HNSCCs, statins, which are the cholesterol-lowering

drugs that act by HMGCR inhibition (51), could induce

apoptosis of cancer cells by consuming non-steroidal

mevalanoic acid metabolites in HNSCCs (52). Furthermore,

statins could enhance the effects of cisplatin with concomitant

use and potentiate the efficacy of immunotherapy in HNSCCs

(53). These results highlight the potential therapeutic use of

statins in HNSCCs, which should be further studied to clarify the

mechanisms behind.
FA de novo synthesis

FA de novo synthesis begins with the conversion of acetyl-

CoA to malonyl-CoA by ACC. Then, acetyl-CoA and malonyl-

CoA are catalyzed by FASN to form palmitate, which is further

modified by elongase of very long chain fatty acids (ELOVL)

enzymes to elongate the length of FA chains. Finally,

polysaturated FAs, such as palmitic acid, are desaturated to

produce unsaturated FAs by stearoyl-CoA desaturase (SCD)

and/or other fatty acyl-CoA desaturases (Figure 1). The

expression of various rate-limiting enzymes involved in FA de

novo synthesis was increased in HNSCCs. In HNSCCs with

lymph node metastasis, highly phosphorylated ACC expression

was found to be associated with poor survival outcomes (54).

And ACC2 serves as a vital prognostic indicator and potential

therapeutic target in HNSCCs (55). As another key rate-limiting

enzyme in FA synthesis, FASN expression was found to be

increased in HNSCCs, too. Epstein-Barr virus could promote

FASN expression in NPC cells (35, 56) and FASN transcription

was increased in cisplatin-resistant SCCs and played a role in

cisplatin resistance (57). Furthermore, FASN siRNA inhibited

the growth of in vivo oral SCC and lymph node metastasis (58),

and FASN inhibitors increased the sensitivity to radiotherapy

(59). The aforementioned results suggest that inhibition of FA
Frontiers in Oncology 04
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synthesis would be a novel and exciting treatment for HNSCCs.

Clinical trials evaluating the efficiency of the FASN inhibitors are

currently ongoing on variety of cancers, including oral cancers

(NCT02223247) (www.clinicaltrails.gov). Besides, SCD

inhibitors could hinder cancer cell proliferation and invasion

in oral carcinoma (60, 61), but need more in-depth and long-

term studies.
Total lipid synthesis and storage

After synthesis, FAs bind to different backbones to produce

different classes of fat in the body, such as phospholipids and

TGs with glycerol is the most common backbone, except

phospholipids. FAs produce TGs through several enzymes,

including Gly3P phosphate acyltransferase (GPAT), 1-acyl-sn-

Gly3P acyltransferase (AGPAT), PA phosphatase (PAP), and

DAG acyltransferase (DGAT). TGs are then encapsulated in

LDs, which is the main storage form of lipids (Figure 1). LD

accumulation serves as a phenotype for metastasis initiation,

energy storage, and regulatory mechanism of reactive oxygen

species in carcinomas (62). HNSCCs show increased LD

accumulation, too (63, 64). However, the distribution and

mechanism of key enzymes and molecules, such as lipins, in

HNSCCs have not been reported previously, and merit

further exploration.
Lipid catabolism in HNSCCs

Lipolysis

In response to the requirements of rapid growth and

invasion, intracellular lipolytic enzyme activity is also

increased (65). In mitochondria, long chain FAs are

transformed into acetyl-CoA through lipid catabolism (20),

thereby providing ATP and substrates for lipid synthesis (66).

The initial step of lipolysis is the hydrolysis of TG into

diacylglycerol (DAG) by lipases. Two main lipases are

involved in this process, namely, hormone-sensitive lipase

(HSL) and fatty triglyceride lipase (ATGL, also known as

phospholipase A2, PNPLA2, or PLA2). Rather than TG, HSL

hydrolyzes DAG to monoacylglycerol (MAG), while ATGL

almost completely hydrolyzes TGs to release DAG (67, 68).

DAG is derived from TGs via ATGL, and DAG is hydrolyzed by

HSL to 2-MAG. Then, 2-MAG is hydrolyzed by MAG lipase

(MGL) to free FAs and glycerol, which is then secreted

extracellularly (22) (Figure 2).

In 2012, Tripathi et al. found that, along with the Warburg

effect, the phosphatidylcholin/lysophosphatidylcholine and

phosphatidylcholine/glycerophosphatidylcholine ratios were

significantly increased and the activity of ATGL in HNSCCs

(oral, tongue, and larynx) was enhanced (69). However, Zhou
frontiersin.org
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et al. found that in NPC, ATGL expression was inhibited,

lipolysis was reduced, and LD accumulation was increased

(63). In addition, they found that low ATGL expression was

associated with poor prognosis of patients and ATGL inhibition

was regulated by Epstein-Barr virus-encoded membrane latent

protein 2A (LMP2A). LMP2A not only promoted lipid

accumulation by inhibiting ATGL, but also enhanced

migration in vitro (64). Thus, the expression and mechanisms

of ATGL varied according to the anatomical regions of HNSCCs.

As we mentioned above, this gene heterogeneity may be related

with the different adipose tissue distribution and lipid

metabolism in HNSCCs.
FA catabolism

In addition to being a metabolic intermediate in lipid

anabolism, FAs are an important energy source. FAs are

catabolized by fatty acid oxidation (FAO), also known as b
oxidation. FA-CoA was transformed into FA-carnitine by

carnitine palmityl transferase (CPT) and transported from the

cytosol across the outer mitochondrial membrane. Within the

mitochondria, FAs are repeatedly cleaved to produce acetyl-

CoA, which is recycled into the citric acid cycle to produce the

reductive equivalent of oxidative phosphorylation (Figure 2). Du

et al. found that increased CPT1A-mediated FAO was

significantly associated with radiotherapy resistance in NPC

(70), suggesting the potential use of combination treatment of

FAO inhibitors and radiotherapy. However, the mechanism
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underlying the role of CPT1/2 in other HNSCCs as well as its

other functions require further evaluation.
Regulation pathways of lipid
metabolism reprogramming in
HNSCCs

In addition to the key lipid metabolic steps mentioned

previously, there are also many important signaling pathways

involved in lipid metabolism regulation, such as PI3K/AKT,

mTOR, and AMPK pathways, which have been discussed

previously and are not included in this review (22, 71). In

addition to the above pathways, there is a star lipid regulation

pathway, which is involved in the regulation of synthesis of

multiple lipids, namely, INSIG/SCAP/SREBPs, and requires

further attention. The INSIG/SCAP/SREBPs complex is

located on the endoplasmic reticulum but does not have any

regulatory activity. After cholesterol or glucose stimulates

INSIG, the SCAP/SREBPs complex is transported to the Golgi

and cleaved into the activated form. Then, SREBP-1c is released

into the cell nucleus and regulates the downstream genes as a

transcriptional factor. SREBPs has three main forms, namely,

SREBP1a, SREBP1c, and SREBP2. SREBP1 mainly regulates the

expression of FA synthesis genes and LDLR, while SREBP2

preferentially regulates the expression of cholesterol biosynthesis

genes (20). In NPC, SREBP1 activation mediated lipid synthesis

and promoted tumor proliferation and progression (72).

However, the distributions, expression levels, and specific
FIGURE 2

Lipid catabolism in HNSCCs. Enzymes involved in lipid catabolism are shown in the figure. After release from the LD, triacylglycerol is broken
into FA-CoA by lipolysis-related enzymes and catabolized by FAO to produce energy and substrates for the mitochondrial TCA cycle. b-
oxidization are reported to be upregulated in HNSCCs, however, the expression of ATGL in HNSCCs is still controversial.
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mechanisms of INSIG/SCAP/SREBPs in different HNSCCs are

still unclear.
Effects of high-risk factors on lipid
metabolism reprogramming in
HNSCCs tumor microenvironment

Tobacco and alcohol

Compared with non-smoker who never drank, those who

drank and smoked every day had a 14-fold higher risk for head

and neck squamous cell carcinoma (73). Alcohol consumption

alone increases the risk for head and neck squamous cell

carcinoma (74, 75). Ethanol is oxidized into acetaldehyde after

absorption, which forms various proteins and DNA adducts that

promote DNA repair failure, lipid peroxidation and metabolism

(76). In HNSCCs, there is a significant positive dose-response

relationship between prediagnosis alcohol intake and worse OS,

especially associated with the fast ADH1B and the slow/

nonfunctional ALDH2 genotype combination (77), two

dehydrogenase for alcohol and aldehyde. Chronic alcohol

exposure decreases the DNA binding ability of PPARa, a
nuclear hormone receptor involved in mitochondrial b-
oxidation regulation (78, 79), and impairs cholesterol synthesis

(80, 81), which may promote cancer progression, and may also

occur in head and neck epithelial cells. Another risk factor that

HNSCCs patients are frequently exposed to is tobacco.

Difference in lipidome signatures can be found between

smokers and non-smokers across a number of lipid species

(82, 83). Compared with unexposed, active or passive smokers

have higher LDL (84–87) and lower HDL (88). Nicotine in

tobacco can induce up-regulation of LDLR expression in oral

epithelial cells (32). However, the serum levels of total lipids,

cholesterol and HDL in patients with oral cancer are

significantly reduced, while triglycerides and VLDL are

increased (33, 34). Above results support that lipid metabolism

reprogramming has a significant relationship with HNSCCs

development, although the specific mechanisms of alcohol and

tobacco regulation is still unclear.
Virus infection

As a part of the upper aerodigestive tract, HNSCCs are often

affected by viral or bacterial microbes, such as HPV and EBV.

Viruses require lipid-mediated endocytosis to enter the cell and

HPV proteins L1 and L2 could activate lipid-raft mediated

endocytosis to increase its infection (89). The HPV16 E5

protein even can change the lipid composition in cells to help

establishing an immune suppressed TME that favors HPV long-

term infection (90). HPV16 E6 and E7 could up-regulate lipid
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synthesis by activating PI3K/AKT/mTOR (91) and SREBPs lipid

synthesis signaling pathways (92–94). HPV-positive HNSCCs

patients had higher levels of gene expression in TCA cycle,

oxidative phosphorylation and b-oxidation, compared with

HPV-negative patients (95). However, due to the different

adipose tissue distribution, the lipid metabolism regulated by

HPV may also varied in different cancers. For example, although

HPV is involved in the regulation of cell metabolism in both

cervical cancer and HNSCCs, its functions varied. In HPV-

associated HNSCCs, i t mainly promotes oxidat ive

phosphorylation to obtain energy (96, 97), while in cervical

cancer, HPV E6 protein up-regulates lipolysis and down-

regulates oxidative phosphorylation (98).

Another well-known virus risk factor in HNSCCs is Epstein-

Barr virus, which is also involved in lipid metabolism

reprogramming in HNSCCs TME. EBV encoded LMP1 has

been reported to regulate glycolysis and lipogenesis in NPC

(56, 99, 100). EBV-mediated reprogramming of lipid

biosynthesis promotes B-cell activation and differentiation

surrounding TME (101, 102), which help shaping a tumor

favored TME. At the same time, EBV can also release

inflammatory factors, such as IL6, IL-10 and leptin, which

promote fat consumption (103–105) and help cancer cells to

evade immune surveillance (106). Therefore, virus associated

HNSCCs show differences in lipid metabolism compared with

non-infectious HNSCCs, which worth more study in the future.
Dietary interventions

Dietary interventions alter the metabolic substrates

concentrations in the TME, which will reprogram the cancer

cell metabolism and induce cancer development and progression

(107–111). Caloric restriction inhibits the growth of pancreatic

cancers and helps limit cancer progression (112). However, the

total calory intake restriction intervention does not improve the

survival prognosis in HNSCCs, but improves the cancer cells

proliferation (14, 15). Whether a hypoglycemic diet will inhibit

cancer growth may be determined by the mismatch between the

fatty acid desaturation degree and the available specific fatty acid

types in the cancer (112). Therefore, the role of lipid metabolism

in HNSCCs deserves further investigation.

Ferroptosis is an iron-mediated lipid peroxidation that

causes non-apoptotic cell death, which is associated with

cancer development and therapy response. Inhibition of

GPX4, an important ferroptosis regulation molecule, can

sensitize drug-resistant cancer cells in HNSCCs (113). During

ferroptosis, polyunsaturated fatty acids (PUFAs) are most

susceptible to peroxidation, which can cause the destruction of

the lipid bilayer and affect membrane function (114). In oral

cancer, glutathione can regulate lipid oxidation by binding to

PTGS2 which promotes ferroptosis (115). What’s more, high

fat-soluble vitamins, such as Vitamin D is associated with lower
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risk of cancer (116). Thus essential nutrients such as glutathione

(GSH), fat-soluble vitamins A, D and K, which help remove ROS

(98) and regulate lipid peroxidation and ferroptosis (117), have

po t en t i a l an t i c ance r app l i c a t i on in HNSCCs by

promoting ferroptosis.

In addition to essential nutrients, there are many exogenous

lipid nutrients with potential cancer killing effects in HNSCCs.

Reports have shown that docosahexaenoic acid, a w-3 fatty acid,
can induce the degradation of HPV E6/E7 oncoprotein and

promote apoptosis (118). Ergosterol Peroxide extracted from

mushroom can increase radiotherapy sensitization in cervical

cancer cells (119). Salvianolic acid B extracted from salvia

miltiorrhiza, which could can also inhibit the malignant

transformation of oral premalignant lesion (120), which has

been reported had the protective effect on metabolic homeostasis

by regulating PPARg, FASN, SCD1 and CD36 (121). These

results suggest that exogenous unsaturated fatty acids and lipid

nutrients extracted from plants may have therapeutical potential

in HNSCCs.
Regulation of lipid metabolism in
HNSCCs by cancer associated cells
in TME

Apart from cancer cells, cancer-associated cells in the TME

also play an important role in the occurrence and development

in cancers. Among them, the one that has been studied the most

is cancer-associated fibroblasts (CAFs), which can be derived

from normal fibroblasts around cancers, mesenchymal stem cells

and cancer cells undergoing EMT transformation (27). It

interacts with cancer cells and other components in the TME

which help forming a tumor-supporting TME (122–124). HPV-

negative oropharyngeal cancer cells can stimulate normal

fibroblasts to produce HGF and IL-6 (125), and senescent

CAFs will secrete more IL-6, COX2 and PGE2 (126). And

then, IL-6 further promotes cancer cell invasion, lipid
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depletion and immunosuppression (103–106). Although there

is evidence that CAFs in HNSCCs exhibit similar metabolic

characteristics with cancer cells (127, 128), studies on lipid

metabolism in CAFs are still lacking. What’s more, Pascual

et al. found that dietary PA could induce the cancer associated

Schwann cells to secrete a specialized extracellular matrix to

promote metastasis (44). All these results support that cancer

associated cells help reprogramming the lipid metabolism in

HNSCCs TME.

Adipocytes also can differentiate into CAFs (27). Cancer

cells could regulate lipid metabolism of adipocytes to produce

cancer-associated adipocytes, which are morphologically and

functionally different from normal adipocytes (129). Cancer-

associated adipocytes then further release fatty acids, mitogens

and proinflammatory adipokines to promote the occurrence and

development of cancers (130–134). Adipokines such as leptin

and adiponectin are lower in HNSCCs patients (135–138),

whereas visfatin and chemerinze are higher (28, 139).However,

adipocytes distribution in different regions of HNSCCs varies,

which may be the reason for the distinct metabolism CAFs

subtypes in HNSCCs (128, 140). All these evidences support that

cancer associated adipocytes and CAFs play a vital role in lipid

metabolism in HNSCCs, but needs more exploration.
Summary and future prospects

The mask of lipid metabolic reprogramming in HNSCCs is

gradually being revealed. Previous studies reported that a variety

of lipid metabolic enzymes are upregulated in HNSCCs, but

heterogeneous was also existed according to different TME and

anatomical regions. Cancer cells are constantly reprogramming

their lipid metabolisms in response to the TME and/or

metastasis/colonization needs in HNSCCs. In this article, we

summarized the previous research on lipid metabolism

reprogramming in HNSCCs. However, as shown in Table 1,

only few lipid metabolism enzymes have been researched and

there are still a lot of vacancy in this area which need further
TABLE 1 Expression of key lipid metabolism enzymes in HNSCCs.

Lipid metabolism type Enzymes Expression Subsites References

Lipid transportation Cholesterol uptake LDLR Overexpression Oral epithelial (32)

Nasopharyngeal carcinoma (35)

CD36 Overexpression Head and neck carcinoma (36)

LOX-1 Overexpression

FA uptake CD36 Overexpression Oral squamous cell carcinoma (40)

Oropharyngeal carcinoma (44)

FABPs Overexpression Head and neck carcinoma (45)

Tongue carcinoma (46)

Lipid anabolism ACLY Overexpression Nasopharyngeal carcinoma (47)

(Continued)
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exploration in the future. Importantly, HNSCCs comprise a

diverse group of cancers that affect the upper aerodigestive tract.

The differences in reprogramming of lipid metabolism under

different TMEs in HNSCCs require additional studies. Lipid

metabolism reprogramming not only shows extensive

interaction with other metabolic mechanisms, but also has

various crosstalk with surrounding cells, cytokines, growth

factors, and even nutrient molecules within the malignant

cancer cells. Therefore, the role of lipid metabolism

reprogramming in HNSCCs needs additional studies,

including, but not limited to, its effects on the immune

microenvironment and angiogenesis. Further understanding of

the lipid metabolism reprogramming mechanisms, key rate-

limiting enzyme functions, and regulatory pathways in

HNSCCs may help to develop the potential use of lipid

metabolism pathways as targets for anti-tumor therapy, as well

as the use of dietary/nutritional interventions to improve the

prognosis and life quality of HNSCCs patients.
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TABLE 1 Continued

Lipid metabolism type Enzymes Expression Subsites References

Oral carcinoma (48)

Cholesterol synthesis ACAT1 Overexpression Oral carcinoma (50)

HMGCR Overexpression Head and neck carcinoma (51)

Head and neck carcinoma (52)

Head and neck carcinoma (53)

FA de novo synthesis FASN Overexpression Nasopharyngeal carcinoma (35)

Nasopharyngeal carcinoma (56)

Nasopharyngeal carcinoma (57)

Oral carcinoma (58)

Head and neck carcinoma (59)

ACCs Overexpression Head and neck carcinoma (54)

Head and neck carcinoma (55)

SCD Overexpression Oral carcinoma (60)

Oral carcinoma (61)

Lipid catabolism Lipolysis ATGL Overexpression Head and neck carcinoma (69)

Low expression Nasopharyngeal carcinoma (63)

FA catabolism CPT1 Overexpression Nasopharyngeal carcinoma (70)
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Glossary

ABCA1 ATP Binding Cassette Subfamily A Member 1

ACAT acetyl-CoA acetyltransferase

ACC acetyl-CoA carboxylase

ACLY ATP-citric acid lyase

AGPAT 1-acyl-sn-Gly3P acyltransferase

ATGL adipose triglyceride lipase

CD36 differentiated cluster 36

CETP Cholesteryl Ester Transfer Protein

CPT carnitine palmityl transferase

DAG diacylglycerol

DGAT DAG acyltransferase

EBERs Epstein Barr virus encoded RNA

ELOVL elongase of very long chain fatty acids

FA fatty acid

FABPs FA binding proteins

FA CoA fatty acyl coenzyme A

FAO fatty acid oxidation

FASN fatty acid synthase

FDG-PET fluorodeoxyglucose-positron emission tomography

GPAT Gly3P phosphate acyltransferase

HMGCR HMG-COA reductase

HMGCS HMG-CoA synthase

HNSCC Head and neck squamous cell carcinomas

HPV human papilloma virus

HSL hormone-sensitive lipase

LD lipid droplets

LDL low-density lipoprotein

LDLR low-density lipoprotein receptors

LMP2A membrane latent protein 2A

LXR liver X receptor

MAG monoacylglycerol

MGL MAG lipase

NPC nasopharyngeal carcinoma

NPC1L1 Niemann-Pick type C1-like 1

OS overall survival

PA palmitic acid

PAP PA phosphatase

SCD stearoyl-CoA desaturase

SUV standard uptake values

TG triacylglycerol

TME tumor microenvironment

VLDL very low-density lipoprotein
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progression through regulating
the alternative splicing of NEMO
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Hepatocellular carcinoma (HCC) is one of the most common primary

cancers with limited therapeutic options. Melatonin, a neuroendocrine

hormone produced primarily by the pineal gland, demonstrates an anti-

cancer effect on a myriad of cancers including HCC. However, whether

melatonin could suppress tumor growth through regulating RNA alternative

splicing remains largely unknown. Here we demonstrated that melatonin

could inhibit the growth of HCC. Mechanistically, melatonin induced

transcriptional alterations of genes, which are involved in DNA

replication, DNA metabolic process, DNA repair, response to wounding,

steroid metabolic process, and extracellular matrix functions. Importantly,

melatonin controlled numerous cancer-related RNA alternative splicing

events, regulating mitotic cell cycle, microtubule-based process, kinase

activity, DNA metabolic process, GTPase regulator activity functions. The

regulatory effect of melatonin on alternative splicing is partially mediated by

melatonin receptor MT1. Specifically, melatonin regulates the splicing of

IKBKG (NEMO), an essential modulator of NF-κB. In brief, melatonin

increased the production of the long isoform of NEMO-L with exon

5 inclusion, thereby inhibiting the growth of HepG2 cells. Collectively,

our study provides a novel mechanism of melatonin in regulating RNA

alternative splicing, and offers a new perspective for melatonin in the

inhibition of cancer progression.

KEYWORDS

melatonin, HCC, NEMO, alternative splicing, MT1

Introduction

Liver cancer is the sixth most common cancer, and the third leading cause of

cancer death all over the world (Sung et al., 2021). HCC accounts for about 80% of

liver cancers, which has poor prognosis and is the major cause of liver cancer-related

mortality (Yang et al., 2019). The current treatment strategies for HCC includes

surgical resection, chemotherapy, hormonal therapy, liver transplantation and
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percutaneous local ablation. Due to the absence of specific

symptoms in early stages and the lack of diagnostic

markers, more than 70% of patients with HCC are often

diagnosed in an advanced stage (Llovet et al., 2016;

Montella et al., 2016; Liu and Qin, 2019). The multiple-

target tyrosine kinase inhibitor sorafenib is one of the most

effective drugs for the advanced HCC (Yang et al., 2019).

However, only about 30% of patients can benefit from

sorafenib treatment, which might lead to drug resistance

and side effects as well. HCC is a heterogeneous tumor,

containing alterations of multiple signaling pathway. The

complex patho-physiology of HCC urgently drives the

discovery of new treatment or combination therapy (Huang

et al., 2020; Tang et al., 2020).

Melatonin (N-acetyl-5-methoxytryptamine), a

neuroendocrine hormone produced primarily by the pineal

gland, has various functions, including regulating circadian

rhythm and antioxidant. Melatonin can activate melatonin

receptor MT1, MT2, MT3, and ROZ/ROR to function in a

receptor-mediated manner. Meanwhile, melatonin can also be

soluble into water and lipid environments, thus easily

diffusing through cell membranes and penetrating cellular

compartments to work through non-receptor-mediated

mechanisms (Mao et al., 2010; Liu et al., 2016; Asghari

et al., 2017; Ferlazzo et al., 2020). Melatonin exerts

oncostatic functions in numerous human malignancies,

containing breast cancer, ovarian cancer, prostate cancer,

skin cancer, and liver cancer, etc. (Zhao et al., 2019).

Melatonin could suppress cancer progression through

regulating cancer cell proliferation, migration, invasion,

angiogenesis, apoptosis and cell cycle (Fernandez-Palanca

et al., 2021). In particular, as a natural compound,

melatonin intriguingly plays antithetical roles in normal

cells and cancer cells. For example, melatonin increases the

activity of SIRT1 and inhibits apoptosis by reducing the

expression of Ac-FOXO1A, Ac-TP53, or Ac-BAX in normal

cells. Conversely, SIRT1 is highly activated in cancer cells, and

melatonin blocks SIRT1, thereby inhibiting cell proliferation

and exerting a tumor suppressing effect (Mayo et al., 2017).

However, due to the clinical complexity, the anticancer

mechanisms of melatonin in cancer therapeutics are still

largely less understood.

Alternative splicing (AS) is a crucial post-transcriptional

mechanism to regulate gene expression patterns that allows a

single gene to code for multiple transcript isoforms, thereby

increasing the diversity and complexity of the transcriptome

(Yuan et al., 2017; Hu et al., 2020). Alternative splicing plays

an important role in tumorigenesis and cancer progression.

Aberrant splicing could induce the production of

noncanonical and cancer-specific mRNA transcripts,

causing the inactivation of tumor suppressors or the

activation of oncogenes (Chen et al., 2019). These RNA

variants could be translated into distinct protein isoforms,

and might be involved in different tumor biological functions,

such as proliferation, apoptosis, angiogenesis, metabolism,

stemness, drug-resistance and metastasis (Bonnal et al.,

2020; Sciarrillo et al., 2020). Importantly, abnormal RNA

alternative splicing can promote the development of HCC.

For example, BIN1 generates a short isoform (BIN1-S, which

lacks exon 12a) that exerts a tumor suppressing effect by

inhibiting the binding of c-Myc to target gene promoter in the

normal liver. However, upregulated NONO helps the

oncogenic splicing switch of BIN1 from BIN1-S to BIN1-L

(a long isoform, which contains exon 12) to promote

carcinogenesis in HCC (Hu et al., 2020). Therefore, the

study of molecular mechanisms of alternative splicing

might provide novel therapeutics for liver cancer. However,

whether alternative splicing is involved in melatonin-

mediated inhibition of tumor progression is still largely

unknown.

Here, we reported that melatonin can exert antitumor

effects by regulating cancer-related splicing events in HCC.

To systematically identify melatonin-regulated splicing

events, we performed mRNA-seq analysis on HepG2 cells

with melatonin treatment for 24 h and 48 h. Importantly, in

addition to the regulation of gene expression, melatonin also

modulated the occurrence of a wide range of splicing events.

Briefly, we identified 391 overlapped differentially expressed

genes and 335 overlapped AS events after melatonin treatment

for 24 h and 48 h in HepG2. Our results showed that exon

skipping is the predominant type of melatonin-induced

alternative splicing events, and we identified the alternative

splicing switches of IKBKG, LPIN1, ITGA6, TERF1, KIF23,

SIN3B, which might regulate the mitotic cell cycle, kinase

activity, GTPase regulator activity, cellular response to DNA

damage stimulus, and histone modification functions. The

regulatory effect of melatonin on alternative splicing is

partly mediated by MT1. Moreover, melatonin could exert

tumor suppressing effect by up-regulating the expression of

the long isoform of IKBKG. Taken together, our study

systematically identified melatonin-mediated alternative

splicing events, which might provide a new avenue to

interpret the tumor suppressing function of melatonin

in HCC.

Materials and methods

Cell culture and reagents

Human HCC HepG2 cell line and Hep3B cell line were

obtained from the American Type Culture Collection.

HepG2 cell line and Hep3B cell line were maintained at

standard culture conditions (37°C, 5% CO2) in MEM medium

with 10% FBS (BI), Sodium Pyruvate (macgene, CC007),

Nonessential Amino Acids Solution (macgene, CC25025).
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HEK-293T cells were maintained at standard culture conditions

(37°C, 5% CO2) in DMEM medium with 10% FBS. NCI-H1299

cells were maintained at standard culture conditions (37°C, 5%

CO2) in 1640 medium with 10% FBS. A549 cells were

maintained at standard culture conditions (37°C, 5% CO2)

in F12K medium with 10% FBS. Melatonin was purchased

from Selleck (S1204).

Plasmid constructions and generation of
stable cell lines

To generate the mammalian expression plasmids pCDH-

Flag-NEMO-L and pCDH-Flag-NEMO-S, human NEMO-L

and NEMO-S cDNA were amplified by PCR and then cloned

into lentivirus vector pCDH-CMV-MCS-EF1-Puro with

N-terminal Flag tag with restriction enzymes Nhe I and

Not I. shRNAs targeting MT1 were cloned into the

pLKO.1. To stably overexpress NEMO-L/S or knockdown

MT1 in HepG2 cells, lentiviral particles were produced by

transient transfection of HEK-293T cells with pCDH-Flag-

NEMO-L or pCDH-Flag-NEMO-S or pCDH-empty or

plko.1-empty or plko.1-shMT1 vectors. Media contains

lentivirus were used to infect HepG2 cells, followed by

4 μg/ml puromycin (Solarbio, P8230) selection for 5 days.

The expression of transgenes was confirmed by western

blots, semi-quantitative RT-PCR or RT-qPCR before

further analysis.

Western blot

Cells were washed twice with cold 1 × PBS and then lysed

by RIPA lysis buffer containing 1 mM PMSF and 1 mM

Cocktail. Cells were scraped off and collected into EP

tubes, and centrifuged at 12,000 rpm for 15 min to remove

cell debris. Equal amount of total protein was separated by

10% SDS-PAGE and transferred to nitrocellulose membrane,

which were blocked with 5% fat-free milk and incubated with

primary antibody at 4°C overnight. The following antibodies

were used: Anti-Flag (Sigma, F1804), anti-GAPDH

(Proteintech, 60004-1-Ig) and anti-NEMO (Proteintech,

18474-1-AP). After PBS washes, the membrane was

incubated with secondary antibodies for 1 h at room

temperature. Finally, bound antibodies were visualized with

the ECL enhanced chemiluminescence regent Kit (NCM

Biotech).

RT-qPCR and semi-quantitative RT-PCR

Total RNAs were extracted from cells treated with or

without melatonin using TRIzol reagent (Invitrogen)

according to the manufacturer’s instructions. Genomic

DNAs were removed and total RNA (2 μg) was reverse

transcribed by the Thermo Scientific RevertAid First Strand

cDNA Synthesis Kit (with DNase I). We performed RT-qPCR

used MonAmp™ Taqman qPCR Mix (Monad) according to

the manufacturer’s instructions. The expression level of

targets was normalized to the endogenous expression of

GAPDH. The cDNA was also used as the template for

semi-quantitative RT-PCR. Products were separated on 3%

agarose gels, and imaged were captured using a CCD camera

(Tanon 2500R). The primers listed in Supplementary

Table S1.

RNA-seq analysis

HepG2 cells were treated with melatonin 1 mM or DMSO

for 24 h and 48 h, and then extracted total RNAs using

TRIzol and cleaned using RNAeasy Kit (Qiagen). The

DNA was removed from total RNAs by digesting in

column with RNase free DNase according to

manufacturer’s instructions. Polyadenylated RNA were

purified from total RNA by using Illumina TruSeq Total

RNA Sample Prep kits. For discover splicing junctions, we

mapped the paired-end sequences to human genome (hg38)

using Map Splice 2.0.1.6 (default parameters). The level of

gene expression was analyzed by the mapped reads with

Cufflinks. We analyzed the changes of splicing isoforms

using MISO package with annotation of all known

alternative splicing events, and the results filtered

according to the PSI values.

We preformed gene ontology analysis and KEGG analysis

using metascape.org to search for enriched functions and

pathways. The functionally correlated network

of melatonin-regulated genes was analyzed by STRING

database.

IC50 measurement and growth curve
assay

CCK8 assay was used to detect the IC50. Cells were seeded

into 96-well plates (4000 cells/well) to culture overnight and then

treated with different concentrations (0, 0.5, 1, 1.5, 2.5, 5, 7.5,

10 mM) of melatonin for 72 h. Then 10 µL/well CCK8 was

added, allowing cells to continuously culture at 37°C for 2 h.

Absorbance at 450 nm was measured using an ELISA reader

(DNM-9602, Perlong). Dose-response curves were plotted to

determine half maximal IC50 of melatonin using the GraphPad

Prism. For growth curve assay, cells were seeded into 96-well

plates (1000 cells/well) and cell viability was measured using

CCK8 assay. Cell growth curves were determined by absorbance

at 450 nm.
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Colony formation

Cells were seeded in 60-mm dishes (1500 cells per

dish) and incubated at 37°C, 5% CO2 in humidified

incubator for 15 days. Each treatment was carried out in

triplicate. Colonies were fixed with 4% PFA and stained

with crystal violet.

Liver cancer tissue specimens

We collected fresh liver cancer tissues and adjacent

normal tissues from patients with pathologically and

clinically confirmed liver cancer. All human tumor tissues

were obtained with written informed consent from patients

or their guardians prior to participation in the study.

FIGURE 1
Melatonin inhibits cell proliferation. (A) HepG2 cells were treated with gradient concentrations of 0, 0.5, 1, 1.5, 2.5, 5, 7.5, 10 mMmelatonin for
72 h, and cell viability was measured by CCK8 assay. (B) Hep3B cells were treated with gradient concentration of 0, 1, 2, 3, 4, 5, 6 mM melatonin for
72 h, and cell viability was measured by CCK8 assay. IC50 were calculated using GraphPad Prism. (C,D) The cell viability of HepG2 cells and
Hep3B cells treated with gradient concentration of 0, 1, 2, 4 mM melatonin for 62 h, was measured by CCK8 assay at intervals, with p values
calculated by two-way ANOVA. (E,F) The proliferation of HepG2 cells and Hep3B cells treated with gradient concentration of 0, 1, 2, 4 mMmelatonin
was examined with colony formation assay. Images of the whole plate are shown. The mean ± SD of relative colony numbers was plotted and p
values calculated by one-way ANOVA.
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The Institutional Review Board of the Dalian Medical

University approved use of the tumor specimens in

this study. All of tissue specimens were immediately frozen

in liquid nitrogen and kept at −80°C until the extraction

of RNA.

Statistical analysis

Data was presented as mean ± SD. Statistical significance was

determined by unpaired t test, one-way ANOVA or two-way

ANOVA. Statistical analyses were performed using GraphPad

FIGURE 2
Analysis of gene expression changes induced by melatonin. (A) Venn diagram showed the overlapping genes differentially expressed in
HepG2 cells treated with melatonin for 24 h and 48 h (B) Gene ontology analyses of gene expression events induced by melatonin treatment for
48 h. Fisher exact p values were plotted for each category. (C) KEGGpathway analyses of gene expression events induced bymelatonin treatment for
48 h. (D) Functional association network of melatonin-induced gene expression changes. Genes in panel B were analyzed using the STRING
database, and subgroups are marked according to their functions. (E) The identified gene expression changes were validated by RT-qPCR. The
mean ± SD of relative fold changes was plotted (n = 3) with p values calculated by one-way ANOVA.
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Prism 7 (NS, not significant; *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001).

Results

Melatonin inhibits HCC cell proliferation

To explore the role of melatonin in HCC, HepG2 and

Hep3B cells were treated with different concentrations of

melatonin for 72 h and cell viability was determined by cell

counting kit-8 (CCK8). The half maximal inhibitory

concentration (IC50) of melatonin in HepG2 and

Hep3B cells were 1.995 mM and 1.409 mM, respectively

(Figures 1A,B). Importantly, melatonin inhibits cell

proliferation in a dose-dependent manner in HCC

HepG2 and Hep3B cells as judged by CCK8 and colony

formation assay (Figures 1C–F). The treatment of 1 mM

of melatonin showed a significant inhibition of cell

growth, whereas higher concentrations (2 and 4 mM)

demonstrated a much stronger inhibitory effect in

HepG2 and Hep3B cells (Figures 1C–F). Altogether,

melatonin can inhibit the growth of HCC cells in a dose-

dependent manner.

Analysis of gene expression changes
induced by melatonin

To further explore the molecular mechanism of

melatonin-induced cell growth inhibitory, we performed

high-throughput mRNA sequencing (mRNA-seq) with

HepG2 cells treated with 1 mM melatonin for 24 h and 48 h

separately. We identified 1163 genes and 2201 genes with

significant expression change after 24 h and 48 h treatment

with melatonin respectively as compared to controls (p <
0.05). Among which, 391 overlapping genes were

differentially expressed in HepG2 cells treated with

melatonin for 24 h and 48 h (Figure 2A). These genes are

closely associated with DNA replication, DNA metabolic

process, response to wounding, steroid metabolic process,

extracellular matrix, calcium ion binding, cellular response

to DNA damage stimulus, sulfur compound metabolic process

and angiogenesis as judged by gene ontology analysis

(Figure 2B, and Supplementary Figure S1A). In addition,

those genes are enriched in homologous recombination,

complement and coagulation cascades, steroid hormone

biosynthesis, arachidonic acid metabolism, cell adhesion

molecules, fatty acid biosynthesis, and PPAR signaling

pathway as judged by KEGG analysis (Figure 2C, and

Supplementary Figure S1B). Most of melatonin treatment

for 48 h induced genes were functionally connected into a

well linked interaction network that contains genes associated

with DNA replication, response to wounding and extracellular

matrix, as judged by the Search Tool for the Retrieval of

Interacting Genes/Proteins (STRING) (Figure 2D).

Meanwhile, many of those genes induced by melatonin

treatment for 24 h were functionally correlated into a

network that includes genes correlated with steroid

metabolic process, response to wounding and extracellular

matrix (Supplementary Figure S1C). Several target genes-

induced by melatonin were randomly selected to further

validate with quantitative real-time RT-PCR (RT-qPCR)

in HepG2 cells treated with 1 mM melatonin for 24 h and

48 h, and the changes were consistent with the results

obtained from mRNA-seq (Figure 2E). Among these

genes, CRISPLD2 and SESN3 are involved in extracellular

matrix. EFR3B and GPCPD1 participate in regulating

phospholipid metabolic process function. Taken together,

melatonin can regulate the expression of cancer-related

genes.

Analysis of alternative splicing events
induced by melatonin

In order to explore the effect of melatonin on AS, we

systematically analyzed mRNA-seq data to identify

differentially changed AS events. We respectively identified

1670 and 2838 AS events with a significant change of percent-

spliced-in (PSI) values (the change of PSI >0.15) after 24 h and

48 h treatment with melatonin compared to controls.

335 overlapping AS events were differentially expressed in

HepG2 cells treated with melatonin for 24 h and 48 h

(Figure 3A). Figure 3B shows the read tracks of one example.

We found that melatonin can modulate various types of AS,

including skipped exon (SE), alternative 5′ ss exon (A5E),

alternative 3′ ss exon (A3E), retained intron (RI) and

mutually exclusive exons (MXE) (Figure 3C and

Supplementary Figure S2A). Subsequent analysis indicated

that most of the SE events were positively regulated by

melatonin (increased PSI value) while most of the RI events

were negatively controlled (decreased PSI value) (Figure 3D and

Supplementary Figure S2B).

We analyzed cellular functions of melatonin-induced AS

events using gene ontology and found that these genes are

associated with mitotic cell cycle, microtubule-based process,

kinase activity, DNA metabolic process, GTPase regulator

activity, cellular response to DNA damage stimulus, histone

modification, spindle, DNA repair and cell division as judged

by gene ontology analysis (Figure 3E and Supplementary

Figure S2C). Meanwhile, the AS events are abundantly

enriched in PPAR signaling pathway, nucleotide

metabolism, homologous recombination, peroxisome and

other pathways as judged by KEGG analysis (Figure 3F and

Supplementary Figure S2D). In addition, we performed
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STRING analysis and found that many melatonin-regulated

AS events were functionally connected into well linked

interaction networks that contains genes associated with

mitotic cell cycle, cellular response to DNA damage

stimulus and kinase activity (Figures 3G, Supplementary

Figure S2E). Taken together, these results suggest that the

biological processes affected by melatonin are related to

tumorigenesis and cancer progression.

FIGURE 3
Analysis of alternative splicing events induced by melatonin. (A) Venn diagram showed the overlapping AS events differentially expressed in
HepG2 cells treated with melatonin for 24 h and 48 h. (B) Example of alternative splicing affected by melatonin. Alternative splicing of TERF1 was
chosen to represent an increase of PSI, and numbers of exon junction reads were indicated. (C)Quantification of the different AS events affected by
melatonin treatment for 48 h. (D) The relative fraction of each AS event positively or negatively induced by melatonin treatment for 48 h. (E)
Gene ontology analyses of AS events regulated by melatonin treatment for 48 h. Fisher exact p values were plotted for each category. (F) Pathways
were analyzed by KEGG pathway database for melatonin treatment 48 h induced AS events. (G) Functional association network of melatonin-
induced AS events using the STRING database.
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Alternative splicing switches induced by
melatonin

We subsequently validated mRNA-seq results by

measuring the splicing change of randomly chosen targets

in HepG2 and Hep3B cells treated with melatonin by the semi-

quantitative RT-PCR assay. Consistent with the results from

mRNA-seq analysis, melatonin promoted exon 5 splicing of

IKBKG (inhibitor of nuclear factor kappa-B kinase subunit

gamma). Similarly, melatonin also stimulated the inclusion of

exon 6 of LPIN1 (phosphatidic acid phosphatase 1), exon 25 of

ITGA6 (Integrin alpha-6), exon 7 of TERF1 (telomeric repeat-

binding factor 1), exon 8 of KIF23 (mitotic kinesin-like protein

1) and exon 7 of PLEKHM2 (Pleckstrin homology domain-

containing family M member 2). Meanwhile, melatonin could

induce the skipping of exon 10 of SIN3B (histone deacetylase

complex subunit) and exon 10 of ATXN2 (spinocerebellar

ataxia type 2 protein) (Figure 4A and Supplementary Figures

S3,S4). In addition, other types of splicing events induced by

melatonin were also validated. Briefly, melatonin promoted

the upstream 3′ ss usage of ENTPD6 (ectonucleoside

triphosphate diphosphohydrolase 6) and inhibited the distal

5′ ss usage of CLEC16A (c-type lectin domain family

16 member A) (Figures 4B,C). Among these genes, IKBKG

encodes nuclear factor κB essential modulator (NEMO),

which acts as a tumor repressor in HCC. Moreover, NEMO

protects the liver against chronic inflammation, progression of

nonalcoholic steatohepatitis, and hepatocarcinogenesis

FIGURE 4
Alternative splicing switch induced by melatonin. (A) Exons skipping in IKBKG, LPIN1, ITGA6, TERF1, KIF23, PLEKHM2, SIN3B, and ATXN2 were
examined by semi-quantitative RT-PCR in HepG2 cells treated with 1 mM melatonin for 48 h. The mean ± SD of PSIs from three experiments were
plotted and p values calculated by unpaired t test. (B,C) Alternative 3′ splice sites usage of ENTPD6 and alternative 5′ splice sites usage of CLEC16A
were examined by semi-quantitative RT-PCR in HepG2 cells treated with 1 mM melatonin for 48 h. The mean ± SD of PSIs from three
experiments were plotted and p values calculated by unpaired t test.
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(Luedde et al., 2007; Kondylis et al., 2017). LPIN1 could

regulate nuclear remodeling, mediating the effect of

mTORC1 on SREBP pathway (Peterson et al., 2011). SIN3B

is a transcription suppressor, which interacts with MXI1 to

repress MYC responsive genes, thereby antagonizing MYC

oncogenic activities (Alland et al., 1997). SIN3B also regulates

cell cycle progression by repressing the expression of cell cycle

inhibitor genes (Bowman et al., 2014). Taken

together, melatonin could regulate a variety of splicing

events in HCC.

The regulatory effect of melatonin on
alternative splicing is partially
dependent on MT1

Previous study reported that melatonin exerted anti-tumor

effect through interacting with melatonin receptors MT1 or MT2

(Mao et al., 2010; Liu et al., 2016; Asghari et al., 2017; Ferlazzo

et al., 2020). Therefore, we investigated whether the regulation of

alternative splicing by melatonin is dependent on melatonin

receptors. Since MT2 is not expressed in HepG2 cells

(Carbajo-Pescador et al., 2009; Carbajo-Pescador et al., 2011),

we constructed HepG2 cells with MT1 stable depletion, and

verified the knockdown efficiency by RT-qPCR (Figure 5A).

Subsequently, we treated MT1-depleted and control HCC cells

with different concentrations of melatonin for 24 h, and

examined splicing switches using semi-quantitative RT-PCR.

Importantly, we found that melatonin-induced splicing

switches are at least partially dependent on the status of MT1.

We revealed that melatonin promoted the production of the

long-isoforms of IKBKG, ITGA6, and PLEKHM2 in a dose-

dependent manner, while the regulatory effect of melatonin

was significantly attenuated in MT1-depleted HepG2 cells

(Figure 5B). Overall, the regulatory effect of melatonin on

alternative splicing in HCC cells is at least partly modulated

by MT1.

IKBKG splicing switch participated in
melatonin-induced HCC inhibition

We have demonstrated that melatonin promoted the

inclusion of exon 5 of IKBKG, resulting in an increase of

full length of IKBKG (Figure 6A). In addition to liver cancer,

we examined the splicing change of IKBKG upon melatonin

treatment in NCI-H1299 and A549 lung cancer cells, and

human embryonic kidney HEK-293T cells. We found that

melatonin could affect the splicing of IKBKG in multiple cell

lines (Supplementary Figure S5A). Importantly, IKBKG

encoding protein NEMO/IKK-γ, together with IKK-α and

IKK-β to form IKK complex, thereby regulating the activity

of NF-κB. Previously, NEMO was identified as a tumor

suppressor in liver by conditional hepatocyte-specific

deletion of NEMO in mice (Luedde et al., 2007; Seki and

Brenner, 2007; Kondylis et al., 2015; Mossanen et al., 2019).

Moreover, NEMO expression was down-regulated in HCC as

compared to their surrounding non-neoplastic liver tissues

(Aigelsreiter et al., 2012). Therefore, we further performed

western blot assay and validated that melatonin could increase

the protein level of long isoform of NEMO (Supplementary

Figure S5B). Next, we sought to investigate the role of the long

isoform (NEMO-L) and the short isoform (NEMO-S) of

IKBKG in HCC progression. NEMO-L isoform is the full-

length transcript, whereas NEMO-S isoform lacks the exon

5 that encodes the domain associating with TANK (Figure 6B).

In order to explore the effects of two NEMO isoforms on

cell proliferation, we stably overexpressed NEMO-L or

NEMO-S in HepG2 cells respectively. The expression of

NEMO-L and NEMO-S were verified at both RNA and

protein levels using semi-quantitative RT-PCR and western

blot assays (Figures 6C,D). We found that HepG2 cells

expressing NEMO-L grew much slower as compared to

control cells, as well as HepG2 cells expressing NEMO-S as

judged by CCK8 and colony formation assays (Figures

6E,F). These results suggested that NEMO-L, the full-length

FIGURE 5
The regulatory effect of melatonin on alternative splicing is dependent on MT1. (A) The MT1 expression was validated by RT-qPCR. (B) Exons
skipping of IKBKG, ITGA6, and PLEKHM2 were examined by semi-quantitative RT-PCR in control and MT1-konckdown HepG2 cells treated with
1mM and 2 mM melatonin for 24 h. The mean ± SD of PSIs from three experiments were plotted and p values calculated by one-way ANOVA.
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isoform, could inhibit HCC cell proliferation. Due to lack of

exon 5, NEMO-S lost the ability to suppress HCC cell

proliferation.

To further investigate the clinical significance of IKBKG

splicing in cancer patients, we examined the relative levels of

two IKBKG isoforms in six pairs of liver cancer samples and

FIGURE 6
NEMO-L inhibits cell proliferation. (A) Alternative exon of IKBKG affected bymelatonin. Numbers of exon junction reads and PSI were indicated.
(B) Schematics of human IKBKG (NEMO) pre-mRNA and protein. NEMO-long isoform included the exon 5, while NEMO-short isoform skipped the
exon 5. (C,D) HepG2 cells with stable expression of Flag-tagged NEMO-L or NEMO-S were constructed. RNA levels of IKBKG were examined by
semi-quantitative RT-PCR (C). Protein levels of exogenous NEMO were confirmed by western blot analysis using anti-Flag antibodies (D). (E)
Cell proliferation of HepG2 cells stably expressing NEMO-L or NEMO-S were analyzed by CCK8 assay at intervals, with p values calculated by two-
way ANOVA. (F) Colony formation assays of HepG2 cells stably expressing NEMO-L or NEMO-S. Images of the whole plate are shown. The mean ±
SD of relative colony numbers was plotted (n = 3) and p values calculated by one-way ANOVA. (G,H) Alternative splicing of IKBKGwere measured in
six paired liver cancer tissues and adjacent normal tissues by semi-quantitative RT-PCR. PSI values were plotted. * Indicated p < 0.05.
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adjacent normal tissues. Relative mRNA levels of IKBKG-L

were significantly decreased in six liver cancer samples

compared with paired normal tissues (Figures 6G,H),

indicating that despite the apparent heterogeneity of

different tumor samples, the expression of IKBKG-L is

generally reduced. Taken together, our results indicate that

melatonin suppresses HCC progression through mediating

IKBKG splicing.

Discussion

Melatonin is a natural indole amine that is mainly

produced by the pineal gland in human body. Melatonin

has various functions, including the regulation of

antioxidant and circadian rhythm. Numerous studies have

shown that melatonin has significant anti-tumor activity in

multiple cancers, including HCC, breast cancer, colorectal

cancer, non-small lung cancer, and melanoma. Moreover,

the tumor suppressing effect of melatonin is achieved by

regulating various physiological functions, such as tumor

proliferation, angiogenesis, metastasis, apoptosis,

metabolism and immune escape (Talib, 2018; Talib et al.,

2021). For example, melatonin and peroxisome proliferator-

activated receptors (PPARγ) agonists synergistically induce

apoptosis in breast cancer cells (Korkmaz et al., 2009).

Melatonin inhibits proliferation of lung cancer cells by

enhancing mitochondrial energy metabolism and reversed

the Warburg effect (Chen et al., 2021). In addition,

melatonin suppresses the migration and invasion of

HCC cells by reducing the expression of VEGF and

HIF1α (Colombo et al., 2016). Accumulating

evidence suggests that melatonin has great potential in

cancer therapy.

Alternative splicing of pre-mRNA is recognized as a key

driver of proteomic diversity in human, by which a single gene

can produce multiple isoforms with different or even opposite

functions. For example, the long isoform of Bcl-x (Bcl-xL)

plays an anti-apoptotic role, while its short isoform Bcl-xS

functions as a pro-apoptotic factor (Wang et al., 2014).

Alternative splicing can be deregulated in cancer, leading to

the generation of aberrant splicing variants. These aberrant

splicing variants can regulate tumorigenesis and cancer

progression (Wang and Aifantis, 2020; Kitamura and

Nimura, 2021). Accumulating evidence suggests that

aberrant splicing variants confer therapeutic drug resistance

in cancer (Sciarrillo et al., 2020). In our study, we

demonstrated that melatonin exerts antitumor effects by

regulating alternative splicing of many cancer-related genes.

Specifically, melatonin could shift the splicing of IKBKG to

increase the production of NEMO long isoform, thereby

inhibiting cancer cell proliferation. This might be because

that the full-length isoform of NEMO prevents

RIPK1 activation and subsequent apoptosis by NF-κB-
dependent or -independent functions, suppressing HCC

progression (Kondylis et al., 2017). NEMO-S, the short

isoform with the skipping of exon 5, impairs the TANK

binding domain and cannot inhibit cancer cell proliferation.

Our study provides a novel mechanism for melatonin to

suppress cancer progression by regulating the alternative

splicing of cancer-related genes.

In addition to the regulation of NEMO splicing, melatonin

might also inhibit cancer progression through modulating the

splicing of some other cancer-related genes. Using mRNA-seq

analysis, we found that melatonin can regulate some splicing

events related to mitotic cell cycle, kinase activity, DNA

metabolic process, and GTPase regulator activity functions.

For example, melatonin can regulate the splicing of LPIN1

and KIF23, whose function is related to mitotic cell

cycle. Taken together, melatonin may offer new

opportunities for cancer therapeutics by regulating RNA

alternative splicing.
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inhibitor tunlametinib in patients
with advanced NRAS mutant
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Background: Malignant melanoma is an aggressive disease. Tunlametinib (HL-

085) is a potent, selective, and orally bioavailable MEK1/2 inhibitor. The

objective of this study was to determine the pharmacokinetics (PK) of

tunlametinib and its main metabolite M8 in patients with NRAS-mutant

melanoma following a single dose and multiple doses in a phase I safety and

PK study.

Methods: A multiple-center phase I study was performed in patients with

melanoma including dose-escalation phase and dose-expansion phase. PK

following a single oral dose and multiple doses of 0.5–18 mg twice daily was

assessed.

Results: A total of 30 participants were included in the dose escalation phase

and then 11 patients were included in the dose-expansion phase (12 mg twice

daily). Tunlametinib plasma concentration rapidly increased after dosing, with a

Tmax of 0.5–1 h. Mean elimination half-life (t1/2) was dose-independent and had

a range from 21.84 to 34.41 h. Mean apparent clearance (CL/F) and distribution

volume (V/F) were 28.44–51.93 L/h and 1199.36–2009.26 L, respectively. The

average accumulation ratios of AUC and Cmax after the multiple administration

of tunlametinib were 1.64–2.73 and 0.82–2.49, respectively. Tunlametinib was

rapidly transformed into the main metabolite M8 and M8 reached the peak

concentration about 1 h after administration. Mean t1/2 of M8 was 6.1–33.54 h.

The body exposure ofM8 in plasmawas 36%–67% of that of tunlametinib. There

were general dose-proportional increases in maximum concentration (Cmax)

and area under the curve (AUC) of tunlametinib and M8 both in the single dose

phase and in the multiple doses phase.
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Conclusion: Tunlametinib was absorbed rapidly and eliminated at a medium

speed after drug withdrawal. Pharmacokinetic body exposure increased in

general dose-proportional manner from 0.5 mg up to 18 mg. Slight

accumulation was found after multiple oral doses. The pharmacokinetics of

tunlametinib and itsmetabolite suggest that twice daily dosing is appropriate for

tunlametinib.

KEYWORDS

melanoma, NRAS mutation, mek inhibitor, pharmacokinetics, tunlametinib

Background

Melanoma is a malignance of melanocytes and an aggressive

disease, which was recognized as the most dangerous type of skin

cancer (Schadendorf et al., 2018). The five world regions with the

greatest melanoma incidence and mortality rates were Australia,

North America, Eastern Europe, and Western Europe and

Central Europe (Karimkhani et al., 2017). The incidence of

melanoma is keeping a worldwide increase. Incidence in

Europe is about 25 cases per 100,000 population, while in

Australia it reaches a rate of 60 new cases per 100,000

(Podlipnik et al., 2020; Conforti and Zalaudek, 2021). Total

melanoma incidence was higher in male than female in US

individuals (limited to white race), Canada, Australia, and

New Zealand. Meanwhile, and male had higher rates of

melanoma of the head and neck and trunk than female

(Olsen et al., 2020). The age-standardized incidence rate of

melanoma has increased from 0.4 per 100,000 in 1990 to

0.9 per 100,000 in 2017 in China (Wu et al., 2020). The

median survival was about 1 year for advanced metastatic

melanoma (Tsao et al., 2004). For 40 years, few effective

systemic treatments to melanoma are available. The standard-

of-care treatments included dacarbazine chemotherapy and

immunotherapy with the cytokine IL-2/PD-1/PD-L1/CTLA-4.

In the past 10 years, new targeted therapy has changed the

treatment option for patients with metastatic melanoma (Luke

et al., 2017; Schadendorf et al., 2018; Davis et al., 2019; Jenkins

and Fisher, 2021).

Activating mutations in the MAPK signaling cascade was an

important pathway that has the highest oncogenic and

therapeutic relevance for melanoma (Carlino et al., 2015).

Common mutations in the MAPK pathway include BRAF,

NRAS, HRAS, KRAS and NF1 (Schadendorf et al., 2015;

Randic et al., 2021). BRAF signaling is dependent on

downstream activation of MEK1/2 (Solit et al., 2006). Thus,

several MEK inhibitors have been developed for melanoma

treatment alone or in combination (Del Vecchio et al., 2015;

Robert et al., 2015; Ascierto et al., 2016; Dummer et al., 2017).

MEK inhibitors trametinib, cobimetinib and binimetinib have

been approved for BRAF V600 melanoma by the Food and Drug

Administration (Kakadia et al., 2018). However, no MEK

inhibitor was approved for melanoma patients with NRAS

mutation worldwide.

Tunlametinib (also known as HL-085) is a selective inhibitor

of MEK1 and MEK2 with a half-maximum inhibitory

concentration (IC50) of 1.9–10 nmol/L (Cheng and Tian,

2017). Tunlametinib inhibited proliferation of RAS/RAF-

mutated cell lines at nanomoles concentrations (unpublished

investigator brochure, Shanghai KeChow Pharma.).

Pharmacokinetic profiling results indicated a mean effective

half life (t1/2) of 3.55–4.62 and 3.99–9.37 h in rats and beagle

dogs after single oral dosing of tunlametinib. CYP2C9 was the

main metabolic enzyme of tunlametinib. The main metabolite

M8 is inactive. >60% of 14C-tunlametinib were excreted from

feces in rats (unpublished investigator brochure, Shanghai

KeChow Pharma.). Tunlametinib may be a potential

treatment option for NRAS-mutant melanoma.

Tunlametinib was recently assessed in first-in-human trial: a

single ascending-dose and a multiple ascending-dose phase I

study in patients with advanced NRAS-mutated melanoma

patients, which evaluated the safety, tolerability, and

pharmacokinetics of tunlametinib in melanoma patients.

Presented here are the pharmacokinetic data from this phase I

study.

Methods

Study design and patients

This study was an open, single-arm, dose-escalation/dose-

expansion phase I trial including two parts: a dose-escalation

phase (Part 1) and an expansion phase (Part 2). The Part 1 dose-

escalation phase adopted a standard 3 + 3 design to evaluate the

pharmacokinetic characters of tunlametinib, and to identify the

dose-limiting toxicity (DLT), maximum-tolerated dose (MTD),

recommended Phase II dose (RP2D). According to a 3 + 3 design,

at least three patients were treated at each dose level. In the Part

2 dose-expansion phase, patients were administered at the RP2D

to further evaluate the tolerability, safety, and efficacy of

tunlametinib. The design of this study was presented in the

Supplementary Figure S1.
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Data for pharmacokinetics are reported here while other data

will be reported separately. The study protocol was approved by

local Ethics Review Committee and registered at clinicaltrials.gov

(NCT03973151). All patients provided written informed

consent. Studies were conducted in accordance with

Declaration of Helsinki, Good Clinical Practice and applicable

laws and regulations.

Eligible patients were aged 18–70 years with histologically or

cytologically confirmed unresectable stage III or IV melanoma

harboring NRAS mutations. Tumor biopsy was adequate for

genetic testing of NRAS mutations. Patients were also required

an Eastern Cooperative Oncology Group (ECOG) performance

score of one or less; with measurable lesions per Response

Evaluation Criteria in Solid Tumors (RECIST) version 1.1; life

expectancy of >3 months and adequate hematologic, renal, and

hepatic function.

Patients were excluded if they had active central nervous

system disease except for patients with stable brain disease

for ≥3 months following stereotactic brain radiotherapy or

surgery; inability to swallow or any small intestinal resection

that would preclude adequate absorption of the study drug;

uncontrolled concomitant or infectious diseases; history of

retinal disease; prior treatment with a specific MEK inhibitor;

or known allergy to the study drug or its analogs. Strong inducers

or inhibitors of CYP isozyme had to be discontinued ≥1 week
before study treatment.

Procedures

This dose-escalation study experienced 10 dose-levels,

including 0.5, 1, 2, 3, 4, 6, 9, 12, 15, and 18 mg, and all the

patients were administered tunlametinib capsule twice daily

except in the PK lead-in period. In dose-escalation phase, a 7-

day pharmacokinetic lead-in period was designed for each

patient before entering treatment cycles. During the PK lead-

in period, all the patients were administered only one dose. In

dose-expansion phase, patients were given the recommended

phase II dose (12 mg BID) without lead-in period.

To assess the pharmacokinetic profile of tunlametinib and its

main metabolite M8 (inactive metabolite), serial venous blood

samples were collected after overnight fasting on day -7 (single

dose, lead-in period) and day 28 (multiple doses).

In the lead-in period, blood samples were drawn pre-dose

(0 h) and at 1, 2, 3, 4, 8, 12, 24, 48, 72, 96, 120, and 144 h after

tunlametinib administration in the dose cohorts of 0.5 and 1 mg;

This was optimized to pre-dose and at 0.25, 0.5, 1, 2, 4, 8, 12, 24,

48, 72, 96, 120, and 144 h after dosing for the following dose

cohorts. On day 28, total seven time points of blood were

collected pre-dose and 1, 2, 3, 4, 8, and 12 h post dose in the

0.5 mg cohort; and this was changed into total 8 time points

including pre-dose and 0.25, 0.5, 1, 2, 3, 4, 8, and 12 h post dose in

the other doses cohorts.T
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In the dose-expansion phase, total 8 time points of blood

were taken at pre-dose and at 0.25, 0.5, 1, 2, 4, 8, and 12 h post

dose on both day 1 and day 28 of cycle 1.

Sparse sampling was also collected on days 8, 15, and 22 of

cycle one at pre-dose in both dose-escalation and dose-expansion

phases.

Sample processing and bioanalysis
methods

Blood samples were collected into vacutainer tubes with

EDTA-K2 anticoagulation. Immediately after collection, the

blood-containing tubes were centrifuged at 1500 g at 4°C for

10 min. All the plasma samples were stored in a freezer at −80°C

until subsequent bioanalytical analysis.

Plasma samples were assayed for tunlametinib and

M8 concentrations at Peking Union Medical College Hospital

using a validated ultra-performance liquid chromatography-

tandem mass spectrometry method. Samples were prepared by

using a solid phase extraction method. The quantification range

for tunlametinib and M8 in plasma were 0.1–100 ng ml−1 [ 0.3, 8,

and 80 ng ml−1 for quality controls (QCs)]. Stable isotope labeled

tunlametinib (D4-tunlametinib) and M8 (D3-M8) were used as an

internal standard, respectively. The lower limit of quantitation of

tunlametinib and M8 in plasma were 0.1 ng·mL−1. The accuracy of

the QC samples used during sample analysis ranged from -1.5% to

4.9% [relative standard deviation (RSD)% ≤ 13.2%] for tunlametinib

and from -2.1% to 3.3% (RSD% ≤ 16.1%) for M8. All samples were

analyzed within established storage stability periods.

Study outcomes

The parameters assessed during the study were maximum

observed plasma concentration (Cmax), time to Cmax (Tmax), area

FIGURE 1
| Plasma concentration (mean ± SD)-time profiles of tunlametinib and M8 after orally administrated with 0.5–18 mg (n = 41) tunlametinib
capsules. (A) single dose (0–144 h, tunlametinib); (B) single dose (0–12 h, tunlametinib); (C) multiple dose (tunlametinib); (D) single dose (0–144 h,
M8); (E) single dose (0–12 h, M8); (F) multiple dose (M8).
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TABLE 2 Summary of pharmacokinetic parameters of tunlametinib and M8.

Dose-escalation phase Expansion
phase

Parameter Unit 0.5 mg
(n = 3)

1.0 mg
(n = 3)

2.0 mg
(n = 3)

3.0 mg
(n = 3)

4.0 mg
(n = 3)

6.0 mg
(n = 3)

9.0 mg
(n = 3)

12.0 mg
(n = 3)

15.0 mg
(n = 3)

18.0 mg
(n = 3)

12.0 mg
(n = 11)

HL-085

Single dose AUC0–12h h*ng/
mL

5.69 ± 0.93 17.25 ± 7.03 23.34 ± 6.85 37.20 ± 10.83 53.91 ± 12.05 84.61 ± 40.93 114.33 ±
43.22

147.6 ± 17.70 273.89 ± 21.81 488.89 ± 50.59 228.96 ± 77.81

AUCinf h*ng/
mL

/ 42.76 ± 33.97 43.62 ± 9.57 73.49 ± 30.65 89.5 ± 25.29 144.48 ±
57.73

183.72 ±
33.90

232.69 ± 23.17 398.85 ± 34.57 635.74 ± 53.55 /

AUC_%Extrap % 25.74 ± 4.06 17.05 ± 4.93 10.94 ± 3.66 6.86 ± 3.25 6.03 ± 1.61 6.18 ± 2.41 3.10 ± 0.97 2.61 ± 0.96 1.33 ± 0.36 0.83 ± 0.27 26.83 ± 27.56

Cmax ng/mL 2.24 ± 0.99 6.98 ± 4.03 15.70 ± 2.39 19.60 ± 6.28 27.60 ± 4.75 54.07 ± 31.98 95.27 ± 85.79 85.63 ± 24.15 211.67 ± 68.82 349.33 ±
111.13

142.83 ± 88.63

Clast ng/mL 0.15 ± 0.06 0.15 ± 0.06 0.14 ± 0.03 0.12 ± 0.01 0.18 ± 0.07 0.19 ± 0.02 0.17 ± 0.03 0.16 ± 0.03 0.18 ± 0.05 0.14 ± 0.03 17.87 ± 27.52

Tmax
a H 0.98

(0.98.1.00)
0.92
(0.92.1.00)

0.50
(0.50.1.00)

0.50
(0.48.0.98)

0.50
(0.50.1.00)

0.50
(0.48.2.00)

0.52
(0.50.1.00)

1.00
(0.98.1.00)

0.50
(0.50.0.50)

0.52
(0.50.0.97)

0.53
(0.23.11.65)

MRT H 6.48 ± 2.88 19.26 ± 10.86 14.42 ± 1.69 18.02 ± 5.64 13.66 ± 3.73 15.41 ± 2.92 14.25 ± 4.57 14.99 ± 5.03 12.85 ± 4.51 10.54 ± 2.44 /

T1/2 H / 34.41 ± 16.18 24.14 ± 3.15 28.2 ± 10.61 21.84 ± 5.66 30.79 ± 4.82 23.04 ± 5.52 26.18 ± 5.56 24.28 ± 10.33 29.13 ± 3.57 /

CL/F L/h / 34.17 ± 27.15 47.32 ± 10.13 45.46 ± 17.04 47.43 ± 14.71 45.90 ± 16.74 50.10 ± 9.10 51.93 ± 5.47 37.81 ± 3.45 28.44 ± 2.28 /

Vz/F L / 1379.52 ±
550.08

1617.46 ±
141.04

1772.99 ±
788.61

1422.54 ±
200.07

2009.26 ±
651.60

1708.45 ±
655.99

1942.20 ±
311.42

1292.35 ±
470.57

1199.36 ±
214.11

/

Multiple
dose

AUCτ h*ng/
mL

12.67 ± 3.02 31.56 ± 14.23 45.76 ± 12.31 76.42 ± 25.03 96.09 ± 47.77 163.95 ±
57.14

294.37 ±
114.84

266.55 ± 35.62 446.70 ± 73.76 906.33 ± 74.43 391.16 ± 97.85

Cavg ng/mL 1.06 ± 0.25 2.63 ± 1.19 3.81 ± 1.03 6.37 ± 2.09 8.01 ± 3.98 13.66 ± 4.76 24.53 ± 9.57 22.21 ± 2.97 37.23 ± 6.15 75.53 ± 6.20 32.60 ± 8.15

Cmax ng/mL 2.52 ± 0.80 11.11 ± 9.57 14.50 ± 0.85 40.97 ± 25.44 33.23 ± 19.42 58.90 ± 37.74 109.40 ± 73.5 77.90 ± 46.49 186.33 ± 95.00 238.37 ±
168.72

140.57 ± 71.53

Cmin ng/mL 0.74 ± 0.24 1.51 ± 0.66 2.44 ± 0.06 2.87 ± 0.60 3.29 ± 3.11 4.40 ± 0.60 6.22 ± 1.25 5.95 ± 2.01 12.05 ± 2.95 14.23 ± 4.23 10.12 ± 4.93

Fluctuation% % 166.40 ±
21.09

332.28 ±
204.62

331.62 ±
113.12

583.46 ±
268.56

391.32 ±
114.01

391.19 ±
174.17

384.33 ±
140.35

448.51 ±
181.90

450.60 ±
172.16

418.85 ± 33.95 435.72 ± 216.88

Tmax
a h 0.98

(0.97.0.98)
0.97
(0.52.1.02)

0.73
(0.50.0.97)

0.50
(0.48.0.50)

0.98
(0.95.1.00)

0.52
(0.50.1.00)

1.00
(0.50.1.02)

0.50
(0.50.2.08)

0.98
(0.53.1.00)

1.00
(0.98.4.02)

1.00 (0.48.2.03)

R1 - 1.44 ± 1.09 1.47 ± 0.61 0.93 ± 0.25 2.49 ± 2.27 1.28 ± 0.93 1.23 ± 0.54 1.73 ± 1.63 0.99 ± 0.63 0.97 ± 0.67 0.82 ± 0.78 0.94 ± 0.29

R2 - 2.32 ± 0.83 1.81 ± 0.18 2.42 ± 1.02 2.05 ± 0.36 1.83 ± 0.96 2.02 ± 0.46 2.73 ± 1.22 1.84 ± 0.55 1.64 ± 0.36 1.75 ± 0.09 1.59 ± 0.19

R3 - / 0.69 ± 0.20 1.22 ± 0.49 1.08 ± 0.30 1.14 ± 0.66 1.15 ± 0.14 1.61 ± 0.61 1.08 ± 0.13 1.12 ± 0.10 1.39 ± 0.03 /

(Continued on following page)
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TABLE 2 (Continued) Summary of pharmacokinetic parameters of tunlametinib and M8.

Dose-escalation phase Expansion
phase

Parameter Unit 0.5 mg
(n = 3)

1.0 mg
(n = 3)

2.0 mg
(n = 3)

3.0 mg
(n = 3)

4.0 mg
(n = 3)

6.0 mg
(n = 3)

9.0 mg
(n = 3)

12.0 mg
(n = 3)

15.0 mg
(n = 3)

18.0 mg
(n = 3)

12.0 mg
(n = 11)

M8

Single
dose

AUC0–12h h*ng/
mL

4.23 ± 1.22 9.76 ± 6.21 7.50 ± 2.22 22.28 ± 11.53 22.82 ± 20.69 43.64 ± 31.68 60.91 ± 46.38 83.93 ± 30.01 161.99 ± 27.4 245.33 ± 16.17 120.43 ± 90.82

AUCinf h*ng/
mL

/ 29.93 ± 27.99 9.76 ± 2.12 39.23 ± 25.87 33.00 ± 32.06 69.06 ± 46.60 89.19 ± 46.82 124.91 ± 28.5 261.27 ± 36.23 366.9 ± 48.25 /

AUC_%Extrap % 26.39 ± 5.74 16.28 ± 6.21 17.65 ± 6.63 7.71 ± 5.84 8.70 ± 4.08 7.48 ± 7.13 5.49 ± 3.12 3.19 ± 2.24 1.40 ± 0.29 2.31 ± 1.02 19.55 ± 11.66

Cmax ng/mL 1.19 ± 0.33 2.03 ± 0.36 2.73 ± 0.81 6.84 ± 1.86 6.70 ± 5.06 15.24 ± 11.68 23.54 ± 23.87 35.63 ± 20.53 55.10 ± 8.31 79.37 ± 10.74 42.22 ± 25.87

Clast ng/mL 0.13 ± 0.03 0.15 ± 0.08 0.20 ± 0.05 0.13 ± 0.03 0.17 ± 0.08 0.17 ± 0.03 0.21 ± 0.07 0.15 ± 0.08 0.20 ± 0.06 0.18 ± 0.02 12.36 ± 25.29

Tmax
a h 1.00

(0.98.1.93)
0.92
(0.92.2.92)

0.97
(0.50.1.00)

0.98
(0.48.1.03)

0.97
(0.95.1.00)

1.00
(0.95.2.00)

0.98
(0.50.1.00)

1.00
(0.98.1.00)

1.00
(1.00.1.03)

1.00
(0.97.1.00)

1.00
(0.50.11.65)

MRT h 6.81 ± 2.45 13.85 ± 10.67 6.12 ± 2.01 12.14 ± 6.72 7.31 ± 2.49 10.55 ± 5.01 10.66 ± 3.52 12.04 ± 3.47 13.94 ± 2.32 12.70 ± 2.72 /

T1/2 h / 21.32 ± 13.74 6.10 ± 2.66 14.36 ± 5.22 9.89 ± 2.36 13.10 ± 3.87 12.79 ± 1.69 17.31 ± 2.74 15.75 ± 2.37 33.54 ± 11.84 /

MPratio_AUC0–12h - 0.88 ± 00.36 0.67 ± 0.30 0.36 ± 0.01 0.65 ± 0.16 0.49 ± 0.43 0.55 ± 0.23 0.55 ± 0.22 0.65 ± 0.23 0.67 ± 0.06 0.57 ± 0.05 0.58 ± 0.31

MPratio_AUCinf - / 0.73 ± 0.16 0.25 ± 0.02 0.57 ± 0.15 0.42 ± 0.38 0.50 ± 0.23 0.53 ± 0.18 0.62 ± 0.21 0.75 ± 0.08 0.66 ± 0.07 /

MPratio_Cmax - 0.76 ± 0.53 0.42 ± 0.25 0.20 ± 0.07 0.40 ± 0.02 0.28 ± 0.22 0.39 ± 0.26 0.26 ± 0.04 0.46 ± 0.18 0.31 ± 0.07 0.27 ± 0.06 0.44 ± 0.38

Multiple
dose

AUCτ h*ng/
mL

8.90 ± 4.17 22.01 ± 10.25 16.45 ± 6.06 46.35 ± 18.22 58.79 ± NaN 123.87 ±
77.48

265.25 ±
154.14

132.32 ± 3.18 576.15 ± 96.75 864.79 ±
228.01

592.28 ± 499.53

Cavg ng/mL 0.74 ± 0.35 1.83 ± 0.85 1.37 ± 0.51 3.86 ± 1.52 4.9 ± NaN 10.32 ± 6.46 22.1 ± 12.85 11.03 ± 0.27 48.01 ± 8.06 72.07 ± 19.00 49.36 ± 41.63

Cmax ng/mL 2.02 ± 0.72 4.04 ± 0.88 4.24 ± 0.78 11.89 ± 4.12 11.66 ± 7.46 26.8 ± 18.87 64.63 ± 48.38 33.93 ± 11.94 125.33 ± 14.36 128.57 ± 64.55 96.31 ± 78.85

Cmin ng/mL 0.42 ± 0.23 0.98 ± 0.50 0.78 ± 0.25 1.37 ± 0.58 1.17 ± 1.12 3.49 ± 2.21 6.55 ± 2.78 6.28 ± 2.74 23.03 ± 3.04 28.07 ± 4.80 15.95 ± 17.3

Fluctuation% % 234.38 ±
62.35

187.42 ±
67.37

263.39 ±
58.61

282.46 ±
53.13

152.68 ± NaN 244.76 ±
95.39

237.43 ±
76.46

279.10 ±
165.31

219.23 ± 63.51 185.78 ± 9.34 244.48 ± 77.38

Tmax
a h 0.98

(0.97,0.98)
1.00
(0.97,1.02)

0.98
(0.97,1.00)

1.00
(0.98,1.03)

1.90
(1.90,2.00)

1.07
(1.00,2.00)

1.03
(1.02,1.95)

1.00
(1.00,2.08)

0.98
(0.98,1.00)

1.92
(1.00,4.02)

1.02 (0.95,3.95)

R1 - 1.68 ± 0.19 2.01 ± 0.38 1.88 ± 0.43 1.94 ± 1.14 1.84 ± 0.20 1.81 ± 0.11 3.25 ± 1.78 1.14 ± 0.61 2.32 ± 0.50 1.65 ± 0.83 2.04 ± 0.75

R2 - 2.04 ± 0.67 2.44 ± 0.84 2.76 ± 1.55 2.77 ± 2.02 5.16 ± NaN 2.96 ± 0.41 4.74 ± 2.09 2.01 ± 0.51 3.57 ± 0.39 3.51 ± 1.19 2.67 ± 0.13

R3 - / 0.93 ± 0.39 2.51 ± NaN 1.80 ± 1.46 3.76 ± NaN 1.86 ± 0.16 2.89 ± 0.99 1.22 ± 0.06 2.22 ± 0.37 2.52 ± 1.09 -

MPratio_AUCτ - 0.76 ± 0.23 0.83 ± 0.24 0.40 ± 0.04 0.80 ± 0.53 0.20 ± 0.35 0.79 ± 0.30 1.00 ± 0.53 0.57 ± 0.06 1.51 ± 0.46 1.10 ± 0.38 1.26 ± 1.08

MPratio_Cmax - 0.91 ± 0.10 0.61 ± 0.35 0.33 ± 0.08 0.38 ± 0.18 0.61 ± 0.64 0.52 ± 0.17 0.73 ± 0.55 0.67 ± 0.52 0.88 ± 0.33 0.84 ± 0.48 0.88 ± 0.85

a:Tmax reported as median (range).

Blood samples were not collected after 12 h in the expansion cohort or AUC_%Extrap>20%, so the parameters which related to elimination phase could not be calculated.

Abbreviations: AUC0–12 h = Area under the concentration-time curve from 0 to 12 h after dosing, AUCinf, Area under the plasma concentration-time curve from the time of dosing extrapolated to infinity, AUCτ, Area under the concentration-time curve during a dosing

interval at steady-state. AUC_%Extrap = Extrapolated area percentage calculated by AUCt-inf/AUCinf. Cavg = Average concentration, Cmax = Maximum concentration. Clast = The last concentration which can be measured. Cmin = Minimum concentration, CL/F = Apparent

clearance, Fluctuation% = Percentage of concentration fluctuation, MPratio = Ratio of metabolite M8 to tunlametinib, R1 = Accumulation ratio calculated by Cmax (day28)/Cmax (PK, lead-in period or day 1), R2 = Accumulation ratio calculatedby AUCτ (day28)/AUC0–12 h

(PK, lead-in period or day 1), R3 = Accumulation ratio calculatedby AUCτ (day28)/AUCinf (PK, lead-in period or day 1), T1/2 = Terminal half-life, Tmax = Time taken to reach maximum concentration, Vz/F = apparent distribution volume.
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under the plasma concentration-time curve from the time of

dosing extrapolated to infinity (AUCinf), area under the

concentration-time curve during a dosing interval at

steady-state (AUCτ), terminal elimination half-life (t1/2),

apparent clearance (CL/F), apparent volume of distribution

during the terminal elimination phase (Vz/F), accumulation

ratio calculated from AUCτ (day28) and AUC0−12 h (PK lead-in

period or day 1).

Statistical analysis

The pharmacokinetic analysis set (PKAS) were used for

the analysis of all pharmacokinetic data. The PKAS included

all participants who took at least one dose of tunlametinib

and had at least one collecting sample point parameter.

Plasma concentration-time data were analyzed and the

PK parameters were calculated via non-compartmental

analysis method using WinNonlin (version 8.3, Pharsight

Corporation, United States). Cmax and Tmax were

determined directly from experimental observations.

AUCτ was calculated using the linear trapezoidal method

(linear up and log down). The first order rate constant (λz)
of decline in tunlametinib and M8 plasma concentrations in

the terminal phase of the plasma concentration-time curve

was estimated using linear regression. The t1/2 was

estimated from ln2/λz. AUCinf was calculated using the

following equation: AUC0-t + AUCEx, where AUC0-t was

the area under the concentration-time curve from time zero

(pre-dose) to the time of the last quantifiable concentration,

and AUCEx was the observed concentration at last sampling

time divided by λz. CL/F was calculated as the dose divided

by AUCinf, and Vz/F was estimated by dividing the apparent

CL by λz. The accumulation ratio for tunlametinib and

M8 at steady state was determined by dividing the AUCτ
(or Cmax) on day 28 by the AUC0–12 h (or Cmax) on PK lead-

in period. PK parameters of tunlametinib and M8 were

summarized using descriptive statistics, including mean,

coefficient of variation, median, minimum, maximum,

and geometric mean, where applicable.

Dose-exposure relationship after single- and multiple-

dose administration of tunlametinib capsule was evaluated.

Dose proportionality using AUCinf and Cmax over the

administered dose range was determined by using a power

model: log (parameter) = α + β log(dose) where α was the

intercept and β was the slope. β = 1 + Lnθ/Lnr, where r was the
ratio of high dose divided by low dose (for 0.5–18 mg dose

range, r = 36), θ was the acceptance limit (lower limit θL =

0.80, upper limit θH = 1.25). θL < rβ−1< θH, dose

proportionality was assessed based on whether the 90% CI

constructed for the estimate of rβ−1 was within the acceptance

interval (0.80–1.25), that is to say, whether the 90% CI of β was
within the acceptance interval (0.938.1.062).

Results

Demographics

A total of 30 participants were included in the dose escalation

phase and then 11 patients were included in the dose-expansion

phase (12 mg twice daily). The demographic characteristics of

41 patients are summarized in Table 1. The range of age was from

34 to 69 years and males and females accounted for 51.2% and

48.8%, respectively. Overall median body mass index (BMI) was

in the 18.43–36.00 kg/m2 range.

TABLE 3 Linear evaluation of plasma pharmacokinetic parameters after single andmultiple oral administration of 0.5–18 mg tunlametinib capsule in
patients.

Occasion Analyte PK parameters Point estimate
of beta

90% CI
of beta

Beta criteria

Single dose Tunlametinib AUC0-12h 1.116 (1.023,1.210) (0.938,1.062)

AUCinf 1.003 (0.870,1.136) (0.938,1.062)

Cmax 1.282 (1.150,1.414) (0.938,1.062)

M8 AUC0-12h 1.086 (0.923,1.249) (0.938,1.062)

AUCinf 1.148 (0.873,1.424) (0.938,1.062)

Cmax 1.167 (1.019,1.315) (0.938,1.062)

Multiple dose Tunlametinib AUCτ 1.077 (0.968,1.187) (0.938,1.062)

Cmax 1.113 (0.936,1.289) (0.938,1.062)

M8 AUCτ 1.203 (1.023,1.383) (0.938,1.062)

Cmax 1.150 (0.990,1.310) (0.938,1.062)
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FIGURE 2
Scatter plot of AUC and Cmax versus dose after orally administrated with 0.5–18 mg (n = 41) tunlametinib capsules. (A) single dose (AUC0–12 h,
tunlametinib); (B) single dose (Cmax, tunlametinib); (C) multiple dose (AUCτ, tunlametinib); (D) multiple dose (Cmax, tunlametinib); (E) single dose
(AUC0–12 h, M8); (F) single dose (Cmax, M8); (G) multiple dose (AUCτ, M8); (H) multiple dose (Cmax, M8).
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Single-dose pharmacokinetics

Tunlametinib and M8 plasma concentration increased and

reached to the peak concentration fast after tunlametinib

administration, and then declined slowly. The concentration-

time curve of tunlametinib and M8 was shown in Figure 1.

Pharmacokinetics parameters of tunlametinib and M8 were

shown in the Table 2.

Tunlametinib was rapidly absorbed, typically attaining Tmax

within 0.50–1 h after dosing. After Cmax was reached,

concentrations of tunlametinib declined in a biphasic

manner, with a t1/2 of 21.84–34.41 h regardless of dose level

investigated. The coefficient of variation of t1/2 of tunlametinib

was low (13.03%–47.03%). The median CL/F was within the

range of 28.44–51.93 L/h. The Vz/F was high across all dose

levels (median Vz/F was within the range of

1199.36–2009.26 L). AUC0-t was higher than 80% of AUCinf

for each dose level except to 0.5 mg dose group. Both the

average Cmax and AUCinf of tunlametinib increased with

increasing dose level in an approximately dose-proportional

manner in the tunlametinib 0.5–18 mg dose range with a

minimum of 2.24 ng/ml and 7.03 h*ng/ml (0.5 mg) and a

maximum of 349.33 ng/ml and 635.74 h*ng/ml (18 mg) for

Cmax and AUC (Table 2). In the power model analysis, the β
point estimates (90% CIs) of AUCinf and Cmax after single dose

of tunlametinib were 1.003 (0.870–1.136) and 1.282

(1.150–1.414), respectively (Table 3). Dose proportionality

for the systemic exposure parameters of tunlametinib could

not be concluded because the 90% CIs for β estimates were not

completely fell within the pre-specified interval of 0.938–1.062.

Similarly, the main metabolite M8 was produced rapidly.

Median Tmax range of M8 was 0.97–1 h for the 0.5–18 mg twice

daily tunlametinib doses. The average t1/2 range of M8 was

6.10–33.54 h and no dose dependency was observed for

terminal half-life was detected throughout the study. The

body exposure of metabolite M8 (based on AUCinf) was 25%–

75% of that of tunlametinib (Table 2). Both Cmax and AUCinf of

M8 appeared to generally increase in a dose-proportional

manner in the tunlametinib 0.5–15 mg dose range (Figure 1).

In the power model analysis, the β point estimates (90% CIs) of

AUCinf and Cmax after single dose of tunlametinib were 1.148

(0.873–1.424) and 1.167 (1.019–1.315), respectively (Table 3;

Figure 2). Dose proportionality for the systemic exposure

parameters of M8 could not be concluded because the 90%

CIs for β estimates were not completely fell within the pre-

specified interval of 0.938–1.062.

Multiple doses pharmacokinetics

Data from the dose-escalation phase and dose-expansion

phase were pooled for multiple doses analysis according to twice

daily dose level. The pharmacokinetic profiles of tunlametinib

and M8 after the single dose and multiple doses of tunlametinib

were similar. The concentration-time curve of tunlametinib and

M8 was shown in Figure 1.

Median Tmax range of tunlametinib was 0.50–1 h for the

0.5–18 mg twice daily tunlametinib doses. The mean

accumulation ratio range of tunlametinib was 1.83–2.73,

indicating minimal accumulation. Coefficient of variation

of AUCτ of tunlametinib was low (8.21%–47.52%) in the

0.5–18 mg range. The coefficient for variation for the Cmax

range of tunlametinib was 5.85%–70.08% (Table 2). Both Cmax

and AUCtau of tunlametinib appeared to generally increase in

dose-proportional manner in the tunlametinib 0.5–18 mg

dose range (Table 3; Figure 1). In the power model

analysis, the β point estimates (90% CIs) of AUCτ and

Cmax after multiple doses of tunlametinib were 1.077

(0.968–1.187) and 1.113 (0.936–1.289), respectively

(Table 3). Dose proportionality for the systemic exposure

parameters of tunlametinib could not be concluded because

the 90% CIs for β estimates were not completely contained

within the pre-specified interval of 0.938–1.062. Dose

proportionality was not proved, which might be related to

the limited number of subjects.

Median Tmax range of M8 was 0.98–1.92 h for the

0.5–18 mg twice daily tunlametinib doses. The mean

accumulation ratio range of M8 was 2.04–5.16 (Table 2).

Both Cmax and AUCtau of M8 appeared to increase in dose-

proportional manner in the tunlametinib 0.5–18 mg dose

range (Table 1; Figure 1). But in the power model analysis,

dose proportionality for the systemic exposure parameters of

M8 could not be concluded because the 90% CIs for β
estimates were not completely contained within the pre-

specified interval of 0.938–1.062 (Table 3; Figure 2).

Discussion

Tunlametinib capsule was absorbed rapidly after

administration, and the peak time of tunlametinib plasma

in most subjects was within 1 h after administration. During

the collection of PK blood samples in the 0.5 mg dose group,

blood samples within 1 h after administration were not

collected, so that the first sampling time (1 h after

administration) of all subjects in this dose group was the

peak time of tunlametinib and M8. Therefore, starting from

the 1 mg dose group, the blood collection time points of

0.25 and 0.5 h after administration were added in each dose

group. At the same time, in order to reduce the total amount of

blood collection, the blood collection 3 h after administration

was removed.

According to the allometric scaling model based on

preclinical data, the predicted effective half-life (t1/2) of

human is approximately 10 h. In addition, to secure the

safety of patients such as dose related skin toxicity
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observed in pre-clinical studies, twice daily administration

was selected to reduce the peak concentration of tunlametinib

and minimize the potential adverse reactions during the first-

in-human trial. Based on the current clinical research results,

it is also proved that twice daily administration can achieve

good safety and the tunlametinib exposure accumulation

ration from Day 28 to Day 1 is low (1.83–2.73), supporting

the BID administration. No dose-limiting toxicity (DLT) was

reported during dose escalation and maximum tolerated dose

(MTD) was not reached with tunlametinib doses up to 18 mg

twice daily. Dose-proportional appears to increase in

tunlametinib exposure. At the recommended phase II dose,

the exposure profile of the tunlametinib showed low

interpatient variability.

The single-dose of tunlametinib pharmacokinetics recorded

rapid absorption of tunlametinib (for all doses 0.5–18 mg;

median Tmax range 0.5–1 h), which was shorter than other

MEK inhibitors such as trametinib (1.0–2.08 h) (Infante et al.,

2012), binimetinib (1.00–3.00 h) (Bendell et al., 2017),

selumetinib (1.0–3 h) (Adjei et al., 2008) and cobimetinib

(2.4–3 h) (Rosen et al., 2016). Tunlametinib could be rapidly

transformed into M8 after dosing. The Tmax of M8 was a bit

longer than that of tunlametinib (≤1 h vs. 0.98–1.92 h) after

multiple doses while Tmax was similar for M8 and tunlametinib

after single administration.

The decline in concentrations of tunlametinib in a biphasic

manner regardless of the dose level investigated. The reason for

this phenomenon may be that the absorbed tunlametinib is

distributed to the tissues at a faster speed and then cleared from

the body at a slower speed. The pharmacokinetic data from the

multiple doses (tunlametinib in the dose range of 0.5–18 mg)

were consistent with the data from the single-dose of

tunlametinib. There were general dose-proportional increases

in Cmax and AUC of tunlametinib and its main metabolite

M8 in the single-dose and multiple doses of tunlametinib. Rats

and dogs also demonstrated proportional increase in Cmax and

AUC with increasing tunlametinib doses (unpublished data).

The degree of accumulation in AUCτ for tunlametinib was not

obvious with one- to two-fold after multiple doses which were

lower than M8 (approximately 2–5 folds). There was low

interpatient variability for Cmax and AUC of tunlametinib

for most of dose cohorts including 12 mg cohort at which

dose recommend phase II dose was determined (detail data

will be reported elsewhere). No food effect study was performed

in this study but was performed in an independent study. The

pharmacokinetics profile supports twice-daily dosing of

tunlametinib. In our study, the dose escalation range of

tunlametinib was 0.5–18 mg, while the range was 0.125–4 mg

(Infante et al., 2012) for trametinib, 10–100 mg for cobimetinib

(U.S. Food and Drug Administration Center For Drug

Evaluation And Research, 2015), 30–80 mg for binimetinib

(Bendell et al., 2017). Consistent with the approved MEK

inhibitors, tunlametinib exhibited linear PK around the

therapy dose. The pharmacokinetics monitoring in each dose

in the dose escalation phase contributes to the RP2D selection

and the general linear PK results provide an important

instruction to dose selection in clinical use. Along with the

KRAS inhibitor sotorasib (Skoulidis et al., 2021), the proof-of-

concept of tunlametininb as a therapeutic approach towards

NRAS mutant melanoma may broaden the once challenging

area of RAS mutant cancer.

In the current study, a few limitations should be noted.

Firstly, blood collecting points were not designed after 12 h in

the expansion cohort, therefore, we could not calculate the

parameters which related to elimination phase after multiple

doses of tunlametinib, such as CL/F and Vz/F. Secondly, limited

number of participants may contribute the large interpatient

variability of some parameters.

Conclusions

This phase I study showed that tunlametinib is rapidly

absorbed and eliminated at a medium speed after drug

withdrawal. The pharmacokinetics of tunlametinib and its

metabolite suggest that twice daily dosing is appropriate for

tunlametinib. The results of these phase I studies support the

feasibility of further investigation of the efficacy and safety of

tunlametinib in melanoma. A phase II study to assess the

safety and efficacy of tunlametinib (NCT05217303) was

ongoing.
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Endometrial cancer is considered a significant barrier to increasing life

expectancy and remains one of the most common malignant cancers

among women in many countries worldwide. The increasing mortality rates

are potentially proportional to the increasing obesity incidence. Adipose tissue

secretes numerous adipocytokines, which may play important roles in

endometrial cancer progression. In this scenario, we describe the role of

adipocytokines in cell proliferation, cell invasion, cell adhesion, inflammation,

angiogenesis, and anti-apoptotic action. A better understanding of the

mechanisms of these adipocytokines may open up new therapeutic avenues

for women with endometrial cancer. In the future, larger prospective studies

focusing on adipocytokines and specific inhibitors should be directed at

preventing the rapidly increasing prevalence of gynecological malignancies.

KEYWORDS

endometrial cancer, signalling pathway, adipokines, inflammatory cytokines,
angiogenic factors

1 Introduction

Endometrial cancer is considered a significant barrier to increasing life expectancy

with significantly increased incidence (Morice et al., 2016) and remains one of the most

common malignant cancers among women in many countries worldwide, particularly in

more developed countries (Oaknin et al., 2022). Worldwide, endometrial cancer, which is

classified into two histological subtypes (type I and type II), ranks sixth in incidence

among all female cancers (Morice et al., 2016; Sung et al., 2021). Data from the

International Agency for Research on Cancer indicate that 417,367 new corpus uteri

cancer cases and approximately 97,370 deaths occurred in 2020. According to the results

of previous study, the highest incidence rate was noted in North America (21.1 per

100,000) and was approximately 10-fold greater than the lowest rate, which was observed

in Middle Africa (2.3 per 100,000) (Sung et al., 2021).

However, the variation in mortality rates in different regions was not as obvious. The

lowest mortality rate was observed in Northern Africa (0.7 per 100,000), and the highest

was noted in Eastern Europe (3.7 per 100,000) (Sung et al., 2021). In China, the

endometrial cancer incidence rate is approximately 7.74/100 000, and the mortality

rate is approximately 1.60/100 000 (Sun et al., 2022). The increasing mortality rates are

mainly associated with the increasing incidence of obesity, a leading cause of endometrial

cancer (Ding et al., 2020; Larsson.et al., 2022; Moukarzel et al., 2022). In adjusted mixed
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linear models, weight loss is strongly related to the levels of

cancer-associated biologically active substances, including

reduced interleukin-6 (IL-6) levels and increased adiponectin

levels (Linkov et al., 2012).

As a major site for the secretion of protein signals, adipose

tissues mainly comprise adipocytes. In addition, as a major

endocrine gland, dysfunctional adipose tissue is involved in

obesity-related tumorigenesis, which is correlated with its high

degree of plasticity (Sakers et al., 2022) and the permissive

microenvironment generated by aberrant inflammatory

cytokines, adipokines, angiogenic factors, and aromatase

(Hefetz-Sela and Scherer 2013). White adipose tissue (WAT),

the most abundant adipose form, secretes numerous adipokines

and cytokines to regulate whole-body metabolism. Moreover,

WAT inflammation, which increases the expression of

proinflammatory and proneoplastic genes, is associated with

endometrial cancer (Moukarzel et al., 2022). Additionally, it

has become helpful to evaluate biomarkers in relation to

cancer risk (Linkov et al., 2018).

2 Article types

Review.

3 Manuscript formatting

3.1 Role of adipokines in endometrial
cancer progression

Adipokines, a diverse group of biologically active substances,

are characterized by adipose tissue secretion (Trayhurn and

Wood 2004). The levels of various adipokines, such as leptin

(Madeddu et al., 2022), visfatin (Wang et al., 2019), galectin

(Boutas et al., 2021), resistin (Ozgor et al., 2019), adiponectin

(Ellis et al., 2020), and vaspin (Erdogan et al., 2013), are increased

or decreased in endometrial cancer and significantly correlated

with cancer progression (Ray et al., 2022).

3.1.1 Leptin
Leptin is a 16 kDa cytokine-like hormone encoded by the

obesity gene on chromosome 7q31.3, which was first discovered

in 1994 (Zhang et al., 1994). The mature leptin protein consists of

146 amino acids and is mainly secreted from white adipose tissue

(Zhang et al., 1994). Women with genotype AG of SNP -2548 G/

A of leptin are less likely to be at risk for endometrial cancer given

that the heterozygote AG is less frequently observed in

endometrial cancer patients (Bienkiewicz et al., 2017). Leptin

acts on the hypothalamic regions by binding to leptin receptors

(Ob-R), which exist in six isoforms with different lengths and

C-terminal sequences (Baumann et al., 1996). The AG

polymorphic variant of SNP LEP-R c.668A>G (p. Gln223Arg,

rs1137101) in the leptin receptor is less frequently observed and

considered a protective factor in women with endometrial cancer

(Bienkiewicz et al., 2021). By analyzing data from tissue samples

and whole blood, overexpression of leptin and its receptors was

implicated in endometrial cancer both at the mRNA and protein

levels (Boron et al., 2021). In endometrial cancer tissues, Ob-Ra is

considered the most common form influencing biological

outcomes, not Ob-Rb, which has the same extracellular

domain (Yuan et al., 2004). Expression of the long leptin

receptor isoform is approximately 5-fold higher in neoplastic

tissue compared with normal tissue (Mantzos et al., 2011).

Leptin is involved in endometrial cancer by controlling

energy homeostasis and increasing glycolytic capacity.

Exposure to leptin could alter endometrial cancer cell

morphology. The higher the leptin concentration, the greater

the surface roughness (Dabrus et al., 2020). A positive correlation

was noted between endometrial cancer and elevated serum leptin

levels (Petridou et al., 2002; Tessitore et al., 2004). The incidence

rate increased with increasing body mass index (BMI) in

endometrial cancer patients (Cymbaluk et al., 2008). The

cancer risk of postmenopausal women with the highest tertile

of circulating leptin levels was almost three times that noted for

women with the lowest tertile (Dallal et al., 2013). In addition,

overexpression of leptin and its receptors was observed (Boron

et al., 2021). These observations indicated that leptin and its

receptors may be potential targets for intervention in the

pathophysiology. Furthermore, useful cancer treatment

strategies could be designed based on these findings (Boron

et al., 2021).

To understand the potential molecular mechanisms of leptin,

several studies have been conducted (Bogusiewicz et al., 2006;

Carino et al., 2008; Zhou et al., 2015; Daley-Brown et al., 2019).

These findings indicated that leptin, a known mitogenic,

inflammatory, and angiogenic factor promoted the

development of endometrial cancer mainly through the

activation of classical biological signalling pathways.

Leptin receptors, including both long and short receptors,

can bind to janus-activated kinases and transduce certain

signals (Hegyi et al., 2004). Leptin induces two key cell-

growth signalling pathways (extracellular signal-regulated

kinase (ERK) (Carino et al., 2008) and the serine/threonine

kinase (AKT) (Carino et al., 2008)) after rapidly activating the

janus-activated kinase (JAK)/signal transducers and activators

of transcription (STAT) pathway (Hegyi et al., 2004) (Figure 1).

The addition of tyrphostin AG490 abolished leptin-induced

proliferation by blocking ERK and AKT phosphorylation

(Sharma et al., 2006). Furthermore, the increased

phosphorylation of ERK1/2 and leptin-induced stimulation

of proliferation were observed upon treatment with 100 ng/

ml leptin (Gong et al., 2007). Leptin triggers the

phosphatidylinositol3-kinase (PI3K)/AKT pathway by

activating the leptin receptor, which is correlated with cell

proliferation and invasiveness (Bogusiewicz et al., 2006).
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Another pathway involved in cancer progression is nuclear

factor-kappaB inducing kinase (NIK)/IKB kinase (IKK), and

leptin-induced NIK/IKK phosphorylation inhibits cancer cell

apoptosis in carcinoma cells (Zhou et al., 2015) (Figure 1).

First discovered in 1986, NF-κB is essentially involved in

driving immune and inflammatory responses (Sen and

Baltimore 1986). The NF-κB family includes five members

and mediates DNA contact by forming homo or heterodimers

(May and Ghosh 1997; Caamano and Hunter 2002). The IκB
family of proteins, which includes four members, binds to the

NF-κB family of proteins to inhibit the activity of transcription

factors (Hoesel and Schmid 2013). Nuclear positivity for subunits

of NF-κB as well as cytoplasmic staining for three IκB family

members was assessed in 57 endometrial carcinoma cases by

immunohistochemical evaluation. These data suggest that NF-

κB/IκB may be involved in endometrial carcinoma cell

proliferation and apoptosis (Pallares et al., 2004).

Furthermore, leptin inhibits apoptosis of cancer cells by

stimulating phosphorylation of IκBα, IκB kinase α (IKKα),

IκB kinase β (IKKβ), and NIK in a dose-dependent manner

(Zhou et al., 2015).

Leptin is involved in endometrial carcinoma cell mitosis, and

leptin-mediated effects on endometrial cancer cell cycle

progression are concentration-dependent. Leptin reduces the

fraction of G0/G1-phase cells and increases S-phase cells by

stimulating cyclin D1, a significant cell cycle regulator. Leptin-

induced cyclin D1 overexpression increases STAT3-DNA and

cAMP-response element binding protein (CREB)-DNA binding

activity and recruitment (Catalano et al., 2009).

A positive correlation between overexpression of leptin and

hypoxia-inducible factor 1 alpha (HIF-1α), an indicator of tissue

hypoxia consisting of two subunits, was clearly observed in

endometrial cancer tissues (Koda et al., 2007). Furthermore,

leptin overexpression was stimulated through HIF-1α
interaction with the leptin gene promotor in hypoxic

adipocytes (Grosfeld et al., 2002). Among 48 human

endometrioid adenocarcinoma patients, the number of

patients positive for STAT3, HIF-1, leptin, and ObR was 36,

FIGURE 1
Role of leptin in endometrial cancer. Leptin induces two key cell-growth signalling pathways (ERK and AKT) after rapidly activating the JAK/
STAT3 pathway. Leptin-induced NF-κB activation inhibits cancer cell apoptosis through the NIK/IKK signalling pathway. ERK: extracellular signal-
regulated kinase; AKT: the serine/threonine kinase; JAK: janus-activated kinase; STAT3: signal transducers and activators of transcription 3; NIK:
nuclear factor-kappa B inducing kinase; IKK: IKB kinase.
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38, 29 and 15, respectively. It was clearly demonstrated that leptin

induced HIF-1α through STAT3 in response to hypoxia

(Wincewicz et al., 2008).

Leptin stimulates cell proliferation by increasing

cyclooxygenase-2 (COX-2) protein expression through the

JAK2/STAT3, MAPK/ERK, and PI3K/AKT signalling

pathways (Gao et al., 2009). COX-2, a rate-limiting enzyme, is

of considerable functional importance (Tsujii et al., 1998). The

findings of basic in vivo and in vitro studies suggest that COX-2

overexpression is associated with increased susceptibility to

endometrial cancer (Chen and Liao 2009; Ma et al., 2015).

Increased COX-2 expression was found in higher-grade

tumours. Several studies have indicated that functional

activation of COX-2 is mediated by JAK2/STAT3 (Peng-Fei

et al., 2021), MAPK/ERK (Adderley and Fitzgerald 1999), and

PI3K/AKT (Rodriguez-Barbero et al., 2006) signalling pathways.

After being treated with inhibitors (AG490, U0126, LY294002,

and NS398) respectively, stimulated endometrial cancer cell

proliferation and increased COX-2 protein expression induced

by leptin were abolished (Gao et al., 2009). Therefore, COX-2 is

also considered a significant biomarker for endometrial cancer

diagnosis and prognosis (Oplawski et al., 2020).

Leptin-induced aromatase P450 (P450arom) overexpression

increases oestrogen formation to promote endometrial cancer

progression. P450arom, a key enzyme, is involved in the

conversion of androstenedione to oestrogens (Noble et al.,

1996). Excessive P450arom activity and transcript levels were

found in endometrial cancer tissues. Higher P450arom mRNA

and protein expression as well as oestradiol concentrations were

observed in endometrial carcinoma cells treated with 100 ng/ml

leptin, indicating a strong correlation between leptin and

P450arom (Liu et al., 2013).

3.1.2 Adiponectin
Adiponectin, a type of insulin-sensitizing adipokine, is

secreted predominantly by WAT (Scherer et al., 1995; Hu

et al., 1996; Maeda et al., 1996; Nakano et al., 1996). In

addition, recent studies have indicated that adipose-derived

stem cell (ASC) is an important source of intracellular

adiponectin (Ciortea et al., 2018). In human plasma, Acrp30,

a type of full-length adiponectin which consists of 247–amino

acid protein is the main adiponectin form found in circulation

(Scherer et al., 1995). In a large case‒control study, three SNPs in

the ADIPOQ gene (rs3774262, rs1063539, rs12629945) were

identified that potentially correlated with energy intake (Chen

et al., 2012). Structurally, the adiponectin receptor has two

isoforms, both of which include an internal N and an external

C-terminus region (Yamauchi et al., 2003). AdipoR1 is

ubiquitously expressed but has a higher affinity for globular

adiponectin. However, AdipoR2 exhibits intermediate affinity

for both globular and full-length adiponectin (Goldstein and

Scalia 2004; Kadowaki and Yamauchi 2005). Analysis of

endometrial tissues showed that both adiponectin receptors

were expressed throughout the menstrual cycle and were

especially present at higher levels in the mid-luteal phase

(Takemura et al., 2006). Similar to leptin, adiponectin is also

correlated with obesity. Higher levels of abdominal fat were

found in the endometrial cancer group, and plasma

adiponectin level was in a negative linear correlation with the

abdominal fat level. (Mihu et al., 2013). Of note, significantly

lower adiponectin levels were implicated in endometrial cancer

patients (Rzepka-Gorska et al., 2008). Additionally, the abnormal

expression of adiponectin receptors was observed in several

insulin resistance-related tumours, such as breast cancer

(Mocino-Rodriguez et al., 2017; Cicekdal et al., 2020), prostate

cancer (Kaklamani et al., 2011; Huang et al., 2021), ovarian

cancer (Jin et al., 2016), and endometrial cancer (Petridou et al.,

2003; Soliman et al., 2006; Barb et al., 2007). In addition,

adiponectin suppresses endometrial cancer proliferation by

acting through AdipoRs, which were expressed in both tissue

samples and cell lines (Moon et al., 2011). Positive staining was

observed in low-grade adenocarcinoma, whereas negative

staining was noted in high-grade adenocarcinoma. These

results indicate that lower AdipoR expression was strongly

correlated with higher histological grade in endometrioid

adenocarcinoma (Yamauchi et al., 2012). Data from a study

including 60 patients indicated that AdipoR1 levels are related to

myometrial invasion (Yunusova et al., 2015). Moreover, another

study indicated that the expression of AdipoR-1, not AdipoR-2,

exerts suppressive effects on cancer cell proliferation, adhesion,

and growth in a group of endometrial carcinoma patients

(Yabushita et al., 2014).

Adiponectin directly reduced the viability of normal

human endometrial stromal cells without any change in

AdipoR1 and AdipoR2 levels (Bohlouli et al., 2013).

Moreover, numerous findings showed that serum

adiponectin levels were reduced in endometrial cancer

patients compared with individuals with no history of

endometrial cancer (Soliman et al., 2006; Cust et al., 2007;

Ma et al., 2013; Zeng et al., 2015; Ellis et al., 2020). The

expression levels of adiponectin and vaspin, which are

considered anti-inflammatory molecules, are inversely

proportional to endometrial cancer risk even after

controlling for potential confounders (Erdogan et al.,

2013). In particular, a linear dose-response relationship

indicated that the risk was reduced by 3% for every 1 μg/ml

increase in adiponectin (Lin et al., 2015). Furthermore, among

women younger than 65 years, the odds ratios derived from

three different models by multiple logistic regression

indicated that the risk was reduced by 50% for a 1 SD

increase in adiponectin (Petridou et al., 2003). Additionally,

adiponectin concentrations were progressively reduced from

grade 1 (19.04 μg/ml) to grade 2 (13.48 μg/ml), and finally

grade 3 tumours (12.86 μg/ml). A significant difference was

noted between grade 1 and grade 3 tumours but not between

grade 1 and grade 2 tumours (Rzepka-Gorska et al., 2008).
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Leptin-to-adiponectin ratios (L/A ratios) may be more

informative in studies of the risk of endometrial cancer

among postmenopausal women (Dallal et al., 2013). Higher

L/A ratios were strongly related to endometrial cancer

progression even after controlling for the factors of diabetes

mellitus and age. The OR of the L/A ratio [6.0 (95%CI: 3.2–11.9)]

was higher than those of leptin alone [3.2 (95% CI: 1.8–5.8)] or

adiponectin alone [0.5 (95% CI: 0.3–0.9)], suggesting that L/A

ratios in individuals may better indicate cancer growth and

proliferation (Ashizawa et al., 2010).

Adiponectin exerts an antiproliferative effect on endometrial

cancer by increasing the number of G1/G0-phase cells and

decreasing the number of S-phase cells. The reduction in cell

counts in the HEC-1-A and RL95-2 cell lines reached

approximately 30% and 20%, respectively, upon treatment

with 40 mg/ml adiponectin. Furthermore, cyclin D1 and cyclin

E2 expression was reduced, and 5 adenosine monophosphate-

activated protein kinase (AMPK) was rapidly activated within

30 min in human endometrial cancer cell lines (Cong et al.,

2007). Moon, H. S et al. (Moon et al., 2011) showed for the first

time that adiponectin upregulated the tumour suppressor gene

liver kinase B1 (LKB1), an adaptor molecule required for AMPK

activation, to stimulate the AMPK/S6 axis. In addition, Wu et al.

(Wu et al., 2012) demonstrated that Acrp30 effectively reduced

leptin-induced STAT3 phosphorylation by stimulating the

MAPK pathway in aggressive SPEC-2 endometrial cancer

cells. After Ishikawa cells were treated with 10 μg/ml

adiponectin, AMPK phosphorylation was rapidly activated

and reached a maximum at 30 min. A 50% reduction in

activated ERK and a 40% reduction in AKT expression were

observed. Moreover, compound C inhibited adiponectin-

induced ERK and AKT phosphorylation, demonstrating that

ERK and AKT are downstream targets of AMPK. In addition,

10 μg/ml adiponectin treatment also caused significant

reductions in cyclin D1 mRNA (49%), cyclin D1 protein

(62%), B-cell lymphoma-2 (Bcl-2) mRNA (45%) and Bcl-2

protein (36%). This result suggested that adiponectin induced

mitochondrial dysfunction by decreasing the Bcl-2/bcl-2-

associated x (Bax) ratio (Zhang et al., 2015). Cai et al. (Cai

et al., 2018) showed that AMPK phosphorylation was

significantly induced by adiponectin, whereas mTOR and

ribosomal protein S6 kinase-1 protein phosphorylation was

inhibited. A considerably reduced proliferation inhibition ratio

and enhanced cell migration were found in the inhibitor +

adiponectin group than in the adiponectin group without the

addition of an inhibitor. Adiponectin may inhibit cell

proliferation and migration through the AMPK/(mTOR)/

(S6K1) signalling pathway in patients with malignancies

(Figure 2).

However, contrary to the previous role of adiponectin in

suppressing cancer progression, several studies have showed that

adiponectin contributes to an increased risk of liver cancer

(Aleksandrova et al., 2014). Moreover, a study involving in

exploring the relation between cancer and adiponectin

underlying the obesity paradox, has showed that exogenous

adiponectin significantly inhibited cell apoptosis by up-

FIGURE 2
Role of adiponectin and visfatin in endometrial cancer progression. Adiponectin exerts an antiproliferative effect on endometrial cancer by
stimulating AMPK pathway activation and suppressing PI3K/AKT, MAPK/ERK1/2 and IGF pathway activation. Visfatin promoted cancer progression
mainly through PI3K/AKT, and MAPK/ERK1/2 pathway activation and IR. AMP: 5 adenosine monophosphate; AMPK: AMP-activated protein kinase;
PI3K: phosphatidylinositol 3-kinase; AKT: the serine/threonine kinase; MAPK: mitogen-activated protein kinase; ERK1/2: extracellular signal-
regulated kinases 1 and 2; IGF: insulin-like growth factor; IR: insulin resistance.
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regulating p-AMPK and Bcl-xL levels in renal cell carcinoma (Ito

et al., 2017). This conclusion was consistent with the results of the

later study conducted by Lee et al. (Lee et al., 2020). The study

conducted in Hong Kong, including 5658 participants, indicated

an interesting adiponectin paradox. They demonstrated that

higher adiponectin concentrations might be harmful, and

positively correlated with the incidence and deaths of cancer

in type 2 diabetes (Lee et al., 2020). As the role of adiponectin still

remains controversial in various cancers, further studies should

be directed to exploring the complex mechanism.

3.1.3 Visfatin
Visfatin, a 52 kDa protein (Fukuhara et al., 2005), plays a

significant role in cell growth (Zhang et al., 2011) and insulin

resistance (Fukuhara et al., 2005). Recently, accumulating

evidence has suggested that visfatin may be a complementary

diagnostic and prognostic marker for malignancies, especially

those that are strongly related to dysfunctional adipose tissue,

such as breast cancer (Rajput et al., 2022), colorectal cancer

(Zhao et al., 2020), and endometrial cancer (Mu et al., 2012). Tian

et al. (Tian et al., 2020) reported that visfatin protein expression

was upregulated by the PI3K/AKT and MAPK/ERK signalling

pathways in polycystic ovary syndrome (PCOS) patients with

endometrial cancer.

Tian et al. (Tian et al., 2013) suggested that serum visfatin

levels were significantly higher in endometrial cancer patients

compared with other groups. Furthermore, visfatin expression

was measured in tissue samples. Visfatin tissue expression

increased gradually from normal proliferative or secretory

endometrium (58.1%) and hyperplastic endometrium (66.7%)

to endometrial cancer (80.5%). Moreover, visfatin expression was

significantly related to serum levels in 50 endometrial cancer

patients. High serum visfatin levels represent a key factor

correlated with deep myometrial invasion and poor survival

(Tian et al., 2013). Visfatin promotes cancer progression

mainly through PI3K/AKT and MAPK/ERK1/2 activation as

well as insulin resistance (IR) (Figure 2). In 2014, Nergiz

Avcioglu et al. (Nergiz Avcioglu et al., 2015) indicated three

possible mechanisms (obesity, increased lipolysis, and insulin

resistance) to explain the increased serum visfatin levels in

endometrial cancer (Nergiz Avcioglu et al., 2015). A study

focusing on the molecular mechanisms showed that visfatin

exerts pro-proliferative and anti-apoptotic effects by

stimulating cell proliferation and increasing the S-phase

fraction of cells.

The expression of visfatin and its substrates was upregulated

in the context of IR, and maximal levels were noted at 30 min.

Increased C-MYC and cyclin D1 expressions as well as decreased

caspase-3 expression were also observed with visfatin treatment.

To confirm the effect of the PI3K/AKT and MAPK/ERK

signalling pathways, Ishikawa cells were treated with 400 ng/

ml visfatin. Larger G1 and S-phase fractions were found in

Ishikawa cells pretreated with the inhibitor (Wang et al.,

2016). Similar results are presented by Cymbaluk-Ploska et al.

(Cymbaluk-Ploska et al., 2018). The visfatin concentration was

15.9 ng/ml for the endometrial cancer group and 9.5 ng/ml for

the other. Furthermore, a slightly higher visfatin concentration

was noted for cases with lower histological differentiation

(22.2 and 31.8 ng/ml) compared with well-differentiated cases

(17.3 and 22.2 ng/ml). The visfatin level was inversely

proportional to the overall survival (OS) of patients

(Cymbaluk-Ploska et al., 2018). A retrospective case‒control

study showed that the visfatin-adiponectin ratio in

53 endometrial cancer patients was significantly higher than

that in the control group (Wang et al., 2019).

3.1.4 Galectin
It is clear that galectins are integrated into the physiological

and pathological systems of individuals with a wide range of

biological functions (Liu et al., 2002). To date, 11 identified

different subtypes have been classified into three subgroups

according to structure (prototype, tandem repeat-type, and

chimeric-type) (Chou et al., 2018). Among them, four forms

(galectin-1, galectin-3, galectin-7, and galectin-9) have been

closely linked to gynecological cancer cell biology and

immunology (Chetry et al., 2018). Furthermore, multiple

studies have indicated that galectin-1, a homodimeric protein

involved in angiogenesis (Thijssen and Griffioen 2014) and

cross-linking receptors (Hernandez et al., 2006), and galectin-

3, a chimaera-type protein associated with cancer metastasis

(Fortuna-Costa et al., 2014) and inflammatory regulation

(Henderson and Sethi 2009), are mainly involved in

endometrial cancer. Galectin-1 expression was observed in

endometrioid endometrial adenocarcinoma (EA) tissue

(Zinovkin et al., 2019). Higher galectin-1 expression suggested

a poorer prognosis (Sun and Dai 2020). In addition, galectin-1

immunoreaction was positively proportional to endometrial

cancer grade, increasing from G1 to G3 (Mylonas et al.,

2007). The microcystic, elongated and fragmented (MELF)

pattern was inversely proportional to endometrial cancer

patient survival (Stewart et al., 2009; Zinovkin et al., 2017).

The median level of galectin-1 expression among 49 subjects

was obviously higher (78.6%) in the positive group. The

statistically significant differences analyzed by the Mann‒

Whitney test additionally indicated that this marker may be

of considerable functional importance in the OS of patients

(Zinovkin et al., 2019).

Galectin-1 and galectin-3 immunoperoxidase staining of the

uterine carcinoma specimens obtained from Duke University

Medical Center was performed and statistically analyzed. Lower

scores of galectin-1 expression were found in normal

endometrium (scores from 0 to 2), whereas higher scores were

found in endometrial carcinomas (scores from 1 to 3). In

contrast, galectin-3 expression was significantly decreased in

endometrial cancer (van den Brule et al., 1996). This

conclusion was consistent with the results of a later study
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conducted in the Middle East. This finding demonstrated that

galectin-3 may play a role in the suppression of cancer

progression. Galectin-3 immunoreactivity progressively

decreased from normal samples (80%) to endometrial

carcinoma (55%), indicating poor prognoses (Al-Maghrabi

et al., 2017). Interestingly, deeper invasion of the myometrium

was found in cancer cells with only cytoplasmic

immunoreactivity (van den Brule et al., 1996). The extent,

intensity, and immunohistochemical reactivity of epithelial

and stromal galectin-3 expression were reduced in the cancer

group. The percentage of the cases with lymph node metastasis

negative for galectin-3 expression (64%) was increased almost

four-fold compared with cases without lymph node metastasis

(18%). This investigation suggests that galectin-3 may be

involved in the pathogenesis of endometrial carcinomas and

lymph node metastasis (Ege et al., 2011).

However, contradictory results from a study involving

144 patients showed that increased galectin 3 expression was

observed in patients with lymphovascular space invasion

(Cymbaluk-Ploska., et al., 2020). The mean scores

progressively increased from normal endometria (2.58) and

atypical hyperplasia (4.77) to clear cell carcinoma (6.71), and

significant differences were noted among the various conditions.

Based on these findings, Brustmann et al. (Brustmann et al.,

2003), assumed that galectin-3 expression was essential to

maintain a transformed phenotype in endometrial carcinoma

(Brustmann et al., 2003). To investigate the effect of galectin-3 on

the endometrial cell cycle and adhesion, multiple analysis

methods were used. After seventy-two hours of galectin-3

siRNA transfection, galectin-3 mRNA and protein expression

were reduced by 70%–90% in RL95-2 cells. A decrease in S-phase

cells and an increase in G1-phase cells were observed. Thus,

galectin-3 may be involved in promoting cell adhesion and

increasing integrin expression (Lei et al., 2007). Additionally,

considering the fact that the environment composed of

numerous adipokines and cytokines that promote tumour

growth, the different conclusions may be clarified by method

sensitivity, case differences, treatment differences, and different

sizes of samples. To better understand the effect of galectin-3 and

related biological signalling pathways on tumour size, growth,

characteristics, and malignancy in endometrial cancers, more

studies, such as longitudinal studies and large-scale studies, are

needed.

3.2 Role of adipose-secreted
inflammatory cytokines in endometrial
cancer progression

Inflammatory cytokines, such as interleukin-1β (IL-1β),
interleukin-6 (IL-6), and interleukin-8 (IL-8), can modify the

immunological network in the endometrium. The primary

sources of inflammatory cytokines mainly include

inflammatory cells, adipocytes, and cancer cells. Among them,

IL-1β and IL-6 are secreted by adipocytes through endocrine and

paracrine secretion and are correlated with a modified adipocyte

phenotype (Dirat et al., 2011). Inflammatory cytokines are the

key factors that explain the difference in the immune

microenvironment between normal and malignant

endometria. Therefore, understanding the role of

inflammatory cytokines in proinflammatory and

protumorigenic effects on endometrial cancer progression is

crucial.

IL-1β, IL-6, and IL-8, which exhibit a wide range of complex

functions, have been extensively examined. Notably, IL-1 is

ubiquitously expressed in endometrial tissues (Van Le et al., 1991).

However, data from a clinical study revealed a significant increase in

IL-8 concentrations, not IL-Iβ and IL-6, which were too low to detect

(Chopra et al., 1997). Furthermore, later experiments clearly

demonstrated that leptin significantly increased the levels of IL-1

and interleukin-1 receptor tI (IL-1R tI) in a dose-dependent manner.

Based on experiments using a kinase inhibitor, the results indicated

that leptin-mediated activation of the JAK2/STAT3, PI3K/AKT1, and

mTOR signalling pathways was associated with an increase in IL-1β
levels in primary endometrial epithelial cells. In contrast, leptin

induced IL-1R tI in all endometrial epithelial cells through leptin

canonical signalling pathways that generally include JAK2/STAT3,

MAPK/ERK1/2, and mTOR without PI3K/AKT1 involvement

(Carino et al., 2008).

Adiponectin also stimulated AMPK phosphorylation and

suppressed the secretion of IL-6 and IL-8 induced by IL-1β in

human endometrial stromal cells (ESCs), suggesting the effect of

adiponectin on regulating energy supply and anti-inflammatory

function (Takemura et al., 2006).

When assessing endometrial cancer cells using cell invasion

assays and statistical analysis, Lipsey et al. (Lipsey et al., 2016)

found that Notch, IL-1, and leptin crosstalk outcome (NILCO)

was more highly expressed in type II endometrial cancer, the

more aggressive form, not type I. Moreover, leptin-induced

invasion of endometrial carcinoma cells was significantly

reduced in the presence of an inhibitor (Daley-Brown et al.,

2017). Remarkably, the levels of Notch receptors, ligands, and

targeted molecules were at least a twofold increase compared to

basal culture conditions without leptin treatment. After DAPT

and anti-IL-1R tI antibodies were added, the results showed

that leptin-induced migration of malignancies was abrogated.

The role of leptin was more prominent in the more malignant

phenotype, such as the more aggressive and poorly

differentiated An3CA endometrial cancer cell line. Leptin-

induced NILCO molecules in endometrial cancer affect cell

proliferation, aggressiveness, and chemoresistance (Daley-

Brown et al., 2019). Taken together, these studies indicated

the complex crosstalk among Notch, IL-1, and leptin as well as

the involvement of IL-1 in inducing inflammatory progression

and upregulating leptin expression in endometrial cancer

(Figure 3).
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3.3 Role of adipose-secreted angiogenic
factors in endometrial cancer progression

Adipose-secreted angiogenic factors, such as vascular

endothelial growth factor (VEGF) and fibroblast growth

Factor 21 (FGF21), play significant roles in stimulating

angiogenesis and forming the proangiogenic

microenvironment. Potential therapeutic implications targeting

VEGF and FGF21 may open up new avenues for endometrial

cancer women with cancer cell metastasis.

VEGF, a multiple proangiogenic factor observed across

endometrioid endometrial adenocarcinoma (EA) cells in

different stages, was correlated with abnormal vasculature

formation, insulin sensitivity, and adipocyte death (Sun et al.,

2012; Goel and Mercurio 2013). Moderate VEGF expression

was positively correlated with EA progression as well as an

elongated and fragmented (MELF) pattern. However, this

parameter was inversely proportional to the number of survival

days (Zinovkin et al., 2019). A preliminary study suggested that

leptin significantly increased the levels of VEGF and vascular

endothelial growth factor receptor 2 (VEGFR2) through the

MAPK/ERK1/2 and mTOR signalling pathways (Carino et al.,

2008). In addition, overexpression of VEGF and its receptors in

uterine tissue appeared to be affected by cotreatment (leptin and

oestradiol) probably through the ERK1/2 and STAT3 pathways

(Shetty et al., 2020). Interestingly, additional experiments clearly

showed that leptin-induced angiogenesis was probably attributed

to activating VEGFR-Notch signalling crosstalk in overweight

cancer patients with increased expression of VEGF, VEGFR-2,

and Notch (Lanier et al., 2016).

Fibroblast growth Factor 21 (FGF21) belongs to the sixth

subfamily of FGFs and mainly modulates the storage of

carbohydrates (Beenken and Mohammadi 2009). Based on

comparative analysis, high FGF21 concentrations were positively

related to high leptin levels. Taken together, the results showed that

FGF21 concentrations were higher in poorly and moderately

differentiated tumours compared with highly differentiated

tumours. In addition, the area under the receiver operator

characteristic curve (AUC) for FGF21 was 0.81, indicating that

FGF21 was a promising diagnostic biomarker with good sensitivity

and specificity through FGFR 2 and the PI3K/AKT and mTOR

signalling pathways (Cymbaluk-Ploska et al., 2020).

3.4 Role of other adipocytokines in
endometrial cancer progression

On review of the recent studies, other identified adipocytokines,

including plasminogen activator inhibitor-1 (PAI-1) (Wang et al.,

2021), and fatty acid-binding protein 4 (FABP4) (Wu et al., 2021),

also play important roles in regulating various physiological

processes. Of note, these adipocytokines have considerable

consequences for promoting the proliferation and migration of

endometrial cancer cells and may be possible targets for the therapy.

PAI-1, a promising prognostic factor involving in selective

degradation of extracellular matrix components (Andreasen et al.,

1997; Fredstorp-Lidebring et al., 2001), has been found to be

associated with neovascularization, invasion, and migration in

breast (Schmitt et al., 2010), prostate (Almasi et al., 2011),

colorectal (Markl et al., 2017), ovarian (Zhang et al., 2013), and

endometrial cancers (Tecimer et al., 2001). Women with PAI-1

rs1799889 4G/4G genotype are more likely to be at risk for

endometrial cancer and the susceptibility to cancer may be

associated with the 4G allele. (Su et al., 2011; Xu et al., 2012).

Compared to normal endometrium, concentrations of PAI-1 in

cytosols of endometrial cancer were significantly higher (Kohler

et al., 1997; Osmak et al., 2001). In addition, expression of PAI-1

was regulated by estrogen and progesterone, and appeared negatively

correlated with estrogen and progesterone receptor levels (Fujimoto

et al., 1996; Steiner et al., 2008). The potential of sex steroids-

FIGURE 3
Notch, IL-1, and leptin crosstalk outcome (NILCO). Leptin induced Notch receptor, ligand, and targeted molecule expression. The inhibition of
Notch and IL-1 signalling in vitro reduced leptin-induced invasion. IL-1: Interleukin-1.

Frontiers in Pharmacology frontiersin.org

Li et al. 10.3389/fphar.2022.1090227

50

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1090227


dependent metastasis plays significant roles in cancer progression

(Gotte et al., 2010; Fujimoto and Sato 2011). Previous studies showed

that PAI-1 was positively correlated with cancer stage, but negatively

correlated with relapse free time and OS of patients (Tecimer et al.,

2001; Steiner et al., 2008). As one of themost abundant adipocytokines

in adipose stromal cells (ASCs), PAI-1 could diminish transforming

growth factor β (TGF-β)-mediated tumor suppressor activity through

the TGF-β/SMAD pathway (Lin et al., 2020).

FABP4, belonging to the fatty acid binding proteins (FABPs)

family, has a central role in tumour metastasis and endothelial

migration by regulating metabolic and inflammatory pathways

(Hotamisligil and Bernlohr 2015). As a marker involved in

adipocyte differentiation (Bernlohr et al., 1984), FABP4 promotes

the progression of feminine cancers, such as ovarian cancer, and

cervical cancer (Gharpure et al., 2018; Jin et al., 2018). However, a

recent study showed that FABP4 might play a possible suppressive

role in endometrial cancer cell proliferation, migration, and invasion

through the PI3K/AKT pathway (Wu et al., 2021). These studies

have showed that the effects FABP4 exerts on cancersmay be related

to tumor type and signaling pathways. To further explore the

decreased expression of FABP4 in endometrial cancer, more

researches are required.

3.5 Possible role of adipocytokines in the
treatment of endometrial cancer

Adipocytokines, including adipokines, inflammatory cytokines,

and angiogenic factors, are significant biomarkers in various cancers,

particularly endometrial cancer. To date, among the identified

adipocytokines, some have been found to be good prognostic

factors with a wide range of biological functions, including

suppression of cell proliferation, induction of apoptosis, and

reduced cell invasion. However, other adipocytokines, such as

leptin, galectin, and visfatin, are considered poor prognostic factors

associated with the promotion of cell proliferation, inhibition of

apoptosis, and increased cell invasion (Figure 4). Leptin and

adiponectin are the two main adipocytokines involved in most

studies in endometrial cancer. However, studies on the potential

molecular mechanisms of other adipocytokines, such as resistin,

galectin, and visfatin, are limited. Particularly, contradictory results

have been reported fromdifferent studies on galectin-3 concentrations

and expression in endometrial cancers. The main inflammatory

pathways predominantly reported include the MAPK/ERK1/2,

JAK/STAT3, PI3K/AKT/mTOR, Notch, IR, IGF, AMPK/ERK, and

AKT signalling pathways.When using specific inhibitors, endometrial

cancer cell proliferation, invasion, and migration were reduced.

Based on the roles of significant adipocytokines and specific

inhibitors, the use of targeted treatments in cancers has been studied

in various experiments. Metformin, a potential anti-cancer drug,

could induce cell cycle arrest and apoptosis through the AMPK

and mTOR signalling pathways (Jalving et al., 2010). Furthermore,

compared to metformin (Met) alone, metformin and silibinin (Sil) in

magnetic PLGA/PEG nanoparticles (NPs) kill lung cancer cells more

rapidly by reducing the expression of leptin and its receptor (Salmani

Javan et al., 2022). Thiazolidinediones (TZDs) (rosiglitazone,

pioglitazone) are also reported to increase adiponectin levels and

decrease leptin, tumor necrosis factor-α (TNF-α), and IL-6 levels

through modulatory mechanisms (Garikapati et al., 2019; Biondo

et al., 2020). Moreover, TZDs have played important roles in

FIGURE 4
Role of adipocytokines in endometrial cancer progression.
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preventing progression of hepatocellular carcinoma (HCC) (Arvind

et al., 2021), colon cancer (Yoon et al., 2020), and lung cancer

(Konieczna et al., 2015). Atorvastatin reduces cardiovascular

mortality by increasing levels of adiponectin, which is involved in

insulin resistance (Koh et al., 2005; Ando et al., 2008). Atorvastatin has

been reported to be used as a kind of important therapy in

oesophageal adenocarcinoma by suppressing leptin-induced

activation of cdc42 and AKT (Beales and Ogunwobi 2021).

Furthermore, recent studies have showed that mild obesity

(BMI≥ 25.0,≤ 29.9) is correlated to an improved immunotherapy

response (Li and Kalantar-Zadeh 2013; Li et al., 2017). The cancers

who have mild obesity are more likely to reach a balance between

pro- and anti-inflammatory cytokines (Assumpcao et al., 2022).

Compared with poor response to chemotherapy in obese patients

(Horowitz and Wright 2015), immunotherapy may be a more

favorable therapeutic approach for the obesity (Waldman et al.,

2020). The dysregulation of the secretion of adipocytokines, which

involves in T cell modulation, macrophage polarization, and binding

of adipocyte PD-L1 to anti-PD-L1 antibodies, affects immune

checkpoint inhibitor therapy (Assumpcao et al., 2022). By using

checkpoint inhibitor (anti–CTLA-4 mAb), Murphy et al. (Murphy

et al., 2018) have found that leptin was a contributor to the failure of

tumor immunotherapy. It implicated the potential role of leptin in

the efficacy of immunotherapy.

4 Conclusion

Adipocytokines, regulating various physiological and

pathological processes, play crucial roles in endometrial cancer

progression. Larger prospective studies focusing on

adipocytokines and specific inhibitors, particularly immune

checkpoint inhibitor therapy, should be directed at preventing

the rapidly increasing prevalence of gynecological malignancies.
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Warburg effect is characterized by excessive consumption of glucose by the

tumor cells under both aerobic and hypoxic conditions. This metabolic

reprogramming allows the tumor cells to adapt to the unique

microenvironment and proliferate rapidly, and also promotes tumor

metastasis and therapy resistance. Metabolic reprogramming of tumor cells

is driven by the aberrant expression and activity of metabolic enzymes, which

results in the accumulation of oncometabolites, and the hyperactivation of

intracellular growth signals. Recent studies suggest that tumor-associated

metabolic remodeling also depends on intercellular communication within

the tumor microenvironment (TME). Small extracellular vesicles (sEVs), also

known as exosomes, are smaller than 200 nm in diameter and are formed by the

fusion of multivesicular bodies with the plasma membrane. The sEVs are

instrumental in transporting cargoes such as proteins, nucleic acids or

metabolites between the tumor, stromal and immune cells of the TME, and

are thus involved in reprogramming the glucose metabolism of recipient cells.

In this review, we have summarized the biogenesis and functions of sEVs and

metabolic cargos, and the mechanisms through they drive the Warburg effect.

Furthermore, the potential applications of targeting sEV-mediated metabolic

pathways in tumor liquid biopsy, imaging diagnosis and drug development have

also been discussed.

KEYWORDS

small extracellular vesicles, exosomes, warburg effect, tumor metabolism, liquid
biopsy, glycolysis, drug development

1 Introduction

Tumor cells can rapidly utilize glucose through “aerobic glycolysis” and produce high

levels of lactate—a phenomenon known as the Warburg effect. Hanahan and Weinberg

characterized this metabolic reprogramming of tumor cells as one of the hallmarks of

cancer, and a potential therapeutic target (Hanahan and Weinberg, 2011; Hanahan,

2022). TheWarburg effect is primarily driven by the aberrant expression of key metabolic

enzymes, production of oncometabolites, and overactivation of growth signals (Vander
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Heiden et al., 2009; Liberti and Locasale, 2016; Poff et al., 2019).

The key enzymes of glycolysis, including hexokinase 2 (HK2), 6-

phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3

(PFKFB3) and pyruvate kinase M2 (PKM2), promote the

conversion of glucose to lactate instead of pyruvate in the

tumor cells, which in turn impairs mitochondrial oxidative

phosphorylation (Minchenko et al., 2002; Yang et al., 2014;

Xu and Herschman, 2019). Furthermore, glucose 6-phosphate

dehydrogenase (G6PD) produces ribose and NADPH in the

tumor cells through the pentose phosphate pathway (PPP) as

a source of energy for tumor growth (Jiang et al., 2011; Deng

et al., 2021). Therefore, understanding the complex mechanisms

underlying glucose uptake and metabolism by tumors, and the

role of the tumor microenvironment (TME), can improve

diagnostic accuracy and aid in drug development.

According to the classification criteria of the International

Society for Extracellular Vesicles (ISEV), small extracellular

vesicles (sEVs) or exosomes measure less than 200 nm in

diameter, and are formed by the fusion of multivesicular

bodies with the plasma membrane. They are typically secreted

by tumor cells and other cells in the TME into various body fluids

(Théry et al., 2018; Armacki et al., 2020; Möller and Lobb, 2020;

Wu et al., 2021). The sEVs contain a large number of functional

proteins, nucleic acid fragments (including DNA, mRNA or non-

coding RNA) and other biologically active substances from the

parent cells, and thus mediate transport and information

exchange between cells. Most tumor cells release higher

amounts of sEVs compared to normal cells. The tumor-

derived sEVs promote angiogenesis, induce chemoresistance

and differentiation of stromal cells in the TME, and regulate

immune responses and the pre-metastatic microenvironment (Li

and Nabet, 2019; Mashouri et al., 2019; Yousefi et al., 2020).

Studies show that the sEVs in TME can also regulate tumor

metabolism by directly delivering metabolic enzymes,

metabolites or other factors to the recipient cells (Zhao et al.,

2016; Wang et al., 2020b). Furthermore, these metabolically

reprogrammed sEVs also modulate glucose uptake by tumor

cells and other TME components, including stromal cells,

immune cells and fibroblasts (Zhao et al., 2016; Yan et al.,

2018; Rai et al., 2019; Morrissey et al., 2021). In this review,

we have summarized the mechanisms through which the sEVs

mediate the crosstalk between tumor cells and the TME, and

propose possible applications of targeting sEV-related metabolic

pathways for precise diagnosis and effective treatment of tumors.

2 Sorting of metabolic cargoes into
sEVs and secretion

Tumor-specific sEVs can directly trigger the Warburg effect

by transporting metabolites, enzymes, and the regulatory

proteins and RNAs throughout the TME. The different

intracellular components are loaded into sEVs through

distinct sorting mechanisms (Figure 1). The biogenesis of

sEVs is initiated following the inward budding of the

membranes of multivesicular bodies (MVBs) to form

intraluminal vesicles (ILVs). The mature MVBs fuse either

with the plasma membrane and are expelled as sEVs, or with

the lysosomes and are broken down (Anand et al., 2019). Rab

GTPases act as the molecular switches that control ILV

formation and transport within MVBs. The protein cargo is

first sorted into the ILVs by tetraspanins and the endosomal

sorting complex required for transport (ESCRT). VAMP2,

VAMP3, VAMP7 and VAMP8 on the surface of MVBs form

a SNARE complex with SNAP-23 on the plasma membrane,

which releases the ILVs as sEVs (Clancy et al., 2019; Kumar et al.,

2020; Zhang et al., 2021b). Pyruvate kinase M2 (PKM2) is co-

sorted into the sEVs with the SNARE complex by

phosphorylating SANP-23. In addition, the intra-vesicular

PKM2 also promotes the exocytosis of sEVs from tumor cells

(Wei et al., 2017; Fan et al., 2022). Lipids such as phospholipids

and cholesterol are sorted into the sEVs by forming lipid rafts

that are incorporated into sEV membranes (Zebrowska et al.,

2019; Kumar and Deep, 2020). The sorting mechanism of other

metabolites, including sugars, amino acids, nucleotides or

vitamins, are not completely understood.

The mechanism underlying exosomal sorting of RNAs has

been partially revealed (Liu et al., 2021). The RNA-binding Y-box

protein I (YBX1) and Lupus La protein are required for loading

miR-223 and miR-122 into sEVs, and is dependent on the high

affinity of miRNAs for these RNA-binding proteins (Shurtleff

et al., 2016; Temoche-Diaz et al., 2019). In fact, miRNAs that are

sorted into sEVs possess similar motifs, and are enriched in the

vesicles by specific RNA-binding proteins (Garcia-Martin et al.,

2022b). For long RNAs such as mRNAs or lncRNAs, hnRNP

A2B1 is responsible for binding to the corresponding motifs and

sorting them into sEVs (O’Grady et al., 2022). The exact

mechanism through which circRNAs are sorted into sEVs is

still being explored, and studies suggest that it is likely

accomplished through a miRNA binding-dependent manner

or via direct interaction with RNA-binding proteins (Bao

et al., 2016; Xu et al., 2020).

3 sEVs as drivers of Warburg effect

As alreadymentioned, the sEVs derived from tumor cells and

TME components (fibroblasts, epithelial cells, macrophages, NK

cells and other immune cells) reprogram glucose metabolism in

tumor tissues by transporting proteins (metabolic enzymes,

membrane proteins and other growth signaling proteins),

nucleic acids (miRNAs, lncRNAs, circRNAs and mRNAs) and

metabolites. The resulting dysregulation in metabolic pathways

promote tumor progression, metastasis, and therapy resistance

(Göran Ronquist, 2019; Zhang et al., 2021a). The contents of

sEVs that regulate the Warburg effect are listed in Table 1.
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3.1 Metabolic enzymes in sEV

The hypoxic environment within solid tumors is a major

inducer ofWarburg Effect. Ovarian cancer cell-derived sEVs load

higher levels of hexokinase (HK), UDP-glucuronosyltransferase,

6-phosphogluconolactonase and CTP synthase 1, which are the

key enzymes in glucose, phospholipid and nucleic acid

metabolism, when exposed to hypoxic conditions (Alharbi

et al., 2021). These sEVs loaded with metabolic enzymes are

critical for the development of platinum resistance in ovarian

cancer. In a previous study, we showed that cisplatin-resistant

non-small cell lung cancer (NSCLC) cells transmitted drug

resistance to sensitive cells by secreting PKM2-loaded

exosomes in response to hypoxic stimulation (Wang et al.,

2021). Thus, inhibiting glucose metabolism could potentially

reduce sEV-mediated chemoresistance in cancer cells. For

example, pancreatic cancer cells with autophagy blockade

exhibited low glucose uptake and expressed low levels of

ATP-binding cassette sub-family G member 2 (ABCG2) in the

secreted exosomes, which restored gemcitabine sensitivity

(Bhattacharya et al., 2014). Although oxidative

phosphorylation is attenuated in tumor cells, some enzymes of

the Krebs cycle are also released within sEVs. We previously

observed that exosomal release of cytoplasmic IDH1 promoted

5FU resistance in colorectal cancer cells (Yang et al., 2021). In

addition to chemoresistance, exosomal metabolic enzymes can

also enhance other malignant features such as invasion,

metastasis, angiogenesis and immune escape. For example,

exosomal angiopoietin-like protein 7 (ANGPTL7) secreted by

the human ovarian cancer cells can promote tumor angiogenesis

by regulating glucose and lipid metabolism, and oxidative stress

(Parri et al., 2014). Several studies in recent years have established

the presence of metabolic enzymes in sEVs and their impact on

oncogenic signaling networks. Retinoblastoma-derived

exosomes are enriched in multiple metabolic enzymes,

including enolase 3 (ENO3), galactokinase-1 (GALK1),

asparagine synthase (ASNS) and saccharopine dehydrogenase

(SCCPDH) (Galardi et al., 2020). Taken together, transmission of

metabolic enzymes via sEVs affects tumor progression through

metabolic or non-metabolic signaling pathways.

3.2 Metabolites in sEV

Tumor or TME-derived sEVs can modulate tumor

progression by transporting specific metabolites to distant

FIGURE 1
Metabolic cargoes in sEVs and their packaging, sorting and biogenesis. Metabolic enzymes and other regulatory proteins, metabolites, miRNAs,
lncRNAs, and circRNAs are sorted into multivesicular bodies (MVBs) in different ways and subsequently excretes from the cells via the vesicle
secretion pathways. Lipids (including phospholipids, sphingolipids, or triglycerides) on the plasma membrane enter MVBs via the early endosomes,
but the sorting mechanism of other metabolites remains unclear. Proteins, including metabolic enzymes as well as RNA-bound RNA binding
proteins (RBPs) enter the MVBs through ESCRT-dependent or independent mechanisms. The intraluminal vesicles (ILVs) in MVBs bind to the plasma
membrane to form SNARE complex, which facilitates the extracellular release of sEV.
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tissues, immune cells, etc. For instance, colon cancer cells

expressing CD63, CD9 and A33 are known to deliver

exosomal phosphatidylcholine to liver tissues via the portal

vein (Kumar et al., 2021). Furthermore, lung adenocarcinoma-

derived exosomes are enriched in linoleic acid (LA) compared to

those derived from normal lung epithelial cells, and promote

TABLE 1 sEV cargoes and mechanisms involved in the regulation of the Warburg effect.

Cargo
type

sEV cargos Cells of origin Target Biological
behavior or
application

Reference

Protein HK1/2/3 Hypoxic ovarian cancer Glycolysis Carboplatin resistance Alharbi et al. (2021)

PKM2 Hypoxic NSCLC, gastric
cancer

Glycolysis Cisplatin resistance Wang et al. (2021), Dai et al.
(2022), Wu et al. (2022), Zhou

et al. (2022)

ITGB4 TNBC Glycolysis Growth and metastasis Sung et al. (2020)

HMGB-1, PD-L1 Lung adenocarcinoma Glycolysis, nitric oxide
metabolism

Suppressive immunity of
macrophages

Morrissey et al. (2021), Wei et al.
(2021)

LMP1 Nasopharyngeal
carcinoma

Glycolysis, Oxidative
phosphorylation

CAF formation,
radioresistance

Aga et al. (2014), Wu et al.
(2020)

ALDOA, GAPDH, LDHA/B,
PGK1, PKM1/2

HPV-driven
oropharyngeal cancer

Glycolysis Tumor diagnosis Tang et al. (2021)

IDH1 Colorectal cancer NADPH metabolism 5FU resistance Yang et al. (2021)

ENO3, GALK1, ASNS,
SCCPDH

Retinoblastoma Glucose metabolism Intravitreal tumor
metastasis

Galardi et al. (2020)

ANGPTL7 Ovarian cancer Glucose and lipid
metabolism

Angiogenesis Parri et al. (2014)

ABCG2 Pancreatic cancer Glucose uptake Gemcitabine resistance Bhattacharya et al. (2014),
Giovannetti et al. (2017)

miRNA miR-122 Breast cancer PKM2, Glycolysis Brain/lung metastases Fong et al. (2015), Li et al. (2019)

miR-451 Gastric cancer AMPK/mTOR T cell immunity Liu et al. (2018), Li et al. (2021)

miR-543 Epithelial ovarian cancer Proteoglycan pathway Tumor proliferation Zhang et al. (2022)

LncRNA MALAT1 NSCLC Glycolysis Tumor proliferation Zhang et al. (2017), Wang et al.
(2020a)

TUG1 CAF Glycolysis Lung metastases of liver
cancer

Lu et al. (2022)

HISLA Tumor-associated
macrophages

Glycolysis HIF-1α Chen et al. (2019)

CircRNA circ_0005963 Colorectal cancer PKM2, Glycolysis Oxaliplatin resistance Wang et al. (2020c)

circ-RNF121 Colorectal cancer Glycolysis Invasion and metastasis Jiang et al. (2021)

circ_0008928 NSCLC HK2, Glycolysis Cisplatin resistance Shi et al. (2021)

circ_0072083 Glioma cells Glycolysis TMZ resistance Ding et al. (2021)

circCCT3 Liver cancer related CAF HK2, Glycolysis Tumor proliferation Lv et al. (2020)

circARHGAP10 NSCLC Glycolysis Tumor proliferation Fang et al. (2022)

Metabolites Lactate, acetate, stearic acid,
palmitic acid, amino acid

Prostate and pancreatic
cancer related -CAF

Central carbon
metabolism

Kras-dependent tumor
growth

Zhao et al. (2016)

Phosphatidylcholine Mouse colon cancer cells Lipid metabolisim Insulin signaling
resistance

Kumar et al. (2021)

Linoleic acid Lung adenocarcinoma Glycolysis, nitric oxide
metabolism

Suppressive immunity of
macrophages

Morrissey et al. (2021)
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tumor metastasis by reprogramming macrophage glycolysis and

PD-L1-dependent immunosuppression (Morrissey et al., 2021).

Metabolomics have been used to identify the species, content and

signaling pathways of metabolites in sEVs and other vesicles.

Metabolite analysis of CAF-derived exosomes by gas

chromatography-mass spectrometer (GC-MS) and ultra-high

performance liquid chromatography (UPLC) revealed high

levels of intermediates produced during glucose metabolism

(such as citric acid and pyruvate), lipids (stearic and palmitic)

and most amino acids (Zhao et al., 2016). However, the exact

functions of these exosomal metabolites in tumor progression

remains to be explored.

3.3 Nucleic acids regulate tumor
metabolism via sEV

Exosomal nucleic acids, especially non-coding RNAs, are

established diagnostic biomarkers of various tumors. Non-

coding RNAs can promote or impede the Warburg effect by

targeting specific metabolic enzymes or regulatory genes. For

example, colorectal cancer cell-derived exosomal circ-RNF121

enhanced glycolysis and reduced ATP/ADP production in the

tumor cells (Jiang et al., 2021). Furthermore, circ-0008928 is

highly expressed in NSCLC cell-derived sEVs, and confers

cisplatin resistance by acting as a “sponge” for miR-488, which

enhances HK2 activity and glycolysis (Shi et al., 2021). NSCLC

cells also secrete the lncRNA MALAT1 via sEVs, which is

known to promote lactate dehydrogenase A (LDHA)

expression and glycolysis (Wang et al., 2020a). Oxaliplatin-

resistant colorectal cancer cells can transmit chemoresistance

to the sensitive cells through exosomal circ-0005963, which

sponges miR-122 and upregulates PKM2 (Wang et al., 2020c).

Exosomal RNA-mediated decrease in glucose uptake in the

normal tissues also contributes to tumor development. For

instance, breast cancer cell-derived exosomal miR-122 drives

brain/lung metastasis by downregulating PKM2 and

inhibiting glucose uptake in distant non-tumor tissues

(Fong et al., 2015). In addition to tumor cells, the stromal

and immune cells of the TME also secrete sEVs that reprogram

tumor metabolism. There is evidence that exosomal lncRNA

TUG1 secreted by cancer-associated fibroblasts (CAFs) in

HCC tissues increases LDH activity and lactate production

in the tumor cells (Lu et al., 2022).

Interestingly, the metabolic reprograming induced by

exosomal components exert a positive feedback by increasing

cargo loading into the sEVs. For example, exosomal circ_

0072083 derived from temozolomide (TMZ)-resistant glioma

cells activates glycolysis and increases the levels of glucose

transporter 1 (GLUT1), LDHA and PKM2, which further

induce the expression of the circRNA and amplify TMZ

resistance (Ding et al., 2021). Furthermore, the dissemination

of sEVs in the TME also depends on the extracellular glucose

status. Under energy-deficient low-glucose conditions, gastric

cancer-derived exosomal miR-451 is more inclined to polarize

T cells to the immunosuppressive Th17 cells, which leads to poor

prognosis (Liu et al., 2018). In fact, tumor-derived sEVs can also

trigger metabolic disorders, as exemplified by the interaction of

pancreatic cancer and diabetes (Sah et al., 2019). Pancreatic

cancer cell-derived exosomes delivered miR-19a to islet β cells

and disrupted normal insulin secretion (Pang et al., 2021; Su

et al., 2022), and reprogramed enteroendocrine cell function via

multiple exosomal miRNAs (Zhang et al., 2018). Thus, TME-

derived sEV RNA reprograms tumor glucose metabolism and

creates favorable conditions for tumor cell growth and

metastasis, while the sEV RNA cargo secreted by

metabolically abnormal tumor cells also enhances the

malignant potential.

3.4 Resident proteins in sEV

The sEVs derived from different tissues may express

similar marker proteins, including CD9, CD63, CD81 or

TSG101, which are used for their identification. However,

most of these ubiquitous resident proteins of sEVs, most of

which are membrane proteins, show differential expression

across cell types during proteomics examination (Kowal et al.,

2016; Rai et al., 2021; Garcia-Martin et al., 2022a). Some

resident exosomal proteins are transferred to recipient cells,

wherein they reprogram glucose metabolism. For example,

nasopharyngeal carcinoma cell-derived sEVs can transform

normal fibroblasts to a tumor-promoting phenotype by

delivering latent membrane protein 1 (LMP1), which

enhances glycolysis and inhibits mitochondrial oxidative

phosphorylation via activation of the NF-κB pathway (Wu

et al., 2020). Integrin beta 4 (ITGB4) is highly expressed on

triple-negative breast cancer (TNBC) cells and their derived

exosomes, and promotes glycolysis in CAFs through

mitophagy (Sung et al., 2020). High mobility group box-1

(HMGB-1) is highly expressed in lung adenocarcinoma

exosomes and promotes glycolysis in the tumor

macrophages by upregulating PD-L1 expression (Morrissey

et al., 2021). The 78 kDa glucose-regulated protein (GRP78) is

translocated from the endoplasmic reticulum to the plasma

membrane, and released via exosomes (Li et al., 2016;

Gonzalez-Gronow et al., 2021). High expression of

exosomal GRP78 in colorectal and breast tumors is

associated with increased glycolysis and metastasis (Zheng

et al., 2019; Li et al., 2022). Therefore, proteins that are

differentially expressed in the tumor-derived exosomes

relative to that secreted by normal cells should be

considered as potential as biomarkers. Overall, tumor cell-

derived sEV-resident proteins act as “villain messengers” by

promoting malignant behaviors such as invasion, metastasis

and immunosuppression through metabolic reprograming.
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4 Application of targeting metabolic
sEVs

Given their unique protein profiles, sEVs are promising

biomarkers for early, non-invasive tumor detection, and for

monitoring therapy (Liang et al., 2021). Tumor-derived

exosomal protein or RNA cargoes can be easily detected in

liquid biopsies for rapid diagnostic and prognostic evaluation.

Furthermore, inhibitors of sEV secretion or the loaded cargos

potential drug candidates for tumor therapy. In addition, in vivo

imaging of sEVs can be used as a surrogate for tracking tumor

progression and therapeutic efficacy.

4.1 Metabolic biomarkers for liquid biopsy

Proteomic mass spectrometry analysis of salivary exosomes

from human papillomavirus (HPV)-driven oropharyngeal

cancer patients revealed significantly elevated aldolase,

glyceraldehyde dehydrogenase-3-phosphate dehydrogenase

(GAPDH), LDHA/B, phosphoglycerate kinase 1 (PGK1) and

PKM1/2 (Tang et al., 2021). Compared to healthy volunteers,

serum-derived exosomal circARHGAP10 was upregulated in

NSCLC patients, and associated with increased the expression

of GLUT1 and LDH, which are drivers of NSCLC progression

(Fang et al., 2022). Furthermore, presence of serum-derived

exosomes with low levels of miR-543 in patients with

epithelial ovarian cancer indicates favorable prognosis since

downregulation of this miRNA inhibits glucose uptake by

tumor cells (Zhang et al., 2022). Cancer stem cells (CSCs)

drive tumor initiation, drug resistance and metastasis, and are

the primary cause of tumor recurrence. Metabolomics analysis of

CSCs-enriched primary melanoma tissues and serum-derived

exosomes from melanoma patients revealed aberrant expression

of multiple metabolites (Palacios-Ferrer et al., 2021). Thus,

exosomal metabolites in liquid biopsies are ideal markers of

tumor diagnosis, therapeutic efficacy and prognosis.

4.2 Therapeutic agents targeting
metabolic regulators

Some small molecule drugs and natural compounds can

inhibit tumor-associated sEV secretion or metabolic pathways,

and are thus potential candidates for tumor therapy. The AMPK

inhibitor compound C and the c-Jun inhibitor SP600125 blocked

the delivery of exosomes from the TNBC cells into CAFs, which

inhibited glycolysis and tumor cell proliferation (Sung et al.,

2020). The sEV-mediated immunosuppression is partly

attributed to the metabolic reprogramming of TME, and

drugs targeting sEV-related tumor immunity are suitable for

tumor therapy, such as immune checkpoint inhibitors (Marshall

and Djamgoz, 2018; Bader et al., 2020; Yang et al., 2020). As

already described, tumor cell-derived exosomes increased

glucose uptake and PD-L1 expression in CAFs in an NF-kB-

dependent manner, which was inhibited by the glycolysis

inhibitor 2-deoxyglucose. Furthermore, tumor sEVs also

inhibited oxidative phosphorylation in tumor-associated

macrophages by upregulating NOS2 expression, and

administration of the NOS2 inhibitor S-ethylisothiourea

hydrobromide restored oxygen utilization (Kuruppu et al.,

2014; Morrissey et al., 2021). In addition, coptisine disrupted

the secretion of exosomal circCCT3 from CAFs and reduced the

expression of HK2 in liver cancer cells (Lv et al., 2020), which has

potential therapeutic value. The natural compound oleanolic acid

reduced the secretion of exosomes from TMZ-resistant glioma

cells, and shikonin inhibited resistant cells-derived exosomal

circ_0072083 levels and the Warburg effect (Ding et al.,

2021). These compounds have potential sensitizing effects on

TMZ treatment of glioma. Therapeutic agents targeting sEV-

related communications have also been shown to multidrug

resistance -associated protein (MRP) -mediated resistance.

The calmodulin-dependent protein kinase inhibitor KN-93

was used to reverse MSC sEV-mediated 5-FU resistance in

gastric cancer (Ji et al., 2015). Mechanistically, these sEVs

enhanced the expression of MRP and P-glycoprotein by

regulating miR-301b and ERK kinase pathways (Ji et al., 2015;

Zhu et al., 2022), which are inducers of glucose metabolism and

malignant tumorigenesis (Asl et al., 2021; Jandova andWondrak,

2021). However, the limitation lies in the lack of the effect of sEV

from other TME components (other than MSC) on MRP and

chemotherapy resistance. More studies are needed to explore the

mechanism of chemotherapy resistance of metabolic sEV in

order to develop therapeutic agents with relevant targets.

4.3 Metabolic imaging of sEVs in nuclear
medicine

Due to the sentinel role of exosomes in early TME shaping

and formation of the pre-metastatic niche, in vivo sEV imaging

can be helpful for early tumor monitoring. At present, sEV

imaging mainly focuses on tracking the fluorescently-labeled

sEVs. For example, plasma membrane-specific fluorescent

dyes such as DIR and PKH26 are commonly used to label

exosomes and track them at the cellular level (Pužar

Dominkuš et al., 2018; Sun et al., 2019; Kumar et al., 2021).

Nuclear imaging, including 18F-deoxyglucose (FDG)-positron

emission tomography/computed tomography (PET/CT), is

currently the main diagnostic method for evaluating tumor

glucose uptake and metabolic activity, and offers the

possibility for isotopic labeling and imaging of exosomes.

Engineered exosomes labeled with radioisotopes (including
99mTc, 111I, 125I, 131I, 64Cu, 68Ga) have achieved non-invasive

PET or SPECT detection in animal models, and show promise

for clinical translation (Morishita et al., 2015; Gangadaran et al.,
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2018; Rashid et al., 2019; Jung et al., 2020; Lázaro-Ibáñez et al.,

2021).

Radio-labeled exosomes have excellent intra-tumoral

homing ability and biosafety (Shi et al., 2019). FDG-PET

imaging has been used to assess the function of exosomes in

Alzheimer’s disease development since glucose metabolism in the

affected tissues correlates with the secretion of plasma-specific

exosomes (Coumans et al., 2017; Chanteloup et al., 2019). In

addition, FDG-PET imaging has also demonstrated the

activation of glucose metabolism in breast tumor cells through

EVs uptake (Kang et al., 2021). Furthermore, the enriched

miRNA levels in plasma EVs from Hodgkin lymphoma

patients matched the FDG PET imaging results, suggesting

that EVs can be used for metabolic tracing in tumor patients

(van Eijndhoven et al., 2016). In an in vitro study, 13C isotope-

labeled glucose was used to evaluate the effect of CAF-derived

exosomes on the metabolites of glycolysis (Zhao et al., 2016).

Although isotopic tracing of exosomes can be used for tumor

imaging, very few studies have reported direct radiolabeling of

metabolites in EVs for in vivo imaging.

5 Conclusion and perspectives

TheWarburg effect is manifested as overactive glycolysis and

aberrant activity of metabolic enzymes, and is instrumental for

the rapid proliferation, invasiveness, drug resistance and immune

escape of tumor cells. Extracellular vesicles (EVs) mediate

intercellular communication in the TME, and the sEVs or

exosomes have been studied the most. In this review, we

outlined the mechanisms through which proteins, RNAs and

metabolites are sorted into the sEVs within cells, as well as the

FIGURE 2
Metabolic sEV exchange between tumor cells and other components in the TME. The uptake of tumor-derived sEVs by CAFs or immune cells
facilitates tumor growth, whereas tumor cell fusion of metabolic sEVs in TME leads to its malignant transformation. For example, CAFs-derived sEV
lncRNA TUG1 delivers to liver cancer cells, increasing SIX1 expression and promoting glycolysis and tumor invasion. CAFs-derived sEVs inhibit
oxidative phosphorylation and activates glycolysis by delivering lactate, pyruvate, citric acid, fatty acids and amino acids to pancreatic cancer
cells. As feedback, breast cancer cells sEVs carry ITGB4 proteins that can be transmitted to CAFs, inducing autophagy, AMPK activation and lactate
production in CAFs, which contribute to tumor invasion. As for the effect of sEV on immune cells, lung cancer-derived sEV HMGB1, PD-L1 and
linoleic acid enhance glycolysis, glutamine metabolism and PD-L1 expression in macrophages and T cells through NF-κB signaling, endowing these
immune cells with an immunosuppressive phenotype. MiR-451 in sEV of gastric cancer transmits to T cells and enhances their infiltration, causing
them to differentiate to Th17 cells and forming malignant transformation of tumor microenvironment. Macrophages also secrete sEVs, which
enhance aerobic glycolysis and anti-apoptosis of breast cancer cells by delivering lncRNA HISLA and stabilizing HIF-1α protein. Among tumor cells,
highly metastatic cells, chemotherapy or radiotherapy resistant cells and cancer stem cell-like cells transfer sEV to sensitive cells to confer
corresponding malignant phenotype.
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pathways regulated by the exosomal cargo to remodel tumor

metabolism and promote tumor progression (Figure 2).

Furthermore, we have also discussed the diagnostic and

therapeutic potential of tumor-derived sEVs.

Analysis of exosomal protein mass spectrometry and

sequencing data form EV databases such as ExoCarta,

exoRBase or Vesiclepedia have also indicated that the resident

metabolic enzymes or RNAsmay be involved in regulating tumor

metabolism (Kalra et al., 2012; Keerthikumar et al., 2016; Lai

et al., 2021). Therefore, more sEV cargoes and functions may be

discovered in the future, and provide new insights into tumor

metabolic remodeling. Although some carbohydrate-

metabolizing enzymes (such as HK2, ENO3 and PKM2)

delivered via sEVs are known to remodel the TME, given the

opposing functions of glycolytic and mitochondrial metabolic

enzymes in the Warburg effect, it remains to be ascertained

whether these enzymes exert different functions when sorted into

sEVs and in the recipient cells. In addition, since tetraspanins

may potentially regulate nutrient metabolism in tumor cells, their

use as a biomarker of sEV protein cargo also needs to be

considered (Wang et al., 2019; Najy et al., 2021).

The diagnostic, therapeutic and imaging applications of tumor-

derived sEVs has gained considerable attention in recent years.

Tumor patient-derived sEVs containing metabolic enzymes or

miRNAs are diagnostic biomarkers, which opens up the

possibility of developing rapid sEV isolation and microfluidic

chip analysis of the cargo. 18F-deoxyglucose (FDG) is routinely

used as a tracer for the radiometabolic imaging of tumors during

diagnosis and treatment evaluation (Jacobson and Chen, 2013; Yang

et al., 2017; Sheikhbahaei et al., 2020). However, the clinical utility is

somewhat limited. For example, FDG PET/CT is prone to

inflammatory interference in cervical cancer, resulting in low

diagnostic specificity (Dejanovic et al., 2021). In addition, tumors

such as hepatocellular carcinoma (HCC) have a lower capacity for

FDG uptake (Li et al., 2018). Therefore, isotope probes targeting

tumor-specific sEVs offer more possibilities for the diagnosis of

heterogeneous tumors than FDG. Although sEVs can be labeled

with fluorophores or isotopes for in vivo tumor imaging, the

metabolic components of sEVs cannot be directly labeled as yet.

The development of metabolic enzyme-targeted probes or

radionuclide-labeled metabolites will be a significant progress in

tumor imaging and clinical decision-making. Finally, more

therapeutic or engineered agents targeting the metabolic cargo in

sEVs need to be developed as drug delivery systems. In conclusion,

targeting metabolic sEVs will play an important role in tumor

diagnosis and therapy.
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Background: Cuproptosis is a novel type of regulated cell death and is reported to
promote tumor occurrence and progression. However, whether a cuproptosis-
related signature has an impact on hepatocellular carcinoma (HCC) is still unclear.

Materials and methods: We analyzed the transcriptome data of HCC from The
Cancer Genome Atlas (TCGA) and International Cancer Genome Consortium (ICGC)
database, and searched for tumor types with different cuproptosis patterns through
consistent clustering of cuproptosis genes. We then constructed a Cuproptosis-
Related Genes (CRGs)-based risk signature through LASSO COX regression, and
further analyzed its impact on the prognosis, clinical characteristics, immune cell
infiltration, and drug sensitivity of HCC.

Results: We identified the expression changes of 10 cuproptosis-related genes in
HCC, and all the patients can be divided into two subtypes with different prognosis by
applying the consensus clustering algorithm. We then constructed a cuproptosis-
related risk signature and identified five CRGs, which were highly correlated with
prognosis and representative of this gene set, namely G6PD, PRR11, KIF20A, EZH2,
and CDCA8. Patients in the low CRGs signature group had a favorable prognosis. We
further validated the CRGs signature in ICGC cohorts and got consistent results.
Besides, we also discovered that the CRGs signature was significantly associated with
a variety of clinical characteristics, different immune landscapes and drug sensitivity.
Moreover, we explored that the high CRGs signature group was more sensitive to
immunotherapy.

Conclusion:Our integrative analysis demonstrated the potential molecular signature
and clinical applications of CRGs in HCC. The model based on CRGs can precisely
predict the survival outcomes of HCC, and help better guide risk stratification and
treatment strategy for HCC patients.

KEYWORDS

hepatocellular carcinoma, cuproptosis-related genes, tumor microenvironment, drug
sensitivity, prognosis model
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1 Introduction

Hepatocellular Carcinoma (HCC) is one of the most common
malignant tumors, and ranks the sixth most common and third
mortality in all tumors worldwide by the World Health
Organization (WHO) (Siegel et al., 2022)- (Ferlay et al., 2021).
Although early-stage HCC can be cured by surgical treatment,
enormous challenges remain in the treatment of advanced HCC,
resulting in unfavorable prognosis, significant financial cost and
high disease burden (Bandmann et al., 2015). Given the high
morbidity and mortality of HCC, there is an urgent need to
develop more effective prognostic models, and explore reliable
prognostic factors, which is crucial for optimal individualized
management and treatment.

Copper is an essential cofactor for all organisms, but copper is
toxic if concentrations exceed a threshold maintained by
evolutionarily conserved homeostatic mechanisms. However, how
excess copper induces cell death is not known. The Broad institute
currently uncovers a novel cell death mechanism, cuproptosis
(Tsvetkov et al., 2022), which is distinct from the known apoptosis,
necrosis, autophagy and iron death.

Cuproptosis is a form of copper-dependent and mitochondrial
respiration-dependent, regulated cell death. Cuproptosis occurs by
direct binding of copper to lipoylated components of the tricarboxylic
acid (TCA) cycle (Beaino et al., 2014)- (Hatori et al., 2016), resulting in
aberrant aggregation of lipoylated proteins and loss of ferroptosis
proteins, leading to cell death by proteotoxic stress. Copper ions are
involved in cell death as are iron ions, while the study from the Broad
Institute demonstrates strategies to combat disease by pharmacologically
inhibiting mitochondrial respiration (Tsvetkov et al., 2022). In addition,
cancer cells are actively respiring and contain large amounts of lipoylated
mitochondrial proteins. Copper ionophores could be used to destroy
cancer cells, which opens up a new therapeutic direction for cancer.
However, the metabolism of copper in liver diseases and the occurrence
and development of HCC is still poorly understood. In the research stage.
The evidence by Siddiqui et al., demonstrated that copper oxide
nanoparticles have dose-dependent cytotoxicity and apoptotic effects
on HepG2 cells (Siddiqui et al., 2013). Besides, copper contents were
closely associated with liver cirrhosis and HCC, and serum levels of
copper, like ceruloplasmin, may be used as a marker for the detection of
HCC (Zhang et al., 1994). Recently, as reported, cuproptosis-related
signature and the lncRNA profile linked with cuproptosis may bring new
insights into the molecular pathways of the formation and progression of
cancers, which were helpful to predict the prognosis and guiding
treatment of cancer patients (Zhen et al., 2022)- (Zhang et al., 2022).

Emerging evidence also suggests crosstalk between curoprotosis
and the tumor immunemicroenvironment (TME) (Lv et al., 2022)- (Li
et al., 2022a). The tumor microenvironment plays a crucial role in
cancer development and clinical outcomes (Wu and Dai, 2017). The
TME includes cancer cells, immune cells, endothelial cells,
inflammatory cells and fibroblasts, as well as extracellular
components (growth factors, hormones, cytokines, etc.). Within the
TME, interactions between cancer cells and immune cells regulate all
links of tumor development, and tumor-infiltrating immune cells
(TIICs) can also influence cancer progression (Lee and Cheah,
2019)- (Zhou et al., 2022a). Despite recent advances in
immunotherapy for HCC, the prognosis of HCC remains
heterogeneous, which suggests that the close connection between
curoprotosis and the tumor immune microenvironment may play a

crucial role in the development and progression of HCC. However, the
role of cuprotosis-mediated gene patterns in HCC is unclear.

In this study, we comprehensively investigate the molecular
alterations and clinical relevance of cuproptosis-related genes
(CRGs) in HCC. We then constructed a cuproptosis-related risk
signature and identified five CRGs for predicting survival outcomes
and characterizing the immune landscape of HCC. Additionally,
combined with clinicopathological features and treatment efficacy,
the CRGs signature demonstrated great potential for precision and
personalized therapy of HCC.

2 Materials and methods

2.1 Data download and preprocessing

Based on R package The Cancer Genome Atlas (TCGA) biolinks
v1.16.0, the expression profile data (FPKM), genomic data (SNV and
CNV) and clinical data of HCC were downloaded. Survival data were
used from 2018 collated data (Liu et al., 2018). The TCGA HCC
dataset (https://cancergenome.nih.gov/, version 27.0-fix, released on
9 November 2020) as training cohort, which included 269 HCC tumor
samples and 50 tumor-adjacent normal tissues. In the meantime, the
Liver Cancer-RIKEN-JP (LIRI-JP) of HCC transcriptome data
(FPKM) and clinical survival data in the (International Cancer
Genome Consortium) ICGC database (https://dcc.icgc.org/projects/
LIRI-JP, version Release_28, processed on 27 March 2019) was used
for the validation cohort, which contained 232 HCC cases. Above data,
genes were removed when multiple ENSEMBL Identity Documents
(ID) were encountered corresponding to the same SYMBOL. The
batch effect between different datasets was corrected using the “sva”
package of R software by adopting the “combat” algorithm. In
addition, we filtered the genes that were expressed in less than 50%
of the samples.

2.2 Difference analysis

Gene expression differences were calculated using
DESeq2 through count expression profiles, and genes with an
absolute value of Log2 Foldchange >1 and adjusted p values less
than 0.05 were selected as differential genes. Multiple testing
correction is based on the FDR method. Differential gene volcano
plots were drawn by ggplot2 (3.3.6) and ggrepel (0.9.1) R packages,
and significant cuproptosis-related genes were marked. The
expression heatmap of Cuproptosis-related genes in HCC and
normal tissues were plotted by the R package pheatmap (1.0.12).

2.3 Comparison of cuproptosis-related genes
under different clinical

Based on the FPKM expression dataset of TCGAHCC and clinical
feature data, we stratified the samples by TCGA molecular
classification, alpha-fetoprotein value, bilirubin albumin maximum,
fibrosis, grade, stage, age, gender, BMI, etc. We then calculated the
expression differences of cuproptosis-related genes between groups by
theWilcoxon rank sum test. Boxplots were drawn using ggpubr (0.4.0)
heatmaps were drawn using pheatmap (1.0.2).
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2.4 Construction of protein interaction
network

A PPI network was constructed based on ten cuproptosis-related
genes using STRING (http://www.string-db.org/) (Szklarczyk et al.,
2021), and Gene Ontology (GO) functional enrichment analysis was
performed.

2.5 Gene correlation analysis

We extracted the expression values of cuproptosis genes or
cuproptosis genes to immune checkpoints from the TCGA HCC
FPKM data. We performed logarithmic transformation on the gene
expression values, and calculated the correlation between the
expression of the two genes by Pearson correlation analysis.

2.6 Identification of cuproptosis-associated
tumor subtypes

Based on the TCGA dataset, we identified different subtypes based
on the expression profile data of 10 cuproptosis-related genes,
applying non-negative matrix decomposition and unsupervised
consensus clustering analysis. We used the consensus cluster plus
(4.5.1.902) and Non-negative matrix factorization (NMF) (0.24.0)
packages to operate, and the consensus clustering used three
clustering distances: Spearman, Pearson, as well as Euclidean. The
clustering method was K-means clustering with l000 replicates to
guarantee the stability of the classification. We selected consensus
clustering (Euclidean distance) to determine the tumor cuproptosis
subtype based on the idea that the survival p-value was minimally
separated.

2.7 Functional enrichment analysis

GO and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses were performed based on
significantly differentially expressed genes and the R package
cluster profiler (4.2.2), and results with FDR corrected p-values
less than 0.05 were selected and the top few pathways were
displayed using bubble plots (Li et al., 2022b). Construction of
the cuproptosis-associated signature based on the two identified
subtypes of cuproptosis tumors. In the transcriptome data of TCGA
HCC, all gene expression values were divided into two groups
according to the median value. Univariate Cox regression analysis
was performed using the R package survival (3.3–1). Genes with a
p-value less than 0.05 were filtered out, and cuproptosis-associated
genes were further constructed by the R package glmnet (4.1–4)
Lasso Cox regression to remove redundant genes, according to the
following formula signature.

2.8 Survival analysis

In the TCGA database and ICGC validation dataset, median
grouping was performed based on the calculated cuproptosis score,
and the impact on prognosis was assessed by constructing Kaplan-

Meier curves using the survival (3.3–1) R package and the log-rank
test. ROC curve was plotted using the R package timer0c (0.4), and
Cox regression (R package survival 3.3–1)) was performed to
calculate hazard ratios (HR) for scoring groups and clinical
characteristics.

2.9 Genemutation and copy number variation
analysis

The single nucleotide variation and copy number variation data of
HCC The genes with mutation frequencies greater than 5% in the high
and low copper death signature groups were then displayed using
oncoPrint through the R package ComplexHeatmap (version 2.10.0),
and the chi-square test was used to determine whether there was a
significant difference between the two groups. The GenVisR (1.26.0)
package defines low copy number variation with copy number < 1, and
copy number > 3 as high fold variation, showing the copy number
variation of the high and low groups.

2.10 Immune cell infiltration calculation

Using the R package IBOR (0.99.9) based on ESTIMATE (Aran
et al., 2015), Microenvironment Cell Populations-counter (MCP-
counter) (Giraldo et al., 2016), XCELL (Aran et al., 2017) and
CIBERSORT (Newman et al., 2015)immune cell infiltration
algorithms, the score of each immune cell in the HCC sample was
calculated. The Wilcoxon rank test was used to compare the different
levels of cuproptosis signature between the two groups with immune
cell infiltration.

2.11 Drug sensitivity prediction

Based on Genomics of Drug Sensitivity in Cancer (GDSC) (Yang
et al., 2013), Cancer Cell Line Encyclopedia (CCLE) (Barretina et al.,
2012) and Cancer Therapeutics Response Portal (CTRP) (Basu et al.,
2013) drug databases, we extracted cancer cell line expression data,
calculated the cuproptosis fraction of each cell line, and grouped them
based on the median gene expression. We then combined the genes
expression with the Area Under the Curve (AUC) and Half maximal
inhibitory concentration (IC50) data of multiple drugs in cell lines,
and use Spearman’s correlation to calculate the correlation with
cuproptosis score, and further used the Wi1coxon test to compare
the difference of AUC/IC50 between high and low cuproptosis groups
in significantly related drugs.

2.12 Impact of immunotherapy response

Based on TCGA’s HCC transcriptional data, we used the Tumor
Immune Dysfunction and Exclusion (TIDE) tool (http://tide.
dfci.harvard. edu/) (Jiang et al., 2018) to predict the immunotherapy
response of the samples and compared the difference in scores between
the responder and non-responder groups. The Wilcoxon rank test was
used for a statistical test and the difference in the proportion of response
and non-response between the two groups with high and low
cuproptosis scores was compared.

Frontiers in Pharmacology frontiersin.org03

He et al. 10.3389/fphar.2023.1088993

70

http://www.string-db.org/
https://portals.broadinstitute.org/ctrp/
http://tide
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1088993


3 Results

3.1 The landscape of cuproptosis-related
genes in HCC

Based on the TCGA transcriptome dataset, we performed
differential gene analysis between HCC tumor and adjacent normal
tissues, and explored 6,031 differential genes, of which 1,503 were
downregulated and 4,528 were upregulated Figure 1A). We then
plotted the heatmap by using the R to scale the FPKM of gene
expression (Z-score). Among these differential genes, we discovered
that CDKN2A and GLS were significantly upregulated in HCC among
all the cuproptosis-related genes, and these two genes might contribute
to the development of HCC (Figure 1B).

By analyzing the expression correlations of the 10 cuproptosis
genes, we found that LIAS, LIPT1, DLD, DLAT, PDHA1, PDHB,
MTF1, GLS, and CDKN2A showed positive correlations with other
genes, while FDX1 was negatively correlated with the expression of
other genes (Fig 1D). The protein-protein interaction (PPI) network of
GO enrichment analysis revealed that the CRGs participated in
compound biosynthesis and energy metabolism (Figure 1C).

We then compared the expression differences of CRGs among
diverse clinical characteristics. We observed that different CRGs were
differentially expressed in distinct signatures, such as GLS showing
distinct expression differences in different age, Body Mass Index
(BMI) subgroups, as well as different tumor stages (Figures 2A,
C–E) Besides, DLD was significantly expressed at different α-
fetoprotein levels (Figure 2B).

3.2 Identification and characterization of
cuproptosis-related molecular subtypes
in HCC

Firstly, we applied a consensus clustering algorithm to categorize
the HCC patients based on the expression of 10 CRGs. The
consistency coefficient was evaluated to determine the optimal
clustering number (k value), and the results demonstrated that k =
2 was the best choice for dividing the cohort into two subgroups
(Figures 3A, B). Based on the principal component analysis (PCA), the
HCC patients were well separated into two categories (Figure 3C). We
then discovered that FDX1, LIPT1, MTF1, GLS, and CDKN2A was

FIGURE 1
Differential expression of cuproptosis-related genes in hepatocellular carcinoma (HCC) and normal tissues. (A) Volcano plot of differential expression
(blue represents downregulation in HCC, red represents upregulation in HCC, gray represents insignificant, and cuproptosis-related genes are marked in the
figure). (B) The expression of 10 cuproptosis-related genes in HCC and normal tissues. (C) Partial results of protein-protein interactions (PPI) networkmap and
gene ontology (GO) enrichment of 10 cuproptosis-related genes. (D) Heatmap of expression correlation of 10 cuproptosis-related genes in TCGA.
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significantly differentially expressed between the two groups
(Figures 3D, E).

Furthermore, we analyzed the immune cell infiltration scores by
using CIBERSORT, GSVA-cellreport, ESTIMATE, and MCP-counter
algorithms. We found that Cluster-2 scored higher for stromal cells,
while no significant differences were observed for immune scores and
tumor purity (Figures 4A, B). We also discovered significant
differences between Cluster-1 and Cluster-2 for distinct immune
cell infiltration, such as T cells, B cells and macrophages
(Figures 4C, D).

3.3 Construction and validation of
cuproptosis-related genes signature

Based on the identified two subtypes of CRGs in HCC, we
analyzed the differentially expressed genes (1,984 genes
downregulated and 547 genes upregulated) between the two
subtypes. We further performed GO and KEGG enrichment
analysis for the differential genes, which were mainly enriched in
pathways involved in cell proliferation (organelle fusion, nuclear
division, etc.) and cell communication (neuroactive ligand, receptor
interaction, etc.) (Figures 5A, B). Then, we performed LASSO and
multivariate COX analysis on the two subtypes of differential genes,
and obtained a five-gene signature model (G6PD, PRR11, KIF20A,
EZH2, and CDCA85) (Figures 5C–E). The Kaplan-Meier analysis

revealed that the CRGs signature was associated with patients’
prognosis, and the patients in the high-risk group had an inferior
overall survival (OS, p < 0.0001, Figure 6A). We further performed the
time-dependent receiver operating characteristic (ROC) curve with
the area under the curve (AUC). The AUC values of 6 months, 1-, 3-,
and 5-year survival rates of prognostic subgroups were 0.718, 0.756,
0.714, and 0.707, respectively (Figure 6B). Meanwhile, we further
validated the prognostic performance of the CRGs model in the LIRI-
JP dataset. Similarly, we gained parallel results in the validation set,
indicating an excellent predictive prognostic accuracy of the CRGs
model for HCC patients. The AUC values of 6 months, 1-, 3-, and 5-
year survival rates of prognostic subgroups were 0.778, 0.813, 0.749,
and 0.797, respectively (Figures 6D, E). In addition, multivariate Cox
regression showcased that the CRGs signature was an independent
risk factor for HCC in both cohorts (p < 0.0001, Figures 6C, F).

3.4 Analysis of CRGs signature with clinical
characteristics

To explore the CRGs risk model with clinical characteristics, we
found that the CRGs signature was associated with multiple clinical
features, including alpha-fetoprotein, histological grade, tumor stage,
as well as TCGAmolecular subtypes, etc. (Figures 7A–N). In the LIRI-
JP dataset, we verified that the CRGs signature significantly correlated
to the tumor stage (Figure 7O).

FIGURE 2
Differential expression of cuproptosis-related genes in different clinical feature groups. (A) Expression of 10 cuproptosis-related genes in different alpha-
fetoprotein groups (<100 mg/dL, 100–400 mg/dL, >400 mg/dL); (B) DLD expression differences in different alpha-fetoprotein groups; (C–E) The difference
of GLS expression in different age, BMI and different tumor stage groups (ns: p >0.05; *: p <0.05; **: p <0.01; ***: p <0.001).
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3.5 Characterization of molecular landscape,
immunotherapeutic and druggable responses
of cuproptosis-related genes signature

We analyzed the CRGs’ genetic features based on the single
nucleotide variants (SNV) and copy number variation (CNV) of
HCC. We performed a chi-test in high and low CRGs groups with
mutation frequency > 5%, and we observed no statistical significance
between the two groups (Supplementary Figure S1A). We further
characterized the high and low CRGs groups for copy number
deletions and amplifications on chromosomes and also found no

significant differences between the two groups (Supplementary Figure
S1B). The GSVA enrichment analysis revealed that they differed
significantly in the high and low CRGs groups, and the low CRGs
group had more enriched pathways (Supplementary Figure S2).

Next, we explored the relationship between CRGs signature with
drug sensitivity. We extracted cell line expression data based on
GDSC, CCLE as well as CTRP databases, and combined them with
the AUC/IC50 data for analysis. In the GDSC database, we discovered
that the AUC was negatively correlated with CRGs signature for
multiple drugs, such as 5-Fluorouracil, GDC0449 et al. (Figure 8A),
and the AUC was significantly different between high and low CRGs

FIGURE 3
The cuproptosis-related genes divide hepatocellular carcinoma into two subtypes. (A) The sample squareness of the consistent clustering (number of
classifications = 2); (B) The cumulative distribution map of the consistent clustering; (C) The principal component analysis graph of the two hepatocellular
carcinoma subtypes; (D) The cuproptosis-related genes in the two categories Expression heatmap of hepatocellular carcinoma; (E) Boxplot of cuproptosis-
related genes expression difference between two types of hepatocellular carcinoma (ns: p >0.05; *: p <0.05; **: p <0.01; ***: p <0.001; ****: p <0.0001).
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groups (Figure 8B). We only discovered one drug AZD0530 with an
IC50 positively correlated with CRGs signature in the CCLE database,
and its IC50 was significantly different between high and low CRGs
groups (Figures 8G, H). We also revealed that multiple drugs were
associated with CRGs signatures in the CTRP database
(Figures 8C–F).

In addition, we assessed the CRGs signature with the tumor
microenvironment (TME). We evaluated the TME score, which
included the stromal score, ESTIMATE score, and immune score
between the two subtypes. We observed that there was no significant
difference between the two groups in immune and ESTIMATE scores,
while we discovered a higher stromal score in the low CRGs group
(Figures 9A–C). The correlation analysis also revealed that the stromal
score exhibited a significant negative correlation with the CRGs
signature (Figures 9D–F). Moreover, multiple immune cell
differences were differentially expressed between the two subtypes,
such as T regulatory cells, macrophages, monocytes, etc. (Figure 9G).
We then utilized TIDE for the immunotherapy response prediction,
and we explored that the responders had higher CRGs scores and the
high CRGs group also presented higher proportions of responding
patients (Figures 10A, B). Furthermore, we found that there were
significant correlations between immune checkpoints and CRGs

(Figure 10C), and multiple immune checkpoints were differentially
expressed between the two CRGs subgroups, such as CTLA4, LAG3,
PDCD1 (PD-1), and CD274 (PD-L1) (Figure 10D), suggesting a
potential role of the cuproptosis-related subtypes in immunotherapy.

4 Discussion

As one of the most severe malignancies in the world, current
treatment strategies for HCC are rather limited (Llovet et al., 2016). In
addition, the high heterogeneity of HCC and complicated risk factors
make predicting prognosis much more difficult. Recent studies have
shown that copper levels are significantly elevated in the serum and
tumor tissue of cancer patients compared to healthy patients
(Blockhuys et al., 2017)- (Ishida et al., 2013). Although
dysregulation of copper homeostasis may trigger cytotoxicity,
alterations in intracellular copper levels may affect cancer
development and progression (Babak and Ahn, 2021). Recently, a
new cell death pathway called cuproptosis has been noted, and it has
been demonstrated that copper directly binds to lipoylated
components of the tricarboxylic acid (TCA) cycle, leading to toxic
protein stress, and ultimately cell death (Tsvetkov et al., 2022). Liver

FIGURE 4
Differences in immune cell infiltration among hepatocellular carcinoma subtypes. (A) ESTIMATE algorithm calculates differences in stromal and immune
scores between subtypes; (B) ESTIMATE algorithm calculates differences in tumor purity scores between subtypes; (C)GSVA-cell report algorithm calculates
differences in immune cell infiltration between subtypes; (D) MCP-counter calculates differences in subtypes differences in immune cell infiltration (ns:
p >0.05; *: p <0.05; **: p <0.01; ***: p <0.001; ****: p <0.0001).
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cirrhosis, one of the crucial causes of HCC, showed copper
accumulation compared to a healthy liver (Poznanski et al., 2021).
Recent evidence demonstrated that increased levels of redox-active
free copper might be associated with acute hepatitis and, ultimately,
HCC (Koizumi et al., 1998). The above evidence indicates that copper
levels play a role in HCC, which suggests that cuproptosis may be
closely related to liver malignancy, so it is vital to explore the
significance of CRGs in the development and prognosis of HCC.

Cuproptosis genes are widely perturbed in HCC. First, based on
TCGA transcriptome datasets, we found that the CRGs of HCC and
normal tissues were differentially expressed, and GLS (glutaminase)
and CDKN2A were found to be significantly upregulated in HCC. GLS
has been reported to be associated with several cancers (Masisi et al.,
2020)- (Matés et al., 2019). CDKN2A is a tumor suppressor gene on
chromosome 9p21.3 that plays a role in tumor proliferation
suppression (Zhao et al., 2016). However, CDKN2A is upregulated
in HCC and strongly associated with inferior prognosis (Luo et al.,
2021). These two cuproptosis genes may play a vital role in the
development of HCC. Next, a PPI network was constructed with
10 cuproptosis genes, and after GO enrichment analysis, the associated
genes were enriched in several pathways, including compound
biosynthesis and energy metabolism, such as pyruvate acetyl CoA
biosynthesis, tricarboxylic acid cycle, mitochondrial acetyl CoA

biosynthesis and organic cyclic compound biosynthesis, etc.,
suggesting that cuproposis activity was associated with multiple
cancer-related pathways. By calculating the expression correlations
of 10 CRGs, we found that LIAS, LIPT1, DLD, DLAT, PDHA1, PDHB,
MTF1, GLS, and CDKN2A showed a positive correlation with other
genes in HCC, while FDX1 negatively correlated with multiple genes.
Similar results have been reported in other types of cancer, for
example, CDKN2A is upregulated in endometrial cancer and may
contribute to its pathogenesis (Su et al., 2015). PDHA1, PDHB, DLAT
and DLD act synergistically in the pyruvate dehydrogenase complex
deficiency (Inui et al., 2022). Zhang et al. combined with
bioinformatics tools have analyzed the expression and prognostic
significance of FDX1, a key regulator of copper-induced death in
HCC (Zhang et al., 1994). However, the expression and function of
other CRGs in HCC are poorly understood and need further
exploration.

Subtypes identification of cuproptosis genes was analyzed based
on TCGA HCC transcriptome data. The HCC patients can be
divided into two subtypes, and there were obvious expression
differences between FDX1 and LIPT1 in the two subtypes. It has
been reported that FDX1, a key regulator of cuproptosis, is
downregulated in HCC and its high expression is associated with
inferior prognosis in HCC patients (Zhang et al., 1994). Recent

FIGURE 5
Functional analysis of different subtypes and the construction of cuproptosis-related genes (CRGs) signature in hepatocellular carcinoma. (A) Gene
ontology (GO) enrichment analysis results in the twoCRGs subtypes. (B) Kyoto Encyclopedia of Genes andGenomes (KEGG) enrichment analysis results in the
two CRGs subtypes: (C) Lasso regression coefficients of each variable with L1 norm; (D) Lambda logarithm value in Lasso regression and the relationship with
the error (the dotted line is the range that Lambda can choose); (E) The coefficient values of the Lasso regression screening variables.
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evidence suggests that LIPT1 is involved in the lipoic acid metabolic
pathway (Chen et al., 2018). The lipoic acid moiety can be
transferred from one protein to another, affecting the
tricarboxylic acid cycle. LIPT1 expression is elevated in melanoma
biopsies, and is an independent favorable prognostic indicator in
melanoma patients (Liu et al., 2018). When calculating immune cell
infiltration scores between subtypes, we found that two groups
(including FDX1, LIPT1, DLAT, PDHA1, MTF1, GLS, and
CDKN2A) were significant diversity in different immune cells
(including T cells, B cells, and macrophages), suggesting that is a
possible predictive value for prognosis. LIPT1 expression was
positively correlated with PD-L1 expression and negatively
associated with Treg cell infiltration. Melanoma patients with
high LIPT1 expression had longer overall survival than those with
low LIPT1 expression after receiving immunotherapy, suggesting the
predictive value of LIPT1 for prognosis (Lv et al., 2021).

The differential genes of the two subtypes of cuproptosis in HCC
were identified along with GO and KEGG enrichment analysis,
which revealed enrichment mainly in pathways involved in cell

proliferation and cell communication. Univariate Cox regression
was performed to select genes with significant p-values (p <0.05), and
five genes including G6PD, PRR11, KIF20A, EZH2, and
CDCA8 were chosen to construct a cuproptosis-related signature
after Lasso Cox regression. Glucose-6-phosphate dehydrogenase
(G6PD) catalyzes a processive step in the oxidative pentose
phosphate pathway to generate NADPH and nucleotide
precursors, and G6PD depletion triggers TCA intermediates
depletion. In vivo, G6PD impairment significantly inhibits
KEAP1 mutant tumor growth (Ding et al., 2021). Additional
studies have shown that G6PD promotes tumor growth by
protecting cells from ROS (Hayes et al., 2020). PRR11 is a
proline-rich protein that is encoded by the PRR11 gene. The
PRR11 gene is located in the 17q23 amplified region. Copy
regions of 17q23 are significantly enriched in brain tumors, lung,
breast, and ovarian cancers (Zheng et al., 2017). The PRR11 is
located in the 17q23 amplified region. Copy regions of 17q23 are
significantly enriched in brain tumors, lung, breast, and ovarian
cancers (Chen et al., 2015). It is highly expressed in malignant

FIGURE 6
The prognostic effect of cuproptosis-related genes signatures in hepatocellular carcinoma. (A) Survival analysis of patients in TCGA cohort based on
cuproptosis score; (B) Time-dependent receiver operating characteristic (ROC) curve of cuproptosis score in TCGA dataset; (C) Multivariate Cox analysis
results in TCGA dataset; (D) Survival analysis of patients in LIRI-JP cohort based on cuproptosis score; (E) ROC curve of cuproptosis score in the LIRI-JP
dataset; (F) Multivariate Cox analysis results in LIRI-JP dataset.
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tumors, such as ovarian cancer and osteosarcoma tissues. Its
expression level is associated with tumor size, Enneking stage,
lymph node metastasis, and patient outcome (Li et al., 2021).
Compared with normal hepatocytes, KIF20A expression was
significantly upregulated in HCC HepG2 and Sk-hep1 cells, and
silencing of KIF20A inhibited the proliferation of HCC cells and
enhanced chemosensitivity and sorafenib sensitivity. Functional
studies demonstrated that the knockout of KIF20A inhibited

HCC cell proliferation (Wu et al., 2021). Upregulation of
EZH2 expression in HCC is associated with unfavorable
prognosis. The silence of EZH2 inhibits the HCC cell survival,
migration and invasion, increased E-cadherin expression, and
decreased N-cadherin and vimentin expression (Zhang et al.,
2021). Cell division cycle associated 8 (CDCA8) is an essential
component of the chromosome passenger complex (CPC). During
mitosis, it is involved in the regulation of the dynamic localization of

FIGURE 7
Cuproptosis-related genes signature correlates with clinical features. (A–L) Cuproptosis scores among different clinical features of hepatocellular
carcinoma, including alpha-fetoprotein, total bilirubin, albumin, fibrosis score, histological type, histological grade, tumor stage, sex, BMI, age and molecular
subtypes in TCGA cohort; (M–O) The differences of cuproptosis scores by gender, age, and tumor stage in the LIRI-JP cohort (ns: p >0.05; *: p <0.05; **:
p <0.01; ***: p <0.001; ****: p <0.0001).
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cells, and studies have suggested that CDCA8 can be used as a
biomarker for the early diagnosis and prognosis prediction of HCC
patients. In addition, CDCA8 may be an effective therapeutic target
for HCC (Lv et al., 2021).

In addition, our study revealed diverse cuproptosis genes to be
differentially expressed in distinct clinical features. For example, GLS
was differentially expressed in distinct age stages, BMI groupings as
well as different tumor stages, and DLD was differentially expressed in

FIGURE 8
Drug sensitivity analysis of cuproptosis-related genes (CRGs)signature groups in Genomicsof Drug Sensitivity in Cancer (GDSC), Cancer Cell Line
Encyclopedia (CCLE) and Cancer Therapeutics Response Portal (CTRP) databases. (A) Correlations between CRGs score and drug area under the curve (AUC)
in GDSC (p < 0.05 was selected); (B) CRGs signature of each cell line under different drug treatments with significant negative correlation in GDSC database (*
represents p <0.05, ** represents p <0.01, *** represents p <0.001). (C) Correlations between CRGssignature and drug AUC in CTRP database (p < 0.
05 and drug display with negative correlation were selected). (D) Correlations between CRGs signature and drug AUC in CTRP database (select p < 0.05 and
positive correlated drugs); (E) The CRGs signature of each cell line under different drug treatments with significant negative correlations in CTRP database (ns:
p >0.05; *: p <0.05); (F) The differences in theCRGs signature of each cell line under different drug treatments with significant positive correlation in CTRP (ns:
p >0.05; *: p <0.05; **: p <0.01); (G) The correlations between the CRGs signature in CCLE database and the IC50 of drugs (p < 0.05 and positive correlations
were selected); (H) The differences in the CRGs signature of each cell line under different drug treatments with significant positive correlations in CCLE
(*represents p <0.05; *represents p <0.01; **represents p <0.001).
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alpha-fetoprotein levels. There were also significant expression
differences among TCGA molecular classification, bilirubin,
albumin maximum, fibrosis, grade, gender, and other clinical
subgroups along with the 10 cuproptosis genes. It could be found
that cuproptosis genes presented expression differences among
different clinical features, suggesting the involvement of
cuproptosis-related genes in the prognosis and development of
HCC. To further explore the potential mechanism and the role of
CRGs’ prognostic value, we successfully established and validated
CRGs signature, and analyzed the its prognostic values and clinical
implications. Clustering and survival analysis by the median value of
cuproptosis-associated signature revealed that signature was
associated with HCC prognosis (p < 0.0001), and the areas under
ROC curves were 0.718, 0.756, 0.714, 0.707 at 6 months, 1, 3, and
5 years, respectively. Meanwhile, we further validated its predictive
accuracy in the LIRI-JP dataset of ICGC, and gained consistent results,
and the areas under the ROC curves at 6 months, 1, 3, and 5 years were
0.778, 0.813, 0.749, 0.797, respectively. Survival analysis also suggested
that the low CRGs signature was associated with a better prognosis
(p < 0.0001). Besides, multivariate Cox regression showcased that the

CRGs signature was an independent risk factor for HCC in both
cohorts (p < 0.0001). Meanwhile, we revealed that significance was
correlated with multiple clinical features including alpha-fetoprotein,
histological grade, tumor stage as well as TCGAmolecular subtypes in
TCGA. In the LIRI-JP dataset, we verified that significance indeed
showed a significant relationship with tumor stage. Therefore, our
CRGs signature presented an excellent performance in predicting the
prognosis of HCC patients, and provide new insights for the
classification of HCC.

The hallmark enrichment score of tumors was calculated based on
GSVA to evaluate the difference in hallmarks between the two CRGs
groups, and we observed significant enrichments of multiple hallmark
pathways in the low CRGs group compared with the high CRGs
group. In the analysis of the tumor microenvironment, the stroma
score in the high CRGs group was less significant than that in the low
CRGs group, while the immune score and the estimated score were not
statistically significant. Further analysis also revealed that the stromal
score exhibited a significant negative correlation with the CRGs
signature. The immune cell infiltration algorithm analysis also
showcased multiple immune cell differences in the high and low

FIGURE 9
Cuproptosis-related genes (CRGs) signature was correlated with immune score and immune infiltrating cells. (A–C) Differences of matrix score (A),
immune score (B) and ESTIMATE score (C) between the two groups with high and low CRGs signature; (D–F)Correlations of CRGs signature andmatrix score
(D), immune score (E) and ESTIMATE score (F); (G)Differences in immune cell score between two CRGs groups with high and low CRGs signature (calculated
by Cibersort) (ns: p >0.05; ****: p <0.0001).
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CRGs groups. It has been reported that the expression of CDKN2A,
GLS and LIPT1 is positively correlated with the abundance of
CD8+T cells and neutrophils and CDKN2A expression positively
correlated with the degree of tumor infiltration (Luo et al., 2021),
which was in line with our study. It was also reported that in tumor-
infiltrating cells, the levels of eosinophils, macrophages of M0 and
M2 phenotypes, mast cell activation, and NK cell activation were
positively correlated with the risk score in high-and low-risk groups
(Li et al., 2022a). Additionally, we identified distinct immune
checkpoint expression patterns in the two CRGs subgroups, which
improved the effectiveness of immunotherapy in the era of
personalized medicine in HCC.

Moreover, we further explored the drug sensitivity for the
potential therapeutic possibilities of drugs in HCC. Our results
showed that multiple drugs exhibiting a negative correlation
between AUC and signature were found in the GDSC database,
such as: 5-Fluorouracil, GDC044g et al., and the AUC was

significantly different between high and low CRGs groups. Multiple
drugs were also found to be correlated in the CTRP database, and the
AUCs were obviously different between high and low CRGs groups.
AZD0530, a drug with an IC50 positively correlated with CRGs
signature in the CCLE, and its IC50 was significantly different
between high and low CRGs groups.

In immune infiltration analysis, we observed a higher stromal
score in the low CRGs group, the stromal score exhibited a
significant negative correlation with the CRGs signature.
Multiple immune cell differences were differentially expressed
between the two CRGs subtypes, such as T regulatory cells,
macrophages, monocytes, etc. We also discovered there was a
significant association between immune checkpoints and CRGs,
most notably PDCD1 (PD-1), TIGIT, CTLA4, ICOS, BTLA, CD28,
LAG3, and CD27. Previous studies demonstrated that the
combination of immune checkpoint inhibitors (ICIs) and
bevacizumab showed superiority over sorafenib in unresectable

FIGURE 10
The relationship of immunotherapy responses and immune checkpoints in different cuproptosis-related genes (CRGs) signature groups. (A)Differences
in CRGs signature of patients with different treatment outcomes (beneficial or non-beneficial) (B) the proportion of immunotherapy benefit and non-benefit
between the two CRGs groups; (C) Heatmap of correlation analysis between CRGs groups and different immune checkpoints (*represents p <0.05;
*represents p <0.01; **represents p <0.001; ***represents p <0.001); (D) Differences between the immune checkpoints and two CRGs groups (ns:
p >0.05; *: p <0.05; **: p <0.01; ***: p <0.001; ****: p <0.0001).
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HCC (Finn et al., 2020)- (Ren et al., 2021), which was consistent
with the mechanism of immune checkpoints. PDCD1 (PD-1) was
strongly associated with tumor mutation burden (TMB),
microsatellite instability (MSI), and immune cell infiltration,
and it can be used as a prognostic marker in several cancer
types (Miao et al., 2020). LAG3 was the most promising
immune checkpoint after PD-1 and CTLA-4, and higher LAG3
and FGL1 expression promoted tumor growth by suppressing the
immune microenvironment (Shi et al., 2021). CD27 played a
critical role in T cell activation by providing costimulatory
signals (Angelika and Anna, 2020). By grouping immunotherapy
responses according to different CRGs signatures, we found that
the high CRGs group had more sensitive to immunotherapy and
presented higher proportions of responding patients. Besides, we
found that multiple immune checkpoints were differentially
expressed between the two CRGs subgroups, such as CD276,
CD80, CD28, CTLA4, LAG3, PDCD1 (PD-1), and CD274 (PD-
L1), indicating a potential role of the cuproptosis-related subtypes
in immunotherapy. Zhou et al. (2022b) and Fu et al. (2022) also
observed similar results to the current study, suggesting that CRGs
were closely related to immune checkpoints. Bian et al., (Liao et al.,
2022) also reported that in renal cancer, a prognostic risk score
with CRGs expression signature exhibited good performance in
predicting OS and PFS of patients and was significantly correlated
with the level of immune infiltration and PD-L1 expression, which
was in consistent with our results. However, how cuproptosis or
cuproptosis influencing drugs affect the function of anti-tumor
immune cells remains unclear, and needs further exploration.

In the current work, we identified the signature of cuproptosis-
related genes in HCC and developed a CRGs-based prognostic
model, demonstrating a strong ability to predict the prognosis of
HCC and assess treatment efficacy. Undoubtedly, our study still has
certain shortcomings. Firstly, given the prognostic model was
constructed and validated by utilizing data from public
databases, further biological functional experiments were
required to confirm our findings. Secondly, although a
prognostic score focusing on the expression signatures of CRGs
showed a favorable performance in predicting prognosis and
clinical features in HCC, some vital clinical information was not
available for analysis in the datasets, which would have impacted
the prognosis and therapeutic effects of HCC. Finally, due to the
limited sample size, a large-scale cohort study was crucial to
evaluate the value of this model.

5 Conclusion

In summary, our integrative analysis depicted a molecular profile
of CRGs and demonstrated its clinical implications in HCC. By
establishing a CRGs-based prognosis model with the five hallmark
genes (G6PD, PRR11, KIF20A, EZH2, and CDCA8), it brought
prospective targets for determining the therapeutic efficacy of
immunotherapy and targeted therapy, and accurately predicting the
survival of HCC. The model based on CRGs helped better guide risk
stratification and treatment strategy for HCC patients.
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Uncovering the mechanism of
Kang-ai injection for treating
intrahepatic cholangiocarcinoma
based on network pharmacology,
molecular docking, and in vitro
validation

Fei Song1†, Chang-Liang Lu1†, Cheng-Gui Wang1, Chen-Wei Hu1,
Yu Zhang1, Tian-Lun Wang1, Lu Han2 and Zhong Chen1*
1Department of Hepatobiliary Surgery, Affiliated Hospital of Nantong University, Medical School of
Nantong University, Nantong, China, 2Jiangsu Vocational College of Medicine, Yancheng, China

Objective: Kang-ai injection (KAI) has been a popular adjuvant treatment for solid
tumors, but its anti-tumor mechanism in intrahepatic cholangiocarcinoma (ICC)
remains poorly understood. This study applied a network pharmacology-based
approach to unveil KAI’s anti-tumor activity, key targets, and potential
pharmacological mechanism in ICC by integrating molecular docking and
in vitro validation.

Methods: The KAI-compound-target-ICC network was constructed to depict the
connections between active KAI compounds and ICC-related targets based on
the available data sources. The crucial ingredients, potential targets, and signaling
pathways were screened using GO, KEGG enrichment analysis, and the PPI
network. Molecular docking was performed to visualize the interactions
between hub targets and components. In vitro experiments were carried out
to validate the findings.

Results: Among the 87 active components of KAI and 80 KAI-ICC-related targets,
bioinformatics analysis identified quercetin as a possible candidate. GO and KEGG
enrichment analysis indicated that the PI3K-AKT signaling pathway might be
essential in ICC pharmacotherapy. The PPI network and its sub-networks
screened 10 core target genes, including AKT1 and IL1β. Molecular docking
results showed stable binding between AKT1 and IL1β with KAI active
ingredients. The in vitro experiments confirmed that KAI might suppress the
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proliferation of ICC cell lines by inhibiting the PI3K/AKT signaling pathway,
consistent with the network pharmacology approach and molecular docking
predictions.

Conclusion: The study sheds light on KAI’s biological activity, potential targets, and
molecular mechanisms in treating ICC and provides a promising strategy for
understanding the scientific basis and therapeutic mechanisms of herbal
treatments for ICC. This research has important implications for developing
new, targeted therapies for ICC and highlights the importance of network
pharmacology-based approaches in investigating complex herbal formulations.

KEYWORDS

Kang-ai injection, intrahepatic cholangiocarcinoma, network pharmacology, molecular
docking, PI3K/Akt signaling pathway

Introduction

Intrahepatic cholangiocarcinoma (ICC) is a type of liver
cancer that is second in prevalence only to hepatocellular
carcinoma (HCC). It accounts for approximately 5%–10% of
all primary liver cancers and has seen a rising incidence rate in
recent years (Nuzzo et al., 2009; Sirica et al., 2009; Siegel et al.,
2017). While surgery remains the preferred method for
achieving a cure in patients with intrahepatic
cholangiocarcinoma, a significant number of individuals
cannot undergo this procedure at the time of diagnosis due
to the advanced or inoperable nature of their disease. Timely
diagnosis and systematic treatment are crucial for successful
outcomes (Bridgewater et al., 2014; Kim et al., 2016). Despite
undergoing surgical procedures such as local ablation or hepatic
artery chemoembolization, some patients remain susceptible to
postoperative recurrence (Wu et al., 2018). In recent years,
targeted medications and immunotherapies have gained
widespread recognition, leading to numerous clinical trials of
targeted agents and immune checkpoint inhibitors (Rizzo et al.,
2021; Viscardi et al., 2022). Nevertheless, as representatives of
second-line ICB after sorafenib therapy failure, Nivolumab and
Camrelizumab, among others, have shown unsatisfactory
objective response rates (only about 15%) in recent large
clinical trials (El-Khoueiry et al., 2017; Qin et al., 2020).
Further investigation into potential anticancer drugs and
techniques is imperative to change the current treatment
paradigm for ICC.

Traditional Chinese Medicine (TCM) has been a
cornerstone of health and wellness for millennia, embracing
a holistic approach to promoting optimal balance, preventing
ailments, and treating conditions. In particular, TCM holds
great promise in managing complex conditions such as cancer
tumors, immune disorders, and cardiovascular diseases (Xu
et al., 2019). TCM can be considered a valuable resource and
treasure trove for modern pharmaceutical development. As a
hallmark of integrative oncology therapy in China, it plays a
distinctive role in mitigating adverse effects, reducing the risk of
recurrence, and enhancing the quality of life (Luo et al., 2021).
On account of the advantages of TCM in tumor treatment, such
as its multi-targeted approach and reduced drug resistance, the
utilization of TCM in the treatment of intrahepatic
cholangiocarcinoma has also achieved a commendable

therapeutic outcome (Liu et al., 2019). However, TCM
possesses the characteristic of multi-component and multi-
targeted action, resulting in complex interactions among
these targets, leading to an unclear molecular mechanism
and a disconnect between basic research and clinical
application. As a result, finding a solution to overcome this
challenge has become an urgent concern in the development
of TCM.

In response to the declining rates of drug discovery,
mounting difficulties in research and development, and high
rates of failure in phase II and III clinical trials, Hopkins
introduced the concept of network pharmacology (Hopkins,
2007). For the first time, network pharmacology challenged the
traditional approach of developing drugs with high selectivity
for a single target and proposed a new model of drug action on
biological networks, the “drug-multi-target-disease” approach
(Kibble et al., 2015). Network pharmacology employs high-
throughput omics data analysis, computer simulations, and
network database searches to study the multi-target networks
of diseases caused by the actions of compounds. This holistic
and systematic model aligns with the comprehensive
perspective of TCM, dialectical therapy, and prescription
drugs. In recent years, numerous studies using network
pharmacology have been conducted to examine the
mechanisms of action of traditional Chinese medicine and to
discover pharmacodynamic substances and active compounds
(Guo et al., 2019; Liu et al., 2021).

Kang-ai Injection (KAI) is a traditional Chinese medicine that
combines the properties of Astragalus, Ginseng, and sophora
flavescens. It is famous for its beneficial effects, such as
enhancing immune function, reducing side effects of
chemotherapy, and improving chemotherapy sensitivity (Zhou
et al., 2022). It is used to treat various types of cancer, including
hepatocellular carcinoma, lung cancer, rectal cancer, and malignant
lymphoma (Li et al., 2019; Sun et al., 2021; Zheng et al., 2022).
Previous research on KAI had focused on its pharmacodynamic
components, the pharmacological effects of its herbs, and clinical
studies on its combination with chemotherapy drugs. However, the
drug contains many active ingredients that can exert
pharmacological effects through multiple targets and pathways.
KAI’s active components and exact molecular mechanism in
treating intrahepatic cholangiocarcinoma remain largely
enigmatic, necessitating further examination.
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This research utilized computer simulation, data analysis,
and multiple database searches to predict KAI’s primary active
components and therapeutic targets. The predictions were then
confirmed through molecular docking and in vitro cellular

research (Figure 1). Concurrently, the target network of drug
and disease interaction was established, which provided
evidence for elucidating the mechanism of KAI in treating
intrahepatic cholangiocarcinoma.

FIGURE 1
Flow diagram of the research on the mechanism of Kang-ai injection in intrahepatic cholangiocarcinoma.
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Materials and methods

Active ingredients and target collection
of KAI

Chang-bai Shan Pharmaceutical Co., Ltd., supplied KAI (Jilin,
China). Initially, we screened the active ingredients of Astragalus
membranaceus, Ginseng, and Sophora flavescent in KAI through
TCMSP, and set the oral bioavailability (OB) ≥ 30% and drug-like
(DL) ≥ 0.18 as the active compound ADME screening conditions
(Supplementary Table S1). These target proteins of the active drugs
were matched with TCMID and the Drug-Bank database. Then,
these target proteins are standardized into human species genes
through UniProt database.

Acquisition of disease targets for
intrahepatic cholangiocarcinoma

We screened targets related to intrahepatic cholangiocarcinoma
by integrating information from OMIM, the Drug-Bank database,
the DisGeNET database, and the GeneCardsSuite database platform.

Construction of protein-protein interaction
network (PPI) and screening of hub gene

The targets of the active ingredients in KAI were mapped to coincide
with the disease targets of intrahepatic cholangiocarcinoma to acquire the
core target proteins for medication therapy. The STRING database was
used to build the shared target-gene-protein interaction network; the
protein interaction results were loaded into Cytoscape 3.7.2, and two
algorithms were used to screen for critical genes. First, we used the
cytoHubba function to perform a topological analysis of the network
nodes to screen the top ten potential genes; then, we used the
cytoMCODE function and the PPI network to screen the sub-
networks and selected genes with scores above the median in the sub-
network to intersect with the critical genes in the cytoHubba screen;
finally, the Hub gene is screened according to the score (Chin et al., 2014;
Ma et al., 2021).

Enrichment analysis of GO and KEGG
pathway

The intersection targets of the KAI and ICC disease target network
were analyzed for GO and KEGG pathway enrichment through the
application of the biological information annotation database (DAVID).
The GO analysis notes are divided into three parts, namely, molecular
function (MF), cellular component (CC), and biological process (BP). The
results were finally visualized by R software (Yu et al., 2012).

Molecular docking of active components of
KAI with target protein

After searching the Uniprot database for the receptor protein
encoded by the selected gene, we downloaded the crystal structure of

the receptor protein in the RCSB PDB database and the 3D structure of
the active ingredient of KAI in the PubChem database. ChemBio 3D
software calculated the minimization energy and output 3D structure.
The receptor protein was dehydrated using PyMOL 2.4.0 software, and it
was hydrogenated and charge calculated by Autodock software. This
receptor protein docking site’s parameters were configured to incorporate
the active pocket site for small molecule ligand binding. Ultimately, the
receptor protein is docked to the active compound’s small molecule
ligand using Auto-dockVina. Lesser the docking score, themore securely
the ligand binds to the protein (Trott andOlson, 2010; Koebel et al., 2016;
Nguyen et al., 2020).

Cell proliferation

This study used HCC9810 (Shanghai Branch Cell Bank, China)
and RBE (Tohoku University Cell Resource Center, Japan). Cell
lines were incubated in RPMI 1640, with 10% FBS (Gibco) and
antibiotics (penicillin 100 U/mL, streptomycin 100 mg/mL), at 37°C
in an incubator containing 5% CO2 (Song et al., 2021).

Utilizing CCK-8 (Dojindo, Kumamoto, Japan), the inhibitory impact
of cell growthwas detected. HCC9810 andRBEwere cultured at a density
of 5,000 cells perwell in 96-well plates. Theywere incubated for 8 h before
being treated for 24 h, 48 h, or 72 h, respectively, with or without KAI at
the stated doses. The tumor cells were washed twice with PBS, treated
with a 1:10 dilution of CCK-8 reagent, and incubated for two hours at
37°C. Each day, the absorbance of the cells at 450 nmwas observed (Song
et al., 2020).

Western blot

Cell lysates were collected using RIPA buffer containing 0.1%
PMSF (BOSTER Biotechnology; Wuhan, China). SDS-PAGE
performed separation on a 10% gradient gel. The separated
proteins on the gel were transferred to a PVDF membrane of
0.45 μm (Chen et al., 2018). Refer to Table 1 for detailed
antibody information.

Statistical analysis

Statistical analysis was performed using IBM SPSS 23.0 (SPSS,
Chicago, IL) and GraphPad Prism 7 (GraphPad Software Inc., San

TABLE 1 Antibodies for Westen blot assays.

Gene Manufacturer Dilution ratio

P-AKT Cell Signaling Technology 1:800

AKT Cell Signaling Technology 1:1,000

Bax Cell Signaling Technology 1:1,000

Bcl-2 Cell Signaling Technology 1:1,000

Survivin Cell Signaling Technology 1:800

GAPDH Beyotime 1:1,000

P-AKT: Phospho-Akt (Ser473).

Frontiers in Pharmacology frontiersin.org04

Song et al. 10.3389/fphar.2023.1129709

87

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1129709


Diego, CA, United States). Continuous variables were expressed as
mean ± SEM; comparisons between groups were made using
Student t-test or Wilcoxon signed-rank test. The categorical data
comparison was performed using the χ2 or Fisher’s exact test.
Statistical significance was set at p < 0.05. All experimental
results were independently replicated three times (Hu et al., 2019).

Results

Screening active compounds and ICC-
associated genes to identify potential ICC
therapy targets

By using the TCMSP database, following the active compound
ADME screening conditions, we obtained the active compound as
a critical component in the drug: Astragalus membranaceus was
screened for 20, Ginseng for 22, and Sophora flavescens for
45 active compounds; details are shown in Table 2. 192 drug
target genes were obtained from the database (Figure 2A).
Moreover, we screened 920 ICC-associated gene collections
from the OMIM library, TTD database, DrugBank database,
DisGeNET database, and GeneCardsSuite database platform for
targets relevant to intrahepatic cholangiocarcinoma. We
eventually got the set of potential target genes of ICC for drug
therapy by mapping the crossover of drug target genes to disease-
related genes (Figure 2B).

Critical gene AKT1 identified for drug
therapy through network analysis

After discovering the compound-target disease-associated
genes, we visualized the drug-active ingredient-target interaction
network with 121 nodes and 264 edges using Cytoscape 3.7.2
(Figure 2C). Typically, multiple active compounds focus on a
single gene, while a single compound can aim at multiple genes.
We considered the degree of the node (Degree value), a crucial
indicator to describe the node, to be represented by the number of

nodes connected. As the substances with the higher degree values in
this network, we discovered that quercetin (MOL000098) assumes
the role of crucial compounds (Supplementary Table S1). The
topology of network nodes was first analyzed using the
cytoHubba function to screen the top ten potential genes (TP53,
VEGFA, MMP9, PTGS2, TNF, IL6, HIF1A, EGF, AKT1, IL1β) by
PPI protein interaction network analysis. AKT1 was ultimately
chosen as our critical gene by the score after the genes were
eventually intersected with the cytoMCODE functional screen
(Figure 3).

KEGG and GO Enrichment Analysis Identifies
Key Signaling Pathways in Drug Treatment
of ICC

Through KEGG enrichment analysis, 80 target genes
enrichment pathways were identified. Figure 4A displays the top
ten KEGG signaling pathways with the highest enrichment. We
found that PI3K-AKT pathwaymay play an essential role in the drug
treatment of diseases. Potential BP, CC, and MF of 80 target genes
were identified by GO enrichment analysis. The top 5 enriched
pathways are shown in Figure 4B. The reactive oxygen species
metabolic process in BP, the nuclear transcription factor complex
in CC, and cytokine receptor binding and activity in MF all serve
critical biological functions.

Validation of hub genes AKT1 and IL1β
affinity to active components through
molecular docking

We selected Hub genes (AKT1, IL1β) for molecular docking
validation. Following identifying the docking components based on
the target molecules, we got three active compounds against the
AKT1 protein and two active compounds against IL1β from the
compound-target interaction network for molecular docking. The
affinity is judged by binding energy, less than 5.0 kcal/mol,
indicating excellent affinity. According to the findings of
molecular docking, the binding energies of the core target
proteins AKT and IL1β with the active components of KAI are
less than 5.0 kcal/mol, respectively (Figure 5A). The outcomes
demonstrate that, as shown in Figure 5B, the active ingredients
of KAI may easily access and stably bind the active pockets of
AKT1 protein and IL1β protein.

KAI inhibits the proliferation of ICC cell lines
by affecting PI3K/AKT pathway

The bioinformatics predictions suggest the crucial role of
AKT1 as a target and the essential role of the PI3K/AKT
Pathway in drug therapy for ICC. Thus, we used CCK-8 assay to
detect the proliferation of ICC cell lines treated with different
concentrations of KAI and found that it significantly inhibited
the growth of tumor cells in a time- and dose-dependent manner
(Figure 6A). Figure 6B displays the IC50 concentration values for the
ICC cell lines.

TABLE 2 The top 10 ingredients in the KAI-ICC network.

Mol ID Degree Molecule name

MOL000098 63 quercetin

MOL000006 33 luteolin

MOL000422 19 kaempferol

MOL000392 10 formononetin

MOL000378 9 7-O-methylisomucronulatol

MOL000417 8 Calycosin

MOL000358 8 isorhamnetin

MOL000456 8 beta-sitosterol

MOL000354 7 isorhamnetin

MOL000449 7 Stigmasterol

Frontiers in Pharmacology frontiersin.org05

Song et al. 10.3389/fphar.2023.1129709

88

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1129709


We used western blotting to evaluate the expression levels of
PI3K/AKT signaling pathway. The results showed that the
expression of P-AKT, p21 Waf1/Cip1, and BAX was significantly
reduced, while proteins such as Cyclin D1 were downregulated after

treatment of HCCC9810 and RBE with KAI (Figure 6C;
Supplementary Figure S1). These findings imply that KAI
suppressed ICC cell proliferation by inhibiting PI3K/AKT
pathway (Figure 7).

FIGURE 2
Screening of potential targets and construction of active ingredient-target networks. (A) The Vene diagram is composed of the target corresponding
to the three main components of Astragalus, Ginseng, and Sophora flavescens. In the Vene diagram, Huangqi corresponds to Astragalus, Renshen
corresponds to Ginseng, and Kushen corresponds to Sophora flavescens; (B) Identification of the drug-target disease-related genes by taking an
intersection of drug-target genes and ICC–related genes; (C) The drug-targets interaction pharmacology network. The circle represents the small
molecule active compound in KAI. Each color represents a traditional Chinese medicine ingredient, red represents the ingredient from Ginseng, green
represents the ingredient fromAstragalusmembranaceus, blue represents the ingredient from Sophora flavescens, yellow represents the ingredient from
Ginseng and Astragalus membranaceus, light blue represents the ingredient from astragalus membranaceus and sophora flavescens, and purple
represents the ingredient from ginseng and sophora flavescens; squares represent drug-disease related target genes, node size represents the number of
connections to surrounding nodes, and the lines between nodes represent interactions.
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FIGURE 3
Construction of protein-protein interaction network (PPI) and screening of Hub gene. (A) PPI network constructed by KAI-ICC potential target, red
represents the sub-network constructed by using the cytoMCODE function; (B) The sub-network constructed by cytoMCODE, in which green represents
the selected genes in the sub-network with scores higher than the median; (C–E) The topology of network nodes is analyzed by using the cytoHubba
algorithm to screen the top ten potential genes; (F, G) In the sub-network, select the genes with higher than median scores to intersect with the
critical genes in the cytoHubba screening to obtain the hub genes.

Frontiers in Pharmacology frontiersin.org07

Song et al. 10.3389/fphar.2023.1129709

90

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1129709


Discussion

Intrahepatic cholangiocarcinoma is the most common type of
primary liver malignancy after hepatocellular carcinoma. Due to its
heterogeneity and aggressiveness, effective treatment has been
lacking (Dong et al., 2018). TCM has a long history of success,
particularly in treating challenging diseases such as major infectious
diseases, immune inflammation, and malignant tumors. However,
there is often more than one component of TCM, and the role of
each component is often complex, which leads to the dilemma of
unclear pharmacological mechanisms in the development of TCM.
KAI, an injectable solution made using TCM theory, has

demonstrated excellent therapeutic effects in clinical studies of
several solid tumors, particularly hepatocellular
cholangiocarcinoma.

Nevertheless, as the second largest tumor in primary liver
cancer, ICC is far more malignant than HCC. There is a lack of
research on the efficacy and mechanism of KAI in intrahepatic
cholangiocarcinoma. In this research, we utilized network
pharmacology and molecular docking to predict the potential
targets and mechanisms of the effect of KAI in ICC.
Concurrently, the drug’s anti-tumor activity and pharmacological
mechanism in vitro were verified using HCCC9810 and RBE, two
intrahepatic bile duct-derived cell lines.

FIGURE 4
KEGG and GO Enrichment Analysis Identifies Key Signaling Pathways in Drug Treatment of ICC. (A) KEGG enrichment analysis, the size of each node
indicates enriched counts, the abscissa represents the enriched gene ratio, and color means enriched adjusted p-value; (B)GO enrichment analysis, blue
represents biological process enrichment analysis, yellow represents cell component enrichment analysis, and gray represents molecular function
enrichment analysis.
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The main ingredients of KAI are Astragalus membranaceus,
Ginseng, and Sophora flavescent, which are isolated from Chinese
herbs (Zhang et al., 2018). About 87 active compounds were
obtained from our ADME screening of three drugs for active
compounds. The combined analysis of the topological
isomerization of the drug-compound-target network revealed that
the compound quercetin (MOL000098) might play a central role as
the drug’s active ingredient. Quercetin, a flavonoid compound, has
demonstrated its inhibitory effects on tumor growth and invasion in
various tumors (Tsou et al., 2016; Hu et al., 2017; Paller et al., 2018).
Li S et al. showed that quercetin could enhance the synergistic effect
of chemotherapeutic drugs on breast cancer cells while decreasing
their toxic effects (Li et al., 2018). Quercetin also has anti-aging
activity, and it can rejuvenate cells by regulating various cellular
processes related to cell cycle, chromosome cohesion, and
antioxidants (Geng et al., 2019). However, quercetin’s poor water
solubility and oral availability limit its application as an anti-tumor
agent (Hu et al., 2017). In order to improve the bioavailability and
stability of quercetin, Kaili Hu et al. phosphorylated quercetin
hydroxyl groups to increase the aqueous solubility of
hydrophobic drugs (Hu et al., 2017). KAI, as an injectable
aqueous solvent, can very well avoid the poor oral utilization of
quercetin. In addition, our molecular docking experiments revealed
that quercetin, as the active compound, fitted well with the core
target protein identified by the PPI protein interaction network
(Figure 2C). Then we speculate that quercetin may be an essential
active compound in KAI and play a subsequent biological function
by combining with the core target protein.

KAI, one of the traditional injections of Chinese medicine,
exhibits excellent anti-tumor activity and synergistic effects of
chemotherapeutic drugs in various solid tumors (Cang et al.,
2022; Pu et al., 2022). However, the possible mechanism of KAI
in cancer therapy remains obscure. Pu Q et al. showed that KAI
might inhibit cell death and modulate the cytotoxicity of
chemotherapeutic agents in lung adenocarcinoma through
cellular autophagy (Zhou et al., 2022). Our network
pharmacology predictions and in vitro experiments both support
the significant role played by the PI3K-AKT pathway in the

mechanism of drug action in ICC (Figure 6). PI3K/AKT signal
pathway is one of the primary growth regulation pathways in normal
cells or cancer, in which AKT plays a vital role as the central node of
the signal pathway (Kim et al., 2017; Zhang et al., 2017). PI3K/AKT
signaling pathway regulates cell proliferation, cell cycle progression,
and apoptosis through the phosphorylation of protein kinase B (also
known as AKT) (Le et al., 2016). Western blot analysis showed that
the expression of P-AKT1 in drug-treated ICC cells was reduced.
Combining the molecular docking results of AKT1, we believe that
AKT1, as a core target protein, changes its phosphorylation activity
by binding with multiple active compounds of KAI.

In addition, our research also found that IL1β, another critical
target molecule screened out, may also exert a potential role. As a
cellular inflammatory factor secreted by various immune cells, such
as macrophages, IL1β is often released together with
proinflammatory factors after hepatocyte apoptosis, such as IL-6
and TNF-α (Guo et al., 2020). We speculate that KAI may affect the
tumor immune microenvironment by releasing immune factors,
which may provide synergy for future immune therapy. Among the
genes screened using the cytoMCODE algorithm, we believe that
TP53, VEGFA, MMP9, and HIF-1A, which rank first in the score,
also play an essential role. TP53 encodes tumor suppressor p53, the
most common mutated gene in human cancer (Boettcher et al.,
2019). TP53, as a critical protein involved in multiple signal
pathways, including Wnt and Akt, regulates cell proliferation and
apoptosis (Chaudhary et al., 2018). Matrix metalloproteinase 9
(MMP9) is involved in the tumor cells’ metastatic invasion as a
downstream EMT transcription factor (Gujral et al., 2014; Aiello
et al., 2018). Hypoxia is a significant driver of cancer invasion and
metastasis, and HIF-1A and HIF-2A, as central regulators of the
cellular response to hypoxia, play an essential role in this process
(Liu et al., 2015; Vukovic et al., 2016). Overall, the pharmacological
network of interaction between active components and targets
reflects the characteristics of multi-components, multi-targets,
and multi-pathways, which is consistent with the overall concept
of TCM.

This study also has several limitations. Firstly, our study lacks
further validation of the efficacy and safety of the drugs in vivo;

FIGURE 5
Molecular docking analysis of hub targets and corresponding active compounds. (A) Molecular docking score of hub target and corresponding
active compound; (B) 3D conformational display of molecular docking between hub targets and corresponding active compound.
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secondly, this study lacks further verification of these phenotypes of
immune infiltration, which may be of value for future anti-tumor
collaboration with immunotherapy. Further data should be collected
in our subsequent preclinical studies to verify anti-tumor activity,
toxic effects, and adverse events.

In conclusion, our study demonstrated for the first time the anti-
tumor efficacy of KAI in ICC, and its key components, target
proteins, and signaling pathways were predicted using network
pharmacology, molecular docking, and in vitro validation. It also
revealed that the anti-tumor effect of KAI is mainly via inhibition of

FIGURE 6
KAI inhibits the proliferation of ICC cell lines by affecting PI3K/AKT pathway. (A, B) HCCC9810 and RBE cells were treated with KAI at the indicated
concentrations for 24 h, 48 h, or 72 h. Cell viability was measured using CCK8, and IC50 values were calculated; (C). Western blot assay was used to
detect the phosphate expression of AKT and the expression of AKT and its downstream proteins in ICC cells in different treatment groups.
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AKT phosphorylation levels, thereby inhibiting PI3K/AKT signal,
leading to changes in tumor cell proliferation of tumor cells.
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Lipid metabolism reprogramming is an important hallmark of tumor progression.
Cancer cells require high levels of lipid synthesis and uptake not only to support
their continued replication, invasion,metastasis, and survival but also to participate
in the formation of biological membranes and signaling molecules. Sterol
regulatory element binding proteins (SREBPs) are core transcription factors that
control lipid metabolism and the expression of important genes for lipid synthesis
and uptake. A growing number of studies have shown that SREBPs are significantly
upregulated in human cancers and serve as intermediaries providing a
mechanistic link between lipid metabolism reprogramming and malignancy.
Different subcellular localizations, including endoplasmic reticulum, Golgi, and
nucleus, play an indispensable role in regulating the cleavage maturation and
activity of SREBPs. In this review, we focus on the relationship between aberrant
regulation of SREBPs activity in three organelles and tumor progression. Because
blocking the regulation of lipid synthesis by SREBPs has gradually become an
important part of tumor therapy, this review also summarizes and analyzes several
current mainstream strategies.
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1 Introduction

Lipids, also known as fats, are classified into two types: lipoids
(such as phospholipids, glycolipids, and sterols) and fats (such as
triglycerides and sterols). Sterols mainly include cholesterol, sex
hormones, and vitamin D (Cheng et al., 2018; Long et al., 2018).
Lipids are widely distributed in cellular organelles and serve as
important building blocks of all membranes. Additionally, lipids
play a critical role as energy sources, signaling molecules, and
secondary messengers (Snaebjornsson et al., 2020; Matsushita
et al., 2021). As the availability of nutrients consistently changes
with tumor progression, cancer cells in the tumor
microenvironment use lipid metabolism to support their rapid
proliferation, survival, migration, invasion, and metastasis (Bian
et al., 2021).

Lipogenesis and lipid uptake is transcriptionally controlled by
sterol regulatory element binding proteins (SREBPs) (Horton et al.,
2002). There are two SREBP proteins in humans: SREBP1 encoded
by the SREBF1 gene and SREBP2 encoded by the SREBF2 gene
(Brown and Goldstein, 1997; Osborne and Espenshade, 2009).
SREBP1 has two isoforms: SREBP1a and SREBP1c, produced
through the use of alternative transcription start sites and the
difference in the first exon (exon 1a and exon 1c) (Eberlé et al.,
2004) that mainly regulate genes controlling fatty acid synthesis
(Brown and Goldstein, 1997; Horton et al., 2002; Horton et al.,
2003a; Osborne and Espenshade, 2009). SREBP2 regulates
cholesterol biosynthesis gene expression (Brown and Goldstein,
1997; Horton et al., 2003a; Horton et al., 2003b). Inactive
SREBPs reside in the endoplasmic reticulum (ER) membrane and
interact with SREBP cleavage-activating protein (SCAP), a polytopic
transmembrane protein (Gong et al., 2015) (Figure 1). The
N-terminal domain of SCAP can combine with the insulin-
induced gene protein (INSIG), forming an INSIG/SCAP/SREBP
complex anchored to the ER (Yabe et al., 2002; Yang et al., 2002).
When sterol levels decrease, SCAP dissociates from INSIG and
mediates SREBPs into the Coat Protein complex II (COPII) vesicles,
transporting the SCAP/SREBP complex from the ER to the Golgi. In
the Golgi, SREBPs are sequentially cleaved by site 1 and 2 proteases
(S1P and S2P), releasing their transcriptionally active N-terminal
domains. After cleavage, mature SREBPs translocate to the nucleus
and bind to SREs and E-boxes within target gene promoters
(Nohturfft et al., 2000; Sun et al., 2007).

Cancer cells require high levels of lipid synthesis and uptake to
support their continued replication. Highly expressed SREBPs play
an important role in lipid reprogramming in a variety of cancers,
including gastric cancer (Sun et al., 2020), colon cancer (Gao et al.,
2019), breast cancer (Bao et al., 2016), glioblastoma (Han et al.,
2020), prostate cancer (Ettinger et al., 2004; Huang et al., 2012),
hepatocellular carcinoma (Yahagi et al., 2005; Li et al., 2014a; Heo
et al., 2020), and thyroid cancer (Li et al., 2020; Huang et al., 2022).
The activity of SREBPs is regulated by different mechanisms at
different subcellular localizations, including the ER, Golgi, and
nucleus. In this review, these three organelles serve as the main
thread throughout the entire process of SREBP maturation and
activity. In each organelle, we discuss the regulation of SREBPs by
tumor cells through various signaling pathways, which further
regulate tumor cell lipid uptake, lipid production (fatty acids
(FAs) and cholesterol), and lipolysis to serve the tumor cells.

Because blocking the activity of SREBPs has gradually become an
important measure for cancer treatment, we summarize and analyze
several current mainstream strategies at the end of the review.

2 Regulation of SREBPs in the ER

Normally, SREBPs are anchored to the ER in the form of an
INSIG/SCAP/SREBP complex. SREBPs must undergo the following
two stages to function: dissociation of the SCAP/SREBPs complex
from INSIG in the ER and subsequent translocation to the Golgi. We
reviewed many related studies on the regulation of SREBPs in the ER
and found that four main factors affected these two stages: 1)
classical regulation of sterols, 2) regulation of long-chain fatty
acids, 3) dependent and independent mTOR signaling pathways,
and 4) stability of INSIG/SCAP/SREBP complexes.

2.1 Regulation of sterols

Sterol fluctuations in the ER regulate SREBP activation
(Figure 1). Decreased sterol levels facilitate the dissociation of
SCAP from INSIGs and incorporation of SCAP/SREBP
complexes into COPII-coated vesicles (Menendez and Lupu,
2007). Cholesterol disrupts the interaction between SCAP and
COPII by binding to SCAP and retains SREBPs in the ER
(Shimano and Sato, 2017). Cholesterol loading reduced the
expression of SCAP and the translocation of SREBP1 to the
nucleolus, as well as the expression of key rate-limiting enzymes
(fatty acid synthase (FASN) and acetyl-CoA carboxylase 1 (ACC1))
in de novo fatty acid synthesis, inhibiting hepatocellular carcinoma
(HCC) progression in vivo and in vitro (Zhao et al., 2019). 25-
hydroxycholesterol (25-HC), an oxidized cholesterol, retains
SREBPs in the ER stronger than cholesterol (Adams et al., 2004;
Eberlé et al., 2004). Cancer cells are sensitive to sterols, and the
expression of cholesterol and fatty acid biosynthesis genes (SREBF1/
2, stearoyl-CoA desaturase (SCD), FASN) was inhibited by 25-HC in
cancer cells, such as glioma, breast cancer, and prostate cancer cells
(Williams et al., 2013). Similarly, 25-HC acts as an inhibitor of
SREBPs and reduces hepatitis C Virus (HCV) replication in
hepatoma cells. 25-HC and its synthesizing enzyme cholesterol
25-hydroxylase also inhibit HCV infection by inhibiting the
maturation of SREBPs (Xiang et al., 2015). Changes in
cholesterol transport and esterification can affect the activation of
SREBPs and the occurrence and development of tumors. p53 can
induce the transcription of cholesterol transporter ATP-binding
cassette transporter A1 (ABCA1). Loss of p53 or ABCA1 ablation
inhibited the retrograde transport of cholesterol from the plasma
membrane to the ER, thereby promoting the maturation of
SREBP2 and hepatocellular carcinoma in mice (Moon et al.,
2019). ER-resident sterol o-acyltransferase (SOAT) reduces ER
cholesterol levels by esterifying cholesterol to form cholesteryl
esters and sequestering it into lipid droplets (Chang et al., 2006;
Walther and Farese, 2009). Inhibition of SOAT resulted in ER
cholesterol accumulation and decreased cholesterol esterification,
thereby inhibiting SREBP1-regulated gene expression, glioblastoma
growth, and prostate cancer cell invasion (Yue et al., 2014; Geng
et al., 2016; Navarro-Imaz et al., 2019).
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2.2 Regulation of long-chain fatty acids

Long-chain fatty acids characterized by a double bond on the third
carbon atom (the hydroxycarboxylic acid chain counted from the methyl
end) are called omega-3 polyunsaturated fatty acids (Calder, 2018).
Omega-3 polyunsaturated fatty acids can inhibit SREBP1c in two ways:
inhibition of nuclear abundance of SREBP1c and proteasome-mediated
degradation of SREBP1c (Botolin et al., 2006; Scorletti and Byrne, 2013;
Gnoni and Giudetti, 2016). Eicosapentaenoic acid [EPA; 20: 5(omega-3)]
and docosahexaenoic acid [DHA; 22: 6(omega-3)] are ultra-long-chain
highly unsaturated omega-3 fatty acids (Figure 1). Interestingly, DHA and
EPA play an important role in inhibiting the proteolytic activation of
SREBPs through an inhibitory mechanism distinct from sterols in cancer.
In human breast cancer MCF-7 cells, DHA inhibits pAKT signaling,
thereby inhibiting the precursor of SREBP1and itsmature form expression
and cancer cell proliferation (Huang et al., 2017). In liver cancer cells,DHA
inhibits SREBP1c at themRNA and protein levels; however, the inhibition
of SREBP1c expression by DHA is related to free fatty acid receptor 4
(FFA4, a G protein-coupled receptor and target of DHA (Hirasawa et al.,
2005)), and its inhibitory effect is attenuated by FFA4 knockdown (Kang
et al., 2018). DHA protects against colon carcinogenesis by inhibiting
insulin-induced activation of SREBP1 and cyclooxygenase-2 expression by

upregulating SIRT1 (Song et al., 2014). DHA activation can activate
SREBP2 in SW620 colon cancer cells. However, activated
SREBP2 induces only a few target genes (low-density lipoprotein
receptor (LDLR) and the first specific enzyme in cholesterol
biosynthesis, SQS/FDFT1), and cholesterol biosynthesis remains
reduced (Størvold et al., 2009). EPA, an agent that improves lipid
metabolism (Carpentier et al., 2006), inhibits the development of
steatohepatitis and HCC in Pten-deficient mice by increasing
AMPKα1 and PPARα expression and decreasing SREBP1c expression
(Ishii et al., 2009). In a human hepatoma cell line (HepG2), oxidized EPA
inhibited the expression of SREBP1c and its downstream target genes
more effectively than EPA (Nanthirudjanar et al., 2013). In addition to the
regulatory effects of sterols and fatty acids, both ethanol and androgen can
play a role in regulating SREBPs in cancer cells (Swinnen et al., 1997; You
et al., 2002).

2.3 mTOR-dependent and mTOR-
independent signaling pathways

Multiple signaling pathways, classified into mTOR-dependent
or mTOR-independent mechanisms, can regulate the activation of

FIGURE 1
Regulation of SREBP1/2 in cancer cells. The activation process of SREBPs is as follows. Inactive SREBPs reside in the ERmembrane and interact with
SCAP. The N-terminal domain of SCAP combines with INSIG, forming an INSIG/SCAP/SREBP complex anchored to the ER. When sterol levels decrease,
SCAP dissociates from INSIGs and mediates SREBPs into COPII vesicles, transporting the SCAP/SREBP complex from the ER to the golgi. In the golgi,
SREBPs are sequentially cleaved by S1P and S2P, releasing their transcriptionally active N-terminal domains. After cleavage, mature SREBPs
translocate to the nucleus and bind to SREs and E-boxes within target gene promoters. However, SREBPs are delicately and complexly regulated in
individual organelles. In the ER, sterol levels directly affect the dissociation of SCAP from INSIGs. Long-chain polyunsaturated fatty acids (DHA and EPA)
inhibit SREBPs at the mRNA and protein levels. N-glycosylation of SCAP, RNF5-induced degradation, SPRING-induced reduction, phosphorylation, and
degradation of INSIGs all affect the transport of SREBPs to the golgi. In the golgi, PAQR3 promotes SCAP/SREBP localization and enhances the processing
of SREBPs. HSP90 binds the SREBP-SCAP complex, stabilizing it and facilitating its transport from the ER to the golgi. SPRING, a necessary cofactor for the
cleavage of SREBPs, directly affects the level of SREBP. In the nucleus, mature SREBPs undergo phosphorylation, methylation, and ubiquitination-related
degradation. Additionally, protein-protein interactions affect their stability.
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SREBPs in a lipid-independent manner in cancer (Figure 2). The
most studied is the PI3K/AKT/mTOR/SREBP1 signaling pathway,
which is often abnormally activated in tumor cells. In human
melanoma cells, ganglioside GD3, expressed as a melanoma
antigen, regulates the activity of SREBPs and cholesterol
biosynthesis through the PI3K-AKT-mTORC1 signaling pathway.
Interestingly, the presence of positive feedback to this signaling
pathway through PI3K-AKT-mTORC1-enhanced SREBPs signaling
further boosts Akt signaling in GD3-expressing human melanoma
cells (Yamauchi et al., 2011). A new study revealed a novel
mechanism of the PI3K/AKT/mTOR/SREBP1 signaling pathway
that protects cancer cells by inhibiting ferroptosis (an iron-
dependent form of cell death caused by the accumulation of
phospholipid peroxides). Persistent activation of the PI3K/AKT/
mTOR/SREBP1 signaling pathway mediates adipogenesis and
renders cancer cells resistant to ferroptosis in PI3K-mutant breast
cancer mice. SREBP1 inhibits ferroptosis in cancer cells by
upregulating its transcriptional target SCD1 and producing
monounsaturated fatty acids (Yi et al., 2020). Pyruvate kinase M2
(PKM2) is expressed at high levels in most cancers and catalyzes the
last rate-limiting step in glycolysis. Downregulation of
PKM2 reduces FASN expression and inhibits bladder cancer cell
growth by significantly reducing the phosphorylation of both AKT
and mTOR and inactivating the AKT/mTOR/SREBP1c signaling
pathway (Tao et al., 2019). High expression of CD147, a
transmembrane glycoprotein, is closely related to tumor growth,
invasion, and angiogenesis (Su et al., 2009; Voigt et al., 2009). In
HCC cells, the AKT/mTOR signaling pathway, activated by CD147,
upregulates the expression of SREBP1c and its target genes FASN
and ACC and promotes fatty acid synthesis. Concurrently,
CD147 also inhibits fatty acid oxidation by inhibiting the fatty
acid oxidation signaling pathways of p38 MAPK/PPARα/CPT1A
and ACOX1, thereby reprogramming lipid metabolism and
increasing cancer cell invasiveness (Li et al., 2015a). Protein
tyrosine phosphatase receptor type O (PTPRO) suppresses
tumors tumorigenesis and progression in several cancers.
PTPRO, which has the opposite effect but a similar mechanism
to CD147, inhibits the occurrence and metastasis of CRC by
regulating two signaling pathways: AKT/mTOR/SREBP1/
ACC1 and MAPK/PPARα/ACOX1 (Dai et al., 2022). The tumor
microenvironment (TME) is considered a key factor in tumor
progression and interaction with cancer cells (Quail and Joyce,
2013; Shi et al., 2017). Mesenchymal stem cells, an important
component of the TME, increase the expression of
cyclooxygenase 2 under hypoxic conditions, thereby increasing
the secretion of prostaglandin E2 (PGE2). Hippo signaling
pathway effector Yes-associated protein 1 (YAP), activated by
PGE2, promotes hepatocellular carcinoma progression by
upregulating the AKT/mTOR/SREBP1 signaling pathway (Liu
et al., 2019). Interestingly, in non-tumorigenic MCF10A epithelial
cells, YAP activates mTORC1/SREBP1 via serum and
glucocorticoid-regulated kinase 1, rather than the AKT-mediated
mTORC1/SREBP1 mechanism, which conflicts with the
performance of hepatocellular carcinoma (Vaidyanathan et al.,
2022). K-Ras activates the mTORC1/SREBPs (SREBP1 and
SREBP2) signaling pathway and enhances the autonomous
growth of breast cancer cells by activating Erk with minimal
activation of Akt (Ricoult et al., 2016). Tumor necrosis

factor-alpha inhibits the key regulator of energy homeostasis
AMP-activated protein kinase (AMPK) and its downstream
pathway mTOR/SREBP1, inducing lipid accumulation in human
hepatoma HepG2 cells (Lv et al., 2015).

Cancer cells can also activate SREBP and support their increased
lipid requirements for growth through an mTOR-independent
mechanism. The relationship between upregulation of
programmed death 1 ligand 1 (PD-L1) expression and epithelial-
mesenchymal transition (EMT) plays a key role in the progression of
multiple cancers (Alsuliman et al., 2015; Qiu et al., 2018). PD-L1 can
directly induce EMT by upregulating SREBP1c in renal cell
carcinoma, promoting cancer cell migration and invasion (Wang
et al., 2015). Furthermore, PD-L1 activates SREBP1 via the PI3K/
AKT signaling pathway, which can promote EMT and invasion of
sorafenib-resistant HCC cells (Xu et al., 2020a). The expression of
Hepatitis B X-interacting protein (HBXIP) in clinical breast cancer
tissues positively correlates with the expression of FASN,
contributing to abnormal lipid metabolism and the growth of
cancer cells. Oncoprotein HBXIP directly interacts with liver X
receptor-α (LXR) to co-activate and upregulate the transcription of
SREBP1c and its target gene FASN (Zhao et al., 2016). Isocitrate
dehydrogenase 1 (IDH1) is frequently mutated in human gliomas,
especially the R132H mutation of IDH1 (Yan et al., 2009).
IDH1R132H induces shunting of carbon from glycolysis to de novo
synthesis of lipids and increases expression of SREBPs (mRNA levels
of 1a, 1c and 2). IDH1R132H is partially mediated by the SREBP1a
signaling pathway and promotes glioma cell proliferation, growth,
and migration (Zhu et al., 2013). SREBP1, upregulated by
IDH1R132H, enhances p21 expression (independent of the
p53 signaling pathway) and inhibits phosphorylation of
retinoblastoma protein, thereby slowing cell cycle progression in
glioma cells (Miyata et al., 2013). Ferredoxin reductase (FDXR) and
p53 work reciprocally and play key roles in iron homeostasis in
tumors (Hwang et al., 2001; Liu and Chen, 2002; Zhang et al., 2017).
Deficiency of p53 and FDXR activates SREBP1/2 and leads to
increased cellular cholesterol and triglyceride levels by reducing
ABCA1 expression. Meanwhile, deficiency of p53 and FDXR
predisposes mice to spontaneous tumors, hepatic steatosis, and
inflammation (Zhang et al., 2022).

2.4 Stability of INSIG/SCAP/SREBP
complexes

Sterol and FA fluctuations and mTOR-dependent and
-independent signaling pathways can regulate the INSIG/SCAP/
SREBP complex in the ER. The N-terminal domain of SCAP can
combine with INSIG1/2, forming an INSIG/SCAP/SREBP complex
anchored to the ER. The relationship between INSIG/SCAP/SREBP
is like that of an anchor, an anchor chain, and a ship. When the
stability of INSIG/SCAP in cancer cells is affected, it also affects the
“ship” heading to the Golgi for the next step of cutting activation
(Figure 1). Under low sterol conditions, SCAP N-glycosylation
mediated by glucose at three asparagine (N) positions N263,
N590, and N641 via the SCAP protein is a prerequisite for
SCAP/SREBP transport from the ER to the Golgi (Cheng et al.,
2016). N-glycosylation of SCAP reduces its linkage to INSIG-1 and
directs the transport of the SCAP/SREBP complex from the ER to
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the Golgi (Guo, 2016). In glioblastoma, SREBP1, regulated by SCAP
N-glycosylation, is highly activated (Guo et al., 2009a; Guo et al.,
2009b; Guo et al., 2011; Cheng et al., 2015). EGFR signaling
enhances SCAP N-glycosylation and protein levels by promoting
glucose uptake, which triggers its dissociation from INSIG1.
Dissociation of SCAP induces adipogenesis and glioblastoma
growth through activation of SREBP1 (Cheng et al., 2015).
Ammonia released from glutamine can also activate glucose-
regulated N-glycosylated SCAP and dissociate from INSIG,
leading to the translocation and activation of SREBP1, thereby
promoting adipogenesis and tumor growth (Cheng et al., 2022).
Degradation, reduction, or increase of SCAP affects the
translocation and activation of SREBP. ER transmembrane
protein 33 (TMEM33), a downstream effector of
PKM2 upregulated upon loss of PKM2, regulates the activation
of SREBPs. Upregulated TMEM33 recruits an E3 ligase, RNF5, and
promotes the degradation of SCAP. Interestingly, depletion of
PKM2 reduced breast cancer cell growth; however, systemic
PKM2 knockdown accelerated tumor growth in allografts (Liu
et al., 2021). SREBP-regulated gene (SPRING/C12ORF49), as a
glycosylated Golgi-resident membrane protein, plays a decisive
role in the SREBPs signaling pathway. In Hap1 and Hepa1-6
hepatoma cells, ablation of SPRING results in a reduction of
SCAP and its mislocalization to the Golgi and decreases SREBPs
signaling, independent of sterol status (Loregger et al., 2020). TRC8,
encoding an E3-ubiquitin ligase and as an ER membrane-associated
protein, is a putative tumor suppressor disrupted in a family of
hereditary renal cell carcinomas (Gemmill et al., 2002). TRC8 is able

to bind SREBP2 and SCAP to form the TRC8-SREBP2-SCAP
complex, which blocks the interaction between SCAP and Sec24,
one of the COPII proteins responsible for the transport of
SREBP2 to the Golgi (Irisawa et al., 2009). The enhancement of
SCAP-SREBPs interaction plays an important role in increasing the
transport of SREBPs to the Golgi and the activation of SREBPs. High
expression of dihydrotestosterone (DHT) or Golgi Protein 73
(GP73) can elevate SCAP-SREBP1 interaction and its trafficking
to the Golgi, leading to increased nuclear SREBP1 and subsequent
adipogenesis (Yang et al., 2017; Seidu et al., 2021). A more direct and
increasingly interesting approach through pharmacological or
genetic inhibition of SCAP can significantly inhibit tumor growth
in various cancer models (Li et al., 2019; Liu et al., 2020; Lim et al.,
2021). Strikingly, a recent study contradicts popular belief that
suppressing SREBP by depletion of SCAP in the liver exacerbates
liver carcinogenesis. This is due to inhibition of the SCAP/SREBP
signaling pathway altering the fatty acid composition of
phosphatidylcholine, resulting in ER stress and hepatocyte injury
(Kawamura et al., 2022).

Phosphorylation, expression changes, and degradation of
INSIGs all alter the translocation of ER-resident SREBPs to the
Golgi. In human HCC cells, K-ras mutation and receptor tyrosine
kinase activation can phosphorylate cytosolic phosphoenolpyruvate
carboxykinase 1 (PCK1, as the gluconeogenesis rate-limiting
enzyme) at Ser90 by activating AKT. Translocation of
phosphorylated PCK1 to the ER, where it phosphorylates
INSIG1 at Ser207 and INSIG2 at Ser151, uses GTP as a
phosphate donor on the ER. This phosphorylation, in turn,

FIGURE 2
mTOR-dependent and mTOR-independent signaling pathways. In the mTOR-dependent signaling pathways, AKT/mTOR/SREBPs activate SREBPs
in cancer cells. Numerous protein molecules can directly or indirectly (through AKT) act on mTOR, thereby regulating the activation of SREBPs. In the
PI3K/AKT/mTOR/SREBP1 pathway, mTOR further enhances AKT signaling in melanoma cells through positive feedback. In the mTOR-independent
pathway, HBXIP and PD-L1 act directly on SREBP1 and promote its activation. Mutation of the R132H site of IDH1, loss of p53, and FDXR all promote
the activation of SREBP1 and SREBP2.
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reduces the binding of INSIGs to sterols, thereby disrupting the
interaction between INSIGs and SCAP and releasing the SCAP-
SREBP complex for translocation to the Golgi. Ultimately, activation
of SREBP proteins (SREBP1 or SREBP2) resulted in the in vitro
proliferation of HCC cells and carcinogenesis in mice (Xu et al.,
2020b). INSIG2 expression can be inhibited by insulin signaling and
Akt activation by reducing INSIG2mRNA levels (Yecies et al., 2011).
In esophageal squamous cell carcinoma, phospholipid biosynthesis/
remodeling enzyme lysophosphatidylcholine acyltransferase 1
(LPCAT1) expression is high and positively correlated with
SREBP1 expression in the nucleus of tumor tissue.
LPCAT1 downregulates INSIG-1 expression by activating EGFR,
thereby promoting SREBP1 translocation and cholesterol synthesis
(Tao et al., 2021). Excess intracellular cholesterol is esterified by
SOAT1 to form lipid droplets (LDs) for storage and to maintain ER
cholesterol homeostasis. Inhibition of SOAT1 results in blockage of
cholesterol esterification and LDs formation, allowing cholesterol
accumulation in the ER. Cholesterol accumulation enhances SCAP
and INSIG binding and leads to reduced adipogenesis and tumor
suppression (Geng and Guo, 2017).

3 Regulation of SREBPs in the golgi

The translocation of the SCAP-SREBP complex from the ER to
the Golgi can be triggered by the binding of COPII to SCAP
(Figure 1). Membrane-bound S1P and S2P on the Golgi
continuously cleave SREBPs and release their transcriptionally
active N-terminal domains. Pharmacological inhibition of S1P
blocks SREBP2 activation and Golgi complex ATF6 protein
cleavage in human hepatoma cells, causing ER stress and
contributing to apoptotic cell death (Lebeau et al., 2018). S1P
may serve as a novel metabolic target, as its pharmacological
inhibition impedes SREBP2 activation and cholesterol synthesis
in glioblastoma (Caruana et al., 2017). Interestingly,
pharmacological inhibition of S2P also inhibits the
intramembrane proteolysis of ATF6 and SREBP1 (but not
SREBP2). In castration-resistant prostate cancer and liposarcoma,
it may serve as a new therapeutic target (Guan et al., 2011; Guan
et al., 2012; Guan et al., 2015). SPRING, a cofactor that controls the
maturation of S1P, localizes to the Golgi and is required for the
cleavage of its substrates, including SREBPs. SPRING correlates with
SREBP-regulated lipid metabolism-related genes. Loss of SPRING
reduces mature (cleaved) SREBP levels, inhibits nuclear
translocation of SREBPs, and reduces cancer cell proliferation in
the absence of cholesterol. SPRING regulates SREBP processing
because it interacts with the N-glycosylated form of MBTPS1 to
catalyze the proteolytic cleavage of its substrate SREBPs. Notably, in
the absence of MBTPS1 activity, the Golgi–ER cycle of SCAP is
dysfunctional (Bayraktar et al., 2020; Xiao et al., 2021). Heat shock
protein 90 (HSP90) binds the SREBP-SCAP complex, stabilizing it
and promoting its transport from the ER to the Golgi. Deletion of
HSP90β significantly reduces neutral lipid and cholesterol content
by degrading mature SREBPs via the Akt-GSK3β-FBW7 signaling
pathway (Zheng et al., 2019). Progesterone and fat receptor 3
(PAQR3), a Golgi-anchored membrane protein, plays an
important role in tumor suppression by negatively regulating the
Raf kinase and AKT signaling pathways (Feng et al., 2007; Xie et al.,

2008; Zhang et al., 2010). The anchor protein of SCAP/SREBP in the
ER and Golgi is INSIGs and PAQR3, respectively. PAQR3 promotes
SCAP/SREBP localization in the Golgi and links it to the Golgi
complex, enhancing SREBP processing and increasing cellular
cholesterol levels (Xu et al., 2015a).

4 Regulation of SREBPs in the nucleus

SREBPs release their transcriptionally active N-terminal
domains after cleavage in the Golgi. Mature (cleaved) SREBPs
translocate to the nucleus as homodimers, subsequently binding
to SREs and E-boxes within the promoters of target genes. In the
nucleus, two factors are involved in the regulation of SREBPs and
cancer: 1) The transcriptional regulation of SREBPs and 2) the
function of SREBPs as transcription factors. Rapid degradation of
the ubiquitin-proteasome signaling pathway and multiple chemical
modifications (especially phosphorylation and methylation) are the
greatest obstacles to nuclear SREBP activity as transcription factors.
In addition, microRNAs (miRNAs) are key regulators of metabolism
and play an important role in the regulation of SREBPs. Therefore,
we summarize the associations of miRNAs, SREBPs, and cancer in a
separate section.

4.1 Transcriptional control of SREBPs

There are two modes of transcriptional regulation of SREBPs.
First, the SREBF1 and SREBF2 contain SREs in their promoters;
these SREs mediate feed-forward transcriptional regulation (Sato
et al., 1996; Amemiya-Kudo et al., 2002). Transcription of the genes
encoding SREBP-1c is induced by insulin, which activates its
promoter through SREs (Foretz et al., 1999; Dif et al., 2006).
Feed-forward regulation of SREBPs also activates the expression
of miR-33a and miR-33b encoded within introns of SREBF1 and
SREBF2 (Brown et al., 2010; Najafi-Shoushtari et al., 2010), thereby
suppressing the expression of ABCA1 and reducing efflux of newly
synthesized cholesterol (Tall et al., 2008). Second, LXR-α and LXR-β
mediate the transcriptional regulation of SREBPs by forming
heterodimers with retinoic X receptors (RXR) (Repa et al., 2000).
Ectopic overexpression of peroxisome-proliferator-activated
receptor-gamma (PPARγ) co-activator-1alpha in the hepatoma
line further enhances the abundance of SREBP1c mRNA in an
LXR/RXR-dependent manner (Oberkofler et al., 2004).

In recent years, new mechanisms have been discovered for the
transcriptional control of SREBPs in cancer. The SREBP1a promoter
(−436 to −398 region) contains binding motifs for transcription
factors C/EBP, which belong to a family of basic leucine zipper
proteins (Qiao et al., 2013). Recent studies have shown that C/EBP-α
and SREBP1 are significantly upregulated in human cancers,
expanding a mechanistic link between altered lipid metabolism
and malignancy (Guo et al., 2011; Li et al., 2012; Lee et al., 2017;
Pang et al., 2021). Hepatitis B virus X protein (HBx) activates
SREBP1a transcription via C/EBP-α, interacts with LXR-α in
HCC cells, and recruits cAMP-response element binding protein
(CREB) binding protein to the SREBP1c promoter (Na et al., 2009;
Qiao et al., 2013). Breast cancer cells secrete several growth factors,
including receptor activators for nuclear factor-κB ligand (RANKL),
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which effectively promote osteoclast formation and activation,
leading to excessive bone resorption (Blake et al., 2014; Bellanger
et al., 2017). RANKL-induced CREB activation stimulates
transcription and activation of SREBP2, which then translocates
into the nucleus, promoting breast cancer metastasis and
aggravating breast cancer-associated osteolysis (Jie et al., 2019).

4.2 Chemical modification and stability

Nuclear SREBPs are rapidly degraded by the ubiquitin-
proteasome signaling pathway, suggesting that transcription of
their target genes is tightly controlled by nuclear SREBP stability.
Therefore, the chemical modification (especially phosphorylation
and methylation) and stability of SREBPs in the nucleus are
particularly important (Figure 1). Fbw7 interacts with the nuclear
form of SREBP1a and phosphorylates it at T426 and S430 dependent
on GSK3, resulting in enhanced ubiquitination and degradation
(Sundqvist et al., 2005). In mitotic cells, the protein kinase Polo-like
kinase 1 phosphorylates threonine residues at the docking site of
nuclear SREBP1 with Fbw7, blocking the interaction between
SREBP1 and Fbw7 and reducing nuclear SREBP1 Fbw7-
dependent degradation (Bengoechea-Alonso and Ericsson, 2016).
Protein arginine methyltransferase 5 induces arginine methylation
(dimethylation of R321) of SREBP1a, preventing SREBP1a from
being phosphorylated by GSK3β at S430 and dissociating from
Fbw7, thereby evading degradation by the ubiquitin-proteasome
signaling pathway. Methylation-stabilized SREBP1a increases lipid
synthesis and accelerates cancer cell growth in vivo and in vitro (Liu
et al., 2016). During mitosis, Cdk1 also mediates
S439 phosphorylation of SREBP1, leading to increased stability of
mature SREBP1 and supporting lipid synthesis (Bengoechea-Alonso
and Ericsson, 2006). PKM2 interacts with nuclear SREBP1a and
promotes Thr-59 phosphorylation of SREBP1a, which further
enhances nuclear SREBP1a protein stability. Thr-59
phosphorylation of nuclear SREBP1a not only promotes the
proliferation of hepatoma cells but also negatively correlates with
overall survival in patients with hepatocellular carcinoma (Zhao
et al., 2018). Interestingly, AMPK can interact with SREBP1c and
SREBP2 and directly phosphorylate them at Ser372. In
HepG2 hepatoma cells exposed to high glucose, SREBP1c nuclear
translocation and lipid accumulation can be inhibited by
Ser372 phosphorylation of SREBP1c (Li et al., 2011). The tumor
suppressor ASPP2, as a p53 activator, can directly interact with
nuclear SREBP2 and inhibit the transcriptional activity of its target
genes, especially key enzymes of the mevalonate signaling pathway,
leading to tumor growth in hepatocellular carcinoma (Liang et al.,
2019). NONO binds to nuclear SREBP1a via residue Y267 and
increases nuclear SREBP1a protein stability, thereby stimulating
breast cancer cell proliferation and tumor growth in vitro and in vivo
(Zhu et al., 2016). Thus, phosphorylation, methylation,
ubiquitination, and protein-protein interactions all regulate the
activity of nuclear SREBPs. The activity of nuclear SREBPs can
also be regulated by controlling their localization and accumulation.
Phosphatidic acid phosphatase LPIN1 promotes nuclear localization
of mature SREBP1 by mTORC1-mediated phosphorylation and
cytoplasmic retention, which in turn regulates SREBP1 promoter
activity and nuclear SREBP1 protein abundance (Peterson et al.,

2011). In human HepG2 hepatoma cells, restriction of
phosphatidylcholine (a major component of membranes)
biosynthesis promotes nuclear SREBP1 accumulation and
increases nuclear localization of SREBP1, leading to lipid droplet
formation (Walker et al., 2011). Malic enzyme 2 promotes
SREBP1 maturation and nuclear localization by inhibiting AMPK
phosphorylation, which promotes preneuronal-mesenchymal
transition in glioblastoma (Yang et al., 2021). Interestingly,
nuclear accumulation of SREBP1 was blocked by the
mTORC1 inhibitor rapamycin (Porstmann et al., 2008).

4.3 Regulation of SREBPs by microRNAs

miRNAs are small non-coding RNAs that are key regulators of
metabolism and play an important role in regulating SREBPs in
cancer (Figure 3). miR-122, the first miRNA associated with
metabolic control, is mainly expressed in the liver (Rottiers and
Näär, 2012). miR-122 has a clear and important role in up-
regulating SREBPs through the following mechanism:
INSIG1 restricts the cholesterol biosynthetic signaling pathway by
anchoring the transcription factor SREBPs on the ER and causing
degradation of the rate-limiting enzyme HMGCR in cholesterol
biosynthesis (Iliopoulos et al., 2010; Shibata et al., 2013; Zhai et al.,
2017). miR-122 regulates SREBPs activation by degrading SREBPs’
anchor protein INSIG1, which regulates the expression of LH
receptor mRNA binding protein, thereby mediating LH receptor
mRNA levels (Menon et al., 2013; Menon et al., 2015; Menon et al.,
2018). In Huh7 liver cancer cells, miR-122 regulates the use of
polyadenylation sites in INSIG1 mRNA and inhibits the translation
of INSIG1 isoform mRNA, thereby affecting the activation of
SREBPs (Norman et al., 2017). In addition, miR-122 can be
controlled by miR-370, further regulating the expression of
SREBP1c and Cpt1α, thereby affecting the expression of other
genes involved in lipid metabolism in HepG2 liver cancer cells
(Iliopoulos et al., 2010). miR-29 inhibits the growth of glioblastoma
cells in vitro after transfection (Xu et al., 2015b) and correlates with
lipid metabolism signaling pathways in hepatoma and liver cells
(Kurtz et al., 2014; Xu et al., 2016). EGFR signaling enhances miR-29
expression by upregulating the expression of SCAP/SREBP1, which
transcriptionally activates a specific SRE motif in the miR-29
promoter. Interestingly, miR-29 inversely represses SCAP and
SREBP1 expression and drives glioblastoma growth by interacting
with the 3′-UTR of SCAP and SREBP1 (Ru et al., 2016; Ru and Guo,
2017). TUT1, a nucleotidyl transferase and regulator of microRNA
abundance, upregulates miRNA-24 and miRNA-29 to suppress the
expression levels of PPARγ and SREBP1c and lipogenesis in
osteosarcoma cells (Zhu et al., 2014).

The molecular link between miRNAs, SREBPs, and SIRT1 (an
oncogene closely related to tumorigenesis (Yeung et al., 2004;
Kuzmichev et al., 2005; Hida et al., 2007; Huffman et al., 2007))
in cancer is a topic of much focus. In glioma cells, miR-132
suppresses the expression of SIRT1, SREBP1c, and their
downstream regulatory genes, reprogramming cholesterol
production and adipogenesis. Overexpression of miR-132 can
inhibit the proliferation, invasion, migration, and tumorigenicity
of cancer cells and induce their apoptosis (Li et al., 2016). miR-449, a
potent inducer of apoptosis, cell cycle arrest, and cell differentiation,
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is under-expressed in various cancers (Chen et al., 2012; Luo et al.,
2013; Li et al., 2015b; Li et al., 2015c). miR-449 can inhibit SIRT1-
SREBP signaling by reducing the expression of SIRT1, SREBP1c, and
its downstream genes FASN and HMGCR, thereby controlling
adipogenesis and cholesterol production in hepatoma cells.
Restoration of miR-449 leads to liver tumorigenesis (Zhang et al.,
2014). miRNA-128–2 (associated with apoptosis and cholesterol
homeostasis) in HepG2, MCF7, and HEK293T cancer cell lines
increases SREBP2 expression and decreases SREBP1 expression
independent of SIRT1 status (Adlakha et al., 2013). In addition
to the SIRT1-SREBP signaling pathway, microRNAs can also
downregulate SREBPs in cancer cells through the following
signaling pathways. miR-185 and miR-342 control lipogenesis
and cholesterol synthesis in prostate cancer cells by inhibiting
SREBP1 and SREBP2 expression and downregulating their target
genes FASN and HMGCR. Upregulation of miR-185 and
-342 induces caspase-dependent apoptosis in prostate cancer cells
and regression of prostate tumors (Li et al., 2013). As one of the
earliest discovered mammalian miRNAs, miR-21 is an oncogene in
prostate cancer, and its expression level is associated with
chemotherapy-resistant castration-resistant prostate cancer
(Volinia et al., 2006; Si et al., 2007; Krichevsky and Gabriely,
2009; Wang et al., 2013). miR-21 acts as an oncogene during
PCa progression by activating the IRS1/SREBP1 signaling
pathway; knockdown of miR-21 can reduce IRS1/SREBP1 in
mouse embryonic fibroblasts, mouse prostate tissue, and human
PCa cells. Downregulated IRS1-SREBP1 signaling pathway inhibits
its downstream targets, such as FASN and ACC, and inhibits
prostate cancer progression (Kanagasabai et al., 2022). Long-term
exposure to cisplatin develops chemoresistance, desensitizes non-
small cell lung carcinoma (NSCLC) cells, and enhances

SREBP1-mediated adipogenesis, affecting cancer prognosis. miR-
497 induces cisplatin sensitivity in NSCLC cells via the SREBP-1/
miR-497/SCAP/FASN signaling pathway (Tiong et al., 2022). miR-
384 downregulates the oncogene pleiotrophin (PTN) in liver cancer
cells by directly binding to 3′-UTR, whereas PTN, an oncogene, acts
on liver cancer cells and promotes cell proliferation and
adipogenesis through the function of the N-syndecan growth
factor. N-syndecan promotes de novo lipogenesis in hepatoma
cells through the PI3K/Akt/mTORC1/SREBP1c signaling
pathway. In hepatocellular carcinoma, HBx inhibits miR-384,
upregulating PTN and promoting the proliferation, metastasis,
and adipogenesis of cancer cells (Bai et al., 2017). Finally, miR-
33a not only cooperates with the SREBP2 cholesterol transcription
factor to increase intracellular cholesterol levels (Gerin et al., 2010;
Horie et al., 2010; Marquart et al., 2010; Najafi-Shoushtari et al.,
2010; Rayner et al., 2010) but also works with miR-33b and their
SREBP host gene products to regulate intracellular fatty acid and
lipid levels (Gerin et al., 2010; Dávalos et al., 2011). Dysregulation of
miR-33a levels may promote tumorigenesis by affecting cholesterol
levels. Most studies have shown that miR-33a acts as a tumor
suppressor in various cancer cells, inhibiting the proliferation and
metastasis of cancer cells (Kuo et al., 2013; Zhang et al., 2015; Han
et al., 2016; Karatas et al., 2017; Shan et al., 2017). However, whether
miR-33a and miR-33b have extensive cooperation with SREBPs and
specific mechanisms in the control of cholesterol and lipid
homeostasis during the occurrence and development of cancer
still needs further research. We found that most of the current
studies on microRNAs and SREBPs are stuck on the effect of lipid
accumulation in cancer cells. However, it is still not entirely clear
whether the lipid accumulation induced by microRNAs through
SREBPs has a direct link to cancer cell phenotype.

FIGURE 3
Regulation of SREBPs by miRNAs in cancer cells. Most miRNAs affect lipid accumulation in cancer cells by regulating SREBP1. Notably, miR-185 and
miR-342 simultaneously inhibit the activation of SREBP1 and SREBP2.
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In addition to miRNAs, long noncoding RNAs (lncRNAs) also
play an irreplaceable role, although the role of regulating SREBPs in
cancer is less studied. Hypoxia, a frequent occurrence in solid
tumors, is considered an adverse factor for patient prognosis
(Vaupel and Mayer, 2007; Bertout et al., 2008). Hypoxia
promotes the expression of unknown lncRNAs at the
EFNA3 locus through hypoxia-inducible factor (HIF), leading to
Ephrin-A3 protein accumulation. Ephrin-A3 expression leads to
poor prognosis and increased risk of metastasis in patients with
breast cancer (Gómez-Maldonado et al., 2015). Interestingly, HIF-1a
directly upregulated EFNA3 expression and Ephrin-A3
accumulation under hypoxic conditions in HCC, similar to the
above studies. The authors extended the role of Ephrin-A3 in
metabolic reprogramming in a hypoxic microenvironment,
reporting for the first time that the Ephrin-A3/Eph receptor A2
(EphA2) axis-promoted SREBP1 maturation and SREBP1-ACLY-
mediated metabolic reprogramming are its important downstream
signals (Husain et al., 2022). LncRNA metastasis-associated lung
adenocarcinoma transcript 1 (MALAT1) is upregulated in many
cancers (Gutschner et al., 2013; Hu et al., 2015; Goyal et al., 2021)
and involved in the regulation of pre-mRNA splicing (Tripathi et al.,
2010; Engreitz et al., 2014). In HCC cells, MALAT1 regulates the
expression of genes involved in lipid metabolism, including SREBF1
and SCD, through RNA splicing or transcription (Wang et al.,
2021a).

5 Treatment in cancer

Given the important regulatory status of SREBPs in lipid
metabolism and cancer growth, SREBPs have become potential
targets, and the prevention and treatment of cancer can be
achieved through small molecules or natural products. There are
currently three main treatment strategies: 1) Targeting the
translocation of SREBPs from the ER to the Golgi and the
cleavage in the Golgi, intervening in the activation of SREBP1/
SREBP2; 2) small molecules and natural substances targeting
SREBP1 only; and 3) mevalonate signaling pathway inhibition
targeting SREBP2 only.

5.1 Intervention in the activation of SREBP1/
SREBP2

Fatostatin, a non-sterol diarylthiazole derivative, is a specific
inhibitor of SREBP activation (Table 1). The important basis for its
tumor suppressor effect is to bind to SCAP to inhibit the
translocation of SREBP1/SREBP2 from the ER to the Golgi
(Kamisuki et al., 2009; Li et al., 2014b; Shao et al., 2016). In
prostate cancer, fatostatin inhibits cell proliferation, invasion, and
migration of androgen-responsive or insensitive cancer cells.
Fatostatin can also induce G2-M cell cycle arrest and induce
apoptosis (Li et al., 2014b). Fatostatin inhibits prostate tumor
growth and distant lymph node metastasis in mice by inhibiting
the activation of SREBPs (Chen et al., 2018). Moreover, the
combined use of fatostatin and docetaxel can inhibit the
proliferation and apoptosis of prostate cancer cells (especially
p53 mutants) to a greater extent than monotherapy (Li et al.,

2015d). In endometrial cancer, fatostatin exhibits antitumor
effects by inhibiting the SREBPs-regulated metabolic signaling
pathways and inducing caspase-mediated apoptosis (Gao et al.,
2018). Fatostatin inhibits endometrial cancer cell growth,
proliferation, cell cycle, and apoptosis in vitro and has
antitumor activity in vivo (Yao et al., 2020). In breast cancer,
fatostatin inhibits cell cycle arrest and apoptosis, especially in
estrogen receptor-positive cells. Interestingly, instead of
inhibiting lipogenesis by inhibiting the activity of SREBPs,
fatostatin caused lipid accumulation through ER stress
(Brovkovych et al., 2018). In a variety of cancers, fatostatin
inhibits cancer cell proliferation by inhibiting tubulin
polymerization and mitosis in cancer cells and disrupting its
mitotic microtubule spindle assembly (Gholkar et al., 2016).
Betulin, a natural triterpenoid, specifically inhibits the
maturation of SREBPs by enhancing the interaction of SCAP
with INSIG (Tang et al., 2011). In hepatocellular carcinoma,
betulin reduces the level of pro-inflammatory lipids and
suppresses inflammation and ER stress by inhibiting the
SREBPs signaling pathway, ultimately inhibiting the
progression of liver cancer (Li et al., 2017). Betulin inhibits
glucose metabolism in hepatocellular carcinoma and enhances
the antitumor effect of sorafenib by inhibiting SREBP1 (Yin
et al., 2019). In addition to inhibiting the translocation of SCAP/
SREBP, inhibiting the Golgi cleavage of SREBPs is also a major
therapeutic strategy to prevent their activation. Two important
SREBP cleaving enzymes S1P and S2P in the Golgi can be
inhibited by PF-429242 and nelfinavir, respectively. In renal
cell carcinoma, PF-429242 potently inhibits cell proliferation,
migration, and invasion and activates apoptosis by targeting S1P
(Wang et al., 2021b). In hepatocellular carcinoma, PF-429242
inhibits viral assembly in infected cells by reducing LD
formation, thereby blocking HCV establishment of infection
in hepatoma cells (Blanchet et al., 2012; Olmstead et al., 2012).
PF-429242 can also synergize with GSK343 (EZH2 inhibitor) in
hepatocellular carcinoma, enhancing the anticancer activity of
GSK343 (Yang et al., 2019). In glioblastoma, PF-429242
downregulates steroid, isoprenoid, and unsaturated fatty acid
biosynthetic signaling pathways and upregulates pro-
inflammatory genes to reduce cancer cell viability and
promote apoptosis (Caruana et al., 2017). In liposarcoma,
nelfinavir upregulates the precursors SREBP1 and ATF6 by
inhibiting the cleavage of S2P, resulting in ER stress and
induction of apoptosis (Guan et al., 2011). In prostate cancer,
nelfinavir also reduces the proliferation of castration-resistant
prostate cancer and promotes apoptosis through the
accumulation of unprocessed SREBP1 and ATF6 (Guan et al.,
2012; Guan et al., 2015). Notably, in these three nelfinavir
reports, the authors used another S2P-specific inhibitor, 1,10-
phenanthroline, and achieved similar effects to nelfinavir in
cancer.

5.2 Small molecules and natural substances
targeting SREBP1

Several classes of small molecules or new formulations have been
reported as modulators of adipogenesis targeting SREBP1 in cancer
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(Table 2). Apatinib, an inhibitor of VEGFR2, downregulates
GPX4 expression by inhibiting SREBP1a, thereby inducing
lipid peroxidation and ferroptosis in gastric cancer (Zhao
et al., 2021). Mollugin, with anti-inflammatory and apoptotic
effects, inhibits proliferation and induces apoptosis in HER2-
overexpressing breast and ovarian cancers by regulating
SREBP1c and its target gene FASN through the HER2/Akt
signaling pathway (Do et al., 2013a). WY 14,643 and
troglitazone, agonists of PPARα and PPARγ, respectively,
inhibit SREBP1 activation through the upregulation of INSIG,
ultimately reducing triacylglycerol synthesis in hepatoma cells
(König et al., 2009). Azathioprine, an immunosuppressant,
inhibits elevated lipid metabolism via the EGFR/AKT/
SREBP1 signaling pathway and induces ER stress to induce
apoptosis in glioblastoma cells (Nam et al., 2021). GW3965, a

hepatic X receptor agonist, promotes glioblastoma cell death by
inhibiting the EGFR/AKT/SREBP1/LDLR signaling pathway
(Guo et al., 2011). Gefitinib induces downregulation of
SREBP1 in non-small cell lung cancer treatment-sensitive
cells, inhibits fatty acid synthesis, and alters the ratio of
saturated to unsaturated phospholipids (Xu et al., 2021a).
Metformin inhibits bladder cancer cell growth by controlling
lipid synthesis via the Clusterin/SREBP1c/FASN axis (Deng et al.,
2021). Proxalutamide, an AR antagonist, significantly inhibits
prostate cancer cell proliferation and migration and induces
apoptosis. Proxalutamide also inhibits the expression of ACL,
ACC, FASN, and SREBP1 to reduce lipid droplet levels and
triglyceride content in cancer cells (Gu et al., 2021). ASC-J9,
as an AR degradation enhancer, inhibits the proliferation and
invasion of prostate cancer cells through the AR/SREBP1/FASN

TABLE 1 Treatment in cancer.

Targets Drugs Cancer types Mechanisms

SREBP1/SREBP2 Fatostatin Prostate cancer Inhibits cell proliferation, invasion, and migration of cancer cells and
causes G2-M cell cycle arrest and induces apoptosis (Li et al., 2014b)

Inhibits prostate tumor growth and distant lymph node metastasis in
mice by inhibiting the activation of SREBPs (Chen et al., 2018)

Combined use with docetaxel can inhibit the proliferation and
apoptosis of prostate cancer cells (especially p53 mutants) to a greater
extent (Li et al., 2015d)

Endometrial cancer Inhibits metabolic signaling pathways regulated by SREBPs and
induces caspase-mediated apoptosis (Gao et al., 2018)

Inhibits growth, proliferation, cell cycle, and apoptosis and has
antitumor activity in vivo (Yao et al., 2020)

Breast cancer Causes cell cycle arrest and apoptosis by ER stress (Brovkovych et al.,
2018)

Multiple cancers Inhibits tubulin polymerization and mitosis and perturbs its mitotic
microtubule spindle assembly (Gholkar et al., 2016)

Betulin Hepatocellular carcinoma Reduces the levels of pro-inflammatory lipids and suppresses
inflammation and ER stress by inhibiting the translocation of SREBPs
(Li et al., 2017)

Inhibits glucose metabolism and enhances the antitumor effect of
Sorafenib by inhibiting SREBP1 (Yin et al., 2019)

PF-429242 Renal cell carcinoma Inhibits cell proliferation, migration, and invasion, and activates
apoptosis by targeting S1P (Wang et al., 2021b)

Hepatocellular carcinoma Inhibits viral assembly in infected cells by reducing LD formation,
thereby blocking HCV establishment of infection (Blanchet et al.,
2012; Olmstead et al., 2012)

Synergizes with GSK343, enhancing the anticancer activity of GSK343

(Yang et al., 2019)

Glioblastoma Downregulates steroid, isoprenoid, and unsaturated fatty acid
biosynthetic signaling pathways and upregulates pro-inflammatory
genes to reduce cancer cell viability and promote apoptosis (Caruana
et al., 2017)

Nelfinavir,1,10-phenanthroline Liposarcoma Upregulates the precursors SREBP1 and ATF6 by inhibiting the
cleavage of S2P, resulting in ER stress and induction of apoptosis
(Guan et al., 2011)

Prostate cancer Reduces the proliferation of castration-resistant prostate cancer and
promotes apoptosis through the accumulation of unprocessed
SREBP1 and ATF6 (Guan et al., 2012; Guan et al., 2015)
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and PI3K/Akt/SREBP1/FASN signaling pathways according to
whether AR is positive or not (Wen et al., 2016).

Notably, natural substances can also modulate SREBP1 for
the treatment of different cancers. The natural cyclic peptide RA-
XII, isolated from Rubia yunnanensis, inhibits the growth and
metastasis of colorectal tumors by reducing the expression of
SREBP1 and its target genes (Wang et al., 2019). Berberin,
extracted from the Rizoma coptidis, mediates lipogenesis by
inhibiting SCAP expression and SREBP1 activation, thereby
inhibiting colon cancer cell proliferation and colon cancer
xenograft growth (Liu et al., 2020). Ginsenoside Rh2, an
extract from ginseng, reverses cyclophosphamide-induced
immunodeficiency in non-small cell lung cancer by

inhibiting the expression of SREBP1 and its nuclear
translocation and affecting the interaction of SREBP1 with
FASN (Qian et al., 2019). Davallia formosana ethanol extract
inhibits proliferation, migration, and invasion in prostate
cancer cells by inhibiting the expression of SREBP1 and
FASN and reducing the expression of AR and prostate-
specific antigen (PSA) (Hsieh et al., 2020). Curcumin, the
yellow pigment from turmeric, exhibits anti-cancer and
antioxidant effects, especially in hepatocarcinoma. Curcumin
can not only reduce adipogenesis in hepatoma cells by
activating the phosphorylation of AMPK to reduce
SREBP1 and the expression of FASN but also increase the
expression of PPARα and increase its antioxidant effect (Kang

TABLE 2 Treatment in cancer.

Targets Drugs Cancer types Mechanisms

SREBP1 Apatinib Gastric cancer Downregulates GPX4 expression by inhibiting SREBP1a, thereby
inducing lipid peroxidation and ferroptosis (Zhao et al., 2021)

Mollugin Breast/ovarian cancers Inhibits proliferation and induces apoptosis through the HER2/Akt/
SREBP1c/FASN signaling pathway (Do et al., 2013a)

WY 14,643 and troglitazone Hepatocellular carcinoma inhibit SREBP1 activation through the upregulation of INSIG,
ultimately reducing triacylglycerol synthesis (König et al., 2009)

Azathioprine Glioblastoma Inhibits elevated lipid metabolism via EGFR/AKT/SREBP1 signaling
pathway and induces ER stress to induce apoptosis (Nam et al., 2021)

GW3965 Glioblastoma Promotes cell death by inhibiting the EGFR/AKT/SREBP1/LDLR
signaling pathway (Guo et al., 2011)

Gefitinib Non-small cell lung cancer Induces downregulation of SREBP1, and alters the ratio of saturated to
unsaturated phospholipids (Xu et al., 2021a)

Metformin Bladder cancer Inhibits cancer cell growth by controlling lipid synthesis via the
Clusterin/SREBP1c/FASN axis (Deng et al., 2021)

Proxalutamide Prostate cancer Inhibits proliferation, migration, and expression of ACL, ACC, FASN,
and SREBP1 to reduce lipid droplet levels and triglyceride content (Gu
et al., 2021)

ASC-J9 Prostate cancer Inhibits the proliferation and invasion of prostate cancer cells by the
AR/SREBP1/FASN or API3K/Akt/SREBP1/FASN signaling pathways
according to whether AR is positive or not (Wen et al., 2016)

RA-XII Colorectal cancer Inhibits the growth and metastasis of colorectal tumors by reducing the
expression of SREBP1 and its target genes (Wang et al., 2019)

Berberin Colon cancer Mediates lipogenesis by inhibiting SCAP expression and
SREBP1 activation, thereby inhibiting cell proliferation and colon
cancer xenograft growth (Liu et al., 2020)

Ginsenoside Rh2 Non-small cell lung cancer Reverses cyclophosphamide-induced immunodeficiency by inhibiting
the expression of SREBP1 and affecting the interaction of SREBP1 with
FASN (Qian et al., 2019)

Davallia formosana ethanol extract Prostate cancer Inhibits proliferation, migration, and invasion by inhibiting the
expression of SREBP1 and FASN and reducing the expression of AR
and PSA (Hsieh et al., 2020)

Curcumin Hepatocarcinoma Reduces adipogenesis by activating the phosphorylation of AMPK to
reduce the expression of SREBP1 and FASN and increases the
expression of PPARα (Kang et al., 2013)

Oleiferasaponin A₂ Hepatocarcinoma Inhibits lipid accumulation by significantly down-regulating fatty acid
synthesis genes and up-regulating fatty acid β-oxidation genes (Di et al.,
2018)

Piperine Breast cancer Reduces the expression of SREBP1 and FASN by inhibiting ERK1/
2 signaling, and also inhibits the proliferation by activating caspase-3
and cleaving PARP (Do et al., 2013b)
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TABLE 3 Treatment in cancer.

Targets Drugs Cancer types Mechanisms

SREBP2 AtorvastatinL Breast cancer Alter the expression of 50 genes with a shared cluster of 37 genes,
including the Hippo, Notch, and Wnt signaling pathways,
preventing the EMT process (Koohestanimobarhan et al., 2019)Ovastatin

Simvastatin

Lovastatin Breast cancer Signal through PPARγ and upregulate PTEN at the transcriptional
level (Teresi et al., 2006)

Simvastatin Breast cancer Contributes to breast cancer cell death by inducing inactivation of
PI3K/Akt and MAPK/Erk signaling (Wang et al., 2016)

Cerivastatin Breast cancer Inhibits the elevated levels of mevalonate produced by the
transcriptional activity of SREBP2 and impedes the nuclear
localization and transcription of YAP/TAZ (Piccolo et al., 2014;
Sorrentino et al., 2014)

Lovastatin Osteosarcoma Reduces the expression of CYR61 via SREBP2/miR-33a, which in
turn inhibits osteosarcoma cell invasion (Huang et al., 2018)

Fluvastatin Thymic carcinoma Inhibits HMGCR to suppresses cell proliferation, which might be
mediated by inhibiting the production of geranylgeranyl-
pyrophosphate (Hayashi et al., 2020)

Fluvastatin Non-small cell lung cancer Alters Braf/MEK/ERK1/2 and Akt signaling pathways by inhibiting
HMGCR, which can inhibit cell growth, induce apoptosis, and
inhibit tumorigenesis in non-small cell lung cancer (Zhang et al.,
2019)

Simvastatin Colorectal cancer Suppresses PD-L1 expression and promotes antitumor immunity by
inhibiting lncRNA SNHG29 expression and its mediated YAP
activation (Ni et al., 2021)

Simvastatin Prostate cancer Reduce cell proliferation and induce apoptosis mediated by
phosphorylation downregulation of AKT/FOXO1 signaling
pathway (Deng et al., 2019)Fluvastatin

Simvastatin Prostate cancer Overcome enzalutamide resistance by reducing AR by inhibiting the
mTOR signaling pathway (Kong et al., 2018)

Simvastatin Pancreatic cancer Inhibit invasion and growth and exhibit synergistic antitumor
effects in ORP5-expressing pancreatic cancer cells (Ishikawa et al.,
2010)Tricostatin A

Fluvastatin Bladder cancer Affect cholesterol biosynthesis to enhance archazolid B-induced cell
killing (Hamm et al., 2014)

Archazolid B

Atorvastatin Cervical cancer Retain the SCAP-SREBP complex in the ER by stabilizing the INSIG
protein (Esquejo et al., 2021)

Dipyridamole

Fluvastatin Prostate cancer Inhibit SREBP2 activation and promotes apoptosis in statin-
insensitive prostate cancer cells (Longo et al., 2019)

Dipyridamole

Simvastatin Ovarian cancer Significantly enhance the cytotoxicity and antitumor activity of
statins against ovarian cancer cells (Casella et al., 2014)

25-hydroxycholesterol

Pitavastatin Oral and Esophageal Cancer Suppresses AKT and ERK signaling to inhibit tumor growth alone,
and significantly reduces tumor growth in cooperation with
capmatinib (Xu et al., 2021b)Capmatinib

Simvastatin Primary leukemia and lymphoma Enhances the proapoptotic activity of venetoclax (B cell lymphoma-
2 inhibitor) in primary leukemia and lymphoma cells but not
normal peripheral blood mononuclear cells (Lee et al., 2018)Venetoclax

Lovastatin Renal cell carcinoma Increases glycolysis levels through regulated HSP90 expression
levels, leading to lactate accumulation and acceleration of renal cell
carcinoma development. The tumor-promoting effect of lovastatin
is reversed by Shikonin (Huang et al., 2021)

Shikonin
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et al., 2013). Oleiferasaponin A₂, isolated from the defatted seeds of
Camellia oleifera, inhibits lipid accumulation in hepatoma cells by
significantly down-regulating fatty acid synthesis genes (the genes
encoding SREBP1c, FASN, ACC) and up-regulating fatty acid β-
oxidation genes (the genes encoding PPARα, ACOX-1, CPT-1) (Di
et al., 2018). Piperine, extracted from black pepper, significantly reduces
the expression of SREBP1 and FASN by inhibiting ERK1/2 signaling
and also inhibits the proliferation ofHER2-overexpressing breast cancer
cells by activating caspase-3 and cleaving PARP (Do et al., 2013b).
Interestingly, physical exercise induces changes in lipid metabolism
signaling pathways (decreased expression of CD36, SREBP1, and
SCAP) and prostate cell apoptosis, suggesting that physical exercise
may be a new therapeutic strategy for the treatment of prostate cancer
(Teixeira et al., 2020).

5.3 Mevalonate signaling pathway inhibition
targeting SREBP2

Cholesterol metabolism, a risk signal and driver of tumor growth, is
controlled by SREBP2 over the expression of important cholesterol
biosynthetic genes and is associated with prognosis in multiple cancers
(Table 3). HMGCR (the rate-limiting enzyme for cholesterol synthesis)
is a key target for inhibiting the SREBP2 signaling pathway for cancer
therapy. Statins, the most classic HMGCR inhibitors, have become the
cornerstone of therapy in cancer patients with high cholesterol levels
and have also reduced cancer incidence and recurrence (Khurana et al.,
2007; Singh et al., 2009; Tran et al., 2020). Statins aremainly divided into
two types, fungal fermentation or chemical synthesis, including type 1,
lovastatin, mevastatin, and simvastatin, and type 2, fluvastatin and
atorvastatin (Xue et al., 2020). In breast cancer, atorvastatin, lovastatin,
and simvastatin alter the expression of 50 genes with a shared cluster of
37 genes, including the Hippo, Notch, and Wnt signaling pathways,
preventing the EMT process (Koohestanimobarhan et al., 2019).
Lovastatin can signal through PPARγ (a breast cancer-associated
tumor suppressor) and upregulate PTEN at the transcriptional level
(Teresi et al., 2006). Simvastatin further contributes to breast cancer cell
death by inducing the inactivation of PI3K/Akt and MAPK/Erk
signaling (Wang et al., 2016). In breast cancer cells, elevated levels
of mevalonate produced by SREBP2 transcriptional activity promote
the activation of YAP/TAZ signaling, whereas cerivastatin inhibits this
signaling pathway and hinders the nuclear localization and
transcription of YAP/TAZ (Piccolo et al., 2014; Sorrentino et al.,
2014). Lovastatin reduces the expression of CYR61 via SREBP2/
miR-33a, which in turn inhibits osteosarcoma cell invasion (Huang
et al., 2018). In thymic carcinoma, Fluvastatin inhibits HMGCR to
suppresses cell proliferation, which might be mediated by inhibiting the
production of geranylgeranyl-pyrophosphate (Hayashi et al., 2020).
Fluvastatin alters Braf/MEK/ERK1/2 and Akt signaling pathways by
inhibiting HMGCR, which can inhibit cell growth, induce apoptosis,
and inhibit tumorigenesis in non-small cell lung cancer (Zhang et al.,
2019). In colorectal cancer, simvastatin suppresses PD-L1 expression
and promotes antitumor immunity by inhibiting lncRNA
SNHG29 expression and its mediated YAP activation (Ni et al.,
2021). Simvastatin and fluvastatin reduce cell proliferation and
induce apoptosis mediated by phosphorylation downregulation of
the AKT/FOXO1 signaling pathway in prostate cancer cells (Deng
et al., 2019). In potential-resistant prostate cancer, reduction of AR by

simvastatin via inhibition of the mTOR signaling pathway overcomes
enzalutamide resistance (Kong et al., 2018). In addition to regulating
multiple signaling pathways to affect tumors, statins can also synergize
with multiple drugs. Simvastatin and tricostatin A, an HDAC inhibitor,
inhibit invasion and growth and exhibit synergistic antitumor effects in
ORP5-expressing pancreatic cancer cells. Combination therapy can
inhibit the growth of cancer cells to a greater extent (Ishikawa et al.,
2010). Archazolid B, a vacuolar H (+)-ATPase inhibitor, causes
dramatic disturbance of cholesterol homeostasis, activation of
SREBP2 and upregulation of the target gene HMGCR. The
combination of archazolid B and fluvastatin affects cholesterol
biosynthesis to enhance archazolid B-induced cell death (Hamm
et al., 2014). Dipyridamole, a phosphodiesterase inhibitor, can retain
the SCAP-SREBP complex in the ER by stabilizing the INSIG protein
when acting alone, and when combined with atorvastatin can further
enhance the inhibition of cervical cancer cell growth by atorvastatin
(Esquejo et al., 2021). Dipyridamole inhibits fluvastatin-induced
SREBP2 activation and enhances apoptosis in statin-insensitive
prostate cancer cells (Longo et al., 2019). Combination treatment of
25-hydroxycholesterol with simvastatin significantly enhances statin
cytotoxicity and antitumor activity in ovarian cancer cells (Casella et al.,
2014). InOral and Esophageal Cancer, pitavastatin suppresses AKT and
ERK signaling in cells to inhibit tumor growth alone. Importantly,
pitavastatin significantly reduces tumor growth in cooperation with
capmatinib, a MET-specific inhibitor (Xu et al., 2021b). Simvastatin
enhances the proapoptotic activity of venetoclax (B cell lymphoma-2
inhibitor) in primary leukemia and lymphoma cells but not normal
peripheral bloodmononuclear cells (Lee et al., 2018). Interestingly, Low
serum cholesterol levels are positively associated with poorer survival
outcomes in patients with renal cell carcinoma. Lovastatin fails to
inhibit tumor progression, but instead increases glycolysis levels
through regulated HSP90 expression levels, leading to lactate
accumulation and acceleration of renal cell carcinoma development.
However, Shikonin (a PKM2 inhibitor) can reverse the tumor-
promoting effect of lovastatin (Huang et al., 2021).

6 Conclusion

In conclusion, with the reprogramming of lipid metabolism as an
emerging hallmark of cancer, we need to deepen our understanding of
the dysregulation of lipid metabolism in cancer. Intracellular oncogenic
signal transduction, DNA, RNA, cytokines, growth factors, and tumor
microenvironment can all regulate lipid metabolism in tumor cells.
Aberrant lipid metabolism can also influence oncogenic signaling
pathways in cancer cells. SREBPs, as core transcription factors in
lipid metabolism, link oncogenic signal transduction with changes in
lipid metabolism and play an important role in malignant tumors.
Tumor cells voraciously upregulate SREBPs through different
subcellular localizations, including the ER, Golgi, and nucleus,
thereby further regulating the lipid uptake, lipid production (FAs
and cholesterol), and lipid decomposition of tumor cells, serving the
tumor cells themselves. In particular, numerous signalingmolecules can
regulate the transcription, expression, activation, stability, and binding
of SREBPs, which canmediate downstream signaling pathways, leading
to tumor proliferation, invasion, metastasis, apoptosis, epithelial-
mesenchymal transition, and ER stress. An in-depth study of the
specific regulatory mechanisms of SREBPs in tumors will provide
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new and exciting therapeutic opportunities to eliminate cancer with the
best efficacy and minimal side effects.

Author contributions

Conceptualisation: HZ, YiW, and YL; drafting of manuscript:
SW and XZ; revising of manuscript: SH and FL; searching the
literature: YuW and BL; designing the figures and tables: DZ.

Funding

This study was supported by grants from the National Natural
Science Foundation of China (No. 82270785).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Adams, C. M., Reitz, J., De Brabander, J. K., Feramisco, J. D., Li, L., Brown, M. S., et al.
(2004). Cholesterol and 25-hydroxycholesterol inhibit activation of SREBPs by different
mechanisms, both involving SCAP and Insigs. J. Biol. Chem. 279, 52772–52780. doi:10.
1074/jbc.M410302200

Adlakha, Y. K., Khanna, S., Singh, R., Singh, V. P., Agrawal, A., and Saini, N. (2013).
Pro-apoptotic miRNA-128-2 modulates ABCA1, ABCG1 and RXRα expression and
cholesterol homeostasis. Cell Death Dis. 4, e780. doi:10.1038/cddis.2013.301

Alsuliman, A., Colak, D., Al-Harazi, O., Fitwi, H., Tulbah, A., Al-Tweigeri, T., et al.
(2015). Bidirectional crosstalk between PD-L1 expression and epithelial to
mesenchymal transition: Significance in claudin-low breast cancer cells. Mol. Cancer
14, 149. doi:10.1186/s12943-015-0421-2

Amemiya-Kudo, M., Shimano, H., Hasty, A. H., Yahagi, N., Yoshikawa, T.,
Matsuzaka, T., et al. (2002). Transcriptional activities of nuclear SREBP-1a, -1c, and
-2 to different target promoters of lipogenic and cholesterogenic genes. J. Lipid Res. 43,
1220–1235. doi:10.1194/jlr.m100417-jlr200

Bai, P. S., Xia, N., Sun, H., and Kong, Y. (2017). Pleiotrophin, a target of miR-384,
promotes proliferation, metastasis and lipogenesis in HBV-related hepatocellular
carcinoma. J. Cell Mol. Med. 21, 3023–3043. doi:10.1111/jcmm.13213

Bao, J., Zhu, L., Zhu, Q., Su, J., Liu, M., and Huang, W. (2016). SREBP-1 is an
independent prognostic marker and promotes invasion and migration in breast cancer.
Oncol. Lett. 12, 2409–2416. doi:10.3892/ol.2016.4988

Bayraktar, E. C., La, K., Karpman, K., Unlu, G., Ozerdem, C., Ritter, D. J., et al. (2020).
Metabolic coessentiality mapping identifies C12orf49 as a regulator of SREBP processing and
cholesterol metabolism. Nat. Metab. 2, 487–498. doi:10.1038/s42255-020-0206-9

Bellanger, A., Donini, C. F., Vendrell, J. A., Lavaud, J., Machuca-Gayet, I., Ruel, M.,
et al. (2017). The critical role of the ZNF217 oncogene in promoting breast cancer
metastasis to the bone,. J. Pathol. 242, 73–89. doi:10.1002/path.4882

Bengoechea-Alonso, M. T., and Ericsson, J. (2006). Cdk1/cyclin B-mediated
phosphorylation stabilizes SREBP1 during mitosis. Cell Cycle 5, 1708–1718. doi:10.
4161/cc.5.15.3131

Bengoechea-Alonso, M. T., and Ericsson, J. (2016). The phosphorylation-dependent
regulation of nuclear SREBP1 during mitosis links lipid metabolism and cell growth,.
Cell Cycle 15, 2753–2765. doi:10.1080/15384101.2016.1220456

Bertout, J. A., Patel, S. A., and Simon, M. C. (2008). The impact of O2 availability on
human cancer,. Nat. Rev. Cancer 8, 967–975. doi:10.1038/nrc2540

Bian, X., Liu, R., Meng, Y., Xing, D., Xu, D., and Lu, Z. (2021). Lipid metabolism and
cancer. J. Exp. Med. 218. doi:10.1084/jem.20201606

Blake, M. L., Tometsko, M., Miller, R., Jones, J. C., and Dougall, W. C. (2014). RANK
expression on breast cancer cells promotes skeletal metastasis. Clin. Exp. Metastasis 31,
233–245. doi:10.1007/s10585-013-9624-3

Blanchet, M., Seidah, N. G., and Labonté, P. (2012). SKI-1/S1P inhibition: A
promising surrogate to statins to block hepatitis C virus replication. Antivir. Res. 95,
159–166. doi:10.1016/j.antiviral.2012.05.006

Botolin, D., Wang, Y., Christian, B., and Jump, D. B. (2006). Docosahexaneoic acid
(22:6,n-3) regulates rat hepatocyte SREBP-1 nuclear abundance by Erk- and 26S
proteasome-dependent pathways. J. Lipid Res. 47, 181–192. doi:10.1194/jlr.
M500365-JLR200

Brovkovych, V., Izhar, Y., Danes, J. M., Dubrovskyi, O., Sakallioglu, I. T., Morrow, L.
M., et al. (2018). Fatostatin induces pro- and anti-apoptotic lipid accumulation in breast
cancer. Oncogenesis 7, 66. doi:10.1038/s41389-018-0076-0

Brown, M. S., and Goldstein, J. L. (1997). The SREBP pathway: Regulation of
cholesterol metabolism by proteolysis of a membrane-bound transcription factor,.
Cell 89, 331–340. doi:10.1016/s0092-8674(00)80213-5

Brown, M. S., Ye, J., and Goldstein, J. L. (2010). Medicine. HDL miR-ed down by
SREBP introns. Science 328, 1495–1496. doi:10.1126/science.1192409

Calder, P. C. (2018). Very long-chain n-3 fatty acids and human health: Fact, fiction
and the future. Proc. Nutr. Soc. 77, 52–72. doi:10.1017/S0029665117003950

Carpentier, Y. A., Portois, L., and Malaisse, W. J. (2006). n-3 fatty acids and the
metabolic syndrome. Am. J. Clin. Nutr. 83, 1499S–1504s. doi:10.1093/ajcn/83.6.1499S

Caruana, B. T., Skoric, A., Brown, A. J., and Lutze-Mann, L. H. (2017). Site-1 protease,
a novel metabolic target for glioblastoma. Biochem. Biophys. Res. Commun. 490,
760–766. doi:10.1016/j.bbrc.2017.06.114

Casella, C., Miller, D. H., Lynch, K., and Brodsky, A. S. (2014). Oxysterols synergize
with statins by inhibiting SREBP-2 in ovarian cancer cells. Gynecol. Oncol. 135,
333–341. doi:10.1016/j.ygyno.2014.08.015

Chang, T. Y., Chang, C. C., Ohgami, N., and Yamauchi, Y. (2006). Cholesterol
sensing, trafficking, and esterification. Annu. Rev. Cell Dev. Biol. 22, 129–157. doi:10.
1146/annurev.cellbio.22.010305.104656

Chen, H., Lin, Y. W., Mao, Y. Q., Wu, J., Liu, Y. F., Zheng, X. Y., et al. (2012).
MicroRNA-449a acts as a tumor suppressor in human bladder cancer through the
regulation of pocket proteins. Cancer Lett. 320, 40–47. doi:10.1016/j.canlet.2012.01.027

Chen, M., Zhang, J., Sampieri, K., Clohessy, J. G., Mendez, L., Gonzalez-Billalabeitia,
E., et al. (2018). An aberrant SREBP-dependent lipogenic program promotes metastatic
prostate cancer. Nat. Genet. 50, 206–218. doi:10.1038/s41588-017-0027-2

Cheng, C., Geng, F., Cheng, X., and Guo, D. (2018). Lipid metabolism reprogramming
and its potential targets in cancer. Cancer Commun. (Lond) 38, 27. doi:10.1186/s40880-
018-0301-4

Cheng, C., Geng, F., Li, Z., Zhong, Y., Wang, H., Cheng, X., et al. (2022). Ammonia
stimulates SCAP/Insig dissociation and SREBP-1 activation to promote lipogenesis and
tumour growth. Nat. Metab. 4, 575–588. doi:10.1038/s42255-022-00568-y

Cheng, C., Guo, J. Y., Geng, F., Wu, X., Cheng, X., Li, Q., et al. (2016). Analysis of
SCAP N-glycosylation and trafficking in human cells. J. Vis. Exp., 54709. doi:10.3791/
54709

Cheng, C., Ru, P., Geng, F., Liu, J., Yoo, J. Y., Wu, X., et al. (2015). Glucose-mediated
N-glycosylation of SCAP is essential for SREBP-1 activation and tumor growth. Cancer
Cell 28, 569–581. doi:10.1016/j.ccell.2015.09.021

Dai, W., Xiang, W., Han, L., Yuan, Z., Wang, R., Ma, Y., et al. (2022). PTPRO
represses colorectal cancer tumorigenesis and progression by reprogramming
fatty acid metabolism. Cancer Commun. (Lond) 42, 848–867. doi:10.1002/cac2.
12341

Dávalos, A., Goedeke, L., Smibert, P., Ramírez, C. M., Warrier, N. P., Andreo, U., et al.
(2011). miR-33a/b contribute to the regulation of fatty acid metabolism and insulin
signaling. Proc. Natl. Acad. Sci. U. S. A. 108, 9232–9237. doi:10.1073/pnas.1102281108

Deng, J. L., Zhang, R., Zeng, Y., Zhu, Y. S., and Wang, G. (2019). Statins induce cell
apoptosis through a modulation of AKT/FOXO1 pathway in prostate cancer cells.
Cancer Manag. Res. 11, 7231–7242. doi:10.2147/CMAR.S212643

Deng, J., Peng, M., Zhou, S., Xiao, D., Hu, X., Xu, S., et al. (2021). Metformin targets
Clusterin to control lipogenesis and inhibit the growth of bladder cancer cells through SREBP-
1c/FASN axis. Signal Transduct. Target Ther. 6, 98. doi:10.1038/s41392-021-00493-8

Frontiers in Pharmacology frontiersin.org14

Li et al. 10.3389/fphar.2023.1130747

109

https://doi.org/10.1074/jbc.M410302200
https://doi.org/10.1074/jbc.M410302200
https://doi.org/10.1038/cddis.2013.301
https://doi.org/10.1186/s12943-015-0421-2
https://doi.org/10.1194/jlr.m100417-jlr200
https://doi.org/10.1111/jcmm.13213
https://doi.org/10.3892/ol.2016.4988
https://doi.org/10.1038/s42255-020-0206-9
https://doi.org/10.1002/path.4882
https://doi.org/10.4161/cc.5.15.3131
https://doi.org/10.4161/cc.5.15.3131
https://doi.org/10.1080/15384101.2016.1220456
https://doi.org/10.1038/nrc2540
https://doi.org/10.1084/jem.20201606
https://doi.org/10.1007/s10585-013-9624-3
https://doi.org/10.1016/j.antiviral.2012.05.006
https://doi.org/10.1194/jlr.M500365-JLR200
https://doi.org/10.1194/jlr.M500365-JLR200
https://doi.org/10.1038/s41389-018-0076-0
https://doi.org/10.1016/s0092-8674(00)80213-5
https://doi.org/10.1126/science.1192409
https://doi.org/10.1017/S0029665117003950
https://doi.org/10.1093/ajcn/83.6.1499S
https://doi.org/10.1016/j.bbrc.2017.06.114
https://doi.org/10.1016/j.ygyno.2014.08.015
https://doi.org/10.1146/annurev.cellbio.22.010305.104656
https://doi.org/10.1146/annurev.cellbio.22.010305.104656
https://doi.org/10.1016/j.canlet.2012.01.027
https://doi.org/10.1038/s41588-017-0027-2
https://doi.org/10.1186/s40880-018-0301-4
https://doi.org/10.1186/s40880-018-0301-4
https://doi.org/10.1038/s42255-022-00568-y
https://doi.org/10.3791/54709
https://doi.org/10.3791/54709
https://doi.org/10.1016/j.ccell.2015.09.021
https://doi.org/10.1002/cac2.12341
https://doi.org/10.1002/cac2.12341
https://doi.org/10.1073/pnas.1102281108
https://doi.org/10.2147/CMAR.S212643
https://doi.org/10.1038/s41392-021-00493-8
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1130747


Di, T. M., Yang, S. L., Du, F. Y., Zhao, L., Li, X. H., Xia, T., et al. (2018).
Oleiferasaponin A₂, a novel saponin from Camellia oleifera abel. Seeds, inhibits lipid
accumulation of HepG2 cells through regulating fatty acid metabolism. Molecules 23,
3296. doi:10.3390/molecules23123296

Dif, N., Euthine, V., Gonnet, E., Laville, M., Vidal, H., and Lefai, E. (2006). Insulin
activates human sterol-regulatory-element-binding protein-1c (SREBP-1c) promoter
through SRE motifs. Biochem. J. 400, 179–188. doi:10.1042/BJ20060499

Do, M. T., Hwang, Y. P., Kim, H. G., Na, M., and Jeong, H. G. (2013). Mollugin
inhibits proliferation and induces apoptosis by suppressing fatty acid synthase in HER2-
overexpressing cancer cells. J. Cell Physiol. 228, 1087–1097. doi:10.1002/jcp.24258

Do, M. T., Kim, H. G., Choi, J. H., Khanal, T., Park, B. H., Tran, T. P., et al. (2013).
Antitumor efficacy of piperine in the treatment of human HER2-overexpressing breast
cancer cells. Food Chem. 141, 2591–2599. doi:10.1016/j.foodchem.2013.04.125

Eberlé, D., Hegarty, B., Bossard, P., Ferré, P., and Foufelle, F. (2004). SREBP
transcription factors: Master regulators of lipid homeostasis. Biochimie 86, 839–848.
doi:10.1016/j.biochi.2004.09.018

Engreitz, J. M., Sirokman, K., McDonel, P., Shishkin, A. A., Surka, C., Russell, P., et al.
(2014). RNA-RNA interactions enable specific targeting of noncoding RNAs to nascent
Pre-mRNAs and chromatin sites. Cell 159, 188–199. doi:10.1016/j.cell.2014.08.018

Esquejo, R. M., Roqueta-Rivera, M., Shao, W., Phelan, P. E., Seneviratne, U., Am
Ende, C. W., et al. (2021). Dipyridamole inhibits lipogenic gene expression by retaining
SCAP-SREBP in the endoplasmic reticulum. Cell Chem. Biol. 28, 169–179.e7. doi:10.
1016/j.chembiol.2020.10.003

Ettinger, S. L., Sobel, R., Whitmore, T. G., Akbari, M., Bradley, D. R., Gleave, M. E.,
et al. (2004). Dysregulation of sterol response element-binding proteins and
downstream effectors in prostate cancer during progression to androgen
independence. Cancer Res. 64, 2212–2221. doi:10.1158/0008-5472.can-2148-2

Feng, L., Xie, X., Ding, Q., Luo, X., He, J., Fan, F., et al. (2007). Spatial regulation of Raf
kinase signaling by RKTG. Proc. Natl. Acad. Sci. U. S. A. 104, 14348–14353. doi:10.1073/
pnas.0701298104

Foretz, M., Guichard, C., Ferré, P., and Foufelle, F. (1999). Sterol regulatory element
binding protein-1c is a major mediator of insulin action on the hepatic expression of
glucokinase and lipogenesis-related genes. Proc. Natl. Acad. Sci. U. S. A. 96,
12737–12742. doi:10.1073/pnas.96.22.12737

Gao, S., Shi, Z., Li, X., Li, W., Wang, Y., Liu, Z., et al. (2018). Fatostatin suppresses
growth and enhances apoptosis by blocking SREBP-regulated metabolic pathways in
endometrial carcinoma. Oncol. Rep. 39, 1919–1929. doi:10.3892/or.2018.6265

Gao, Y., Nan, X., Shi, X., Mu, X., Liu, B., Zhu, H., et al. (2019). SREBP1 promotes the
invasion of colorectal cancer accompanied upregulation of MMP7 expression and NF-
κB pathway activation. BMC Cancer 19, 685. doi:10.1186/s12885-019-5904-x

Gemmill, R. M., Bemis, L. T., Lee, J. P., Sozen, M. A., Baron, A., Zeng, C., et al. (2002).
The TRC8 hereditary kidney cancer gene suppresses growth and functions with VHL in
a common pathway,. Oncogene 21, 3507–3516. doi:10.1038/sj.onc.1205437

Geng, F., Cheng, X., Wu, X., Yoo, J. Y., Cheng, C., Guo, J. Y., et al. (2016). Inhibition of
SOAT1 suppresses glioblastoma growth via blocking SREBP-1-mediated lipogenesis.
Clin. Cancer Res. 22, 5337–5348. doi:10.1158/1078-0432.CCR-15-2973

Geng, F., and Guo, D. (2017). Lipid droplets, potential biomarker andmetabolic target
in glioblastoma. Intern. Med. Rev. 3. doi:10.18103/imr.v3i5.443

Gerin, I., Clerbaux, L. A., Haumont, O., Lanthier, N., Das, A. K., Burant, C. F., et al.
(2010). Expression of miR-33 from an SREBP2 intron inhibits cholesterol export and
fatty acid oxidation. J. Biol. Chem. 285, 33652–33661. doi:10.1074/jbc.M110.152090

Gholkar, A. A., Cheung, K., Williams, K. J., Lo, Y. C., Hamideh, S. A., Nnebe, C., et al.
(2016). Fatostatin inhibits cancer cell proliferation by affecting mitotic microtubule
spindle assembly and cell division. J. Biol. Chem. 291, 17001–17008. doi:10.1074/jbc.
C116.737346

Gnoni, A., and Giudetti, A. M. (2016). Dietary long-chain unsaturated fatty acids
acutely and differently reduce the activities of lipogenic enzymes and of citrate carrier in
rat liver. J. Physiol. Biochem. 72, 485–494. doi:10.1007/s13105-016-0495-3

Gómez-Maldonado, L., Tiana, M., Roche, O., Prado-Cabrero, A., Jensen, L.,
Fernandez-Barral, A., et al. (2015). EFNA3 long noncoding RNAs induced by
hypoxia promote metastatic dissemination. Oncogene 34, 2609–2620. doi:10.1038/
onc.2014.200

Gong, X., Li, J., Shao, W., Wu, J., Qian, H., Ren, R., et al. (2015). Structure of the
WD40 domain of SCAP from fission yeast reveals the molecular basis for SREBP
recognition. Cell Res. 25, 401–411. doi:10.1038/cr.2015.32

Goyal, B., Yadav, S. R. M., Awasthee, N., Gupta, S., Kunnumakkara, A. B., and Gupta,
S. C. (2021). Diagnostic, prognostic, and therapeutic significance of long non-coding
RNA MALAT1 in cancer. Biochim. Biophys. Acta Rev. Cancer 1875, 188502. doi:10.
1016/j.bbcan.2021.188502

Gu, Y., Xue, M., Wang, Q., Hong, X., Wang, X., Zhou, F., et al. (2021). Novel strategy
of proxalutamide for the treatment of prostate cancer through coordinated blockade of
lipogenesis and androgen receptor Axis. Int. J. Mol. Sci. 22, 13222. doi:10.3390/
ijms222413222

Guan, M., Fousek, K., and Chow, W. A. (2012). Nelfinavir inhibits regulated
intramembrane proteolysis of sterol regulatory element binding protein-1 and

activating transcription factor 6 in castration-resistant prostate cancer. Febs J. 279,
2399–2411. doi:10.1111/j.1742-4658.2012.08619.x

Guan, M., Fousek, K., Jiang, C., Guo, S., Synold, T., Xi, B., et al. (2011). Nelfinavir
induces liposarcoma apoptosis through inhibition of regulated intramembrane
proteolysis of SREBP-1 and ATF6. Clin. Cancer Res. 17, 1796–1806. doi:10.1158/
1078-0432.CCR-10-3216

Guan, M., Su, L., Yuan, Y. C., Li, H., and Chow, W. A. (2015). Nelfinavir and
nelfinavir analogs block site-2 protease cleavage to inhibit castration-resistant prostate
cancer. Sci. Rep. 5, 9698. doi:10.1038/srep09698

Guo, D., Hildebrandt, I. J., Prins, R. M., Soto, H., Mazzotta, M. M., Dang, J., et al.
(2009). The AMPK agonist AICAR inhibits the growth of EGFRvIII-expressing
glioblastomas by inhibiting lipogenesis,. Proc. Natl. Acad. Sci. U. S. A. 106,
12932–12937. doi:10.1073/pnas.0906606106

Guo, D., Prins, R. M., Dang, J., Kuga, D., Iwanami, A., Soto, H., et al. (2009). EGFR
signaling through an Akt-SREBP-1-dependent, rapamycin-resistant pathway sensitizes
glioblastomas to antilipogenic therapy. Sci. Signal 2, ra82. doi:10.1126/scisignal.2000446

Guo, D., Reinitz, F., Youssef, M., Hong, C., Nathanson, D., Akhavan, D., et al. (2011).
An LXR agonist promotes glioblastoma cell death through inhibition of an EGFR/AKT/
SREBP-1/LDLR-dependent pathway. Cancer Discov. 1, 442–456. doi:10.1158/2159-
8290.CD-11-0102

Guo, D. (2016). SCAP links glucose to lipid metabolism in cancer cells. Mol. Cell
Oncol. 3, e1132120. doi:10.1080/23723556.2015.1132120

Gutschner, T., Hämmerle, M., Eissmann, M., Hsu, J., Kim, Y., Hung, G., et al. (2013).
The noncoding RNAMALAT1 is a critical regulator of the metastasis phenotype of lung
cancer cells,. Cancer Res. 73, 1180–1189. doi:10.1158/0008-5472.CAN-12-2850

Hamm, R., Chen, Y. R., Seo, E. J., Zeino, M., Wu, C. F., Müller, R., et al. (2014).
Induction of cholesterol biosynthesis by archazolid B in T24 bladder cancer cells.
Biochem. Pharmacol. 91, 18–30. doi:10.1016/j.bcp.2014.06.018

Han, M., Wang, S., Yang, N., Wang, X., Zhao, W., Saed, H. S., et al. (2020).
Therapeutic implications of altered cholesterol homeostasis mediated by loss of
CYP46A1 in human glioblastoma. EMBO Mol. Med. 12, e10924. doi:10.15252/
emmm.201910924

Han, S. Y., Han, H. B., Tian, X. Y., Sun, H., Xue, D., Zhao, C., et al. (2016). MicroRNA-
33a-3p suppresses cell migration and invasion by directly targeting PBX3 in human
hepatocellular carcinoma. Oncotarget 7, 42461–42473. doi:10.18632/oncotarget.9886

Hayashi, K., Nakazato, Y., Morito, N., Sagi, M., Fujita, T., Anzai, N., et al. (2020).
Fluvastatin is effective against thymic carcinoma. Life Sci. 240, 117110. doi:10.1016/j.lfs.
2019.117110

Heo, M. J., Kang, S. H., Kim, Y. S., Lee, J. M., Yu, J., Kim, H. R., et al. (2020). UBC12-
mediated SREBP-1 neddylation worsens metastatic tumor prognosis. Int. J. Cancer 147,
2550–2563. doi:10.1002/ijc.33113

Hida, Y., Kubo, Y., Murao, K., and Arase, S. (2007). Strong expression of a longevity-
related protein, SIRT1, in Bowen’s disease. Arch. Dermatol Res. 299, 103–106. doi:10.
1007/s00403-006-0725-6

Hirasawa, A., Tsumaya, K., Awaji, T., Katsuma, S., Adachi, T., Yamada, M., et al.
(2005). Free fatty acids regulate gut incretin glucagon-like peptide-1 secretion through
GPR120. Nat. Med. 11, 90–94. doi:10.1038/nm1168

Horie, T., Ono, K., Horiguchi, M., Nishi, H., Nakamura, T., Nagao, K., et al. (2010).
MicroRNA-33 encoded by an intron of sterol regulatory element-binding protein 2
(Srebp2) regulates HDL in vivo. Proc. Natl. Acad. Sci. U. S. A. 107, 17321–17326. doi:10.
1073/pnas.1008499107

Horton, J. D., Goldstein, J. L., and Brown, M. S. (2002). SREBPs: Activators of the
complete program of cholesterol and fatty acid synthesis in the liver. J. Clin. Invest. 109,
1125–1131. doi:10.1172/JCI15593

Horton, J. D., Shah, N. A., Warrington, J. A., Anderson, N. N., Park, S. W., Brown, M.
S., et al. (2003). Combined analysis of oligonucleotide microarray data from transgenic
and knockout mice identifies direct SREBP target genes. Proc. Natl. Acad. Sci. U. S. A.
100, 12027–12032. doi:10.1073/pnas.1534923100

Horton, J. D., Shimomura, I., Ikemoto, S., Bashmakov, Y., and Hammer, R. E. (2003).
Overexpression of sterol regulatory element-binding protein-1a in mouse adipose tissue
produces adipocyte hypertrophy, increased fatty acid secretion, and fatty liver. J. Biol.
Chem. 278, 36652–36660. doi:10.1074/jbc.M306540200

Hsieh, P. F., Jiang, W. P., Huang, S. Y., Basavaraj, P., Wu, J. B., Ho, H. Y., et al. (2020).
Emerging therapeutic activity of Davallia formosana on prostate cancer cells through
coordinated blockade of lipogenesis and androgen receptor expression. Cancers (Basel)
12, 914. doi:10.3390/cancers12040914

Hu, L., Wu, Y., Tan, D., Meng, H., Wang, K., Bai, Y., et al. (2015). Up-regulation of
long noncoding RNA MALAT1 contributes to proliferation and metastasis in
esophageal squamous cell carcinoma. J. Exp. Clin. Cancer Res. 34, 7. doi:10.1186/
s13046-015-0123-z

Huang, J., Zhao, X., Li, X., Peng, J., Yang, W., and Mi, S. (2021). HMGCR inhibition
stabilizes the glycolytic enzyme PKM2 to support the growth of renal cell carcinoma.
PLoS Biol. 19, e3001197. doi:10.1371/journal.pbio.3001197

Huang, L. H., Chung, H. Y., and Su, H. M. (2017). Docosahexaenoic acid reduces
sterol regulatory element binding protein-1 and fatty acid synthase expression and

Frontiers in Pharmacology frontiersin.org15

Li et al. 10.3389/fphar.2023.1130747

110

https://doi.org/10.3390/molecules23123296
https://doi.org/10.1042/BJ20060499
https://doi.org/10.1002/jcp.24258
https://doi.org/10.1016/j.foodchem.2013.04.125
https://doi.org/10.1016/j.biochi.2004.09.018
https://doi.org/10.1016/j.cell.2014.08.018
https://doi.org/10.1016/j.chembiol.2020.10.003
https://doi.org/10.1016/j.chembiol.2020.10.003
https://doi.org/10.1158/0008-5472.can-2148-2
https://doi.org/10.1073/pnas.0701298104
https://doi.org/10.1073/pnas.0701298104
https://doi.org/10.1073/pnas.96.22.12737
https://doi.org/10.3892/or.2018.6265
https://doi.org/10.1186/s12885-019-5904-x
https://doi.org/10.1038/sj.onc.1205437
https://doi.org/10.1158/1078-0432.CCR-15-2973
https://doi.org/10.18103/imr.v3i5.443
https://doi.org/10.1074/jbc.M110.152090
https://doi.org/10.1074/jbc.C116.737346
https://doi.org/10.1074/jbc.C116.737346
https://doi.org/10.1007/s13105-016-0495-3
https://doi.org/10.1038/onc.2014.200
https://doi.org/10.1038/onc.2014.200
https://doi.org/10.1038/cr.2015.32
https://doi.org/10.1016/j.bbcan.2021.188502
https://doi.org/10.1016/j.bbcan.2021.188502
https://doi.org/10.3390/ijms222413222
https://doi.org/10.3390/ijms222413222
https://doi.org/10.1111/j.1742-4658.2012.08619.x
https://doi.org/10.1158/1078-0432.CCR-10-3216
https://doi.org/10.1158/1078-0432.CCR-10-3216
https://doi.org/10.1038/srep09698
https://doi.org/10.1073/pnas.0906606106
https://doi.org/10.1126/scisignal.2000446
https://doi.org/10.1158/2159-8290.CD-11-0102
https://doi.org/10.1158/2159-8290.CD-11-0102
https://doi.org/10.1080/23723556.2015.1132120
https://doi.org/10.1158/0008-5472.CAN-12-2850
https://doi.org/10.1016/j.bcp.2014.06.018
https://doi.org/10.15252/emmm.201910924
https://doi.org/10.15252/emmm.201910924
https://doi.org/10.18632/oncotarget.9886
https://doi.org/10.1016/j.lfs.2019.117110
https://doi.org/10.1016/j.lfs.2019.117110
https://doi.org/10.1002/ijc.33113
https://doi.org/10.1007/s00403-006-0725-6
https://doi.org/10.1007/s00403-006-0725-6
https://doi.org/10.1038/nm1168
https://doi.org/10.1073/pnas.1008499107
https://doi.org/10.1073/pnas.1008499107
https://doi.org/10.1172/JCI15593
https://doi.org/10.1073/pnas.1534923100
https://doi.org/10.1074/jbc.M306540200
https://doi.org/10.3390/cancers12040914
https://doi.org/10.1186/s13046-015-0123-z
https://doi.org/10.1186/s13046-015-0123-z
https://doi.org/10.1371/journal.pbio.3001197
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1130747


inhibits cell proliferation by inhibiting pAkt signaling in a human breast cancer MCF-7
cell line. BMC Cancer 17, 890. doi:10.1186/s12885-017-3936-7

Huang, T. S., Lee, J. J., Huang, S. Y., and Cheng, S. P. (2022). Regulation of expression
of sterol regulatory element-binding protein 1 in thyroid cancer cells. Anticancer Res.
42, 2487–2493. doi:10.21873/anticanres.15727

Huang, W. C., Li, X., Liu, J., Lin, J., and Chung, L. W. (2012). Activation of androgen
receptor, lipogenesis, and oxidative stress converged by SREBP-1 is responsible for
regulating growth and progression of prostate cancer cells. Mol. Cancer Res. 10,
133–142. doi:10.1158/1541-7786.MCR-11-0206

Huang, Y., Zhang, J., Shao, H., Liu, J., Jin, M., Chen, J., et al. (2018). miR-33a mediates
the anti-tumor effect of lovastatin in osteosarcoma by targeting CYR61. Cell Physiol.
Biochem. 51, 938–948. doi:10.1159/000495396

Huffman, D. M., Grizzle, W. E., Bamman, M. M., Kim, J. S., Eltoum, I. A., Elgavish, A.,
et al. (2007). SIRT1 is significantly elevated in mouse and human prostate cancer.
Cancer Res. 67, 6612–6618. doi:10.1158/0008-5472.CAN-07-0085

Husain, A., Chiu, Y. T., Sze, K. M., Ho, D. W., Tsui, Y. M., Suarez, E. M. S., et al.
(2022). Ephrin-A3/EphA2 axis regulates cellular metabolic plasticity to enhance cancer
stemness in hypoxic hepatocellular carcinoma. J. Hepatol. 77, 383–396. doi:10.1016/j.
jhep.2022.02.018

Hwang, P. M., Bunz, F., Yu, J., Rago, C., Chan, T. A., Murphy, M. P., et al. (2001).
Ferredoxin reductase affects p53-dependent, 5-fluorouracil-induced apoptosis in
colorectal cancer cells. Nat. Med. 7, 1111–1117. doi:10.1038/nm1001-1111

Iliopoulos, D., Drosatos, K., Hiyama, Y., Goldberg, I. J., and Zannis, V. I. (2010).
MicroRNA-370 controls the expression of microRNA-122 and Cpt1alpha and affects
lipid metabolism. J. Lipid Res. 51, 1513–1523. doi:10.1194/jlr.M004812

Irisawa, M., Inoue, J., Ozawa, N., Mori, K., and Sato, R. (2009). The sterol-sensing
endoplasmic reticulum (ER) membrane protein TRC8 hampers ER to Golgi transport of
sterol regulatory element-binding protein-2 (SREBP-2)/SREBP cleavage-activated
protein and reduces SREBP-2 cleavage,. J. Biol. Chem. 284, 28995–29004. doi:10.
1074/jbc.M109.041376

Ishii, H., Horie, Y., Ohshima, S., Anezaki, Y., Kinoshita, N., Dohmen, T., et al. (2009).
Eicosapentaenoic acid ameliorates steatohepatitis and hepatocellular carcinoma in
hepatocyte-specific Pten-deficient mice. J. Hepatol. 50, 562–571. doi:10.1016/j.jhep.
2008.10.031

Ishikawa, S., Nagai, Y., Masuda, T., Koga, Y., Nakamura, T., Imamura, Y., et al. (2010).
The role of oxysterol binding protein-related protein 5 in pancreatic cancer,. Cancer Sci.
101, 898–905. doi:10.1111/j.1349-7006.2009.01475.x

Jie, Z., Xie, Z., Xu, W., Zhao, X., Jin, G., Sun, X., et al. (2019). SREBP-2 aggravates
breast cancer associated osteolysis by promoting osteoclastogenesis and breast cancer
metastasis. Biochim. Biophys. Acta Mol. Basis Dis. 1865, 115–125. doi:10.1016/j.bbadis.
2018.10.026

Kamisuki, S., Mao, Q., Abu-Elheiga, L., Gu, Z., Kugimiya, A., Kwon, Y., et al. (2009). A
small molecule that blocks fat synthesis by inhibiting the activation of SREBP,. Chem.
Biol. 16, 882–892. doi:10.1016/j.chembiol.2009.07.007

Kanagasabai, T., Li, G., Shen, T. H., Gladoun, N., Castillo-Martin, M., Celada, S. I.,
et al. (2022). MicroRNA-21 deficiency suppresses prostate cancer progression through
downregulation of the IRS1-SREBP-1 signaling pathway. Cancer Lett. 525, 46–54.
doi:10.1016/j.canlet.2021.09.041

Kang, O. H., Kim, S. B., Seo, Y. S., Joung, D. K., Mun, S. H., Choi, J. G., et al. (2013).
Curcumin decreases oleic acid-induced lipid accumulation via AMPK phosphorylation
in hepatocarcinoma cells. Eur. Rev. Med. Pharmacol. Sci. 17, 2578–2586.

Kang, S., Huang, J., Lee, B. K., Jung, Y. S., Im, E., Koh, J. M., et al. (2018). Omega-3
polyunsaturated fatty acids protect human hepatoma cells from developing steatosis
through FFA4 (GPR120). Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1863, 105–116.
doi:10.1016/j.bbalip.2017.11.002

Karatas, O. F., Wang, J., Shao, L., Ozen, M., Zhang, Y., Creighton, C. J., et al. (2017).
miR-33a is a tumor suppressor microRNA that is decreased in prostate cancer.
Oncotarget 8, 60243–60256. doi:10.18632/oncotarget.19521

Kawamura, S., Matsushita, Y., Kurosaki, S., Tange, M., Fujiwara, N., Hayata, Y., et al.
(2022). Inhibiting SCAP/SREBP exacerbates liver injury and carcinogenesis in murine
nonalcoholic steatohepatitis. J. Clin. Invest. 132, e151895. doi:10.1172/JCI151895

Khurana, V., Bejjanki, H. R., Caldito, G., and Owens, M.W. (2007). Statins reduce the
risk of lung cancer in humans: A large case-control study of US veterans. Chest 131,
1282–1288. doi:10.1378/chest.06-0931

Kong, Y., Cheng, L., Mao, F., Zhang, Z., Zhang, Y., Farah, E., et al. (2018). Inhibition of
cholesterol biosynthesis overcomes enzalutamide resistance in castration-resistant
prostate cancer (CRPC). J. Biol. Chem. 293, 14328–14341. doi:10.1074/jbc.RA118.
004442

König, B., Koch, A., Spielmann, J., Hilgenfeld, C., Hirche, F., Stangl, G. I., et al. (2009).
Activation of PPARalpha and PPARgamma reduces triacylglycerol synthesis in rat
hepatoma cells by reduction of nuclear SREBP-1. Eur. J. Pharmacol. 605, 23–30. doi:10.
1016/j.ejphar.2009.01.009

Koohestanimobarhan, S., Salami, S., Imeni, V., Mohammadi, Z., and Bayat, O. (2019).
Lipophilic statins antagonistically alter the major epithelial-to-mesenchymal transition
signaling pathways in breast cancer stem-like cells via inhibition of the mevalonate
pathway. J. Cell Biochem. 120, 2515–2531. doi:10.1002/jcb.27544

Krichevsky, A. M., and Gabriely, G. (2009). miR-21: a small multi-faceted RNA. J. Cell
Mol. Med. 13, 39–53. doi:10.1111/j.1582-4934.2008.00556.x

Kuo, P. L., Liao, S. H., Hung, J. Y., Huang, M. S., and Hsu, Y. L. (2013). MicroRNA-
33a functions as a bone metastasis suppressor in lung cancer by targeting parathyroid
hormone related protein. Biochim. Biophys. Acta 1830, 3756–3766. doi:10.1016/j.
bbagen.2013.02.022

Kurtz, C. L., Peck, B. C., Fannin, E. E., Beysen, C., Miao, J., Landstreet, S. R., et al.
(2014). MicroRNA-29 fine-tunes the expression of key FOXA2-activated lipid
metabolism genes and is dysregulated in animal models of insulin resistance and
diabetes. Diabetes 63, 3141–3148. doi:10.2337/db13-1015

Kuzmichev, A., Margueron, R., Vaquero, A., Preissner, T. S., Scher, M., Kirmizis, A.,
et al. (2005). Composition and histone substrates of polycomb repressive group
complexes change during cellular differentiation. Proc. Natl. Acad. Sci. U. S. A. 102,
1859–1864. doi:10.1073/pnas.0409875102

Lebeau, P., Byun, J. H., Yousof, T., and Austin, R. C. (2018). Pharmacologic inhibition
of S1P attenuates ATF6 expression, causes ER stress and contributes to apoptotic cell
death. Toxicol. Appl. Pharmacol. 349, 1–7. doi:10.1016/j.taap.2018.04.020

Lee, J., Imm, J. Y., and Lee, S. H. (2017). β-Catenin mediates anti-adipogenic and
anticancer effects of arctigenin in preadipocytes and breast cancer cells. J. Agric. Food
Chem. 65, 2513–2520. doi:10.1021/acs.jafc.7b00112

Lee, J. S., Roberts, A., Juarez, D., Vo, T. T., Bhatt, S., Herzog, L. O., et al. (2018). Statins
enhance efficacy of venetoclax in blood cancers. Sci. Transl. Med. 10, eaaq1240. doi:10.
1126/scitranslmed.aaq1240

Li, A., Yao, L., Fang, Y., Yang, K., Jiang, W., Huang, W., et al. (2019). Specifically
blocking the fatty acid synthesis to inhibit the malignant phenotype of bladder cancer.
Int. J. Biol. Sci. 15, 1610–1617. doi:10.7150/ijbs.32518

Li, C., Peng, X., Lv, J., Zou, H., Liu, J., Zhang, K., et al. (2020). SREBP1 as a potential
biomarker predicts levothyroxine efficacy of differentiated thyroid cancer. Biomed.
Pharmacother. 123, 109791. doi:10.1016/j.biopha.2019.109791

Li, C., Yang, W., Zhang, J., Zheng, X., Yao, Y., Tu, K., et al. (2014). SREBP-1 has a
prognostic role and contributes to invasion and metastasis in human hepatocellular
carcinoma. Int. J. Mol. Sci. 15, 7124–7138. doi:10.3390/ijms15057124

Li, J., Huang, Q., Long, X., Zhang, J., Huang, X., Aa, J., et al. (2015).
CD147 reprograms fatty acid metabolism in hepatocellular carcinoma cells through
Akt/mTOR/SREBP1c and P38/PPARα pathways. J. Hepatol. 63, 1378–1389. doi:10.
1016/j.jhep.2015.07.039

Li, J., Yuan, J., Yuan, X. R., Zhang, C., Li, H. Y., Zhao, J., et al. (2015). Induction effect
of MicroRNA-449a on glioma cell proliferation and inhibition on glioma cell apoptosis
by promoting PKCα. Eur. Rev. Med. Pharmacol. Sci. 19, 3587–3592.

Li, N., Zhou, Z. S., Shen, Y., Xu, J., Miao, H. H., Xiong, Y., et al. (2017). Inhibition of the
sterol regulatory element-binding protein pathway suppresses hepatocellular carcinoma by
repressing inflammation in mice. Hepatology 65, 1936–1947. doi:10.1002/hep.29018

Li, Q., Peng, J., Li, X., Leng, A., and Liu, T. (2015). miR-449a targets Flot2 and inhibits
gastric cancer invasion by inhibiting TGF-β-mediated EMT. Diagn Pathol. 10, 202.
doi:10.1186/s13000-015-0435-5

Li, W., Tai, Y., Zhou, J., Gu, W., Bai, Z., Zhou, T., et al. (2012). Repression of
endometrial tumor growth by targeting SREBP1 and lipogenesis. Cell Cycle 11,
2348–2358. doi:10.4161/cc.20811

Li, X., Chen, Y. T., Hu, P., and Huang, W. C. (2014). Fatostatin displays high
antitumor activity in prostate cancer by blocking SREBP-regulated metabolic pathways
and androgen receptor signaling. Mol. Cancer Ther. 13, 855–866. doi:10.1158/1535-
7163.MCT-13-0797

Li, X., Chen, Y. T., Josson, S., Mukhopadhyay, N. K., Kim, J., Freeman, M. R., et al.
(2013). MicroRNA-185 and 342 inhibit tumorigenicity and induce apoptosis through
blockade of the SREBP metabolic pathway in prostate cancer cells. PLoS One 8, e70987.
doi:10.1371/journal.pone.0070987

Li, X., Wu, J. B., Chung, L. W., and Huang, W. C. (2015). Anti-cancer efficacy of
SREBP inhibitor, alone or in combination with docetaxel, in prostate cancer harboring
p53 mutations. Oncotarget 6, 41018–41032. doi:10.18632/oncotarget.5879

Li, Y., Xu, S., Mihaylova, M. M., Zheng, B., Hou, X., Jiang, B., et al. (2011). AMPK
phosphorylates and inhibits SREBP activity to attenuate hepatic steatosis and
atherosclerosis in diet-induced insulin-resistant mice. Cell Metab. 13, 376–388.
doi:10.1016/j.cmet.2011.03.009

Li, Y., Zhang, J., He, J., Zhou, W., Xiang, G., and Xu, R. (2016). MicroRNA-132 cause
apoptosis of glioma cells through blockade of the SREBP-1c metabolic pathway related
to SIRT1. Biomed. Pharmacother. 78, 177–184. doi:10.1016/j.biopha.2016.01.022

Liang, B., Chen, R., Song, S., Wang, H., Sun, G., Yang, H., et al. (2019). ASPP2 inhibits
tumor growth by repressing the mevalonate pathway in hepatocellular carcinoma. Cell
Death Dis. 10, 830. doi:10.1038/s41419-019-2054-7

Lim, S. A., Wei, J., Nguyen, T. M., Shi, H., Su, W., Palacios, G., et al. (2021). Lipid
signalling enforces functional specialization of T(reg) cells in tumours. Nature 591,
306–311. doi:10.1038/s41586-021-03235-6

Liu, F., Ma, M., Gao, A., Ma, F., Ma, G., Liu, P., et al. (2021). PKM2-TMEM33 axis
regulates lipid homeostasis in cancer cells by controlling SCAP stability. Embo J. 40,
e108065. doi:10.15252/embj.2021108065

Frontiers in Pharmacology frontiersin.org16

Li et al. 10.3389/fphar.2023.1130747

111

https://doi.org/10.1186/s12885-017-3936-7
https://doi.org/10.21873/anticanres.15727
https://doi.org/10.1158/1541-7786.MCR-11-0206
https://doi.org/10.1159/000495396
https://doi.org/10.1158/0008-5472.CAN-07-0085
https://doi.org/10.1016/j.jhep.2022.02.018
https://doi.org/10.1016/j.jhep.2022.02.018
https://doi.org/10.1038/nm1001-1111
https://doi.org/10.1194/jlr.M004812
https://doi.org/10.1074/jbc.M109.041376
https://doi.org/10.1074/jbc.M109.041376
https://doi.org/10.1016/j.jhep.2008.10.031
https://doi.org/10.1016/j.jhep.2008.10.031
https://doi.org/10.1111/j.1349-7006.2009.01475.x
https://doi.org/10.1016/j.bbadis.2018.10.026
https://doi.org/10.1016/j.bbadis.2018.10.026
https://doi.org/10.1016/j.chembiol.2009.07.007
https://doi.org/10.1016/j.canlet.2021.09.041
https://doi.org/10.1016/j.bbalip.2017.11.002
https://doi.org/10.18632/oncotarget.19521
https://doi.org/10.1172/JCI151895
https://doi.org/10.1378/chest.06-0931
https://doi.org/10.1074/jbc.RA118.004442
https://doi.org/10.1074/jbc.RA118.004442
https://doi.org/10.1016/j.ejphar.2009.01.009
https://doi.org/10.1016/j.ejphar.2009.01.009
https://doi.org/10.1002/jcb.27544
https://doi.org/10.1111/j.1582-4934.2008.00556.x
https://doi.org/10.1016/j.bbagen.2013.02.022
https://doi.org/10.1016/j.bbagen.2013.02.022
https://doi.org/10.2337/db13-1015
https://doi.org/10.1073/pnas.0409875102
https://doi.org/10.1016/j.taap.2018.04.020
https://doi.org/10.1021/acs.jafc.7b00112
https://doi.org/10.1126/scitranslmed.aaq1240
https://doi.org/10.1126/scitranslmed.aaq1240
https://doi.org/10.7150/ijbs.32518
https://doi.org/10.1016/j.biopha.2019.109791
https://doi.org/10.3390/ijms15057124
https://doi.org/10.1016/j.jhep.2015.07.039
https://doi.org/10.1016/j.jhep.2015.07.039
https://doi.org/10.1002/hep.29018
https://doi.org/10.1186/s13000-015-0435-5
https://doi.org/10.4161/cc.20811
https://doi.org/10.1158/1535-7163.MCT-13-0797
https://doi.org/10.1158/1535-7163.MCT-13-0797
https://doi.org/10.1371/journal.pone.0070987
https://doi.org/10.18632/oncotarget.5879
https://doi.org/10.1016/j.cmet.2011.03.009
https://doi.org/10.1016/j.biopha.2016.01.022
https://doi.org/10.1038/s41419-019-2054-7
https://doi.org/10.1038/s41586-021-03235-6
https://doi.org/10.15252/embj.2021108065
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1130747


Liu, G., and Chen, X. (2002). The ferredoxin reductase gene is regulated by the
p53 family and sensitizes cells to oxidative stress-induced apoptosis,. Oncogene 21,
7195–7204. doi:10.1038/sj.onc.1205862

Liu, L., Zhao, X., Zhao, L., Li, J., Yang, H., Zhu, Z., et al. (2016). Arginine methylation
of SREBP1a via PRMT5 promotes de novo lipogenesis and tumor growth. Cancer Res.
76, 1260–1272. doi:10.1158/0008-5472.CAN-15-1766

Liu, Y., Hua, W., Li, Y., Xian, X., Zhao, Z., Liu, C., et al. (2020). Berberine suppresses
colon cancer cell proliferation by inhibiting the SCAP/SREBP-1 signaling pathway-
mediated lipogenesis. Biochem. Pharmacol. 174, 113776. doi:10.1016/j.bcp.2019.113776

Liu, Y., Ren, H., Zhou, Y., Shang, L., Zhang, Y., Yang, F., et al. (2019). The hypoxia
conditioned mesenchymal stem cells promote hepatocellular carcinoma progression
through YAP mediated lipogenesis reprogramming,. J. Exp. Clin. Cancer Res. 38, 228.
doi:10.1186/s13046-019-1219-7

Long, J., Zhang, C. J., Zhu, N., Du, K., Yin, Y. F., Tan, X., et al. (2018). Lipid
metabolism and carcinogenesis, cancer development. Am. J. Cancer Res. 8, 778–791.

Longo, J., Mullen, P. J., Yu, R., van Leeuwen, J. E., Masoomian, M., Woon, D. T. S.,
et al. (2019). An actionable sterol-regulated feedback loop modulates statin sensitivity in
prostate cancer. Mol. Metab. 25, 119–130. doi:10.1016/j.molmet.2019.04.003

Loregger, A., Raaben, M., Nieuwenhuis, J., Tan, J. M. E., Jae, L. T., van den Hengel, L.
G., et al. (2020). Haploid genetic screens identify SPRING/C12ORF49 as a determinant
of SREBP signaling and cholesterol metabolism. Nat. Commun. 11, 1128. doi:10.1038/
s41467-020-14811-1

Luo, W., Huang, B., Li, Z., Li, H., Sun, L., Zhang, Q., et al. (2013). MicroRNA-449a is
downregulated in non-small cell lung cancer and inhibits migration and invasion by
targeting c-Met. PLoS One 8, e64759. doi:10.1371/journal.pone.0064759

Lv, Q., Zhen, Q., Liu, L., Gao, R., Yang, S., Zhou, H., et al. (2015). AMP-kinase
pathway is involved in tumor necrosis factor alpha-induced lipid accumulation in
human hepatoma cells. Life Sci. 131, 23–29. doi:10.1016/j.lfs.2015.03.003

Marquart, T. J., Allen, R. M., Ory, D. S., and Baldán, A. (2010). miR-33 links SREBP-2
induction to repression of sterol transporters. Proc. Natl. Acad. Sci. U. S. A. 107,
12228–12232. doi:10.1073/pnas.1005191107

Matsushita, Y., Nakagawa, H., and Koike, K. (2021). Lipid metabolism in oncology:
Why it matters, how to research, and how to treat. Cancers (Basel) 13, 474. doi:10.3390/
cancers13030474

Menendez, J. A., and Lupu, R. (2007). Fatty acid synthase and the lipogenic
phenotype in cancer pathogenesis. Nat. Rev. Cancer 7, 763–777. doi:10.1038/
nrc2222

Menon, B., Gulappa, T., and Menon, K. M. (2015). miR-122 regulates LH receptor
expression by activating sterol response element binding protein in rat ovaries.
Endocrinology 156, 3370–3380. doi:10.1210/en.2015-1121

Menon, B., Guo, X., Garcia, N., Gulappa, T., and Menon, K. M. J. (2018). miR-122
regulates LHR expression in rat granulosa cells by targeting Insig1 mRNA.
Endocrinology 159, 2075–2082. doi:10.1210/en.2017-03270

Menon, B., Sinden, J., Franzo-Romain, M., Botta, R. B., and Menon, K. M. (2013).
Regulation of LH receptor mRNA binding protein by miR-122 in rat ovaries.
Endocrinology 154, 4826–4834. doi:10.1210/en.2013-1619

Miyata, S., Urabe, M., Gomi, A., Nagai, M., Yamaguchi, T., Tsukahara, T., et al.
(2013). An R132Hmutation in isocitrate dehydrogenase 1 enhances p21 expression and
inhibits phosphorylation of retinoblastoma protein in glioma cells. Neurol. Med. Chir.
(Tokyo) 53, 645–654. doi:10.2176/nmc.oa2012-0409

Moon, S. H., Huang, C. H., Houlihan, S. L., Regunath, K., Freed-Pastor, W. A., et al.
(2019). p53 represses the mevalonate pathway to mediate tumor suppression. Cell 176,
564–580. doi:10.1016/j.cell.2018.11.011

Na, T. Y., Shin, Y. K., Roh, K. J., Kang, S. A., Hong, I., Oh, S. J., et al. (2009). Liver X
receptor mediates Hepatitis B virus X protein-induced lipogenesis in Hepatitis B virus-
associated hepatocellular carcinoma. Hepatology 49, 1122–1131. doi:10.1002/hep.22740

Najafi-Shoushtari, S. H., Kristo, F., Li, Y., Shioda, T., Cohen, D. E., Gerszten, R. E.,
et al. (2010). MicroRNA-33 and the SREBP host genes cooperate to control cholesterol
homeostasis. Science 328, 1566–1569. doi:10.1126/science.1189123

Nam, H. J., Kim, Y. E., Moon, B. S., Kim, H. Y., Jung, D., Choi, S., et al. (2021).
Azathioprine antagonizes aberrantly elevated lipid metabolism and induces apoptosis in
glioblastoma. iScience 24, 102238. doi:10.1016/j.isci.2021.102238

Nanthirudjanar, T., Furumoto, H., Hirata, T., and Sugawara, T. (2013). Oxidized
eicosapentaenoic acids more potently reduce LXRα-induced cellular triacylglycerol via
suppression of SREBP-1c, PGC-1β and GPA than its intact form. Lipids Health Dis. 12,
73. doi:10.1186/1476-511X-12-73

Navarro-Imaz, H., Chico, Y., Rueda, Y., and Fresnedo, O. (2019). Channeling of newly
synthesized fatty acids to cholesterol esterification limits triglyceride synthesis in SND1-
overexpressing hepatoma cells. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 1864,
137–146. doi:10.1016/j.bbalip.2018.11.004

Ni, W., Mo, H., Liu, Y., Xu, Y., Qin, C., Zhou, Y., et al. (2021). Targeting cholesterol
biosynthesis promotes anti-tumor immunity by inhibiting long noncoding RNA
SNHG29-mediated YAP activation. Mol. Ther. 29, 2995–3010. doi:10.1016/j.ymthe.
2021.05.012

Nohturfft, A., Yabe, D., Goldstein, J. L., Brown, M. S., and Espenshade, P. J. (2000).
Regulated step in cholesterol feedback localized to budding of SCAP from ER
membranes. Cell 102, 315–323. doi:10.1016/s0092-8674(00)00037-4

Norman, K. L., Chen, T. C., Zeiner, G., and Sarnow, P. (2017). Precursor microRNA-
122 inhibits synthesis of Insig1 isoform mRNA by modulating polyadenylation site
usage. Rna 23, 1886–1893. doi:10.1261/rna.063099.117

Oberkofler, H., Schraml, E., Krempler, F., and Patsch, W. (2004). Restoration of
sterol-regulatory-element-binding protein-1c gene expression in HepG2 cells by
peroxisome-proliferator-activated receptor-gamma co-activator-1alpha. Biochem. J.
381, 357–363. doi:10.1042/BJ20040173

Olmstead, A. D., Knecht, W., Lazarov, I., Dixit, S. B., and Jean, F. (2012). Human
subtilase SKI-1/S1P is a master regulator of the HCV Lifecycle and a potential host cell
target for developing indirect-acting antiviral agents. PLoS Pathog. 8, e1002468. doi:10.
1371/journal.ppat.1002468

Osborne, T. F., and Espenshade, P. J. (2009). Evolutionary conservation and
adaptation in the mechanism that regulates SREBP action: What a long, strange
tRIP it’s been. Genes Dev. 23, 2578–2591. doi:10.1101/gad.1854309

Pang, B., Zhang, J., Zhang, X., Yuan, J., Shi, Y., and Qiao, L. (2021). Inhibition of
lipogenesis and induction of apoptosis by valproic acid in prostate cancer cells via the
C/EBPα/SREBP-1 pathway. Acta Biochim. Biophys. Sin. (Shanghai) 53, 354–364. doi:10.
1093/abbs/gmab002

Peterson, T. R., Sengupta, S. S., Harris, T. E., Carmack, A. E., Kang, S. A., Balderas, E.,
et al. (2011). mTOR complex 1 regulates lipin 1 localization to control the SREBP
pathway. Cell 146, 408–420. doi:10.1016/j.cell.2011.06.034

Piccolo, S., Dupont, S., and Cordenonsi, M. (2014). The biology of YAP/TAZ: Hippo
signaling and beyond,. Physiol. Rev. 94, 1287–1312. doi:10.1152/physrev.00005.2014

Porstmann, T., Santos, C. R., Griffiths, B., Cully, M., Wu, M., Leevers, S., et al. (2008).
SREBP activity is regulated by mTORC1 and contributes to Akt-dependent cell growth.
Cell Metab. 8, 224–236. doi:10.1016/j.cmet.2008.07.007

Qian, Y., Huang, R., Li, S., Xie, R., Qian, B., Zhang, Z., et al. (2019). Ginsenoside
Rh2 reverses cyclophosphamide-induced immune deficiency by regulating fatty acid
metabolism. J. Leukoc. Biol. 106, 1089–1100. doi:10.1002/JLB.2A0419-117R

Qiao, L., Wu, Q., Lu, X., Zhou, Y., Fernández-Alvarez, A., Ye, L., et al. (2013). SREBP-
1a activation by HBx and the effect on Hepatitis B virus enhancer II/core promoter.
Biochem. Biophys. Res. Commun. 432, 643–649. doi:10.1016/j.bbrc.2013.02.030

Qiu, X. Y., Hu, D. X., Chen, W. Q., Chen, R. Q., Qian, S. R., Li, C. Y., et al. (2018). PD-
L1 confers glioblastoma multiforme malignancy via Ras binding and Ras/Erk/EMT
activation. Biochim. Biophys. Acta Mol. Basis Dis. 1864, 1754–1769. doi:10.1016/j.
bbadis.2018.03.002

Quail, D. F., and Joyce, J. A. (2013). Microenvironmental regulation of tumor
progression and metastasis. Nat. Med. 19, 1423–1437. doi:10.1038/nm.3394

Rayner, K. J., Suárez, Y., Dávalos, A., Parathath, S., Fitzgerald, M. L., Tamehiro, N.,
et al. (2010). MiR-33 contributes to the regulation of cholesterol homeostasis. Science
328, 1570–1573. doi:10.1126/science.1189862

Repa, J. J., Liang, G., Ou, J., Bashmakov, Y., Lobaccaro, J. M., Shimomura, I., et al.
(2000). Regulation of mouse sterol regulatory element-binding protein-1c gene
(SREBP-1c) by oxysterol receptors, LXRalpha and LXRbeta. Genes Dev. 14,
2819–2830. doi:10.1101/gad.844900

Ricoult, S. J., Yecies, J. L., Ben-Sahra, I., and Manning, B. D. (2016). Oncogenic PI3K
and K-Ras stimulate de novo lipid synthesis through mTORC1 and SREBP. Oncogene
35, 1250–1260. doi:10.1038/onc.2015.179

Rottiers, V., and Näär, A. M. (2012). MicroRNAs in metabolism and metabolic
disorders. Nat. Rev. Mol. Cell Biol. 13, 239–250. doi:10.1038/nrm3313

Ru, P., and Guo, D. (2017). microRNA-29 mediates a novel negative feedback loop to
regulate SCAP/SREBP-1 and lipid metabolism. RNADis. 4, e1525. doi:10.14800/rd.1525

Ru, P., Hu, P., Geng, F., Mo, X., Cheng, C., Yoo, J. Y., et al. (2016). Feedback loop
regulation of SCAP/SREBP-1 by miR-29 modulates EGFR signaling-driven
glioblastoma growth. Cell Rep. 16, 1527–1535. doi:10.1016/j.celrep.2016.07.017

Sato, R., Inoue, J., Kawabe, Y., Kodama, T., Takano, T., and Maeda, M. (1996). Sterol-
dependent transcriptional regulation of sterol regulatory element-binding protein-2.
J. Biol. Chem. 271, 26461–26464. doi:10.1074/jbc.271.43.26461

Scorletti, E., and Byrne, C. D. (2013). Omega-3 fatty acids, hepatic lipid metabolism,
and nonalcoholic fatty liver disease. Annu. Rev. Nutr. 33, 231–248. doi:10.1146/
annurev-nutr-071812-161230

Seidu, T., McWhorter, P., Myer, J., Alamgir, R., Eregha, N., Bogle, D., et al. (2021).
DHT causes liver steatosis via transcriptional regulation of SCAP in normal weight
female mice. J. Endocrinol. 250, 49–65. doi:10.1530/JOE-21-0040

Shan, Y., Liu, Y., Zhao, L., Liu, B., Li, Y., and Jia, L. (2017). MicroRNA-33a and let-7e
inhibit human colorectal cancer progression by targeting ST8SIA1. Int. J. Biochem. Cell
Biol. 90, 48–58. doi:10.1016/j.biocel.2017.07.016

Shao, W., Machamer, C. E., and Espenshade, P. J. (2016). Fatostatin blocks ER exit of
SCAP but inhibits cell growth in a SCAP-independent manner. J. Lipid Res. 57,
1564–1573. doi:10.1194/jlr.M069583

Frontiers in Pharmacology frontiersin.org17

Li et al. 10.3389/fphar.2023.1130747

112

https://doi.org/10.1038/sj.onc.1205862
https://doi.org/10.1158/0008-5472.CAN-15-1766
https://doi.org/10.1016/j.bcp.2019.113776
https://doi.org/10.1186/s13046-019-1219-7
https://doi.org/10.1016/j.molmet.2019.04.003
https://doi.org/10.1038/s41467-020-14811-1
https://doi.org/10.1038/s41467-020-14811-1
https://doi.org/10.1371/journal.pone.0064759
https://doi.org/10.1016/j.lfs.2015.03.003
https://doi.org/10.1073/pnas.1005191107
https://doi.org/10.3390/cancers13030474
https://doi.org/10.3390/cancers13030474
https://doi.org/10.1038/nrc2222
https://doi.org/10.1038/nrc2222
https://doi.org/10.1210/en.2015-1121
https://doi.org/10.1210/en.2017-03270
https://doi.org/10.1210/en.2013-1619
https://doi.org/10.2176/nmc.oa2012-0409
https://doi.org/10.1016/j.cell.2018.11.011
https://doi.org/10.1002/hep.22740
https://doi.org/10.1126/science.1189123
https://doi.org/10.1016/j.isci.2021.102238
https://doi.org/10.1186/1476-511X-12-73
https://doi.org/10.1016/j.bbalip.2018.11.004
https://doi.org/10.1016/j.ymthe.2021.05.012
https://doi.org/10.1016/j.ymthe.2021.05.012
https://doi.org/10.1016/s0092-8674(00)00037-4
https://doi.org/10.1261/rna.063099.117
https://doi.org/10.1042/BJ20040173
https://doi.org/10.1371/journal.ppat.1002468
https://doi.org/10.1371/journal.ppat.1002468
https://doi.org/10.1101/gad.1854309
https://doi.org/10.1093/abbs/gmab002
https://doi.org/10.1093/abbs/gmab002
https://doi.org/10.1016/j.cell.2011.06.034
https://doi.org/10.1152/physrev.00005.2014
https://doi.org/10.1016/j.cmet.2008.07.007
https://doi.org/10.1002/JLB.2A0419-117R
https://doi.org/10.1016/j.bbrc.2013.02.030
https://doi.org/10.1016/j.bbadis.2018.03.002
https://doi.org/10.1016/j.bbadis.2018.03.002
https://doi.org/10.1038/nm.3394
https://doi.org/10.1126/science.1189862
https://doi.org/10.1101/gad.844900
https://doi.org/10.1038/onc.2015.179
https://doi.org/10.1038/nrm3313
https://doi.org/10.14800/rd.1525
https://doi.org/10.1016/j.celrep.2016.07.017
https://doi.org/10.1074/jbc.271.43.26461
https://doi.org/10.1146/annurev-nutr-071812-161230
https://doi.org/10.1146/annurev-nutr-071812-161230
https://doi.org/10.1530/JOE-21-0040
https://doi.org/10.1016/j.biocel.2017.07.016
https://doi.org/10.1194/jlr.M069583
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1130747


Shi, Y., Du, L., Lin, L., and Wang, Y. (2017). Tumour-associated mesenchymal stem/
stromal cells: Emerging therapeutic targets. Nat. Rev. Drug Discov. 16, 35–52. doi:10.
1038/nrd.2016.193

Shibata, C., Kishikawa, T., Otsuka, M., Ohno, M., Yoshikawa, T., Takata, A., et al.
(2013). Inhibition of microRNA122 decreases SREBP1 expression by modulating
suppressor of cytokine signaling 3 expression. Biochem. Biophys. Res. Commun. 438,
230–235. doi:10.1016/j.bbrc.2013.07.064

Shimano, H., and Sato, R. (2017). SREBP-Regulated lipid metabolism: Convergent
physiology - divergent pathophysiology.Nat. Rev. Endocrinol. 13, 710–730. doi:10.1038/
nrendo.2017.91

Si, M. L., Zhu, S., Wu, H., Lu, Z., Wu, F., and Mo, Y. Y. (2007). miR-21-mediated
tumor growth. Oncogene 26, 2799–2803. doi:10.1038/sj.onc.1210083

Singh, H., Mahmud, S. M., Turner, D., Xue, L., Demers, A. A., and Bernstein, C. N.
(2009). Long-term use of statins and risk of colorectal cancer: A population-based study.
Am. J. Gastroenterol. 104, 3015–3023. doi:10.1038/ajg.2009.574

Snaebjornsson, M. T., Janaki-Raman, S., and Schulze, A. (2020). Greasing the wheels
of the cancer machine: The role of lipid metabolism in cancer,. Cell Metab. 31, 62–76.
doi:10.1016/j.cmet.2019.11.010

Song, N. Y., Na, H. K., Baek, J. H., and Surh, Y. J. (2014). Docosahexaenoic acid
inhibits insulin-induced activation of sterol regulatory-element binding protein 1 and
cyclooxygenase-2 expression through upregulation of SIRT1 in human colon epithelial
cells. Biochem. Pharmacol. 92, 142–148. doi:10.1016/j.bcp.2014.08.030

Sorrentino, G., Ruggeri, N., Specchia, V., Cordenonsi, M., Mano, M., Dupont, S., et al.
(2014). Metabolic control of YAP and TAZ by the mevalonate pathway. Nat. Cell Biol.
16, 357–366. doi:10.1038/ncb2936

Størvold, G. L., Fleten, K. G., Olsen, C. G., Follestad, T., Krokan, H. E., and Schønberg,
S. A. (2009). Docosahexaenoic acid activates some SREBP-2 targets independent of
cholesterol and ER stress in SW620 colon cancer cells. Lipids 44, 673–683. doi:10.1007/
s11745-009-3324-4

Su, J., Chen, X., and Kanekura, T. (2009). A CD147-targeting siRNA inhibits the
proliferation, invasiveness, and VEGF production of human malignant melanoma cells
by down-regulating glycolysis,. Cancer Lett. 273, 140–147. doi:10.1016/j.canlet.2008.
07.034

Sun, L. P., Seemann, J., Goldstein, J. L., and Brown, M. S. (2007). Sterol-regulated
transport of SREBPs from endoplasmic reticulum to Golgi: Insig renders sorting signal
in Scap inaccessible to COPII proteins. Proc. Natl. Acad. Sci. U. S. A. 104, 6519–6526.
doi:10.1073/pnas.0700907104

Sun, Q., Yu, X., Peng, C., Liu, N., Chen,W., Xu, H., et al. (2020). Activation of SREBP-
1c alters lipogenesis and promotes tumor growth and metastasis in gastric cancer.
Biomed. Pharmacother. 128, 110274. doi:10.1016/j.biopha.2020.110274

Sundqvist, A., Bengoechea-Alonso, M. T., Ye, X., Lukiyanchuk, V., Jin, J., Harper,
J. W., et al. (2005). Control of lipid metabolism by phosphorylation-dependent
degradation of the SREBP family of transcription factors by SCF(Fbw7). Cell Metab.
1, 379–391. doi:10.1016/j.cmet.2005.04.010

Swinnen, J. V., Ulrix, W., Heyns, W., and Verhoeven, G. (1997). Coordinate
regulation of lipogenic gene expression by androgens: Evidence for a cascade
mechanism involving sterol regulatory element binding proteins. Proc. Natl. Acad.
Sci. U. S. A. 94, 12975–12980. doi:10.1073/pnas.94.24.12975

Tall, A. R., Yvan-Charvet, L., Terasaka, N., Pagler, T., and Wang, N. (2008). HDL,
ABC transporters, and cholesterol efflux: Implications for the treatment of
atherosclerosis. Cell Metab. 7, 365–375. doi:10.1016/j.cmet.2008.03.001

Tang, J. J., Li, J. G., Qi, W., Qiu, W. W., Li, P. S., Li, B. L., et al. (2011). Inhibition of
SREBP by a small molecule, betulin, improves hyperlipidemia and insulin resistance and
reduces atherosclerotic plaques. Cell Metab. 13, 44–56. doi:10.1016/j.cmet.2010.12.004

Tao, M., Luo, J., Gu, T., Yu, X., Song, Z., Jun, Y., et al. (2021).
LPCAT1 reprogramming cholesterol metabolism promotes the progression of
esophageal squamous cell carcinoma. Cell Death Dis. 12, 845. doi:10.1038/s41419-
021-04132-6

Tao, T., Su, Q., Xu, S., Deng, J., Zhou, S., Zhuang, Y., et al. (2019). Down-regulation of
PKM2 decreases FASN expression in bladder cancer cells through AKT/mTOR/SREBP-
1c axis. J. Cell Physiol. 234, 3088–3104. doi:10.1002/jcp.27129

Teixeira, G. R., Mendes, L. O., Veras, A. S. C., Thorpe, H. H. A., Fávaro, W. J., de
Almeida Chuffa, L. G., et al. (2020). Physical resistance training-induced changes in
lipids metabolism pathways and apoptosis in prostate. Lipids Health Dis. 19, 14. doi:10.
1186/s12944-020-1195-0

Teresi, R. E., Shaiu, C. W., Chen, C. S., Chatterjee, V. K., Waite, K. A., and Eng, C.
(2006). Increased PTEN expression due to transcriptional activation of PPARgamma by
Lovastatin and Rosiglitazone. Int. J. Cancer 118, 2390–2398. doi:10.1002/ijc.21799

Tiong, T. Y., Weng, P. W., Wang, C. H., Setiawan, S. A., Yadav, V. K., Pikatan, N. W.,
et al. (2022). Targeting the SREBP-1/hsa-mir-497/SCAP/FASN oncometabolic Axis
inhibits the cancer stem-like and chemoresistant phenotype of non-small cell lung
carcinoma cells. Int. J. Mol. Sci. 23, 7283. doi:10.3390/ijms23137283

Tran, K. T., McMenamin Ú, C., Coleman, H. G., Cardwell, C. R., Murchie, P., Iversen,
L., et al. (2020). Statin use and risk of liver cancer: Evidence from two population-based
studies. Int. J. Cancer 146, 1250–1260. doi:10.1002/ijc.32426

Tripathi, V., Ellis, J. D., Shen, Z., Song, D. Y., Pan, Q., Watt, A. T., et al. (2010). The
nuclear-retained noncoding RNA MALAT1 regulates alternative splicing by
modulating SR splicing factor phosphorylation,. Mol. Cell 39, 925–938. doi:10.1016/
j.molcel.2010.08.011

Vaidyanathan, S., Salmi, T. M., Sathiqu, R. M., McConville, M. J., Cox, A. G., and
Brown, K. K. (2022). YAP regulates an SGK1/mTORC1/SREBP-dependent lipogenic
program to support proliferation and tissue growth. Dev. Cell 57, 719–731.e8. doi:10.
1016/j.devcel.2022.02.004

Vaupel, P., and Mayer, A. (2007). Hypoxia in cancer: Significance and impact on
clinical outcome. Cancer Metastasis Rev. 26, 225–239. doi:10.1007/s10555-007-9055-1

Voigt, H., Vetter-Kauczok, C. S., Schrama, D., Hofmann, U. B., Becker, J. C., and
Houben, R. (2009). CD147 impacts angiogenesis and metastasis formation. Cancer
Invest. 27, 329–333. doi:10.1080/07357900802392675

Volinia, S., Calin, G. A., Liu, C. G., Ambs, S., Cimmino, A., Petrocca, F., et al. (2006). A
microRNA expression signature of human solid tumors defines cancer gene targets,.
Proc. Natl. Acad. Sci. U. S. A. 103, 2257–2261. doi:10.1073/pnas.0510565103

Walker, A. K., Jacobs, R. L., Watts, J. L., Rottiers, V., Jiang, K., Finnegan, D. M., et al.
(2011). A conserved SREBP-1/phosphatidylcholine feedback circuit regulates
lipogenesis in metazoans,. Cell 147, 840–852. doi:10.1016/j.cell.2011.09.045

Walther, T. C., and Farese, R. V., Jr (2009). The life of lipid droplets,. Biochim.
Biophys. Acta 1791, 459–466. doi:10.1016/j.bbalip.2008.10.009

Wang, H., Zhang, Y., Guan, X., Li, X., Zhao, Z., Gao, Y., et al. (2021). An integrated
transcriptomics and proteomics analysis implicates lncRNAMALAT1 in the regulation
of lipid metabolism.Mol. Cell Proteomics 20, 100141. doi:10.1016/j.mcpro.2021.100141

Wang, P., Zhuang, L., Zhang, J., Fan, J., Luo, J., Chen, H., et al. (2013). The serum
miR-21 level serves as a predictor for the chemosensitivity of advanced pancreatic
cancer, and miR-21 expression confers chemoresistance by targeting FasL,. Mol. Oncol.
7, 334–345. doi:10.1016/j.molonc.2012.10.011

Wang, T. B., Geng, M., Jin, H., Tang, A. G., Sun, H., Zhou, L. Z., et al. (2021).
SREBP1 site 1 protease inhibitor PF-429242 suppresses renal cell carcinoma cell growth.
Cell Death Dis. 12, 717. doi:10.1038/s41419-021-03999-9

Wang, T., Seah, S., Loh, X., Chan, C. W., Hartman, M., Goh, B. C., et al. (2016).
Simvastatin-induced breast cancer cell death and deactivation of PI3K/Akt and MAPK/
ERK signalling are reversed by metabolic products of the mevalonate pathway.
Oncotarget 7, 2532–2544. doi:10.18632/oncotarget.6304

Wang, Y., Guo, D., He, J., Song, L., Chen, H., Zhang, Z., et al. (2019). Inhibition of
fatty acid synthesis arrests colorectal neoplasm growth and metastasis: Anti-cancer
therapeutical effects of natural cyclopeptide RA-XII. Biochem. Biophys. Res. Commun.
512, 819–824. doi:10.1016/j.bbrc.2019.03.088

Wang, Y., Wang, H., Zhao, Q., Xia, Y., Hu, X., and Guo, J. (2015). PD-L1 induces
epithelial-to-mesenchymal transition via activating SREBP-1c in renal cell carcinoma.
Med. Oncol. 32, 212. doi:10.1007/s12032-015-0655-2

Wen, S., Niu, Y., Lee, S. O., Yeh, S., Shang, Z., Gao, H., et al. (2016). Targeting fatty
acid synthase with ASC-J9 suppresses proliferation and invasion of prostate cancer cells.
Mol. Carcinog. 55, 2278–2290. doi:10.1002/mc.22468

Williams, K. J., Argus, J. P., Zhu, Y., Wilks, M. Q., Marbois, B. N., York, A. G., et al.
(2013). An essential requirement for the SCAP/SREBP signaling axis to protect cancer
cells from lipotoxicity. Cancer Res. 73, 2850–2862. doi:10.1158/0008-5472.CAN-13-
0382-T

Xiang, Y., Tang, J. J., Tao, W., Cao, X., Song, B. L., and Zhong, J. (2015). Identification
of cholesterol 25-hydroxylase as a novel host restriction factor and a part of the primary
innate immune responses against hepatitis C virus infection. J. Virol. 89, 6805–6816.
doi:10.1128/JVI.00587-15

Xiao, J., Xiong, Y., Yang, L. T., Wang, J. Q., Zhou, Z. M., Dong, L. W., et al. (2021).
POST1/C12ORF49 regulates the SREBP pathway by promoting site-1 protease
maturation. Protein Cell 12, 279–296. doi:10.1007/s13238-020-00753-3

Xie, X., Zhang, Y., Jiang, Y., Liu, W., Ma, H., Wang, Z., et al. (2008). Suppressive
function of RKTG on chemical carcinogen-induced skin carcinogenesis in mouse.
Carcinogenesis 29, 1632–1638. doi:10.1093/carcin/bgn139

Xu, B., Muramatsu, T., and Inazawa, J. (2021). Suppression of MET signaling
mediated by pitavastatin and capmatinib inhibits oral and esophageal cancer cell
growth. Mol. Cancer Res. 19, 585–597. doi:10.1158/1541-7786.MCR-20-0688

Xu, C., Zhang, L., Wang, D., Jiang, S., Cao, D., Zhao, Z., et al. (2021). Lipidomics
reveals that sustained SREBP-1-dependent lipogenesis is a key mediator of gefitinib-
acquired resistance in EGFR-mutant lung cancer. Cell Death Discov. 7, 353. doi:10.1038/
s41420-021-00744-1

Xu, D., Wang, Z., Xia, Y., Shao, F., Xia, W., Wei, Y., et al. (2020). The gluconeogenic
enzyme PCK1 phosphorylates INSIG1/2 for lipogenesis,. Nature 580, 530–535. doi:10.
1038/s41586-020-2183-2

Xu, D., Wang, Z., Zhang, Y., Jiang, W., Pan, Y., Song, B. L., et al. (2015).
PAQR3 modulates cholesterol homeostasis by anchoring Scap/SREBP complex to
the Golgi apparatus. Nat. Commun. 6, 8100. doi:10.1038/ncomms9100

Xu, G. L., Ni, C. F., Liang, H. S., Xu, Y. H., Wang, W. S., Shen, J., et al. (2020).
Upregulation of PD-L1 expression promotes epithelial-to-mesenchymal transition in

Frontiers in Pharmacology frontiersin.org18

Li et al. 10.3389/fphar.2023.1130747

113

https://doi.org/10.1038/nrd.2016.193
https://doi.org/10.1038/nrd.2016.193
https://doi.org/10.1016/j.bbrc.2013.07.064
https://doi.org/10.1038/nrendo.2017.91
https://doi.org/10.1038/nrendo.2017.91
https://doi.org/10.1038/sj.onc.1210083
https://doi.org/10.1038/ajg.2009.574
https://doi.org/10.1016/j.cmet.2019.11.010
https://doi.org/10.1016/j.bcp.2014.08.030
https://doi.org/10.1038/ncb2936
https://doi.org/10.1007/s11745-009-3324-4
https://doi.org/10.1007/s11745-009-3324-4
https://doi.org/10.1016/j.canlet.2008.07.034
https://doi.org/10.1016/j.canlet.2008.07.034
https://doi.org/10.1073/pnas.0700907104
https://doi.org/10.1016/j.biopha.2020.110274
https://doi.org/10.1016/j.cmet.2005.04.010
https://doi.org/10.1073/pnas.94.24.12975
https://doi.org/10.1016/j.cmet.2008.03.001
https://doi.org/10.1016/j.cmet.2010.12.004
https://doi.org/10.1038/s41419-021-04132-6
https://doi.org/10.1038/s41419-021-04132-6
https://doi.org/10.1002/jcp.27129
https://doi.org/10.1186/s12944-020-1195-0
https://doi.org/10.1186/s12944-020-1195-0
https://doi.org/10.1002/ijc.21799
https://doi.org/10.3390/ijms23137283
https://doi.org/10.1002/ijc.32426
https://doi.org/10.1016/j.molcel.2010.08.011
https://doi.org/10.1016/j.molcel.2010.08.011
https://doi.org/10.1016/j.devcel.2022.02.004
https://doi.org/10.1016/j.devcel.2022.02.004
https://doi.org/10.1007/s10555-007-9055-1
https://doi.org/10.1080/07357900802392675
https://doi.org/10.1073/pnas.0510565103
https://doi.org/10.1016/j.cell.2011.09.045
https://doi.org/10.1016/j.bbalip.2008.10.009
https://doi.org/10.1016/j.mcpro.2021.100141
https://doi.org/10.1016/j.molonc.2012.10.011
https://doi.org/10.1038/s41419-021-03999-9
https://doi.org/10.18632/oncotarget.6304
https://doi.org/10.1016/j.bbrc.2019.03.088
https://doi.org/10.1007/s12032-015-0655-2
https://doi.org/10.1002/mc.22468
https://doi.org/10.1158/0008-5472.CAN-13-0382-T
https://doi.org/10.1158/0008-5472.CAN-13-0382-T
https://doi.org/10.1128/JVI.00587-15
https://doi.org/10.1007/s13238-020-00753-3
https://doi.org/10.1093/carcin/bgn139
https://doi.org/10.1158/1541-7786.MCR-20-0688
https://doi.org/10.1038/s41420-021-00744-1
https://doi.org/10.1038/s41420-021-00744-1
https://doi.org/10.1038/s41586-020-2183-2
https://doi.org/10.1038/s41586-020-2183-2
https://doi.org/10.1038/ncomms9100
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1130747


sorafenib-resistant hepatocellular carcinoma cells. Gastroenterol. Rep. (Oxf) 8, 390–398.
doi:10.1093/gastro/goaa049

Xu, H., Sun, J., Shi, C., Sun, C., Yu, L., Wen, Y., et al. (2015). miR-29s inhibit the
malignant behavior of U87MG glioblastoma cell line by targeting DNMT3A and 3B.
Neurosci. Lett. 590, 40–46. doi:10.1016/j.neulet.2015.01.060

Xu, P., Wu, M., Chen, H., Xu, J., Wu, M., Li, M., et al. (2016). Bioinformatics analysis
of hepatitis C virus genotype 2a-induced human hepatocellular carcinoma in
Huh7 cells. Onco Targets Ther. 9, 191–202. doi:10.2147/OTT.S91748

Xue, L., Qi, H., Zhang, H., Ding, L., Huang, Q., Zhao, D., et al. (2020). Targeting
SREBP-2-regulated mevalonate metabolism for cancer therapy. Front. Oncol. 10, 1510.
doi:10.3389/fonc.2020.01510

Yabe, D., Brown, M. S., and Goldstein, J. L. (2002). Insig-2, a second endoplasmic
reticulum protein that binds SCAP and blocks export of sterol regulatory element-
binding proteins. Proc. Natl. Acad. Sci. U. S. A. 99, 12753–12758. doi:10.1073/pnas.
162488899

Yahagi, N., Shimano, H., Hasegawa, K., Ohashi, K., Matsuzaka, T., Najima, Y., et al.
(2005). Co-ordinate activation of lipogenic enzymes in hepatocellular carcinoma. Eur.
J. Cancer 41, 1316–1322. doi:10.1016/j.ejca.2004.12.037

Yamauchi, Y., Furukawa, K., Hamamura, K., and Furukawa, K. (2011). Positive
feedback loop between PI3K-Akt-mTORC1 signaling and the lipogenic pathway boosts
Akt signaling: Induction of the lipogenic pathway by a melanoma antigen. Cancer Res.
71, 4989–4997. doi:10.1158/0008-5472.CAN-10-4108

Yan, H., Parsons, D.W., Jin, G., McLendon, R., Rasheed, B. A., Yuan, W., et al. (2009).
IDH1 and IDH2 mutations in gliomas. N. Engl. J. Med. 360, 765–773. doi:10.1056/
NEJMoa0808710

Yang, M., Chen, X., Zhang, J., Xiong, E., Wang, Q., Fang, W., et al. (2021).
ME2 promotes proneural-mesenchymal transition and lipogenesis in glioblastoma.
Front. Oncol. 11, 715593. doi:10.3389/fonc.2021.715593

Yang, P. M., Hong, Y. H., Hsu, K. C., and Liu, T. P. (2019). p38α/S1P/
SREBP2 activation by the SAM-competitive EZH2 inhibitor GSK343 limits its
anticancer activity but creates a druggable vulnerability in hepatocellular carcinoma.
Am. J. Cancer Res. 9, 2120–2139.

Yang, T., Espenshade, P. J., Wright, M. E., Yabe, D., Gong, Y., Aebersold, R., et al.
(2002). Crucial step in cholesterol homeostasis: Sterols promote binding of SCAP to
INSIG-1, a membrane protein that facilitates retention of SREBPs in ER. Cell 110,
489–500. doi:10.1016/s0092-8674(02)00872-3

Yang, X., Wu, F., Chen, J., Wang, C., Zhu, Y., Li, F., et al. (2017). GP73 regulates
Hepatic Steatosis by enhancing SCAP-SREBPs interaction. Sci. Rep. 7, 14932. doi:10.
1038/s41598-017-06500-9

Yao, L., Chen, S., and Li, W. (2020). Fatostatin inhibits the development of
endometrial carcinoma in endometrial carcinoma cells and a xenograft model by
targeting lipid metabolism. Arch. Biochem. Biophys. 684, 108327. doi:10.1016/j.abb.
2020.108327

Yecies, J. L., Zhang, H. H., Menon, S., Liu, S., Yecies, D., Lipovsky, A. I., et al.
(2011). Akt stimulates hepatic SREBP1c and lipogenesis through parallel
mTORC1-dependent and independent pathways. Cell Metab. 14, 21–32. doi:10.
1016/j.cmet.2011.06.002

Yeung, F., Hoberg, J. E., Ramsey, C. S., Keller, M. D., Jones, D. R., Frye, R. A., et al.
(2004). Modulation of NF-kappaB-dependent transcription and cell survival by the
SIRT1 deacetylase. Embo J. 23, 2369–2380. doi:10.1038/sj.emboj.7600244

Yi, J., Zhu, J., Wu, J., Thompson, C. B., and Jiang, X. (2020). Oncogenic activation
of PI3K-AKT-mTOR signaling suppresses ferroptosis via SREBP-mediated
lipogenesis. Proc. Natl. Acad. Sci. U. S. A. 117, 31189–31197. doi:10.1073/pnas.
2017152117

Yin, F., Feng, F., Wang, L., Wang, X., Li, Z., and Cao, Y. (2019). SREBP-1 inhibitor
Betulin enhances the antitumor effect of Sorafenib on hepatocellular carcinoma via
restricting cellular glycolytic activity. Cell Death Dis. 10, 672. doi:10.1038/s41419-019-
1884-7

You, M., Fischer, M., Deeg, M. A., and Crabb, D.W. (2002). Ethanol induces fatty acid
synthesis pathways by activation of sterol regulatory element-binding protein (SREBP).
J. Biol. Chem. 277, 29342–29347. doi:10.1074/jbc.M202411200

Yue, S., Li, J., Lee, S. Y., Lee, H. J., Shao, T., Song, B., et al. (2014). Cholesteryl ester
accumulation induced by PTEN loss and PI3K/AKT activation underlies human
prostate cancer aggressiveness. Cell Metab. 19, 393–406. doi:10.1016/j.cmet.2014.01.019

Zhai, X., Cheng, F., Ji, L., Zhu, X., Cao, Q., Zhang, Y., et al. (2017). Leptin reduces
microRNA-122 level in hepatic stellate cells in vitro and in vivo. Mol. Immunol. 92,
68–75. doi:10.1016/j.molimm.2017.10.006

Zhang, C., Zhang, Y., Ding, W., Lin, Y., Huang, Z., and Luo, Q. (2015). MiR-33a
suppresses breast cancer cell proliferation and metastasis by targeting ADAM9 and
ROS1. Protein Cell 6, 881–889. doi:10.1007/s13238-015-0223-8

Zhang, H., Feng, Z., Huang, R., Xia, Z., Xiang, G., and Zhang, J. (2014). MicroRNA-
449 suppresses proliferation of hepatoma cell lines through blockade lipid metabolic
pathway related to SIRT1. Int. J. Oncol. 45, 2143–2152. doi:10.3892/ijo.2014.2596

Zhang, T., Bai, R., Wang, Q., Wang, K., Li, X., Liu, K., et al. (2019). Fluvastatin inhibits
HMG-CoA reductase and prevents non-small cell lung carcinogenesis. Cancer Prev. Res.
(Phila) 12, 837–848. doi:10.1158/1940-6207.CAPR-19-0211

Zhang, Y., Jiang, X., Qin, X., Ye, D., Yi, Z., Liu, M., et al. (2010). RKTG inhibits
angiogenesis by suppressing MAPK-mediated autocrine VEGF signaling and is
downregulated in clear-cell renal cell carcinoma. Oncogene 29, 5404–5415. doi:10.
1038/onc.2010.270

Zhang, Y., Mohibi, S., Vasilatis, D. M., Chen, M., Zhang, J., and Chen, X. (2022).
Ferredoxin reductase and p53 are necessary for lipid homeostasis and tumor
suppression through the ABCA1-SREBP pathway. Oncogene 41, 1718–1726. doi:10.
1038/s41388-021-02100-0

Zhang, Y., Qian, Y., Zhang, J., Yan, W., Jung, Y. S., Chen, M., et al. (2017). Ferredoxin
reductase is critical for p53-dependent tumor suppression via iron regulatory protein 2.
Genes Dev. 31, 1243–1256. doi:10.1101/gad.299388.117

Zhao, L., Peng, Y., He, S., Li, R., Wang, Z., Huang, J., et al. (2021). Apatinib induced
ferroptosis by lipid peroxidation in gastric cancer. Gastric Cancer 24, 642–654. doi:10.
1007/s10120-021-01159-8

Zhao, X., Zhao, L., Yang, H., Li, J., Min, X., Yang, F., et al. (2018). Pyruvate kinase
M2 interacts with nuclear sterol regulatory element-binding protein 1a and thereby
activates lipogenesis and cell proliferation in hepatocellular carcinoma. J. Biol. Chem.
293, 6623–6634. doi:10.1074/jbc.RA117.000100

Zhao, Y., Li, H., Zhang, Y., Li, L., Fang, R., Li, Y., et al. (2016). Oncoprotein HBXIP
modulates abnormal lipid metabolism and growth of breast cancer cells by activating
the LXRs/SREBP-1c/FAS signaling cascade. Cancer Res. 76, 4696–4707. doi:10.1158/
0008-5472.CAN-15-1734

Zhao, Z., Zhong, L., He, K., Qiu, C., Li, Z., Zhao, L., et al. (2019). Cholesterol
attenuated the progression of DEN-induced hepatocellular carcinoma via inhibiting
SCAP mediated fatty acid de novo synthesis. Biochem. Biophys. Res. Commun. 509,
855–861. doi:10.1016/j.bbrc.2018.12.181

Zheng, Z. G., Zhang, X., Liu, X. X., Jin, X. X., Dai, L., Cheng, H. M., et al. (2019).
Inhibition of HSP90β improves lipid disorders by promoting mature SREBPs
degradation via the ubiquitin-proteasome system. Theranostics 9, 5769–5783. doi:10.
7150/thno.36505

Zhu, D. Q., Lou, Y. F., He, Z. G., and Ji, M. (2014). Nucleotidyl transferase
TUT1 inhibits lipogenesis in osteosarcoma cells through regulation of microRNA-24
and microRNA-29a. Tumour Biol. 35, 11829–11835. doi:10.1007/s13277-014-2395-x

Zhu, J., Cui, G., Chen, M., Xu, Q., Wang, X., Zhou, D., et al. (2013). Expression of
R132Hmutational IDH1 in human U87 glioblastoma cells affects the SREBP1a pathway
and induces cellular proliferation. J. Mol. Neurosci. 50, 165–171. doi:10.1007/s12031-
012-9890-6

Zhu, Z., Zhao, X., Zhao, L., Yang, H., Liu, L., Li, J., et al. (2016). p54(nrb)/NONO
regulates lipid metabolism and breast cancer growth through SREBP-1A. Oncogene 35,
1399–1410. doi:10.1038/onc.2015.197

Frontiers in Pharmacology frontiersin.org19

Li et al. 10.3389/fphar.2023.1130747

114

https://doi.org/10.1093/gastro/goaa049
https://doi.org/10.1016/j.neulet.2015.01.060
https://doi.org/10.2147/OTT.S91748
https://doi.org/10.3389/fonc.2020.01510
https://doi.org/10.1073/pnas.162488899
https://doi.org/10.1073/pnas.162488899
https://doi.org/10.1016/j.ejca.2004.12.037
https://doi.org/10.1158/0008-5472.CAN-10-4108
https://doi.org/10.1056/NEJMoa0808710
https://doi.org/10.1056/NEJMoa0808710
https://doi.org/10.3389/fonc.2021.715593
https://doi.org/10.1016/s0092-8674(02)00872-3
https://doi.org/10.1038/s41598-017-06500-9
https://doi.org/10.1038/s41598-017-06500-9
https://doi.org/10.1016/j.abb.2020.108327
https://doi.org/10.1016/j.abb.2020.108327
https://doi.org/10.1016/j.cmet.2011.06.002
https://doi.org/10.1016/j.cmet.2011.06.002
https://doi.org/10.1038/sj.emboj.7600244
https://doi.org/10.1073/pnas.2017152117
https://doi.org/10.1073/pnas.2017152117
https://doi.org/10.1038/s41419-019-1884-7
https://doi.org/10.1038/s41419-019-1884-7
https://doi.org/10.1074/jbc.M202411200
https://doi.org/10.1016/j.cmet.2014.01.019
https://doi.org/10.1016/j.molimm.2017.10.006
https://doi.org/10.1007/s13238-015-0223-8
https://doi.org/10.3892/ijo.2014.2596
https://doi.org/10.1158/1940-6207.CAPR-19-0211
https://doi.org/10.1038/onc.2010.270
https://doi.org/10.1038/onc.2010.270
https://doi.org/10.1038/s41388-021-02100-0
https://doi.org/10.1038/s41388-021-02100-0
https://doi.org/10.1101/gad.299388.117
https://doi.org/10.1007/s10120-021-01159-8
https://doi.org/10.1007/s10120-021-01159-8
https://doi.org/10.1074/jbc.RA117.000100
https://doi.org/10.1158/0008-5472.CAN-15-1734
https://doi.org/10.1158/0008-5472.CAN-15-1734
https://doi.org/10.1016/j.bbrc.2018.12.181
https://doi.org/10.7150/thno.36505
https://doi.org/10.7150/thno.36505
https://doi.org/10.1007/s13277-014-2395-x
https://doi.org/10.1007/s12031-012-9890-6
https://doi.org/10.1007/s12031-012-9890-6
https://doi.org/10.1038/onc.2015.197
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1130747


A novel mechanism of
6-methoxydihydroavicine in
suppressing ovarian carcinoma by
disrupting mitochondrial
homeostasis and triggering ROS/
MAPK mediated apoptosis

Huachang Zhang1†, Fugen Shangguan2†, Lan Zhang3†,
Nengfang Ma4, Shuling Song5, Li Ma1, Chuntong Liu1,
Mengke Liu1, Jing An6, Hua Li3* and Qizhi Cao1*
1Department of Immunology, School of Basic Medical Sciences, Binzhou Medical University, Yantai,
Shandong, China, 2Key Laboratory of Diagnosis and Treatment of Severe Hepato-Pancreatic Diseases of
Zhejiang Province, The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China, 3The
Affiliated Taian City Central Hospital of Qingdao University, Taian, Shandong, China, 4School of Life and
Environmental Sciences, Wenzhou University, Wenzhou, China, 5School of Gerontology, BinzhouMedical
University, Yantai, Shandong, China, 6Division of Infectious Diseases and Global Health, School of
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Introduction: Alkaloids derived fromM. cordata (Papaveraceae family), have been
found to display antineoplastic activity in several types of cancer. However, the
antitumor effects andmechanisms of a new alkaloid extracted from the fruits ofM.
cordata, named 6-Methoxydihydroavicine (6-ME), remains unclear in the case of
ovarian cancer (OC).

Methods: CCK-8 assay was employed to analyze the cell viabilities of OC cells.
RTCA, and colony-formation assays were performed to measure OC cell growth.
Alterations in apoptosis and ROS levels were detected by flow cytometry in
accordance with the instructions of corresponding assay kits. A Seahorse
XFe96 was executed conducted to confirm the effects of 6-ME on cellular
bioenergetics. Western blot and q-RT-PCR were conducted to detect
alterations in target proteins. The subcutaneous xenografted tumor model of
OC was used to further validate the anti-tumor activity of 6-ME in vivo.

Results: Here, we reported for the first time that 6-ME inhibits OC cells growth in
vitro and in vivo. Meanwhile, we found that 6-ME showed great antineoplastic
activities by disrupting mitochondria homeostasis and promoting apoptosis in OC
cells. Further investigation of the upstream signaling of apoptosis revealed that 6-
ME-triggered apoptosis was induced by reactive oxygen species (ROS)-mediated
mitogen-activated protein kinase (MAPK) activation andmitochondria dysfunction
in OC cells. Furthermore, we found oxaloacetic acid (OAA), a crucial metabolite
has been proved to be related to NADPH production, can block the cytotoxicity
and accumulation of ROS caused by 6-ME in OC cells.

Discussion: In summary, our data show that 6-ME exhibits cytotoxicity to OC cells
in a ROS-dependent manner by interrupting mitochondrial respiration
homeostasis and inducing MAPK-mediated apoptosis. This evidence suggests
that 6-ME is a promising remedy for OC intervention.
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1 Introduction

Ovarian cancer (OC), a common gynecological tumor with a
high mortality rate, is the eighth leading cause of morbidity and
mortality among women worldwide, with 313,959 cases and
207,252 deaths in 2020 (Sung et al., 2021). Nearly 90% of OC
cases are epithelial ovarian cancer (EOC) histotypes, main including
high-grade serous, low-grade serous, endometrioid, clear cell, and
mucinous subtypes (Torre et al., 2018; Millstein et al., 2020). High-
grade serous ovarian cancer (HGSOC) accounts for more than 65%
of EOC cases and contributes to the high mortality rate of EOC
(Torre et al., 2018). Due to the difficulties of early diagnosis of EOC,
about 70% of patients are already advanced at the time of diagnosis,
with a 5-year survival rate of less than 50% (Torre et al., 2018;
Herrera et al., 2019; Schoutrop et al., 2022). Currently,
chemotherapy is still the main strategy for OC treatment, but the
side effects and resistance of chemotherapy drugs remain urgent
issues to be solved (Lisio et al., 2019; Marchetti et al., 2021).
Therefore, the exploitation of novel and safety antitumor
remedies of natural origin is of great importance. Fortunately, a
range of natural compounds, likes alkaloids, terpenes, and
polyphenols, have been shown to have therapeutic potential for
cancer (Atanasov et al., 2021). Macleaya cordata (Willd.) R. Br. (M.
cordata), a traditional medicine belongs to the Papaveraceae family
that has long been used in Asia, especially in China to treat
myodynia, wound inflammation, and bee stings (Ali et al., 2021).
Previous studies have indicated thatM. cordata contains a variety of
alkaloids, which are the basis for demonstrating its medical benefits
(Guo et al., 2014). The explorations of the potential pharmacological
functions of these alkaloids seem to be valuable, particularly in the
context of tumor treatment. To date, several M. cordata alkaloids
have been found to exhibit antitumor activity in different types of
cancer. For example, the M. cordata alkaloids sanguinarine,
chelerythrine, and berberine have shown promising antineoplastic
properties in pancreatic cancer (Almeida et al., 2017; Zhu et al.,
2019; Ali et al., 2021). Chelerythrine triggered apoptosis in gastric
cancer by reducing the expression of Bcl-xL and Bcl-2 proteins
(Zhengfu et al., 2012). Macleayins A exerted its anti-cervical cancer
activity by inhibiting Wnt/β-Catenin-dependent proliferation and
inducing apoptosis (Sai et al., 2021). Ethoxysanguinarinenon
regulated the AMPK/mTOR pathway as an antitumor property
(Si et al., 2019). Given this evidence, further investigation of safe
and effective natural compounds from these alkaloids for cancer
intervention is practical and worth pursuing.

Many chemotherapeutic drugs exhibit antitumor properties by
initialing programmed cell death (PCD), which includes necroptosis
(Su et al., 2016; Jing et al., 2018), pyroptosis (Wang et al., 2017;Wu et al.,
2021), ferroptosis (Liang et al., 2019; Lei et al., 2022), and apoptosis (Tang
et al., 2019; Shahar and Larisch, 2020). As the most well-understood and
extensively researched type of PCD, apoptosis occurs with membrane
blebbing, nuclear fragmentation, and cell shrinkage (Koren and Fuchs,
2021). Reactive oxygen species (ROS), which are always initialed by
oxidative stimuli and some antitumor drugs, have been shown to be
closely associated with apoptosis (Jacquemin et al., 2015; Holze et al.,

2018; Li et al., 2020; Jiang et al., 2022). Noticeably,MAPK signaling,main
including JNK/MAPK, ERK/MAPK, and p38/MAPK proteins, has been
found to act as a bridge for ROS-induced apoptosis. Mao et al. showed
that shikonin triggers ROS/JNK-dependent apoptosis in leukemia cells
(Mao et al., 2008). Curcumin derivatives have consistently been found to
active apoptosis in breast cancer via the ROS/YAP/JNK axis (Wang et al.,
2019). Moreover, Lan et al. observed that deferoxamine induces
esophageal cancer cell apoptosis through ROS/ERK-reliant
mitochondrial dysfunction (Lan et al., 2018). Furthermore, the ERK/
p38-MAPK axis has been linked to ROS-initialed apoptosis caused by
liposomal honokiol in medulloblastoma cells (Li C et al., 2022).
Conversely, the activation of ERK/MAPK may have anti-apoptosis
effects in some circumstances (Dang et al., 2017; Lu et al., 2021; Xing
et al., 2021). Recent studies have indicated that δ-Tocotrienol increases
the sensitivity of OC cells to cisplatin by facilitating the ROS/JNK and
ROS/p38 pathways (Fontana et al., 2021). Similarly, Zhu et al. found that
escin exhibited promising anti-osteosarcoma property by activating
ROS/p38-dependent apoptosis (Zhu et al., 2017). All these discoveries
suggest the important and unique role of the MAPK axis in ROS-induce
apoptosis.

In this study, we report a novel alkaloid, 6-ME, with excellent
anti-OC activity, which has never been published before. We focus
on elucidating the underlying mechanisms by which 6-ME exhibits
its antitumor properties in OC cells.

2 Materials and methods

2.1 Cell lines and cell culture

The CAOV3 and SKOV3 were brought from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China). CAOV3 and
SKOV3 cell lines were cultured in DMEMmedium andMcCoy’s 5A
respectively, supplementing with 10% fetal bovine serum and
penicillin-streptomycin. All cells were incubated in a humidified
incubator with 5% CO2 at 37°C.

2.2 Reagents and antibodies

Reagents are listed in Supplementary Table S1 while antibodies
are shown in Supplementary Table S2.

2.3 Cell viability assessment

The inhibitory concentration (IC50) of 6-ME was estimated by
conducting CCK-8 assay in CAOV3 and SKOV3 cells according to the
manufacturer’s instructions. The cells were counted and seeded at
10,000 cells per well in 96-well cell culture plates and cultured
overnight. They were then t treated with concentration gradients of
6-ME or DMSO for 24 h, followed by an additionally 3 h incubation
with CCK-8 solution at 37°C. Afterward, the observance at OD 450nm

was measured using Varioskan Flash (Thermo Scientific).
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2.4 Measurement of cell proliferation by real
time cellular analysis (RTCA)

RTCA assays were conducted to measure the anti-proliferation
activity of 6-ME in OC cells following the manufacturer’s protocol.
The SKOV3 cells were counted and seeded at the density of
10,000 cells per well and cultured with the indicated
concentrations of 6-ME at 37°C for several days. The data were
then exported and graphed.

2.5 Colony formation assay

CAOV3 and SKOV3 cells were inoculated in 6-well cell culture
plates at the density of 1,000/well and cultured under the presence or
absence of different concentrations of 6-ME for 2 weeks. After
washing three times with PBS, fixing for 30 min with 4%
paraformaldehyde, and staining for 30 min with crystal violet,
clonal colonies >40–50 cells/each were counted.

2.6 Western blot analysis

CAOV3 and SKOV3 cells were incubated with 6-ME alone
or in combination with NAC or OAA for 24 h. These cells were
then collected, incubated with appropriate cell lysis buffer on ice
for 20 min, and centrifuged at 12, 000 rpm for 20 min at 4°C.
After transferring the supernatants to a new 1.5 ml EP tube on
ice, the protein concentration was determined using Pierce™
BCA Protein Assay kit (Thermo Fisher Scientific, 23,225)
following the manufacturer’s protocol. Subsequently, the
protein concentration was adjusted to 1 μg/μL/sample with
5X DualColor Protein Loading Buffer (Fude Biological
Technology, FD006) and heated at 95°C for 5 min in a
Digital Dry Baths/Block Heaters (Thermo Fisher Scientific,
88870005). For western blot analysis, protein samples (20 μg/
each) were loaded onto the SDS-PAGE gel, electrophoresed, and
transferred onto 0.22 μM PVDF membranes. Afterblocking
with 5% NON-Fat Powdered Milk (Solarbio Life Science,
D8340) for 90 min, the membranes were incubated with the
desired primary antibodies overnight at 4°C, washed with 1X
TBS-T for 5 min at least three time, and incubated with
corresponding secondary antibodies at room temperature for
90 min. Finally, these membranes were washed with 1X TBS-T
for 10 min at least three times, visualized with the SuperSignal™
West Pico PLUS kit (Thermo Fisher Scientific, 34,580), and
quantified using ImageJ software.

2.7 Cell apoptosis analysis

CAOV3 and SKOV3 cells were incubated with different
concentrations of 6-ME for 12 h, then harvested, and stained
with Annexin V-FITC/PI at room temperature for 20 min in
darkness, and detected by flow cytometry.

2.8 Photograph of cell morphology

After culturing CAOV3 and SKOV3 cells with 6-ME for 24 h,
cell morphologies were viewed under a LEICA DMI1 microscope
and photographed using a LAS V4.12 digital camera (LEICA
Corporation) with a ×10 eyepieces and ×20 objective.

2.9 Oxygen consumption rate (OCR)
measurement

The XFe96 extracellular flux analyzer was employed to measure
the alterations of OCRwhenOC cells were exposed to 6-ME alone or
in combination with NAC or OAA. The OC cells (20,000 cells per
well) were seed in specialized cell plates and cultured overnight at
37°C. Afterward, the cells were exposed to 6-ME alone or 6-ME
combined with NAC or OAA for 4 h; they were then incubated for
another 1 h with a base medium containing Glucose and Pyruvic
acid sodium. Finally, three working solutions, including
Oligomycin, FCCP, and Rotenone/Antimycin A, were added to
the corresponding wells, and changes in OCR were detected
using the XFe96 Extracellular Flux analyzer under specific
procedures.

2.10 Extracellular acidification rate (ECAR)
measurement

The XFe96 extracellular flux analyzer was employed to
measure the alterations of ECAR when OC cells were
exposed to 6-ME. The OC cells (20,000 cells per well) were
seed in specialized cell plates and cultured overnight at 37°C.
Afterward, the cells were exposed to 6-ME for 4 h; they were
then incubated for another 1 h with a base medium containing
Glutamine. Finally, three working solutions, including Glucose,
Oligomycin, and 2-DG were added to the corresponding wells,
and changes in ECAR were detected using the
XFe96 Extracellular Flux analyzer under specific procedures.

2.11 FACS analysis for ROS

To examine the alteration of reactive oxygen species (ROS)
in 6-ME -treated OC cells for 12 h, we stained the cells with
dichloro-dihydro-fluorescein diacetate (DCFH-DA) and
analyzed them using flow cytometry in accordance with
manufacturer’s protocol.

2.12 Measurement of MMP

To detect changes in mitochondrial membrane potential (MMP)
in OC cells after 12 h treatment with 6-ME, we dyed the cells with
JC-1 and analyzed them by flow cytometry according to the
manufacturer’s protocol.
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2.13 Nude mouse tumor-bearing
experiments

All animal studies were carried out in accordance with the
protocol approved by the Animal Protection and Utilization

Committee of Binzhou Medical University. Female BALB/
c-nude mice were raised in an environment free of specific
pathogens (SPF). In 5-week-old nude mice (n = 8),
CAOV3 cells (5×106) were injected subcutaneously
ventrally. The mice were separated into two groups of four

FIGURE 1
6-ME depresses in vitro OC cell growth. (A). CCK-8 assays were used to analyze the inhibitory activities of 6-ME in OC cells. (B). RTCA assays were
performed to detect the ability of proliferation in OC cells. (C). The clonogenic activities were confirmed by performing colony formation assays. (D). The
numbers of clonal colonies were counted and then analyzed, data was showed as mean ± SD.
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mice each when the tumor volume reached ~100 mm3. 5%
DMSO, 40% PEG300, 5% Tween80, 50% H2O was used as the
solvent of 6-ME. Mice in one group received an intraperitoneal
injection of 6-ME (5 mg/kg), whereas mice in the control
group received an injection of solvent. The tumor volume

(mm3) was calculated using the formula volume = length ×
(width) 2/2 after the tumor size was determined using a vernier
caliper. Every 2 days, weigh it. After 14 days, the mice were
sacrificed and the tumors were photographed, dissected, and
weighed.

FIGURE 2
6-ME induces Caspase-mediated apoptosis in OC cells. (A). The cell death was analyzed by flow cytometry in Annexin V-FITC/PI dyeing OC cells.
(B). The cell death rates were statistically analyzed and showed asmean ± SD. (C). Cell viabities weremeasured after 6-ME treated alone or in combination
with PCD inhibitors, data was showed as mean ± SD. (D). Western blot were used to detect the activation of PARP and caspase-3, Actin was acted as a
loading control. (E). The cleavage of PARP and caspase-3 were quantified and statistically analyzed, data was showed asmean ± SD. (F). RTCA assays
were performed to detect the ability of proliferation in 6-ME exposed OC cells in the presence of ZVAD. (G). Western blot were used to detect the
activation of PARP and caspase-3 in 6-ME exposed OC cells in the presence of ZVAD, Actin was acted as a loading control. (H). The cleavage of PARP and
caspase-3 were quantified and statistically analyzed, data was showed as mean ± SD.
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2.14 Statistical analysis

All the statistical analyses were performed using
SPSS16.0 statistical analysis software and GraphPad Prism 5. The
data are shown as the mean ± SD of three independent replicate
experiments. T-test was used to analyze the statistical difference
between two independent groups and one-way ANOVA with the
Tukey post-hoc test was used to analyze differences more than two
groups for a single variable. p-value <0.05 was considered
statistically significant.

3 Results

3.1 6-ME inhibits in vitro OC cell growth

The inhibitory activities of 6-ME on CAOV3 and SKOV3 cell
survivals were initially detected using CCK-8 assays (Figure 1A).
Subsequent RTCA assays revealed a significant decrease in the
proliferation of OC cells after 6-ME exposure (Figure 1B).
Reduction in the clonogenic activities in 6-ME-treated OC cells
were further confirmed by performing colony formation assays
(Figures 1C, D). These data indicate that 6-ME effectively
represses the in vitro growth of OC cells.

3.2 6-ME triggers caspase-dependent
apoptosis in OC cells

The cytotoxicity caused by 6-ME in OC cells was further
investigated using flow cytometry. Annexin V-FITC/PI data
showed that 6-ME significantly induced OC cell death when
compared to DMSO vehicle control (Figures 2A, B). Subsequent
measurements of cell viability after treatment with 6-ME alone or in
combination with corresponding PCD inhibitors showed that the
presence of the apoptosis inhibitor ZVAD, but not of other cell-
death inhibitors, including necroptosis inhibitor NSA and
ferroptosis inhibitors DFO or Fer-1, eliminated the cytotoxicity
caused by 6–ME (Figure 2C). However, in 6-ME-exposed OC
cells, we did not observe the appearance of balloon-like bubbles
and cleavage of gasdermin family proteins (GSDMB, GSDMC,
GSDMD, and GSDME), which are typical cell morphology of
pyroptosis (Supplementary Figures S1A, B). Echoing the results
of counteracting 6-ME-induced inhibition of cell proliferation
(Figure 2F; Supplementary Figure S1C), treatment of OC cells
with 6-ME in the presence or absence of Z-VAD halted the
increase in 6-ME-mediated cleavages of PARP and caspase-3
(Figures 2D, E, G, H). These results show that 6-ME exerts its
anti-OC properties by initializing caspase-dependent apoptosis.

3.3 6-ME impairs mitochondrial respiration
and induces oxidative stress, but does not
alter aerobic glycolysis in OC cells

It is well known that disruption of mitochondrial function
can cause caspase-3-dependent apoptosis. Therefore, we
hypothesized that the interruption of mitochondria

homeostasis by 6-ME is a step in its response that causes
cytotoxicity in OC cells. To corroborate this hypothesis, we
analyzed the oxygen consumption rate (OCR) after 6-ME
administration using the Seahorse XF96 bioenergy analyzer. 6-
ME significantly inhibited not only the total OCR but also the
maximal respiration of CAOV3 and SKOV3 cells (Figures 3A, B).
Moreover, 6-ME exposure resulted in increased in ROS levels
(Figure 3C) and inhibition of the key mitochondrial fusion
proteins MFN1 and MFN2 (Figure 3D; Supplementary Figure
S2A). To further explore the effects of 6-ME on aerobic
glycolysis, a crucial resource of ATP and metabolic
intermediates for tumor growth, we analyzed the extracellular
acidification rate (ECAR) using the Seahorse XF96 bioenergy
analyzer. Our results reveal that 6-ME is unable to alter the
hemostasis of aerobic glycolysis in OC cells (Figures 3E, F). These
findings suggest that 6-ME initializes mitochondrial dysfunction
and oxidative stress in OC cells.

3.4 6-ME exhibits its anti-OC properties by
triggering mitochondrial dysfunction
through the promotion of ROS production,
which can be eliminated by the
antioxidant NAC

To further investigate the underlying mechanism by which 6-
ME regulates mitochondrial imbalance, the effects of ROS on
mitochondrial homeostasis were subsequently determined.
Exploration of 6-ME treated alone or combination with ROS
scavenger NAC uncovered that NAC markedly eliminated the
decrease in overall OCR and maximal respiration (Figures 4A, B).
Moreover, the 6-ME-induced inhibitions of MFN1 and
MFN2 expressions were alleviated by the addition of NAC
(Figures 4C, D). 6-ME-caused mitochondrial morphological
abnormalities were also markedly attenuated by NAC, based
on the results of Mitotracker staining (Figure 4E). Culturing
OC cells with NAC clearly eliminated the effects of 6-ME on
promoting ROS accumulation in the cells (Figure 4F). NAC also
mitigated the inhibitory effects of 6-ME on OC cell viability and
proliferation (Figures 4G, H). Overall, 6-ME-induced
mitochondrial dysfunction is mediated by ROS accumulation,
which leads to OC cell growth inhibition, while the antioxidant
NAC significantly overcomes the 6-ME-induced mitochondrial
impairment.

3.5 6-ME causes ROS/MAPK axis-dependent
apoptosis in OC cells

Considering the important role of ROS in modulating MAPK
signaling, Western blotting was further performed to detect
alterations of crucial factors involved in the pathway in
response to 6-ME treatment. JNK/MAPK and ERK/MAPK,
but not p-p38, were activated in OC cells after 6-ME
treatment (Figures 5A, B). Culturing OC cells with 6-ME
alone or in combination with NAC confirmed that the
addition of NAC obviously diminished the effects of 6-ME on
MAPK axis activation (Figures 5C, D). Similarly, 6-ME-
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promoted cleavages of PARP and caspase-3 were mitigated by
NAC (Figures 5E, F). Measurement of the apoptotic rates in OC
cells cultured with 6-ME alone or in combination with NAC
further revealed that the presence of NAC led to the reduction of
6-ME-induced cell death (Figures 5G, H). These observations
imply that 6-ME exerts its cytotoxicity by initiating apoptosis, at
least in part, through ROS-mediated MAPK activation.

3.6 6-ME may disrupt the metabolic
homeostasis of OAA and thereby activating
ROS production

This study demonstrated the indispensable roles of ROS in
regulating cell death and mitochondrial dysfunction. Therefore,
the regulatory mechanisms behind the 6-ME-induced increase in

FIGURE 3
6-ME triggers ROS accumulation and mitochondrial dysfunction. (A). The OCR was measured by Seahorse XF96 bioenergy analyzer after 6-ME
addition. (B). The data comes fromOCRwas analyzed and showed as basal respiration, ATP production, andmaximal respiration, all data were showed as
mean ± SD. (C). ROS level was analyzed by flow cytometry in DCFH-DA staining OC cells and showed as mean ± SD. (D). The alteration of MFN1 and
MFN2were confirmed by western blot, actin was acted as a loading control. (E). The ECARwasmeasured by Seahorse XF96 bioenergy analyzer after
6-ME administration. (F). The data comes from ECAR was analyzed and showed as glycolysis, glycolytic capacity, and glycolytic reserve, all data were
showed as mean ± SD.
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FIGURE 4
6-ME caused ROS activation leads to the dysfunction of mitochondria in OC cells. (A,B). The OCR was measured by Seahorse XF96 bioenergy
analyzer in 6-ME treated cell with or without NAC. (C). The alteration of MFN1 and MFN2 were confirmed in 6-ME exposed OC cells in the presence of
NAC by western blot, actin was acted as a loading control. (D). The changes of MFN1 and MFN2 were quantified and statistically analyzed, data was
showed asmean ± SD. (E). 6-ME-causedmitochondrial morphological abnormalities were observed inMitotracker dyedOC cells. (F). ROS level was
analyzed by flow cytometry in 6-ME treated OC cells after NAC addition and the data was showed as mean ± SD. (G). The cell viabilities were analyzed in
6-ME exposed alone or combination of NACor Cys and data was showed asmean± SD. (H). The cell proliferation abilities were analyzed in 6-ME exposed
alone or combination of NAC and data was showed as mean ± SD.
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FIGURE 5
6-ME activates ROS/MAPK axis-dependent apoptosis in OC cells. (A). Western blot was performed to detect the activation of JNK, ERK, and p38, the
Actin was act as a loading control. (B). The changes of these proteins were then quantified and analyzed, the data was showed asmean ± SD. (C). Western
blot was performed to detect the activation of JNK and ERK in 6-ME treated with or without NAC in OC cells, the Actin was act as a loading control. (D).
The changes of p-JNK and p-ERK were then quantified and analyzed, the data was showed as mean ± SD. (E). Western blot was performed to
detected the activation of PARP and caspase-3 in 6-ME treated with or without NAC in OC cells, the Actin was act as a loading control. (F). The changes of
PARP and caspase-3 were then quantified and analyzed, and the data was showed as mean ± SD. (G). The cell death was analyzed by flow cytometry in
Annexin V-FITC/PI dyeing and 6-ME cultured OC cells in the presence of NAC. (H). The cell death rates were then statistically analyzed and showed as
mean ± SD.
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FIGURE 6
6-ME may disrupt the metabolic homeostasis of OAA and thereby activating ROS production. (A). Cell viabilities were measured after 6-ME treated
alone or in combination with TCA cycle metabolites, data was showed as mean ± SD. (B). Western blot were used to detect the alteration of PCB, MDH1,
MDH2, ME1 andME2, Actin was acted as a loading control. (C). ROS level was analyzed by flow cytometry in 6-ME treated OC cells after OAA addition and
the data was showed as mean ± SD. (D). The cell proliferation abilities were analyzed in 6-ME exposed alone or combination of OAA and data was
showed asmean ± SD. (E,F). Western blot was performed to detect the activation of JNK, ERK, PARP, and caspase-3 in 6-ME treated with or without OAA
in OC cells, the Actin was act as a loading control. (G). The cell death was analyzed by flow cytometry in Annexin V-FITC/PI dyeing and 6-ME cultured OC
cells in the presence of OAA. (H). The cell death rates were then statistically analyzed and showed as mean ± SD.

Frontiers in Pharmacology frontiersin.org10

Zhang et al. 10.3389/fphar.2023.1093650

124

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1093650


ROS production were further explored. It is worth mentioning
that oxaloacetic acid (OAA), but not other crucial metabolites of
the TCA cycle counteracted the cytotoxicity caused by 6-ME in
OC cells (Figure 6A). Considering the important role of OAA in
regulating NADPH production, we also speculated that 6-ME
could modulate ROS generation by disrupting OAA metabolic
homeostasis. The alterations of crucial enzymes involved in OAA
metabolism were thus analyzed by Western blotting, which
confirmed that the expression of PCB (pyruvate carboxylase),
MDH1, MDH2, ME1, ME2, the key enzymes for OAA synthesis,
unchanged after 6-ME treatment (Figure 6B). Interestingly,
detection of ROS levels in 6-ME-exposed cells with or without
OAA revealed that OAA mitigated the activation of ROS after 6-
ME addition (Figure 6C). The addition of OAA also effectively
reverted 6-ME-induced proliferation inhibition (Figure 6D),
eliminated the 6-ME-mediated increase in phosphorylation of
JNK and ERK and cleavages of PARP and caspase-3 (Figures 6E,
F; Supplementary Figures S4A, B), and mitigated the influence
of 6-ME-promoted apoptosis in OC cells (Figures 6G, H). These
results indicate that 6-ME may contribute to increased ROS
levels by disturbing OAA metabolism homeostasis, leading to
ROS/MAPK-dependent apoptosis in OC cells.

3.7 6-ME depress in vivo OC cell growth in
nude mouse

We used a tumor-bearing nude mouse model to further
investigate the anti-tumor effect of 6-ME in vivo. 6-ME
dramatically reduced tumor growth in tumor-bearing nude mice
(Figures 7A, B), which is consistent with the experimental evidence
of OC cells in vitro. In comparison to the control group, the 6-ME
group’s tumor volume and weight were much lower (Figures 7C, D).
Since there was no discernible change in body weight between the
two groups, 6-ME showed no physiologically harmful effects on
mice (Figure 7E). These findings imply that 6-ME is a potentially
effective anticancer medication for the treatment of ovarian
carcinoma.

4 Discussion

The promising antitumor properties of alkaloids and others
extracts fromM. cordata have been demonstrated in different cancer
types (Zhengfu et al., 2012; Guo et al., 2014; Almeida et al., 2017; Si
et al., 2019; Zhu et al., 2019; Ali et al., 2021; Sai et al., 2021). Notably,

FIGURE 7
6-ME efficiently blocks OC growth in vivo. (A) Images of nude mice treated with 6-ME (5 mg/kg). (B) Corresponding tumor tissue pictures obtained
after the nude mice were sacrificed. (C) Tumor growth in nude mice after treatment with 6-ME. (D) The tumor weight of OC treated with 6-ME was
analyzed. (E) Volume changes of nude mice in two groups. The data showed as mean ± SD.
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our recent study has confirmed that 6-ME can induce mitochondrial
dysfunction and ROS/RIPK1-dependent pyroptosis that hinder
pancreatic cancer progression (Ma et al., 2022). However, it
remains unclear whether 6-ME possess a potential against OC
and what the underlying mechanisms of its action might be. In
the present study, we reported a novel anti-OC pathway in which 6-
ME disrupts mitochondrial hemostasis and causes ROS/MAPK axis-
dependent apoptosis. These findings indicate that 6-ME is a
promising natural compound worthy of further investigation for
OC intervention.

PCD, which primarily includes apoptosis, pyroptosis,
necroptosis, and ferroptosis, has been employed in therapeutic
strategies to kill cancer cells and/or hinder their progression
(Koren and Fuchs, 2021). We employed corresponding PCD
inhibitors to confirm the specific type of PCD in OC cells
induced by 6-ME. The cell viability data showed that only the
apoptosis inhibitor ZVAD, but not the other PCD inhibitors, can
antagonize 6-ME-induced PCD (Figure 2C). Considering the
cross talk between apoptosis and pyroptosis (Koren and Fuchs,
2021), we conducted further investigations to verify these
processes. Western blotting results indicated that 6-ME could
not to lead to increase in cleavages of GSDMB, GSDMC, GSDMD,

and GSDME (Supplementary Figure S1B), which are crucial
biochemical indexes of cellular pyroptosis. Also, no balloon-
like bubbles were observed in 6-ME-exposed OC cells
(Supplementary Figure S1A), which is the classical cell
morphology of pyroptosis (Shi et al., 2017). Therefore, we
confirm that 6-ME exerts its cytotoxicity by inducing OC cell
apoptosis rather than GSDMX-mediated pyroptosis. Cleavages of
PARP and caspase-3, two crucial factors of apoptosis, were
initiated by 6-ME and inhibited upon the addition of ZVAD
in OC cells (Figures 2G, H). The 6-ME-induced cytotoxicity was
also mitigated by the presence of ZVAD, based on the viability
data of OC cells treated with 6-ME alone or in combination with
ZVAD (Figure 2F; Supplementary Figure S1C). Based on these
results, we conclude that 6-ME triggers OC cell apoptosis, which
is a different mode of cell death from the one previously reported
in the 6-ME-induced pyroptosis of pancreatic cancer (Ma et al.,
2022).

It is well known that avoidance and resistance to apoptosis are
hallmarks of tumors, to fight cancer, we can use strategies that
target them (Hanahan and Weinberg, 2011). In the past, many
studies have demonstrated that targeting mitochondria-mediated
apoptosis can be a candidate therapeutic option for cancer

FIGURE 8
Mechanistic model of 6-ME induces OC cell apoptosis and mitochondrial dysfunction. 6-ME caused disruption of OAA metabolism and led to the
accumulation of ROS. Subsequently, 6-ME caused ROS-facilitated JNK-ERK/MAPK activation and disruption of mitochondrial hemostasis, thus driving
OC cell apoptosis.
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treatment (Burke, 2017). Our experimental results are consistent
with this evidence by suggesting that 6-ME may exhibit
cytotoxicity by modulating mitochondrial homeostasis and
apoptosis in OC cells (Ma et al., 2019; Song et al., 2019; Temel
et al., 2020). We found that 6-ME can dramatically inhibit
mitochondrial respiration along with maximal respiration
(Figures 3A, B). Furthermore, flow cytometry results revealed
that 6-ME can remarkably trigger ROS production in OC cells
(Figure 3C), providing that ROS is an important signal
transduction that occurs in mitochondria-mediated apoptosis
(Jacquemin et al., 2015; Li et al., 2019; Cao et al., 2020).
Further investigations of the underlying mechanisms found
that NAC, a potent ROS scavenger, can diminish the
disruption of mitochondria and the activation of apoptosis
caused by 6-ME when comparing OC cells exposed to 6-ME
alone or in combination with NAC (Figures 4A, B; Figures 5G, H).
This indicates that 6-ME may promote ROS-dependent
mitochondrial dysfunction, thereby leading to the activation of
OC cell apoptosis. Notably, ROS can further trigger the activation
of some downstream pro-apoptotic signal pathways, such as the
MAPK axis. MAPK has been reported as an important cellular
signal transduction molecule that may act as a bridge between
ROS and apoptosis in several cancer types (Mao et al., 2008; Dang
et al., 2017; Zhu et al., 2017; Lan et al., 2018; Wang et al., 2019;
Fontana et al., 2021; Lu et al., 2021; Xing et al., 2021; Li S et al.,
2022). Similarly, in our study, we found that 6-ME-caused the
activation of JNK/MAPK and ERK/MAPK in OC cells (Figures
5A, B). Moreover, the increase in phosphorylation of JNK/MAPK
and ERK/MAPK, as well as increased cleavages of PARP and
caspase 3 induced by 6-ME, can be eliminated by the addition of
NAC (Figures 5C–F). Consistent with this, the 6-ME cause
apoptosis was also blocked by NAC (Figures 5G, H). In
particular, we observed an increase in 6-ME-induced
phosphorylation of ERK/MAPK in the mitochondrial fraction
(Supplementary Figure S3C), where they may behave as apoptotic
inducers by causing mitochondrial dysfunction (Lan et al., 2018;
Li C et al., 2022). These findings imply that 6-ME can induce the
activation of JNK-ERK/MAPK to trigger subsequent apoptosis in
OC cells.

Mitochondria are one of the main sources of cellular ROS
production, and mitochondrial disruption can often occur during
cancer development and treatment (Choucair et al., 2022; Dakik
et al., 2022; Liu et al., 2022). We speculated that 6-ME-induced OC
cell apoptosis is due to its involvement in triggering signals for ROS
production and accumulation. To investigate this hypothesis, we
cultured OC cells with 6-ME in the presence or absence of OAA (a
crucial metabolite of the TCA cycle), which has been demonstrated
to modulate the homeostasis of mitochondrial function (Desideri
et al., 2015; Martinez-Reyes and Chandel, 2020). We thus confirmed
that OAA, rather than other metabolites, can eliminate the
cytotoxicity caused by 6-ME in OC cells (Figure 6A), which was
consistent with our latest results regarding the effects of 6-ME and
OAA on pancreatic cancer (Ma et al., 2022). The deficiency of OAA
has been verified to contribute to the impairment of the balance of
NADPH generation, which leads to the accumulation of ROS (Son
et al., 2013; Abrego et al., 2017). Our subsequent studies further
proved that the addition of OAA significantly impeded 6-ME-
induced ROS accumulation (Figure 6C), JNK/MAPK and ERK/

MAPK activation (Figures 6E, F), and increased apoptosis in OC
cells (Figures 6G, H). Importantly, 6-ME has been reported that has
the potential to bind to the regulatory center of enzymatic activity of
PCB, which has been demonstrated to be the key enzyme supplying
OAA to the TCA cycle (Ma et al., 2022). Meanwhile, we did not
observe changes in PCB expression in 6-ME-treated OC cells by
western blot (Figure 5B), suggesting that 6-MEmay bind to PCB and
then inhibit its activity rather than expression. The mechanism
behind this process remains unclear and requires further
investigation. Overall, 6-ME may modulate ROS production by
directly binding to PCB and thereby hindering its activity.

In this study, we proposed a mechanistic model by which 6-ME
inhibits cell growth and promotes apoptosis of OC cells in vitro and
in vivo (Figure 8). 6-ME modulated PCB activity, which then caused
disruption of OAAmetabolism and led to the accumulation of ROS.
Subsequently, 6-ME caused ROS-facilitated JNK-ERK/MAPK
activation and disruption of mitochondrial hemostasis, thus
driving OC cell apoptosis. These findings uncover novel
mechanisms for the antineoplastic property of 6-ME in OC cells,
supporting its potential as a natural drug for OC intervention. A 6-
ME-based treatment approach may also offer significant benefits to
patients with other tumors.
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Lanatoside C decelerates
proliferation and induces
apoptosis through inhibition of
STAT3 and ROS-mediated
mitochondrial membrane
potential transformation in
cholangiocarcinoma

Chao Zhang1,2†, Hong-Ying Yang3†, Long Gao1,4†,
Ming-Zhen Bai1,4†, Wen-Kang Fu1,4, Chong-Fei Huang1,4,
Ning-Ning Mi1,4, Hai-Dong Ma1,4, Ya-Wen Lu1,4, Ning-Zu Jiang1,4,
Liang Tian1,4, Teng Cai1,4, Yan-Yan Lin1,4, Xing-Xing Zheng5,
Kun Gao3*, Jian-Jun Chen3* and Wen-Bo Meng1,4*
1The First Clinical Medical College, Lanzhou University, Lanzhou, Gansu, China, 2Department of
Orthopedics, The First Hospital of Lanzhou University, Lanzhou, Gansu, China, 3State Key Laboratory of
Applied Organic Chemistry, College of Chemistry and Chemical Engineering, Lanzhou University,
Lanzhou, China, 4Department of General Surgery, The First Hospital of Lanzhou University, Lanzhou,
Gansu, China, 5Department of Ophthalmology, The Second Hospital of Lanzhou University, Lanzhou,
Gansu, China

Introduction: The incidence of cholangiocarcinoma (CCA) has increased
worldwide in recent years. Given the poor prognosis associated with the
current management approach of CCA, new therapeutic agents are warranted
to improve the prognosis of this patient population.

Methods: In this study, we extracted five cardiac glycosides (CGs) from natural
plants: digoxin, lanatoside A, lanatoside C, lanatoside B, and gitoxin. Follow-up
experiments were performed to assess the effect of these five extracts on
cholangiocarcinoma cells and compounds with the best efficacy were
selected. Lanatoside C (Lan C) was selected as the most potent natural extract
for subsequent experiments.We explored the potential mechanismunderlying the
anticancer activity of Lan C on cholangiocarcinoma cells by flow cytometry,
western blot, immunofluorescence, transcriptomics sequencing, network
pharmacology and in vivo experiments.

Results:We found that Lan C time-dependently inhibited the growth and induced
apoptosis of HuCCT-1 and TFK-1 cholangiocarcinoma cells. Besides Lan C
increased the reactive oxygen species (ROS) content in cholangiocarcinoma
cells, decreased the mitochondrial membrane potential (MMP) and resulted in
apoptosis. Besides, Lan C downregulated the protein expression of STAT3, leading
to decreased expression of Bcl-2 and Bcl-xl, increased expression of Bax,
activation of caspase-3, and initiation of apoptosis. N-acetyl-L-cysteine (NAC)
pretreatment reversed the effect of Lan C. In vivo, we found that Lan C inhibited
the growth of cholangiocarcinoma xenografts without toxic effects on normal
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cells. Tumor immunohistochemistry showed that nude mice transplanted with
human cholangiocarcinoma cells treated with Lan C exhibited decreased STAT3
expression and increased caspase-9 and caspase-3 expression in tumors,
consistent with the in vitro results.

Conclusion: In summary, our results substantiates that cardiac glycosides have
strong anti-CCA effects. Interestingly the biological activity of Lan C provides a new
anticancer candidate for the treatment of cholangiocarcinoma.

KEYWORDS

Lanatoside C, cholangiocarcinoma, reactive oxygen species, mitochondrial membrane
potential, stat3, apoptosis

Background

Cholangiocarcinoma (CCA) is an epithelial tumor occurring
in the intrahepatic or extrahepatic bile duct with bile duct cell
differentiation, anatomically divided into intrahepatic
cholangiocarcinoma (iCCA), periportal cholangiocarcinoma
(pCCA) and distal cholangiocarcinoma (dCCA) (Razumilava
and Gores, 2014). Each subtype is associated with different risk
factors, molecular pathogenesis, treatment options and
prognosis (Kelley et al., 2020). Current evidence suggests that
pCCA has a poor prognosis, with a median survival of fewer than
2 years for patients with advanced disease (Rizvi and Gores,
2013). For the three anatomical subtypes, surgical resection and
liver transplantation represent the mainstay of treatment
(Rodrigues et al., 2021). However, the median 5-year survival
rate after CCA resection is only 30%. Liver transplantation as
represents a treatment modality indicated only for iCCA and
pCCA. According to an international multicenter study, the 5-
year survival rate of liver transplantation was 65% for very early-
stage iCCA (tumor size less than 2 cm) compared to 45% for the
advanced group (tumor size greater than 2 cm). Despite these
encouraging results, most patients presented with advanced-
stage disease at diagnosis (Mazzaferro et al., 2020). Standard
systemic chemotherapy with gemcitabine and cisplatin is
indicated is indicated for patients who are not surgical
resection or liver transplantation candidates. However, the
median survival for this combination chemotherapy regimen
is only 11.7 months (Sato et al., 2020). Moreover, no specific
targeted molecular therapies have hitherto been approved for
CCA. The poor efficacy of conventional chemotherapeutic
compounds and the development of their resistance, has
boosted interest traditional compounds and their extracts.
The antitumor activity of gentian biosides against 10 lung
cancer cells was evaluated by in vitro experiments. They
found that gentian glycosides inhibited tumor cell
proliferation and induced apoptosis by regulating the Bax/
Caspase-9/Caspase-3 cell pathway (Chen et al., 2017). Besides,
it has been established that curculigo saponin I inhibits the
proliferation of osteosarcoma cells by inactivating the Wnt/β-
catenin pathway, blocks the cell cycle in the G2/M phase, induces
apoptosis and inhibits the invasion and migration of
osteosarcoma cells (Chang et al., 2017). Besides, curcumol
reportedly plays an anticancer effect on cholangiocarcinoma
cells by downregulating CDKL3 (Zhang et al., 2018). In
addition, a recent study revealed that radix astragali extract is

cytotoxic and inhibits cholangiocarcinoma cell proliferation
(Wang et al., 2020). An increasing body of evidence from
recently published literature suggests that cardiac glycosides
are selectively cytotoxic to cancer cells, which has generated
interest in their use as anticancer molecules (Hu et al., 2018;
Reddy et al., 2019).

It is widely acknowledged that cardiac glycosides are found in
D. lanata Ehrh (Kreis, 2017). Currently, the pharmaceutical
industry still relies on natural resources, and cardiac glycosides
of digitalis origin remain a source of cardiac compounds for
clinical practice. For example, the cardiac glycosides digoxin
and digitalis toxin for the treating congestive heart failure and
arrhythmias can be isolated from the leaves of this plant.
Compared to other plants of the genus trichoderma, Digitalis
lanata has a higher content of cardiac glycosides (Ehle et al.,
2011). Cardiac glycosides are compounds of natural origin with
steroid and glycone fractions in their structure. Interestingly
cardiac glycoside analogs can inhibit subunits of the prevalent
transmembrane protein Na+/K + - ATPase (Yan and Shapiro,
2016). Overwhelming evidence substantiates that CGs could block
lung cancer cells at G0/G1 phase in a dose-dependent manner,
thereby inhibiting cancer cell proliferation (Kaushik et al., 2017). A
study revealed that targeting FXYD2 by cardiac glycosides could
potently block tumor growth in ovarian clear cell carcinoma (Hsu
et al., 2016). In another study, cardiac glycosides induced mitotic
arrest and apoptosis in colorectal cancer HT-29 cells through HIF-
1α and NF-κB-mediated downregulation of Plk1 expression (Xie
et al., 2013). Studies on the anti-cancer effects of cardiac glycosides
have substantiated that these compounds have heterogeneous
effects on different tumors, and their possible mechanisms of
action are different (Pratt et al., 2018; Rasheduzzaman et al.,
2019). However, the effects of these compounds on CCA have
rarely reported in the literature. Therefore, this study was
conducted to investigate the inhibitory effects of cardiac
glycosides on CCA and the underlying mechanisms in the
quest, to find new candidate compounds for the treatment of
cholangiocarcinoma.

Herein, we explored the anticancer effects of Lan C on CCA. We
revealed that Lan C could inhibit proliferation and induce apoptosis
of CCA cells. Besides, we investigated the potential mechanisms of
the cytotoxic effects of Lan C and identified the regulatory role of
ROS in the apoptotic process. Overall, the present study provides
preliminary evidence that Lan C induces apoptosis in CCA cells by
affecting ROS expression, thereby regulating changes in
mitochondrial membrane potential.
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Methods

Reagents and cell culture

Compounds (Y1-Y5) were dissolved in dimethyl sulfoxide and
stored at −20°C. N-acetyl-L-cysteine (NAC) was purchased from
Sigma (St.Louis, MO, United States). Antibodies, including anti-
GAPDH, m-IgGκ BP-HRP and mouse anti-rabbit IgG-HRP, were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
United States). Antibodies, including anti-Bcl-2, anti-Bcl-xl, anti-
Bax, anti-caspase-3, anti-cleaved-PARP and anti-STAT3, were
purchased from Cell Signaling Technology (Danvers, MA,
United States). Antibodies, including anti-caspase-9, were
purchased from Abcam (Cambridge, MA, United States). FITC
Annexin V apoptosis Detection Kit I and Propidium Iodide (PI)
were purchased from BD Pharmingen (Franklin Lakes, NJ,
United States). Human cholangiocarcinoma cell line HuCCT-1
was purchased from Shanghai Fu Heng Biological, and TFK-1
was purchased from Creative Bioarray in the United States.
HuCCT-1 is a well-established intrahepatic cholangiocarcinoma
cell line, that causes iCCA, while TFK-1 is an extrahepatic
cholangiocarcinoma cell line, that causes pCCA and dCCA. The
cells were maintained in RPMI-1640 medium containing 10% fetal
bovine serum (FBS) at 37 °C in a humidified incubator with a 5%
CO2 atmosphere. The NMR spectra were recorded on a Bruker
AVANCE NEO-600 spectrometer. Semipreparative HPLC was
carried out on a Waters 1,525 with a reversed-phase C18 (150 ×
10 mm, 10 μm) column and Waters 2,998 photodiode array
detector. Microporous resins, Sephadex LH-20, and silica gel for
crude extract or fractions were purchased from Qingdao Marine
Chemical Inc.

Extraction and isolation of compounds
Y1-Y5

The leaves of D. lanata were collected in September 2016 at
Wuhu City, Anhui Province, P. R. China. The plant was
authenticated by Dr. Jian-Yin Li from the School of Pharmacy,
Lanzhou University. A voucher specimen (accession number:
20160912) was deposited at the School of State Key Laboratory
of Applied Organic Chemistry, College of Chemistry and Chemical
Engineering, Lanzhou University. The dried leaves of D. lanata
(15 kg) were extracted with methanol, concentrated under reduced
pressure and vacuum dried. The extract (3.5 kg) was partitioned
with EtOAc (420 g). Subsequently, the EtOAc fraction was separated
with D101 macroporous resin column chromatography and eluted
with H2O/MeOH system (100:0, 70:30, 50:50,20:80, 0:100 v/v) to
give four fractions (Fr.A–Fr.D). Fr.D (80% MeOH/H2O) underwent
silica gel column chromatography (CH2Cl2/MeOH (20:1 to 1:1, v/
v)) to yield Fr.D1-Fr.D4. Sephadex LH-20 was used to separate
Fr.D1–Fr.D4. Compounds Y2 (Lanatoside A, 2.3 g), Y3 (Lanatoside
C, 3.5 g) and Y4 (Lanatoside B, 900 mg) were obtained from
Fr.D4 by recrystallization at the mixed solution of CH2Cl2/
MeOH. The supernate of Fr.D4 was purified by semipreparative
HPLC to obtain compound Y1 (digoxin, 300 mg). Compound Y5
(gitoxin, 850 mg) was crystallized in a solution of CH2Cl2/MeOH at
fraction Fr.D3.

Toxicity testing

We first determined the structures of five compounds and then
treated two cholangiocarcinoma cell lines with these five
compounds: HuCCT-1, an intrahepatic cholangiocarcinoma cell
line, and TFK-1, an extrahepatic cholangiocarcinoma cell line.

The compounds were diluted to different concentrations and
their inhibition rates were determined by CCK-8 method. The
concentration of the compound was taken as the abscissa and the
inhibition rate as the ordinate. The concentration of a compound
with a inhibition rate of 50% is indicated by IC50. The lower the
IC50 value, the stronger the inhibitory effect of the compound on
tumor cells. Therefore, ideal compounds were selected based on
IC50 for follow-up studies. When this compound was
selected, wound healing and transwell assays were performed
to further verify its effect. At the same time, CCK-8 assay was
performed on human intrahepatic bile duct epithelial cell
(HIBEpiC) to observe the toxic effects of the selected
compounds on normal cells.

Live-cell imaging

HuCCT-1 and TFK-1 cells were separated into control and
experimental groups. The experimental group was treated with Lan
C and incubated in a live cell imager for 48 h. The cell growth was
observed at 0, 12, 24, and 48 h to assess the effect of Lan C on
cholangiocarcinoma cells.

Cell apoptosis and cycle analysis by flow
cytometry

Cholangiocarcinoma cells were treated with Lan C for 48 h;
then, the cells were harvested and washed twice with PBS on ice. The
washed cell samples were resuspended in 500 μL of binding buffer,
and Annexin V and propidium iodide (PI) were double-stained in
the binding buffer for 30 min by FACSCalibur flow cytometer to
observe cell apoptosis and cycle change. In some experiments, cells
were pretreated with 5 mM NAC for 2 h prior to exposure to Lan C,
and changes in apoptosis of two types of cholangiocarcinoma cells
were analyzed at this time. In addition, we also observed the effect of
Lan C on HIBEpiC apoptosis.

Tunel cell apoptosis analysis

The adherent cholangiocarcinoma cells were cultured for
24 h, and the culture medium containing Lan C was added to
the experimental group. After an additional 48 h of incubation,
the medium was discarded, washed once with PBS, and fixed with
4% paraformaldehyde for 30 min. After washing once with PBS,
PBS containing 0.3% Triton X-100 was added and incubated for
5 min at room temperature. They were washed twice with PBS.
50 μL of TUNEL assay solution was added to the samples and
incubated at 37°C for 60 min in the dark. Cells were washed three
times with PBS. Nuclei were counterstained with DAPI working
solution and incubated at room temperature in the dark for
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5 min. Cells were washed three times with PBS. The slides were
sealed with an anti-fluorescence quenching blocking solution and
observed under a fluorescence microscope.

Transcriptomics sequencing and data
analysis

Human cholangiocarcinoma cells HuCCT-1 were cultured to
the logarithmic growth phase and divided into control and
experimental groups. Three samples from each group were
prepared for the experiment. The experimental group was
cultured in a medium containing Lan C (dissolved in DMSO)
for 48 h, the control group was cultured for 48 h in a medium
containing the same concentration of DMSO. The adherent cells
were trypsinized, centrifuged and suspended in PBS, centrifuged
again, and the cell precipitate was collected. 1 mL of Trizol lysate
was added to the cell precipitate, cells were gently blown evenly,
then blown into the EP tube and sealed. The cells were
transported in dry ice for sequencing. After rRNA was
extracted, the sequencing library was prepared according to
Illumina TruSeq RNA sample preparation guidelines
(Illumina, San Diego, California, United States). Once the
double-stranded cDNA was synthesized, the index connector
was connected. After size selection using Agencurt AMPure
XP (Beckman), Qubit 2.0 Fluorometer with Qubit dsDNA HS
Analysis Kit (Invitrogen, Eugene, OR, United States) and Agilent
Bioanalyzer Quantitative and qualitative library (Agilent
Technologies, Santa Clara, CA, United States), submit the
sample to Illumina HiSeq X-10 (Illumina, San Diego, CA, US)
for double-ended sequencing. Quality control and filtering of
fastq data were performed using fastq (Chen et al., 2018). Paired-
end reads were then mapped to GRCh38 human reference
genome using via the Hisat2 tool (version 2.1.1) (Kim et al.,
2015). Using the DESeq package (Anders and Huber, 2013)
(version 1.8.3) of R software (version 4.1.0), the transcriptome
sequencing results were subjected to differential expression
analysis according to criteria: |log2 (FoldChange)| > 1 and
significant p-value < 0.05. To clarify the potential biological
significance of the differential genes, we used the topGO
package (version 2.24.0) to perform GO enrichment analysis.
GO analysis was used to preliminarily understand the cellular
localization, molecular functions and enriched biological
processes of the differentially expressed genes. Gene function
was based on the following categories: Molecular Function (MF),
Cellular Component (CC) and Biological Process (BP). In
addition, KEGG signal pathway enrichment analysis provides
a better understandind of the biological function of genes, signal
transduction pathways, etc. The genes were blasted onto the
KEGG pathways database using the KAAS webserver (Moriya
et al., 2007). Significantly enriched pathways were identified with
a p-value <0.05.

Network pharmacology

The target genes of Lan C were predicted using
SwissTargetPrediction and Comparative Toxicogenomics

Database (CTD). The intersection of the target genes and the
differentially expressed genes of transcriptome sequencing was
obtained. Next, we performed protein-protein interaction
network analysis on the intersected genes using the STRING
database to analyze the hub genes in the network. Next, the
candidate target protein was selected for molecular docking. We
downloaded the 2D structures of compounds from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/) and imported them
into Chem3D software to minimize energy (MM2 force field) and
converted them into 3D structures. Next, using AutoDock tools 1.5.
6, the obtained 3D structures were modified by the addition of
hydrogens and protonation. We retrieved the 3D structure of the
protein from the Protein Data Bank (PDB) (http://www.rcsb.org/),
and imported it into the software Pymol and modified it by
removing water molecules, co-crystallized ligand and ions.
Subsequently, missing hydrogens and Kollman partial charges
were added, non-polar hydrogens were merged to their
corresponding carbons. AutoDock tools 1.5.6 was used to
construct mating pockets of docking. When constructing the
mating box, the spacing (angstrom) was set to 1, the center was
set on the macromolecule, and the number of points on the x-, y-,
and z-dimension were set to make the protein completely covered by
the mating box. Autodock tools was used to preprocess the 3D
structures of targets and small molecules, Autodock Vina was
utilized for docking, and Pymol software was used to visualize
the docking results.

Western blot

Cholangiocarcinoma cells treated with Lan C for 48 h were
homogenized in a protein lysis buffer, centrifuged at 12,000 g for
10 min at 4°C to remove debris, and the protein concentration of the
whole cell extract was determined using the Bradford protein assay
(Bio-Rad, CA, United States). Equal amounts of lysed proteins were
separated by SDS-polyacrylamide gel electrophoresis and
electroblotted on polyvinylidene fluoride membranes. The
membranes were blocked with 5% nonfat milk for 2 h at room
temperature in TBST, followed by incubation with specific primary
antibodies (including rabbit anti-Bcl-xl (1: 1,000,CST,
United States), rabbit anti-Bax (1: 1,000, CST, United States),
mouse anti-Bcl-2 (1: 1,000,CST, United States), rabbit anti-
caspase-3 (1: 1,000,CST, United States), mouse anti-STAT3 (1:
1,000,CST, United States), rabbit anti-p-STAT3 (1: 1,000,CST,
United States) and mouse anti-caspase-9 (1: 500, Abcam,
United States), rabbit anti-Cleaved PARP (1:1,000,CST,
United States), mouse anti-GAPDH (1:5,000, Proteintech,
United States)) in TBST overnight at 4°C. After 3 washes with
TBST, the cells were incubated with secondary antibody [HRP-
conjugated anti-rabbit or anti-mouse IgG (1: 3,000, CST,
United States)] for 1 h, and immunoreactive bands were
visualized using an ECL kit, and detected by the ChemiDoc MP
Imaging System (Bio-Rad, California, United States). The band
intensity of proteins was quantified using ImageJ software
(National Institutes of Health, MD, United States), and the
relative protein expression was normalized to GAPDH
expression. In some experiments, cells were pretreated with
5 mM NAC for 2 h before exposure to Lan C, and the expression
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of the above proteins in two types of cholangiocarcinoma cells was
verified by this method.

Measurement of reactive oxygen species
production

Cells were plated in 6-well plates overnight in a complete medium,
and then treated with Lan C-containing medium for 48 h. Cells were
stainedwith 10 μMDCFH-DA (Beyotime, Shanghai, China) for 30 min
at 37°C in the dark. Cells were collected and analyzed for fluorescence by
immunofluorescence and flow cytometry. In some experiments, cells
were pretreated with 5 mMNAC for 2 h prior to exposure to Lan C and
analyzed for trends in ROS.

Mitochondrial membrane potential assay

The changes of JC-1 in cells were detected by flow cytometry to
reflect the changes in mitochondrial membrane potential. Cells were
plated in 6-well plates overnight in a complete medium. It was then
treated with Lan C-containing medium for 48 h. Cells were stained
with 10 μM DCFH-DA (Beyotime, Shanghai, China) for 30 min at
37°C in the dark. Cells were collected and analyzed by
immunofluorescence and flow cytometry assays. In some
experiments, cells were pretreated with 5 mM NAC for 2 h prior
to exposure to Lan C and changes in mitochondrial membrane
potential were verified by analysis of JC-1.

In Vivo antitumor studies

In vivo experiments were performed using athymic nude mice
(Balb/c nu, 4–5 weeks, male). All experimental animal protocols
were approved by the Ethics Committee of the First Hospital of
Lanzhou University. The experimental animals were randomly
divided into control group, NAC + Lan C group, and Lan C group,
with 6 nude mice in each group. Animals were housed at constant
room temperature on a 12-h light/12-h dark cycle and fed standard
water and rodent chow. The right forelimb of the mouse was
injected subcutaneously with HuCCT-1 cells (5 × 106 cells, 100 μL
serum-free RPMI-1640. When the tumor reached 5 mm3, the
control group was given gavage with 100 µL PBS/d, the Lan C
group was given gavage with 40 mg/kg/d and volume of 100 µL,
and the NAC + Lan C group was given gavage with 100 mg/kg/d of
NAC 2 h before Lan C, the content of DMSO in the three groups
was the same. The length (L) and width (W) of the tumor were
measured weekly, and the volume of the tumor was calculated (V =
0.5 × L × W2). After the experiment, the animals were sacrificed
with excess pentobarbital sodium, the tumors were removed and
weighed.

Immunohistochemical

Briefly, the tumor specimens from three groups of mice were
fixed in a 4% formaldehyde solution, dehydrated, transparent, and
embedded in paraffin for further assay. Paraffin-embedded tissue

was cut into 4 μm-thick sections. The sections were first dewaxed,
hydrated, and antigenically repaired. Then, the sections were
incubated in 3% H2O2 for 15 min at 37°C to inhibit endogenous
peroxidase. Next, the sections were blocked using 10% goat serum at
room temperature for 30 min, then incubated with the primary
antibody overnight at 4°C. Primary antibodies included rabbit anti-
caspase-3 (1:100, CST, United States), mouse anti-STAT3 (1: 500,
CST, United States), and mouse anti-caspase-9 (1: 100, Abcam,
United States). On the second day, the sections were incubated with
the secondary antibody for 30 min, and then incubated with DAB
and hematoxylin. Finally, tissue sections were photographed for
analysis.

Statistical analysis

The data were presented as the means ± standard deviations
(SD). The Student’s t-test was used to analyze the differences
between the two groups. Comparison among three or more
groups was conducted using a one-way analysis of variance
(ANOVA) followed by Tukey test. A two-side p-value <0.05 was
considered statistically significant. All in vitro experiments were
repeated three times.

Results

Extraction and structural formula of
compounds

After isolation and purification, we isolated five compounds
from D. lanata: Y1-Y5, and were identified as digoxin (Y1),
lanatoside A (Y2), lanatoside C (Y3), lanatoside B (Y4) and
gitoxin (Y5), (Figure 1). Their structures were elucidated by
comparing their NMR spectral data with the literature (Lehtola
et al., 1981; Ren et al., 2020) (Supplementary Figure S1,
Supplementary Table S1). The IC50 value of Lan C in HIBEpiC
was significantly higher than that in the two bile duct cancer cells,
suggesting that Lan C is safe (Supplementary Figure S2).

Lan C inhibits the proliferation of
cholangiocarcinoma cells and has strong
anticancer activity

The results of the CCK-8 assay showed that five compounds were
cytotoxic action to the HuCCT-1 and TFK-1 (Figures 2A, B). Based on
the results of IC50, Lan C was finally selected as an ideal compound for
subsequent studies.Wound healing and transwell assay confirmed that
the viability of HuCCT1 and TFK-1 cells decreased significantly after
Lan C treatment (Figures 2C–G). However, the cytotoxic effect on
HIBEpiC cell was less (Supplementary Figure S3). The live cell imaging
assay showed that the increase of cholangiocarcinoma cells in the
experimental group was significantly inhibited compared with the
control group. Representative images of HuCCT-1 and TFK-1 cells at
0, 12, 24, and 48 h were acquired in Cytation 5 (Supplementary Figures
S4A–D). Our work reveals that Lan C has strong anti-
cholangiocarcinoma activity.
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Lanatoside C induced cholangiocarcinoma
cell cycle arrest and apoptosis

Given that cell proliferation depends on cell cycle
progression, we therefore investigated the cell cycle phase
distribution in Lan C treated HuCCT-1 and TFK-1 cells.
Significantly increase in S/G2 phase proportion was observed
in cells treated with Lan C compared with control group (Figures
3A–C). Quantitative results showed that Lan C blocked HuCCT-
1 and TFK-1 cell cycle progression in S/G2 phase (Figures
3B–D). Usually the anti-proliferation activity was correlated
with cell apoptotic response. After 48 h of Lan C treatment,
increase in the proportion of apoptosis was observed in both
HuCCT-1 and TFK-1 cells (Figures 3E–G). This was also
confirmed by quantitative results (Figures 3F–H).
Interestingly, these results were significantly inhibited when
cells were pretreated with 5 mM NAC for 2 h before exposure
to Lan C, confirming ROS involvement in the pro-apoptotic
effect of Lan C (Supplementary Figure S5). In addition, we also
found that the pro-apoptotic effect of Lan C on HIBEpiC was
significantly lower than that on cholangiocarcinoma cells
(Supplementary Figure S6). To further demonstrate the
promoting effect of Lan C on apoptosis of HuCCT-1 and
TFK-1 cells, we performed TUNEL experiments to reveal the
apoptosis-inducing effect of Lan C (Figures 3I, J). Taken
together, these results suggest that Lan C exhibits significant
anticancer activity by inhibiting proliferation and inducing
apoptosis of cholangiocarcinoma cells, but has no significant
toxic effect on HIBEpiC.

Transcriptomics and network pharmacology
analysis revealed that lan C targets STAT3

Transcriptomics and network pharmacology analysis revealed
that Lan C targeted STAT3. Utilizing high-throughput
transcriptomics sequencing, a total of 8,859 differentially
expressed genes (DEGs) were obtained by volcano plot
(Figure 4A). We performed functional enrichment analysis to
explore the pathways associated with DEGs. The results showed
that DEGs were mainly enriched to 2735 GO terms (top 10 of GO
terms shown in Figure 4B) and 90 KEGG pathways (top 20 shown in
Figure 4C). We obtained 42 target genes of Lan C utilized
Comparative Toxicogenomics Database (https://ctdbase.org/) and
SwissTargetPrediction (http://www.swisstargetprediction.ch/)
database. A Venn diagram showing the intersection of the
25 genes from the two datasets (Figure 4D). We used the
STRING database (https://cn.string-db.org/) to explore the
protein-protein interaction (Figure 4E) and the top 15 ranked
proteins were presented (Figure 4F). We also plotted heatmap of
those genes using ggplot2 package (Figure 4G). STAT3 was obtained
by PPI network analysis and verified further. Finally, we performed
compound Lanatoside C and STAT3molecular docking, the binding
affinity for target protein was −10.1 (Figure 4H). These results were
strongly demonstrated in subsequent Western blotting analysis. Lan
C inhibited STAT3 expression, which favored the downregulation of
Bcl-2 and Bcl-xl and increased the expression of Bax. Meanwhile, the
decrease in mitochondrial membrane potential activated caspase-9
and caspase-3. Ultimately, Lan C promoted apoptosis in
cholangiocarcinoma cells (Figures 5A–C).

FIGURE 1
Molecular formula and chemical structure of 5 compounds extracted from plant D. lanata. Y1: Digoxin, Y2: Lanatoside A, Y3: Lanatoside C, Y4:
Lanatoside B, Y5: Gitoxin.
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Lan C induces oxidative stress in
cholangiocarcinoma cells

Current evidence suggests that elevated intracellular reactive
oxygen species (ROS) disrupt the integrity of mitochondria,
resulting in an intrinsic apoptotic caspase cascade (Rizwan
et al., 2020). ROS can act as second messengers, amplifying
extracellular signals and delivering them to mitochondria (Yan
and Zhao, 2020). Accordingly, we measured ROS levels in
cholangiocarcinoma cells treated with Lan C by
immunofluorescence. The experimental results confirmed that
Lan C treatment resulted in increased ROS levels in HuCCT-1
and TFK-1 cells (Figures 5D, E). NAC is an inhibitor of ROS and
can effectively inhibit the effect of ROS (Saxena et al., 2019). This
was confirmed by flow cytometry, pretreatment of cells with NAC
significantly reversed Lan C induced increase in ROS levels.
Removal of ROS significantly attenuated Lan C induced growth
inhibition of HuCCT-1 and TFK-1 cells (Figures 6A–D). These
results suggest that ROS generation is a key regulator of Lan C
induced apoptosis in cholangiocarcinoma cells.

Changes in mitochondrial membrane
potential (MMP) are involved in Lan C
induced apoptosis in cholangiocarcinoma
cells

We analyzed the effect of MMP in CCA cells treated with Lan C
by detecting the changes of JC-I in CCA cells. Immunofluorescence
analysis showed that JC-1 was present in the mitochondria of
HuCCT-1 and TFK-1 cells as a polymer with bright red
fluorescence. In contrast, CCA cells treated with Lan C exhibited
decreased mitochondrial membrane potential, and JC-1 was not
present in the mitochondrial matrix as a polymer. Green
fluorescence in the cytoplasm was significantly enhanced,
substantiating that the mitochondrial membrane potential was
involved in the apoptosis of CCA cells (Figures 5F, G). Flow
cytometry and their quantitative data also confirmed that the
amount of JC-1 monomers was significantly increased in
HuCCT-1 and TFK-1 cells treated with Lan C. Interestingly,
NAC pretreated cells significantly reversed this outcome
(Figures 6E–H).

FIGURE 2
Lan C inhibited the proliferation of CCA. (A, B) The IC50 values of five drugs (Y1-Y5) in HuCCT-1 and TFK-1 cell lines. (C, E) Representative images of
wound healing after 24 h of Y3 treatment in HuCCT-1 cell, the therapeutic concentration of Y3 was 0.1720 µM. (D, F) Representative images of wound
healing after 24 h of Y3 treatment in TFK-1 cell, the therapeutic concentration of Y3was 0.1034uM. (G)Representative images of transwell assay after 24 h
of Y3 treatment in HuCCT-1 and TFK-1 cell. *Represents p-value less than 0.05, ***Represents p-value less than 0.001. Scale bars, 100 μm.

Frontiers in Pharmacology frontiersin.org07

Zhang et al. 10.3389/fphar.2023.1098915

136

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1098915


Lan C induced mitochondrial membrane
potential is dependent on ROS production in
cholangiocarcinoma cells

Our previous studies have demonstrated that Lan C induces
apoptosis in CCA cells leading to an increase in intracellular ROS

and a decrease in MMP. Nevertheless, it remains unclear whether
there is a relationship between ROS and MMP levels. Current
evidence suggests that the decrease in mitochondrial membrane
potential may be related to intracellular electron leakage resulting in
ROS generatio (Odagiri et al., 2009). In a subsequent experiment, we
investigated the effect of the ROS inhibitor NAC on Lan C induced

FIGURE 3
Y3 suppresses cell growth and induces apoptosis in CCA cells. (A, B) HuCCT-1 cells were treated with Y3 for 48h, and cell cycle distribution was
determined by flow cytometry. (C, D) TFK-1 cells were treated with Y3 for 48h, and cell cycle distribution was determined by flow cytometry. (E, F) The
HuCCT-1 cell line was treatedwith Y3 for 48h, percentage of cell apoptosis was determined by Annexin-V/PI staining and flow cytometry. (G, H) The TFK-
1 cell line was treated with Y3 for 48h, percentage of cell apoptosis was determined by Annexin-V/PI staining and flow cytometry. (I, J)HuCCT-1 and
TFK-1 cells were treated with Y3 for 48h, and the changes in apoptosis were detected by TUNEL assay. In the figure, the therapeutic concentration of
Y3 for HuCCT-1 cell line was 0.1720uM, and that for TFK-1 cell line was 0.1034uM. ****Represents p-value less than 0.0001. Scale bars, 20 μm.
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apoptosis in cholangiocarcinoma cells by Western blotting. After
NAC pretreatment, STAT3 expression was not downregulated in
cholangiocarcinoma cells, the expression of p-STAT3 was
significantly increased compared with Y3 group, and caspase-3,
caspase-9, cleaved PARP expression were significantly inhibited
(Figures 5H–J). The same results were confirmed by
immunofluorescence (Figures 6I, J). These results suggest that
ROS production may be an upstream regulator of Lan C induced
changes in mitochondrial membrane potential, ultimately leading to
apoptosis in CCA cells.

Lan C inhibits the growth of HuCCT-1
xenograft tumors in Vivo

To investigate the effect of Lan C on tumor growth in vivo, we
used a subcutaneously transplanted HuCCT-1 cell model from
immunodeficient mice and performed subsequent experiments
using gavage. A 40 mg/kg dose of Lan C significantly reduced the
volume and weight of HuCCT-1 tumors compared to controls.
Importantly, 42 days of Lan C treatment was well tolerated and did
not result in significant weight loss (Figures 7A–C; Supplementary

FIGURE 4
Transcriptomic and network pharmacology analyses. (A) Volcano plot of differentially expressed genes. (B) GO enrichment analysis of differentially
expressed genes. (C) KEGG enrichment analysis of differentially expressed genes. (D) Venn diagram of differentially expressed genes and compound
target genes. (E) Protein interaction network analysis of intersecting genes. (F) Protein interaction network node degree statistics. (G) Heat map of
intersection genes. The colors of the tiles in the heat map represent the measured expression value of genes, a three color scale is used with
steelblue indicating low expression values, yellow indicating intermediately expressed genes, and brown representing highly expressed genes. (H)
Compound Lanatoside C and STAT3 molecular docking.
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Figure S7). The size of the tumor in nude mice given NAC + Lan
C intragastric administration was between the control group and
the experimental group, indicating that NAC also inhibited the
effect of ROS in vivo. Furthermore, we assessed the expression
levels of major proteins associated with apoptosis in tumors
using immunohistochemical assays. We found that Lan C
induced a significant increase in caspase-9 and caspase-3
activity and a significant decrease in STAT3 expression in
tumor tissues, consistent with the results in vitro experiments
(Figures 7D–F).

Lan C inhibits STAT3 expression and
promotes apoptosis in cholangiocarcinoma
cells mediated by ROS

We treated HuCCT-1 and TFK-1 cells with Lan C and then
detected the expression of STAT3 by Western blot. We found
that STAT3 expression was significantly reduced in HuCCT-1
and TFK-1 cells after Lan C treatment. In the present study, we
observed that downregulation of STAT3 expression resulted in
decreased Bcl-2 and Bcl-xl expression, increased Bax expression,
activation of caspase-9, cleaved PARP and caspase-3, and the

apoptotic cascade was initiated in HuCCT-1 and TFK-1 cells. In
addition, pretreatment of HuCCT-1 and TFK-1 cells by NAC
reversed the effect of Lan C on STAT3 and downstream
apoptosis-related proteins. These results suggest that Lan C
may promote apoptosis of cholangiocarcinoma cells by
increasing ROS content while inducing a decrease in
STAT3 expression (Figure 8). Taken together, these results
suggest that Lan C can not only activate caspase-9 and
caspase-3 by inducing an increase in ROS, leading to a
decrease in mitochondrial membrane potential, but also
inhibit STAT3 expression, resulting in a downregulation of
Bcl-2 and Bcl-xl expression and an increase in Bax
expression, thus promoting apoptosis in cholangiocarcinoma
cells. The above results were also confirmed in vivo.

Discussion

Cardiac glycosides comprise a large family of naturally
derived compounds, such as Lan C, digoxin, digitalis toxin
and ouabain, which share a common structural parent. Their
core structure consists of a steroidal structure, widely thought to
be responsible for the pharmacodynamic activity of these

FIGURE 5
Y3 induces apoptosis by inhibiting STAT3 and ROS-mediated mitochondrial membrane potential transformation. WB and immunofluorescence
results. (A–C) Western blotting analysis of the expression of STAT3 and apoptotic protein Caspase-3, Bax, Bcl-2 and Bcl-xl in HuCCT-1 and TFK-1 cells
after 48 h treatment with Y3. GAPDH served as the loading control. (D, E) Fluorescence imaging was used to evaluate ROS generation in HuCCT-1 cell
and TFK-1 cell after 48 h treatment with Y3. (F, G) HuCCT-1 and TFK-1 cells treated with Y3 were stained using JC-1 dye and examined using
fluorescence microscopic analysis, green represents JC-1 monomers, red represents JC-1 aggregates, yellow represents merge images. (H–J)Western
blotting analysis of the expression of STAT3, p-STAT3 and apoptosis related protein in HuCCT-1 cell and TFK-1 cell after treatment with Y3 or Y3+NAC. In
the figure, the therapeutic concentration of Y3 for HuCCT-1 cell line was 0.1720uM, and that for TFK-1 cell line was 0.1034uM. *Represents p-value less
than 0.05, **Represents p-value less than 0.01, ***Represents p-value less than 0.001, ns represent p-value greater than 0.05. Scale bars, 20 μm.
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compounds (Whayne, 2018). Lan C and digoxin are closely
related structurally, as digoxin can be obtained from the
hydrolysis of the acetyl and glucose fractions from Lan C.
The main pharmacological effect of cardiac glycosides, which
are still widely used in clinical practice, is to inhibit cell
membrane Na+/K+-ATPase and indirectly enhance myocardial
contractility (Hood et al., 2014; Alpert, 2021). Recent studies
have shown that several cardiac glycosides exert anticancer
activity through different mechanisms, such as the SRC/EGFR/
RAS/ERK signaling pathway, p21, NF-κB, AP-1, topoisomerase,
and HIF-1 (Biggar et al., 2011; Biggar, 2012; Liu et al., 2020).
These results suggest that cardiac glycosides has huge prospects
for clinical application as an anticancer drug. In the present
study, we explored the antitumor activity of Lan C in CCA and
confirmed that Lan C has strong pro-apoptotic activity mediated
by two pathways. On the one hand, increased intracellular ROS
can induce a decrease in mitochondrial membrane potential,
activating the mitochondrial apoptotic pathway. On the other
hand, increased ROS inhibits the pro-oncogenic effect of STAT3,
which leads to a decrease in Bcl-2 and Bcl-cl levels and an

increase in Bax expression, ultimately causing apoptosis in
CCA. Taken together, our findings suggest that ROS is an
important target for treatment.

The sodium pump is the target of cardiac glycosides, which
have long been used in the treatment of heart failure (Katz, 1985).
Recent studies have found that sodium pump expression is higher
in colon, prostate, pancreatic, lung and breast cancers. Regardless
of the tissue origin, the higher the level of sodium pump
expression, the more sensitive the cells were to prednisolone
treatment (Bagrov et al., 2002; Silva et al., 2021; Cheung and
Vousden, 2022). In the present study, Lan C yielded a strong pro-
apoptotic effect on cholangiocarcinoma cells, which strongly
suggests the high expression of sodium pump is elevated in
cholangiocarcinoma cells. It has been reported that cardiac
glycosides can induce Src activation and increase ROS
production by reducing Na+/K+-ATPase activity (Xie and Cai,
2003). Moreover, excess ROS can disrupt the antioxidant defense
of cells, alter the mitochondrial genome, increase protein
oxidation, and lead to mitochondrial damage (Durmaz et al.,
2016). Our study confirmed that Lan C could elevate ROS in

FIGURE 6
Y3 induces apoptosis by inhibiting STAT3 and ROS-mediated mitochondrial membrane potential transformation. Flow cytometry and
immunofluorescence results. (A, B) HuCCT-1 cell lines were treated with Y3 or Y3+ NAC, and the changes of ROS were determined by flow cytometry.
(C, D) TFK-1 cell lines were treated with Y3 or Y3+NAC, and the changes of ROS were determined by flow cytometry (E, F) HuCCT-1 cells were treated
with Y3 or Y3+NAC, Annexin V/PI staining and flow cytometry were used to detect the changes of JC-1. (G, H) TFK-1 cells were treated with Y3 or
Y3+NAC, Annexin V/PI staining and flow cytometry were used to detect the changes of JC-1. (I, J) HuCCT-1 and TFK-1 cells treated with Y3 or Y3+NAC
were stained with JC-1 dye, green represents JC-1 monomers, red represents JC-1 aggregates, yellow represents merged images. In the figure, the
therapeutic concentration of Y3 for HuCCT-1 cell line was 0.1720uM, and that for TFK-1 cell line was 0.1034uM. **Represents p-value less than 0.01.
***Represents p-value less than 0.001. ****Represents p-value less than 0.0001. Scale bars, 20 μm.
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FIGURE 7
Y3 inhibited CCA progression in vivo. (A) Tumor volume in three groups of xenografted mice. Circle represents mice treated with 100ul PBS/d,
square represents mice treated with Y3 40 mg/kg/d and volume of 100ul, the triangle represents mice treated with NAC + Y3, and 100 mg/kg/d NACwas
given by gavage 2 h before Y3 (B) Xenograft tumors in the three groups. (C) The weight of the three groups of xenograft tumors. (D–F) HE staining and
immunohistochemical images of STAT3, Caspase-3 and Caspase-9 in the three groups. (G) Immunohistochemical statistical results of STAT3,
Caspase-3 and Caspase-9 in three groups. *Represents p-value less than 0.05, ***Represents p-value less than 0.001, ****Represents p-value less than
0.0001, ns represent p-value greater than 0.05. Scale bars, 100 μm.

FIGURE 8
Schematic representation of the proposed anti-cancer effect of Lanatoside C on CCA cells.
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cholangiocarcinoma cells, thus causing mitochondrial dysfunction.
Interestingly, ROS may act as a second messenger to transmit
extracellular signals inside the cells during this process.

Redox reactions are related to energy metabolism redox and are
indispensable for life itself. It is widely acknowledged that ROS
generation and elimination systems actively maintain the
intracellular redox state, mediate redox signaling and regulate
cellular functions (Rigoulet et al., 2011; Shadel and Horvath,
2015). Current evidence suggests that reactive oxygen species
play a subtle role in regulating various aspects of cellular
function, targeting and modifying the function, localization
and activity of widely distributed proteins in a strictly
regulated and reversible manner. For example, activating a
large number of cell surface receptors increases intracellular
hydrogen peroxide levels, thereby mediating downstream
effects in a second messenger-like manner (Shi et al., 2017;
Moloney and Cotter, 2018; Srinivas et al., 2019).

Mitochondria represent the main site of ROS production and the
target of ROS (Zorov et al., 2014). Under specific pathological
conditions, the accumulation of excessive ROS can disrupt
intracellular homeostasis, leading to oxidative stress and
mitochondrial dysfunction, which can damage the mitochondrial
lipid membrane, leading to alterations in the mitochondrial
membrane potential and apoptosis (Wang et al., 2018). In the
present study, the action of Lan C on cholangiocarcinoma cells
increased intracellular ROS production and inhibited the pro-
oncogenic function of the transcription factor STAT3. ROS acts as
the target molecule for the anti-cancer effect of Lan C. When the
intracellular content of ROS increases, Bax protein may be recruited to
the mitochondrial surface to form pore channels and promote the
apoptosis of cholangiocarcinoma cells. In addition, ROS levels in
mitochondria increased rapidly, resulting in a decrease in
mitochondrial membrane potential, which activated Caspase-9,
cleaved PARP and Caspase-3 and promoted apoptosis in CCA. This
phenomenon was reversed by NAC, an inhibitor of ROS, reversing the
switching effect of ROS.

Mitochondrial function is a key indicator of cellular health and can
be assessed by monitoring changes in mitochondrial membrane
potential (MMP) (Demine et al., 2019). Mitochondrial dysfunction
has been associated with various diseases, such as cancer, cardiovascular
disease, diabetes and neurodegenerative diseases (Bock and Tait, 2020).
Many compounds can reduce MMP by interfering with multiple
macromolecules in mitochondria, affecting mitochondrial function
(Battogtokh et al., 2018). JC-1 has been extensively used to evaluate
MMP over the years. In the present study, we used JC-1 staining to
detect changes in mitochondrial membrane potential in
cholangiocarcinoma cells after treated with Lan C. After
cholangiocarcinoma cells were treated with Lan C action, a change
from red to green fluorescence was observed under fluorescence
staining. The ratio of JC-1 polymer/JC-1 monomer was significantly
decreased, indicating that Lan C could cause membrane depolarization,
resulting in decreasedMMP. Flow cytometry also confirmed that Lan C
caused loss of mitochondrial membrane potential in CCA cells, which
resulted in apoptosis. Blockade of ROS production by NAC completely
reversed Lan C-induced changes in mitochondrial membrane potential
and apoptosis, suggesting that the Lan C-induced decrease in
mitochondrial membrane potential and apoptosis were dependent
on ROS production.

The signal transducer and activator of transcription (STAT) is a
family of transcription factors, of which STAT3 is associated with
signaling from cell surface receptors to the nucleus and has been a
research hot in recent years (Haghikia et al., 2014; Zou et al., 2020).
Various cancers, including cholangiocarcinoma, frequently exhibit
STAT3 activation (Fathi et al., 2018). Accordingly, compounds that
can dysregulate STAT3 activation have huge therapeutic potential,
and blocking the STAT3 signaling pathway may lead to cancer cell
growth inhibition and apoptosis. In our study, sequencing and
network pharmacology analysis suggested that STAT3 represents
a poteneially important target of Lan C action on
cholangiocarcinoma cells, confirmed in subsequent WB and in
vivo experiments. Lan C caused a decrease in the protein
expression of STAT3 in cholangiocarcinoma cells, which
inhibited the classical STAT3 pro-cancer pathway and led to
apoptosis of cancer cells. In the same experimental group, the
change of p-STAT3 was consistent with that of STAT3,
suggesting that Lan C may play a pro-apoptotic role by
inhibiting the phosphorylation of STAT3. In contrast, NAC
pretreatment reversed this change, suggesting that this effect is
also associated with ROS. Thus, our study reveals a unique
approach to target STAT3 via ROS-induced anticancer
compounds, providing a promising avenue for treating
cholangiocarcinoma.

Herein, we aimed to elucidate the molecular mechanism
underlying the anticancer effect of Lan C in cholangiocarcinoma.
We found that Lan C caused an increase in intracellular ROS
content, which in turn caused a decrease in the mitochondrial
membrane potential of cholangiocarcinoma cells and eventually
led to apoptosis. Lan C also downregulated the protein
expression of STAT3 through ROS, increased the expression of
Bax, decreased Bcl-2 and Bcl-xl levels, and activated caspase-9,
cleaved PARP and caspase-3, which initiated apoptosis. These
results suggest that Lan C may be a new anti-
cholangiocarcinoma compound. However, our study has some
limitations. First, the molecular mechanism of lanc’s antitumor
effect needs further investigation. Besides, little is currently
known about the interactions between ROS and STAT3. Based
on the strong oxidative properties of ROS, we speculate that this
characteristic may be critical in affecting STAT3 function. Indeed,
further research is warranted before clinical translation.

Conclusion

In conclusion, our results provide hitherto undocumented evidence
of the mechanism of action of Lan C in cholangiocarcinoma. We
demonstrated that Lan C inhibits the growth of cholangiocarcinoma
cells and promotes their apoptosis by increasing ROS production,
decreasing mitochondrial membrane potential and inhibiting the
pro-oncogenic effect of STAT3. Overall our results suggest that Lan
C could be acandidate compounds for cholangiocarcinoma.
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NMR spectrum of compounds Y1-Y5.

SUPPLEMENTARY FIGURE S2
The IC50 value of Y3 in human intrahepatic bile duct epithelial cell line
(HIBEpiC) is 0.2124 µM/L.

SUPPLEMENTARY FIGURE S3
Cytotoxic effects of Lan C on HuCCT-1 cells and HIBEpiC cells.

SUPPLEMENTARY FIGURE S4
Live cell imaging assay. (A, B) The cell number of HuCCT-1 and TFK-1 cells
treated with Y3 for 48 h were monitored using Cytation 5. (C, D)
Representative images acquired in Cytation 5 of HuCCT-1 and TFK-1 cells
at 0, 12, 24, and 48 h.

SUPPLEMENTARY FIGURE S5
The HuCCT-1 and TFK-1 cells line were treated with Y3 or NAC + Y3 for 48 h,
percentage of cell apoptosis was determined by Annexin-V/PI staining and
flow cytometry.

SUPPLEMENTARY FIGURE S6
The HIBEpiC cell line was treatedwith Y3 or NAC+ Y3 for 48 h, percentage of
cell apoptosis was determined by Annexin-V/PI staining and flow cytometry.

SUPPLEMENTARY FIGURE S7
Weight of tumor xenografts mice treated with PBS, Y3 and NAC + Y3.
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Network pharmacology
combined with molecular docking
and in vitro verification reveals the
therapeutic potential of
Delphinium roylei munz
constituents on breast carcinoma

Wajahat Rashid Mir1†, Basharat Ahmad Bhat1†, Ashish Kumar2,
Rohan Dhiman2, Mustfa Alkhanani3, Abdullah Almilaibary4,
Mohd Younis Dar5, Showkat Ahmad Ganie6 and
Manzoor Ahmad Mir1*
1Department of Bio-Resources, School of Biological Sciences, University of Kashmir, Srinagar, Jammu and
Kashmir, India, 2Department of Life Science, National Institute of Technology, Rourkela, Odisha, India,
3Department of Family and Community Medicine, Faculty of Medicine, Al Baha University, Al Bahah, Saudi
Arabia, 4Department of Biology, College of Science, Hafr Al Batin University of Hafr Al-Batin, Hafar Al Batin,
Saudi Arabia, 5Regional Research Institute of Unani Medicine (RRIUM), University of Kashmir, Srinagar,
Jammu and Kashmir, India, 6Department of Clinical Biochemistry, School of Biological Sciences,
University of Kashmir, Srinagar, Jammu and Kashmir, India

Delphinium royleiMunz is an indigenous medicinal plant to India where its activity
against cancer has not been previously investigated, and its specific interactions of
bioactive compounds with vulnerable breast cancer drug targets remain largely
unknown. Therefore, in the current study, we aimed to evaluate the anti-breast
cancer activity of different extracts of D. roylei against breast cancer and
deciphering the molecular mechanism by Network Pharmacology combined
with Molecular Docking and in vitro verification. The experimental plant was
extracted with various organic solvents according to their polarity index.
Phytocompounds were identified by High resolution-liquid chromatography-
mass spectrometry (HR-LC/MS) technique, and SwissADME programme
evaluated their physicochemical properties. Next, target(s) associated with the
obtained bioactives or breast cancer-related targets were retrieved by public
databases, and the Venn diagram selected the overlapping targets. The networks
between overlapping targets and bioactive were visualized, constructed, and
analyzed by STRING programme and Cytoscape software. Finally, we
implemented a molecular docking test (MDT) using AutoDock Vina to explore
key target(s) and compound(s). HR-LC/MS detected hundreds of
phytocompounds, and few were accepted by Lipinski’s rules after virtual
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screening and therefore classified as drug-like compounds (DLCs). A total of
464 potential target genes were attained for the nine quantitative
phytocompounds and using Gene Cards, OMIM and DisGeNET platforms,
12063 disease targets linked to breast cancer were retrieved. With Kyoto
Encyclopaedia of Genes and Genomes (KEGG) pathway enrichment, a total of
20 signalling pathways were manifested, and a hub signalling pathway (PI3K-Akt
signalling pathway), a key target (Akt1), and a key compound (8-Hydroxycoumarin)
were selected among the 20 signalling pathways via molecular docking studies.
The molecular docking investigation revealed that among the nine
phytoconstituents, 8-hydroxycoumarin showed the best binding energy
(−9.2 kcal/mol) with the Akt1 breast cancer target. 8-hydroxycoumarin followed
all the ADME property prediction using SwissADME, and 100 nanoseconds (ns) MD
simulations of 8-hydroxycoumarin complexes with Akt1 were found to be stable.
Furthermore, D. roylei extracts also showed significant antioxidant and anticancer
activity through in vitro studies. Our findings indicated for the first time thatD. roylei
extracts could be used in the treatment of BC.

KEYWORDS

Delphinium roylei, breast cancer, HR/LC-MS, 8-hydroxycoumarin, anticancer activity,
network pharmacology, molecular docking and MD simulations

Introduction

Breast cancer (BC) is the most commonly diagnosed cancer
worldwide, and its burden has been rising over the past decades
(Pistelli et al., 2021; Pospelova et al., 2022). Having replaced lung
cancer as the most commonly diagnosed cancer globally, breast
cancer today accounts for 1 in 8 cancer diagnoses and a total of
2.3 million new cases in both sexes combined (Sung et al., 2021).
Representing a quarter of all cancer cases in females, it was by far
the most commonly diagnosed cancer in women in 2020, and its
burden has been growing in many parts of the world, particularly
in transitioning countries (Heer et al., 2020). An estimated
685,000 women died from breast cancer in 2020, corresponding
to 16% or 1 in every 6 cancer deaths in women (Deo et al., 2022).
The discovery of new cancer treatments is still regarded as an
active research area despite the great advance in the area of
chemotherapy. Medicinal plants are regarded as a renewable
source of bioactive compounds that can be exploited in the
treatment of various ailments including cancer (Tariq et al.,
2021; Mir et al., 2022a; Mir et al., 2022b). Phytochemicals play
an important role in the initiation, development, and advancement
of carcinogenesis, as well as in suppressing or reversing the early
stages of cancer or the invading potential of premalignant cells and
also regulate cell proliferation and apoptosis signalling pathways in
transformed cells (George et al., 2021; Bhat et al., 2022a; Bhat et al.,
2022b).

Delphinium roylei Munz. is an important medicinal herb of
the Delphinium genus. The ethnomedicinal uses of this plant
include treating the liver and persistent lower back discomfort
(Sharma and Singh, 1989; Kumar and Hamal, 2011). Diterpenoid
alkaloid and flavanols, which constitute most of the compounds
isolated from Delphinium plants, have been tested for various
biological activities, such as effects on cholinesterase inhibition,
antimicrobial, antineoplastic, insecticidal, anti-inflammatory,
and anticancer activities (Yin et al., 2021). Delphinidin is a
type of anthocyanin isolated from genus Delphinium, which

has anticancer, anti-inflammatory, and anti-angiogenic
properties. Recent in-vitro studies showed that delphinidin can
inhibit the invasion of HER-2-positive MDA-MB-453 breast
cancer cell line, with low cytotoxicity on normal breast cells
(Wu et al., 2021) and ovarian cancer cells (Lim et al., 2017) and
can also induce autophagy in breast cancer cells (Chen et al.,
2018).

Due to the complex nature of plant extracts and their chemical
constituents, it is difficult to understand the molecular mechanism
by which they act on certain molecular targets due to the synergistic
effects of their chemical constituents and the fact that they could
interact with many targets simultaneously. In recent years, network
pharmacological analysis has been effectively applied for prediction
of the protein targets and the related disease pathways of plant active
constituents.

Network pharmacology, based on system biology, includes
network database retrieval, virtual computing, and high
throughput omics data analysis. This approach breaks the
ancient limitation of one drug–one biological target research
and is applied mainly to explaining effective mechanisms, active
ingredient screening, and pathogenesis research (Yu et al., 2021).

The versatile approach of molecular docking, which is based on
the theory of ligand-receptor interactions, is widely used in drug
discovery to understand how compounds bind with their molecular
targets (Tiwari and Singh, 2022; Saifi et al., 2023).

Here, in the present study, we carried out a HR/LC-MS
analysis to identify the phytoconstituents present in the D.
roylei and screened to find drug-likeness compounds by
ADMET analysis. Secondly, we used network pharmacology to
predict the potential effective components, corresponding target
genes, and pathways of phytocompounds of D. roylei against
breast cancer. Lastly, we explore the molecular mechanism of the
most potent bioactive constituent of D. roylei and a hub
therapeutic target to alleviate the breast cancer based on
molecular docking, molecular dynamic (MD) simulation and
in vitro experimental analysis.
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GRAPHICAL ABSTRACT
The graphical abstract illustrates a multidisciplinary approach to uncover the therapeutic promise of Delphinium roylei Munz, a medicinal plant,
against breast carcinoma.

Frontiers in Pharmacology frontiersin.org03

Mir et al. 10.3389/fphar.2023.1135898

147

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1135898


FIGURE 1
(Continued).
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FIGURE 1
(Continued). (A). HR-LC/MS chromatogram of methanolic extract in positive mode ofD. roylei (B)HR-LC/MS chromatogram of ethanolic extract in
positive mode ofD. roylei (C)HR-LC/MS chromatogram of Ethyl acetate extract in positive mode ofD. roylei (D)HR-LC/MS chromatogram of Petroleum
ether extract in positive mode of D. roylei.
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Materials and methods

Collection of plant material

The root parts of the Delphinium roylei plant were taken from
high-altitude areas of Kashmir Himalaya. The collected samples
were identified and confirmed by Akhtar Hussain Malik,
Taxonomist, Department of Botany, the University of Kashmir,
with voucher specimen No.2954-(KASH).

Extraction

Various solvents such as methanol, ethanol, ethyl acetate, and
petroleum ether were selected as extraction solvents according to
their polarity index to obtain plant extract using the Soxhlet
equipment technique. About 200 g of the D. roylei plant material

was powdered using a mechanical grinder after being cleaned with
deionized water, dried in the shade for 15 days, pulverized with a
mechanical grinder, and placed in an airtight container. The extracts
were concentrated using a rotating vacuum evaporator after being
filtered usingWhatman no. 1 filter paper. They were then kept at 4°C
for further use.

High resolution-liquid chromatography-
mass spectrometry (HR/LC-MS)

The HR/LC-MS analysis of the ethanolic extract was carried out
by a UHPLC-PDA-Detector Mass Spectrophotometer (HR/LC-MS
1290 Infinity UHPLC System), Agilent Technologies®, Santa Clara,
CA, USA (Noumi et al., 2020). It consisted of a HiP sampler, binary
gradient solvent pump, column compartment, and Quadrupole
Time of Flight Mass Spectrometer (MS Q-TOF) with a dual
Agilent Jet Stream Electrospray (AJS ES) ion source. A total of
1% formic acid was used as a solvent in deionized water (solvent A)
and acetonitrile (solvent B). The flow rate of 0.350 mL/min was used,
while MS detection was performed in MS Q-TOF. Compounds were
identified via their mass spectra and their unique mass
fragmentation patterns. Compound Discoverer 2.1, ChemSpider,
and PubChemwere the main tools for identifying the phytochemical
constituents.

Network pharmacology-based analysis

Eight 8) compounds were identified according to UPLC-MS/MS
analysis and were subjected to network pharmacology-based
analysis. The identification of the target genes linked to the
selected constituents was performed using the database STITCH
DB (http://stitch.embl.de/,ver.5.0) and the obtained results were
utilized for construction of compound-target (C-T) network
using Cytoscape 3.5.1. Cytoscape combined score of interactions
was adopted for judging the importance of nodes in each given
network. Information about functional annotation and the pathways
that were highly associated with the target proteins were retrieved

FIGURE 2
Venn diagram represents common target genes for compound
prescription and disease. The size denotes the number of the target
genes, the blue circle symbolizes the target genes of breast cancer,
the red circle represents the target genes of 10 quantitative
components in HR/LC-MS, and the coincident part depicts the
common target genes.

TABLE 1 List of selected phytocompounds detected in D. roylei by HR-LC/MS.

S. No Compound name Molecular formula PubChem ID Molecular weight

1 8-hydroxycoumarin C9H6O3 122783 162.14

2 Delsoline C25H41NO7 441727 467.6

3 Royleinine C24H39NO5 101076550 421.6

4 Delsemine B C37H53N3O10 101341025 699.8

5 Herniarin C10H8O3 10748 176.17

6 Aloesin C19H22O9 160190 394.4

7 Talatisamine C24H39NO5 159891 421.6

8 Narwedine C17H19NO3 10356588 285.34

9 Scoparone C11H10O4 8,417 206.19

10 Piperine C17H19NO3 638024 285.34
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from DAVID ver. 6.8 (Database for Annotation, Visualization and
Integrated Discovery) and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways. Relevant pathways with p-values <0.
05 were selected. Target-pathway and constituent-Pathway
networks were constructed to visualize the interactions between
compounds, targets and cancer-related pathways.

In-silico drug-likeness and toxicity
predictions

In silico drug-likeness and toxicity of top hit compounds in the
database based on were carried out using the SwissADME web
browser (http://www.swissdme.com) (Daina et al., 2017). Drug-
likeness and toxicity filtering was based on Lipinski’s rule of five
(Lipinski, 2004). For example, constituents with predicted oral

bioavailability (OB) ≥30 were considered active. Constituents that
satisfied less than three criteria were considered inactive.

Molecular docking

The ligandmolecule (8-hydroxycoumarin) are retrieved in the form
of 3D Standard Data Format from the PubChem database (3D SDF)
(Bolton et al., 2011). The ligand was then converted from 3D SDF to
Protein Data Bank (PDB) format using Avogadro software. The crystal
structures of breast cancer target proteins (Akt1, SRC, EGFR, IL6,
HSP90AA and ESR1) were retrieved from the Protein Data Bank.
Biovia Discovery studio was used to eliminate undesirable bindings,
ligand molecules, water molecules, and other contaminants from the
macromolecule. After that polar hydrogens were added to the protein
throughout the preparation process for improved interactions, followed

FIGURE 3
(Continued).
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byKollman charges and othermodifications.Molecular docking studies
were performed between the target proteins of breast cancer and
compounds of the selected plant using AutoDock version 4.2.1
(Trott and Olson, 2010). All other parameters were left at their
default values. the grid box was generated centered at X = 14.09,
Y = 15.47, Z = 15.48 with dimensions X:3.53, Y:0.58, Z: 12.41. The
Lamarckian Genetic Algorithm (LGA) was used for docking studies on
the protein and ligand complexes (Fuhrmann et al., 2010). The RMSD
clustering maps were developed after the docking process was complete
by re-clustering with the clustering tolerances of 1, 0.5, and 0.25 to
identify the best cluster with the most populations and lowest energy
score.

Molecular dynamics (MD) simulation study

MD simulations were performed using the Desmond 2020.1 from
Schrodinger, LLC (Chow et al., 2008; Release, 2017) on the dock
complex of Akt1 and 8-hydroxycoumarin ligand. This system used
the OPLS4. force field (Mazurek et al., 2021) and an explicit solvent
model containing TIP3P water molecules in a period boundary
salvation box of 10 Å × 10 Å x 10 Å dimensions. The system was
initially equilibrated to retrain over the protein-ligand complexes using

an NVT ensemble for 10 ns. Following the preceding phase, an NPT
ensemble was used to carry out the brief run of minimization and
equilibration for 12 ns. The NPT ensemble was assembled using the
Nose–Hoover chain coupling method and operated at 27°C for 1.0 ps
under a pressure of 1 bar for the duration of the investigation. The time
step was 2 fs. The Martyna–Tuckerman–Klein barostat method with a
02 ps relaxation time was adopted for pressure regulation. The radius
for coulomb interactions was set at 9 nm, and long-range electrostatic
interactions were calculated using Ewald’s particle mesh approach.
With each trajectory, the bonded forces were estimated using the
RESPA integrator for the time step of 2 fs. Root mean square
fluctuation (RMSF), root mean square deviation (RMSD), solvent
accessible surface area (SAS Area), and radius of gyration (Rg) were
estimated to monitor the stability of molecular docking simulations
(Rapaport and Rapaport, 2004).

In vitro antioxidant activity

1, 1-diphenyl-2-picrylhydrazyl radical scavenging
activity

The capacity of the D. roylei extracts to scavenge the DPPH
radicals were assessed by using the Gyamfi et al. method with slight

FIGURE 3
(Continued). The common target genes network interaction results (A) PPI network of the common target genes. The nodes represent target genes;
the stuffing of the nodes represents the 3D structure of target genes; the edges represent target genes-target genes associations; the colors of the edges
represent different interactions; cyan and purple represent known interactions; green, red, and blue-purple represent predicted interactions; chartreuse,
black, and light blue represent others.
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modification (Obi et al., 2022). 0.5 mL of a test extract aliquot at
various concentrations of 20–160 μg/mL in methanol was
dissolved with 0.5 mL of a 100 mM DPPH solution. The
resulting absorbance was measured at 517 nm after a 30-min
incubation period in complete darkness and at room
temperature. The following formula was used to compute the
percentage inhibition:

Percentage inhibition: Absorbanceconrol−Absorbancesample( )
x 100/absorbancecontrol

Hydroxyl radical scavenging activity
Hydroxyl radical scavenging activity was determined by

Elizabeth and Rao with a bit of modification (Nwakaego et al.,
2019). The assay measures the 2-deoxyribose breakdown product by
condensing it with Thiobarbituric acid. Hydroxyl radicals are
produced by the Fenton reaction, which includes a ferric ions-
EDTA-ascorbic acid-H2O2system. The reaction mixture contains
these above components and different plant extract concentrations
(10–80 μg/mL). 0.5 mL of the reaction mixture was dissolved in

1 mL of 2.8 percent of TCA after 1-h incubation at 37°C, then 1 mL
of 1 percent aqueous TBA was poured, and the mixture was then
incubated for 15 min at 90°C to develop the color. The absorbance
was calculated at 532 nm. Butylated hydroxytoluene (BHT) was used
as standard.

Scavenging ef fect: Absorbanceconrol − Absorbancesample( )
x 100/absorbancecontrol

Reducing power
The assay was carried out using Oyaizu’s method (Zhang et al.,

2021). This method estimated the reduction of Fe3
+-Fe2

+ by
measuring the absorbance of Pearl’s Prussian blue complex. This
procedure relies on the stoichiometric reduction of (Fe3

+)
ferricyanide relative to antioxidants. Various concentrations of
the plant extracts (1–200 μg/mL) were added to 2.5 mL of 1%
potassium ferricyanide [K3Fe (CN)6] and 2.5 mL of
0.2 M phosphate buffer with a pH of 6.6. Then 2.5 mL of 10%
trichloroacetic acid was added to the mixture after 20 min of
incubation at 50°C, and the mixture was then centrifuged at

FIGURE 4
GO (Biological process, molecular function, and cellular component) analysis (top 20). The node length represents the number of target genes
enriched, and the node color from blue to red represents the p-value from large to small.
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3,000 rpm for 10 min. The upper layer (2.5 mL) was dissolved in
2.5 mL of distilled water and 0.5 mL of 0.1% FeCl3, and the
absorbance was determined at 700 nm. Rutin was taken as a
positive antioxidant, and the reducing power was calculated
according to the absorbance values.

Superoxide radical scavenging activity
This assay was based on the extract’s capacity to reduce formazan

production by scavenging the radicals produced by the riboflavin-NBT
system (Jaganathan et al., 2018). The reaction mixture consists of 20 μg
riboflavin, 50 mMphosphate buffer with a pH of 7.6, 0.1 mg/3mLNBT,

FIGURE 5
KEGG pathway enrichment analysis (top 20). The node size represents the number of target genes enriched, and the node color from blue to red
represents the p-value from large to small.

TABLE 2 Pathway enrichment analysis (top 20).

Pathway nGenes Enrichment FDR

Pathways in cancer 85 9.57052E-49

PI3K-Akt signalling pathway 62 2.08477E-37

MAPK signaling pathway 51 2.01947E-30

MicroRNAs in cancer 40 3.70614E-30

Prostate cancer 33 7.6318E-30

Progesterone-mediated oocyte maturation 33 2.03033E-29

EGFR tyrosine kinase inhibitor resistance 30 6.62478E-29

Calcium signaling pathway 45 1.22381E-28

Chemical carcinogenesis 41 5.63792E-28

Lipid and atherosclerosis 42 1.26925E-27

Neurotrophin signaling pathway 33 6.99563E-27

Rap1 signaling pathway 40 7.78613E-26

Hepatitis B 36 7.98124E-26

Focal adhesion 39 1.19652E-25

Proteoglycans in cancer 38 2.05389E-24

Chemokine signaling pathway 37 2.8697E-24

Kaposi sarcoma-associated herpesvirus infection 37 4.83818E-24

Endocrine resistance 28 8.41165E-24

Sphingolipid signaling pathway 30 2.65785E-23

CAMP signaling pathway 38 3.29632E-23
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and 12 mMEDTA. The reactionwas initiated by illuminating the above
reaction mixture with various concentrations of plant extracts
(10–80 μg/mL) for 90 s. Then the absorbance was estimated at
590 nm. BHT was used standard antioxidant. The %age of
scavenging of superoxide anion s was calculated using the equation.

Percentage Inhibition: (1 − AS/AC) x100
Where AS is the absorbance of the test sample, and AC is the

absorbance of the control used.

In vitro anticancer activity

Cell culture
MCF-7, MDA-MB-231, and MDA-MB-468 cell lines were

purchased from the National Centre for Cell Science (NCCS) in
Pune. Prof. Annapoorni Rangarajan, IISC, Bangalore, kindly
supplied the 4T1 cell line. Cells were grown in high glucose
media DMEM using 10% FBS and 1% penicillin/streptomycin.
The cells were cultured in a CO2 incubator (5%) at 37°C.

Cytotoxicity assay
TheMTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide) assay was utilized to determine the cell cytotoxicity
(Rezadoost et al., 2019). Breast cancer cells were seeded in 96 well
plates with the cell number of 3 × 103 cells in each well and allowed to
adhere overnight. To prepare the stock solution, From the stock
solution 10 mg/mL, various concentrations (12.5–400 μg/mL) of
various extracts of Delphinium roylei were obtained in fresh
media. Then the breast cancer cells (MCF-7, MDA-MB-231,
MDA-MB-468 and 4T1) were treated with extracts of
Delphinium roylei for 72 h and the plate system was placed
into the incubator. MTT solution was applied to every well
after incubation. The plate was kept in the incubator at 37° C
for 4 h under dim lighting. The supernatant was removed after
4 h, and 100 μL of DMSO was added to the purple formazan to
dilute it. The ELISA plate reader was used to read the plate at
595 nm. The percentage of cell cytotoxicity was determined using
an optical density.

Percentage Cell viability � ODof test sample/ODof control( ) × 100

FIGURE 6
Compound prescription-active component-disease-target gene. The node colors represent different groups: purple represents the components,
and blue represents target genes. Component node size represents the degree; low to high degree represents the node size from small to large.
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TABLE 3 Interaction network details of 21 active components.

Component Degree Target genes

8-
hydroxycoumarin

112 CCNB3 CDK2 CCNE2 CDK9 CCND1 CDK5R1 DAO CA12 CA9 CA2 MPI EGFR GPR35 AKR1B1 PDGFRB FLT4 IGF1R INSR AURKB
PTK2 PLK1 CSNK2A1 CA4 PLK4 TEK AKT1 BACE1 MAP3K8 EPHB4 HSPA1A NUAK1 SQLE FGR LYN METAP2 SRC GSR CYP1A2 ERBB2 GSK3B
MAOA ADORA1 PSMB5 IDO1 TDO2 CA1 ESR1 CA14 DBH NFKB1 BRAF CA3 KDR HSD17B3 AURKA MET ACHE CA13 KAT2B XDH
PARP1 F2 ADRA2A ADRA2C ADRA2B HTR2A NISCH ADRA1A HTR1A SLC6A3 PDPK1 CDK1 CDK5 ALDH2 GSK3A PRKCG PRKCD PRKCA
PRKCB PRKCZ PRKCE PRKCH NQO2 RPS6KA3 MAP2 TYMS
GRM4 KCNA3 GRK6 ESR2 CLK1 CCNA1 CCNT1 CDK1 CDK2 CDK4 CDK5 TNNT2 CCNA2 CCNB1 CCNE1 TNNI3 CCNB2 TNNC1 CA6 CA5B CA5A
CA7 GPR84 CHRM5 NQO1 HTR2B

Delsoline 104 CDK2 CCNE2 GBA AGL UGCG GAA SI GLB1 GANAB FUCA1 FUCA2 GANC GLA KCNJ1 MTAP MAN2B1 CHRM1 EGFR BACE1 CCR1 CA2 PNP
PIK3CA MAN2A1 ADRB1 SLC5A2 ADRB2 HRH1 CCR3 SLC5A4 OPRL1 MMP8 PDE5A PDE11A PDE10A CDC25B METAP2 CTSD HTR2A
AMD1 FLT3 UTS2R ADRB3 SLC5A1 IKBKB SPHK1 TOP2A SPHK2 CCR9 OGA ANPEPMAPK9MANBA CHRNA4 SCN9A HSP90AB1 FLT1 KIT KDR
CHRM3 HPRT1 LRRK2 ADCY1 CDC25A LSS SRC NOS1 NOS3 CDC25C TTR PRKCQ UPP1 TLR9 RPS6KB1 CACNA1G AURKA ACE
ADORA1 ADORA3 HDAC1 HRH4 TTL CASR
DRD1 DPP8 ALOX5 MMP13 MMP1 MAP2K7 NUDT1 IRAK4 CCNA1 CDK2 CCNA2 CCNE1 GBA2 MGAM SLC47A2 HTR4 YARS
CHRM2 TRPV3 HTR2B DPP7

Royleinine 101 GRIN1 CHRM1 GBA CHRM3 AGL KCNJ1 BACE1 PNP PDE5A PDE11A PDE10A FUCA1 CHRNA4 UGCG GAA LRRK2 HTR1A
ADRB2 ADRB1 ADRB3 KCNA5 GANAB SLC18A2 CDC25B OPRL1 MTAP MAN1B1 MAN2A1 PABPC1 NOS1 NOS3 BRD4 SLC5A4 CTSD
SLC5A1 CREBBP DRD1 NMT1 SLC6A4 UTS2R SI SPHK1 SLC6A2 NR3C2 PGR CCR1 SPHK2 SLC5A2 CA2 DRD4 TTL CCR3 TOP2A
CCR2 DPP8 CSF1R XIAP P2RX7 BIRC2 EIF2AK3 ALOX5 NUDT1 CHRM4 PARP1 ERBB2 MAPK8 MAPK9 CACNA1G FAP HTR3A SERPINA6 TERT
ROCK2 SHBG IL6 JAK1 ADAM17 PIK3CA GLUL FABP1 CASR GSK3B CDK2 PRMT6 PRMT8 IDO1 PRMT1 SRC GSR GRIN2B
CHRM2 GBA2 SLC47A2 HTR4 DPP7 TRPV3 DUSP3 HTR1D MGAM HTR1F GPBAR1

Delsemine B 104 CCNE2 F3 PIK3CA CHRNA7 MTOR SLC10A2 IMPDH1 IMPDH2 PDE10A PIK3CD PIK3CB PIK3CG PIK3CA CA2 PDE8B SLC6A3 PIM1 PIM2 EGFR
POLA1 MAP3K14 MMP2 CSF1R GNRHR CCR1 ADORA2A DHFR PIK3C2A PIK3C3 SYK MAP3K9 FGR PIK3C2B
CCR4 ERBB2 SLC5A2 FGFR3 FGFR1 FGFR2 NAMPT CDK4 SLC5A1 SLC9A1 ADK ABL1 FLT3 BLK DYRK1A PHKG2 LCK MAPK14 SRC
MMP13 ERBB4 MMP9 HCK IRAK1 MET MMP14 STK10 MAPK9 SLK MKNK2 FRK GAK TXK DYRK2 STK17A EPHA6 MMP8 MKNK1 AXL
RPS6KA6 CSNK1E MAP2K5 RIPK2 DYRK1B CIT EPHB6 ERBB3 MAP2K1 AKT1 TYRO3 SELP MAP4K4 F10 PRKDC DDOST ALOX5AP PPP2CA
DOT1L F7 KIT YES1 CDK2 F7 PIK3R1 CCNE1 PIM3 PDE6A HIPK4 SBK1 PHKG1 CSNK1D

Herniarin 102 CDK2 CA1 CA12 CA14 CA9 CA4 CA13 EGFR MAOA CA2 AKR1C3 AKR1C1 CA3 KCNA3 SRD5A1 XDH MAOB CBR1 ACHE PARP1 CYP1A2 MET
GSK3B AURKA APEX1 GPR35 PTK2 PLK4 MAP3K8 HSPA1A SQLE FGR LYN ALOX5 AURKB PARP2 IGF1R AHCY EP300 KAT2B
NOS1 NOS2 NOS3 SRC KDR ADORA1 ADORA2A ESR2 MCL1 ADAMTS5 PTPRC
NQO2 MAPK10 RGS4 JAK1 JAK2 TYK2 CDC7 NUDT1 MAP3K14 AKR1B1 KDM4C PDGFRB CES1 MAPK8 CTSK CES2 DYRK2 DYRK1B
ADORA3 HSD11B1 GRM4 CAPN1 HMGCR BACE1 HRH2MGLLMKNK1 SYK TGM2 GRM5 CLK4 RPS6KA5 RPS6KB1 PIM2 PBK BTK NTRK3 PRKX
MAP4K4 PDE5A CCNA1 CCNA2 CA7 CA6 CA5A CA5B MCHR1 ADRA1D MIF ADORA2B PIM3

Aloesin 108 CDK9 CCNA2 CCND1 ITGB1 ITGAV ITGA2B ITGAV SAE1 AKR1B1 SLC29A1 CA12 MMP9 MMP2 ESR1 ESR2 HDAC6 IGF1R AURKB SRC
PTK2 KDR PLK1 HDAC8 HDAC1 MET
NEK2 AKT1 NEK6 NUAK1 NOS2 MMP13 CA2 CA4 EGLN1 BACE1 NQO2 HSP90AB1 SORT1 NOX4 DNASE1L3 IKBKB
PTPN1 HDAC3 HDAC2 ADORA2A ABCB1 DHODH LIG1 CXCR2 CALM1 HSP90AA1 FBP1 KCNMA1 ERN1 CA1 CA9 HSP90B1 PRKCG PRKCB
PRKCZ CDC7 ADRA2C ALOX5 CXCR1 SLC5A1 CBR1 SLC5A2 MCL1 LTB4R SELL SELP PPARG STS SIGMAR1 DRD2 BAD
OPRM1 OPRK1 ABCG2 LRRK2 GRK7 TAOK2 MAK CDKL5 VRK2 PIP4K2C CDK13 CSF1R
ABL1 CCNT1 CDK2 CDK4 ITGA5 ITGB3 ITGB6 UBA2 CA7 HDAC10 DUSP3 PTGES CA6 VEGFA PSMG3 BCL2 HTR2B HIPK4 ICK

Talatisamine 101 GRIN1 CHRM1 PABPC1 CHRM3 AGL GBA BACE1 KCNJ1 SIGMAR1 PNP PDE5A PDE11A PDE10A UGCG GAA MTAP UTS2R CTSD
KCNA5 MAN1B1 MAN2A1 LRRK2 CA2 FUCA1 CCR3 ADRB1 CCR1 SPHK2 XIAP BIRC2 PIK3CA P2RX7 DRD1 REN ADRB2 SRC ADRB3 CDC25B
HTR7 TOP2A BRD4 FLT3 PDE9A CREBBP TERT NOS1 CACNA1G NOS3 SI NMT1 PRKCB NPY1R ERBB2 PRKCQ MANBA SLC5A4 DRD4 PRKDC
PRMT6 CSF1R PRMT8 MKNK2 MKNK1 PRMT1 HTR3A PIM1 PIM2 GANAB PARP1 TTL
MAPK8 CHEK2 CDK2 MAPK9 CHEK1 SLC5A2 HSP90AB1 MMP8 CASR NR3C2 PGR ABL1 KIT YES1 ALOX5 LCK MAPK14 CSK GRIN2B
CHRM2 HTR4 GBA2 SLC47A2 DPP7 DUSP3 HTR1D PDE1C TRPV3 MGAM HTR1F MAPK11

Narwedine 105 CDK1 DBF4 CHRNA3 ROCK2 ACHE OPRM1 OPRD1 BCHE OPRK1 BDKRB2 SLC6A2 SLC6A4 SLC6A3 MAOB DRD4 PAOX MC4R
CHRM4 CHRM3 NOS2 CHRNA4 KDM5C MPO KDM4B KDM5B PARP2 JAK3 CHEK2 JAK1 JAK2 ROCK2 PDE10A
CHRNA1 PIM1 PIM2 CHEK1 KDM4A ROCK1 POLR1A HTR3A HTR2C HTR1A MAPK8 PRKCD PRKCE PRKD1 RPS6KA5 PRKX
PRMT6 IMPDH2 PRMT8 PRMT1 CSNK2A1 CSNK2A2 PRKCQ HTR7 AURKB RPS6KB1 AURKA ADORA1 MALT1 LTA4H DPP8 DPP9 KISS1R
WDR5 MAOA CDC25C SYK SIGMAR1 MAPK1 HRH2 PNP KCNA5 NOS1 FAP CDC7 PBK CSF1R PRKCA ESR2 MAP2K1 ADRA2B
HRH4 PARP3 EGFR TERT KCNJ1 HRH1 GSK3B MMP13 MMP9 CCNB1 CDC7 CHRNB4 ROCK1 CHRM5 DPP7 ADRA1D PIM3 HTR1F HTR2B
HTR1D CHRNB2

Scoparone 102 CDK2 CA12 CA9 CA13 CA14 CA1 CA4 XDH CA2 EGFR ALOX5 SRD5A1 CA3 CBR1 SRC MAOA AKR1B1 AKR1C1 GSK3B MAOB
ESR2 KCNA3 PTGS2 IGF1R KDR AURKA ERBB2 PDE5A ADAMTS5 PDE3A PDE3B BACE1 GPR35 SQLE FGR LYN PARP1 PARP2 MAPK8 MPO
AURKB TYMP GRM4 CDC7 KCNN1 KCNN3 CTSK CTSS CTSL PDGFRB FLT4 INSR TEK EPHB4 MAP2K3 BTK IKBKB
MAPK10 CES1 ROCK2 CES2 EPHB3 SYK CLK4 RPS6KA5 RPS6KB1 PIM2 PBK NTRK3 PRKX MAP4K4 PLK1 JAK2 PTPRC TYK2 BRAF
HSP90AA1 DYRK1B NQO2 KDM4C MET MAPK14 TGM2 PTPN13 METAP1 ICAM1 SELE
CASP1 MAP3K14 APEX1 MCL1 NUAK1 MAPKAPK2 JAK1 CCNA1 CCNA2 CA7 CA6 CA5B CA5A KCNN2 PIM3

Piperine 110 PSEN2 CDK2 DBF4 CCNA2 CCNE1 PDGFRA ROCK2 MAOB SIGMAR1 SOAT1 ITK KDM5C KDM4A KDM4C EPHX2 PRKCQ FLT3 SRC
JAK2 ADORA2A CSF1R CPT1A FAAH NTRK1 ASAH1 IMPDH2 PDE4D PARP1 CDC7 TRPM8 IRAK4 DGAT1 AURKB ADAMTS5 CDK1 AURKA
EDNRA ALPL ACHE ABL1 PFKFB3 STS PDE10A LCK PI4KA SLC5A1 TRPC6 TRPC3 HDAC11 DRD2 NAMPT ADORA3 IDO1MDM2 GPR119 PPP5C
AR EPHX1 PGR ROCK2 GPR55 PDE5A CTSV CTSL RPS6KA3 F10 ADORA1 RPS6KB1 TOP2A ELANE GRM5 CTSB LRRK2 CYP11B1 RARG RARB
RARA PDE3A CYP11B2 PDE3B PI4KB CDK5 RXRA RXRG HPGD AGTR2 CRHR1 IKBKB BACE2 CCNA1 CDC7 CDK2 PDGFRB PSENEN
ROCK1 CCNA2 NCSTN KDM4E ACACB KDM4D QPCT NAAA SLC6A9 PDE7A HDAC10 SCN2A SCN10A ADORA2B APH1A
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FIGURE 7
(A). The surface view of the best pose of the Akt1 (PDB ID:4EKL) +8-Hydroxycoumarin complex displays the surface view on the left panel and the 2D
interaction profile of the ligandwith binding cavity residues. B-E: 2D and 3D interactions of 8-Hydroxycoumarin with various target proteins (B). SRC (PDB
ID:2H8H), (C). EGFR (PDB ID: 6DUK), (D). IL-6 (PDB ID:1P9M), (E). ESR-1 (PDB ID: 1GWQ) with respective amino acids respectively.

Frontiers in Pharmacology frontiersin.org13

Mir et al. 10.3389/fphar.2023.1135898

157

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1135898


Annexin V/PI apoptosis detection
We used a BD Biosciences Annexin V apoptosis detection kit to

examine the mechanism behind the anticancer effect of D. roylei ethyl
acetate extract.MDA-MB-231was treatedwith acetate extract for 24 and
48 h. As instructed by the manufacturer, adherent and free-floating cells
were all collected and stained with the fluorescent dyes FITC-Annexin V
and PI. Flow cytometry was performed at the Department of
Biotechnology, National Institute of Technology, Rourkela, Odisha,
India, on a BD Accuri™ C6 flow cytometer (Mehraj et al., 2022)

Results

Quantification of chemical components of
HR/LC-MS

In our previous investigation, 168 phytocompounds were
tentatively identified using the chromatography-mass

spectrometry (LC/MS) approach in both negative and positive
ionization modes (Mir et al., 2022b). A few more compounds
were identified by performing the advanced technique like HR-
LC/MS) and chromatograms in TOF MS ES + shown in (Figures
1A–D). Figure S1 demonstrates the total ion chromatogram
(TIC) of the studied plant’s methanolic, ethanolic, ethyl
acetate, and petroleum ether extracts. The examples of a few
phytoconstituents identified through HR-LC/MS are 8-
hydroxycoumarin, Delsoline, Royleinine, Delsemine B,
Herniarin, Aloesin, Talatisamine, Narwedine, Scoparone, and
Piperine in D. roylei extracts by contrasting their output mass
data and retention time relatives to external standards with a
reference database and already published data using different
software’s. Some identified phytocompounds from
chromatograms that possess important pharmacological
properties are listed in Table 1. These nine compounds were
subjected to network pharmacology, in silico docking, and MD
simulations analysis. These phytocompounds were identified as

TABLE 4 Binding energy obtained from the docking calculations of bioactive phytoconstituents with target proteins.

S.
No.

Compound
name

Akt1 Energy
score (kcal/mol)

SRC Energy
score

(kcal/mol)

EGFR Energy
score

(kcal/mol)

IL-6 Energy
score

(kcal/mol)

Hsp90aa1 Energy
score (kcal/mol)

ESR-1 Energy
score

(kcal/mol)

1 8-
hydroxycoumarin

−9.2 −5.30 −5.74 −4.06 −5.42 −5.75

2 Delsoline −6.8 −7.4 −6.3 −5.9 −5.8 −7.2

3 Royleinine −7.5 −8.1 −7.4 −6.1 −6.3 −6.7

4 Delsemine B −9 −8.7 −8.2 −7.3 −7.2 −8.2

5 Herniarin −7.4 −6.6 −5.9 −5.9 −5.5 −6.6

6 Aloesin −8.1 −7.7 −8.9 −6.9 −6.8 −7.4

7 Talatisamine −7.5 −7.3 −6.6 −6 −6.2 −7

8 Narwedine −8.5 −7.1 −7.6 −7 −6.5 −8.6

9 Scoparone −7.5 −6.5 −6.1 −5.9 −5.3 −6.8

10 Piperine −9 −8.4 −7.6 −6.7 −7.4 −8

TABLE 5 Drug-likeness prediction of D. roylei phytoconstituents by ADMET evaluation using SwissADME Software.

Compound Name MW HBA HBD RB TPSA (Å2) Lipinski’s Rule GI absorption BBB Solubility ADMET
Screening

8-hydroxycoumarin 162.14 3 1 0 50.44 Yes High Yes soluble Yes

Delsoline 467.6 8 3 6 100.85 Yes High No Very soluble Yes

Royleinine 421.6 6 2 4 71.39 No High No soluble Yes

Delsemine B 699.8 11 4 14 179.39 No Low No soluble No

Herniarin 176.17 3 0 1 39.44 No High Yes soluble Yes

Aloesin 394.4 9 5 4 157.66 Yes Low No soluble Yes

Talatisamine 421.6 6 2 5 71.39 No High No soluble Yes

Narwedine 285.34 4 0 1 38.77 Yes High Yes soluble Yes

Scoparone 206.19 4 0 2 48.67 Yes High Yes soluble Yes

Piperine 284.34 3 0 4 38.77 Yes High Yes soluble Yes

MW: molecular weight, HBA: hydrogen bond acceptors, HBD: hydrogen bond donors, RB: rotatory bonds, GI: gastrointestinal absorption, BBB: blood brain barrier.
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chemical markers and listed as potential candidates for further
network pharmacology analysis.

Network pharmacology

Target gene screening and interaction network
construction

Total of 514 potential target genes were obtained for the
10 quantitative components of HR/LC-MS (shown in Figure 2).
Meanwhile, 12063 disease target genes associated with breast
cancer were retrieved using GeneCards, OMIM and DisGeNET

platforms. 464 shared common target genes were identified
between the quantitative components of HR/LC-MS and breast
cancer. All 10 components in D. roylei, namely, 8-
hydroxycoumarin, Delsoline, Royleinine, Delsemine B, Herniarin,
Aloesin, Talatisamine, Narwedine, Scoparone, Piperine in D. roylei
were targeted for further analysis. The common target genes PPI
diagram indicated that there were 464 nodes and 6,035 edges in PPI
(Figure 3A). The frequency of occurrence of the top 30 common target
genes was shown in Figure 3B. Akt1, SRC, EGFR, IL6, HSP90AA, and
other target genes exhibited a high frequency of protein interaction,
which may be the node protein of the whole network. The results
showed that the selected components of D. roylei had a high binding
activity with these target proteins and could be used as the potential
target genes of HR/LC-MS for treating breast cancer.

Screening of key pathways of HR-LC/MS for
treating breast cancer

GO analysis of the common target genes showed that the
biological process was mainly involved in Protein
autophosphorylation, peptidyl-tyrosine modification, and pos.
neg. of phosphorylation (Figure 4) and also given as S-2 to S-4.
The molecular functions non-membrane spanning protein tyrosine
kinase activity and protein serine/threonine/tyrosine kinase activity
were leading. The cyclin-dependent protein kinase holoenzyme
complex and protein-kinase complex were observed in the
cellular component. KEGG pathway enrichment analysis of the
aforementioned common target genes is shown in Figure 5 and

FIGURE 8
MD simulation analysis of 100 ns trajectories of (A) Cα backbone of Akt1 bound to 8-Hydroxycoumarin ligand, (B) RMSF of Cα backbone of
Akt1 bound to 8-Hydroxycoumarin-ligand (C) Radius of gyration (Rg) of Cα backbone of Akt1 bound to 8-Hydroxycoumarin (D) Formation of hydrogen
bonds in Akt1 bound to 8-Hydroxycoumarin.

TABLE 6 Binding free energy components for the Akt1+8-hydoxycoumarin
calculated by MM-GBSA.

Energies (kcal/mol) AKT1 + 8-hydroxycoumarin

ΔGbind −52.23 ± 5.12

ΔGbindLipo −12.23 ± 2.19

ΔGbindvdW −41.12 ± 1.08

ΔGbindCoulomb −27.41 ± 2.29

ΔGbindHbond −3.13 ± 1.32

ΔGbindSolvGB 35.41 ± 1.57

ΔGbindCovalent 5.91 ± 2.61
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also given as S-5. After the exclusion of broad pathways, the top
20 signalling pathways are listed in Table 2. This suggested that the
effect of HR-LC/MS for treating breast cancer may act on multiple
pathways, as well as complex interactions among these pathways.

Compound prescription-active component-
disease target gene-pathway interaction network

Compound prescription-active component-disease-target gene-
pathway interaction network finding is shown in Figure 6. The
network contained 474 nodes (464 target genes, 10 active
components. Besides, the interaction network results of 10 active
compounds are shown in Table 3. The degree of 8-
hydroxycoumarin, Delsoline, Royleinine, Delsemine B, Herniarin,
Aloesin, Talatisamine, Narwedine, Scoparone, and Piperine were
112, 104, 101, 104, 102, 108, 101, 105, 102 and 110 respectively. The
results above show that quality markers in LC-MS may act on the
whole biological network system rather than on a single target gene.

Molecular docking studies
All the binding energy scores are calculated from the best cluster

(95%) that falls within the lowest RMSD 0.25 Å. With the lowest
binding energy (ΔG–9.2 kcal/mol) and inhibitory concentration, Ki
(1.14 µM), 8-hydroxycoumarin showed a considerable binding
affinity for the Akt1 (Figure 7A). During the interaction of the
ligand 8-hydroxycoumarin, Trp80 is involved in pi-pi stacking, and
Lys268 and Val270 residues are involved in pi-alkyl interaction at
the binding cavity of the protein. Besides hydrogen bonding,
Leu264 is involved in pi-sigma interaction, and the rest residues
are van der Waal’s interactions by amino acid residues formed weak
non-bonded interaction with the ligand (Figure 7A and right panel).
Molecular docking studies were performed to verify the affinity of
target protein(s) and bioactive phytocompounds. The 3D
interactions of 8-Hydroxycoumarin with various target proteins;
SRC, EGFR, IL-6, Hsp90aa1 and ESR-1 and 2D structure of 8-
Hydroxycoumarin interacted with respective amino acids
respectively are shown in Figures 7B–F. Table 4 depicts the

docking and scores of the D. roylei compounds; 8-
hydroxycoumarin, Delsoline, Royleinine, Delsemine B, Herniarin,
Aloesin, Talatisamine, Narwedine, Scoparone, and Piperine against
the active sites of the identified protein targets, Akt1, SRC, EGFR, IL-
6, Hsp90aa1and ESR-1 performed using the AutoDock Vina
software.

Drug-likeness prediction of D. roylei
phytoconstituents

The compounds retrieved from PubChem were assessed for
Lipinski’s Rule of 5, with drug-likeliness properties. Furthermore,
ADMET evaluation was applied and was selected for molecular
docking to determine the binding affinity with protein at the active
site. Almost all the nine phytoconstituents accept Lipinski’s rule with
few limitations, as shown in Table 5.

Molecular dynamic (MD) simulation study
Studies using molecular dynamics and simulation (MD) were

conducted to determine the convergence and stability of the
Akt1+8-Hydroxycoumarin complex. Comparing the root mean
square deviation (RMSD) values, the simulation of 100 ns showed
stable conformation. The RMSD of the Cα-backbone of Akt1 bound to
8-Hydroxycoumarin showed a deviation of 2.1 Å (Figure 8A), while the
ligand showed an RMSD deviation of 3.8.0 Å. Stable RMSD plots
indicate good convergence and stable conformations throughout the
simulation. As a result, it may be inferred that 8-Hydroxycoumarin
bound with Akt1 is quite stable in complex due to the ligand’s increased
affinity. The plot for root mean square fluctuations (RMSF) indicates
the residual fluctuations due to conformational variations in different
secondary structures. Here RMSF plot displayed fluctuating residues
while high fluctuations were observed among 50–60, 110–130, and
240–260 residual positions (Figure 8B). The highest fluctuating peaks
comprised of 3.8 Å to 6.7–6.8 Å, might be due to higher ordered
flexibility conforming into loops (Figure 2B). Therefore, the protein
Akt1 has significant flexibility to conform to specific secondary
structures to accommodate the ligand. The radius of gyration (Rg)

FIGURE 9
Antioxidant results of D. roylei (A). DPPH radical scavenging assay (B). Hydroxyl radical scavenging assay (C). Reducing power assay, and (D).
Superoxide radical scavenging assay.
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FIGURE 10
(A). Cell viability of D. roylei extracts against various breast cancer cell lines. (B) Cell viability of positive control (Doxorubicin) against various breast
cancer cell lines.

TABLE 7 IC50 values in μg/mL of various extracts of D. roylei against different breast cancer cell lines.

Extracts MDA-MB-231 MDA-MB-268 4T1 MCF-7

Methanolic extract 274.1 166.3 689.4 213.4

Ethanolic extract 549.3 335.5 420.7 299.3

Ethyl acetate extract 116.5 296.1 157.9 125.5

Petroleum ether extract 317.1 415.5 598.9 498.6

Doxorubicin standard 0.1311 0.1875 0.1433 0.1822
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quantifies how compact a protein is with a ligand molecule (Miu et al.,
2008). In this investigation, the Akt1 Cα -backbone linked to 8-
hydroxycourmarin demonstrated a stable radius of gyration (Rg)
values between 22.1 and 21.8 Å, hence there are no sudden changes
in radius of gyration as shown in (Figure 8D). This steady values of Rg
suggest that despite the structural changes caused by the compounds,
the protein remains folded. Significant stable gyration (Rg) suggests that
the protein is oriented in a highly compact manner when it is attached
to a ligand. The quantity of hydrogen bonds between the ligand and
protein indicates the complex’s interaction’s complex stability and
depth. During the 100 ns of the simulation, there were significant
numbers of hydrogen bonds between Akt1 and 8-hydroxycourmarin
(Figure 8C). Between Akt1 and 8-hydroxycourmarin-ligand, the
average number of hydrogen bonds is two. The overall analysis of
Rg indicates that the binding of the various ligands causes the
corresponding proteins to become less flexible and more compact.

Molecular mechanics generalized born surface
area (MM-GBSA) calculations

Utilizing the MD simulation trajectory, the binding free energy
and other contributing energy in the form of MM-GBSA is
determined for Akt1 bound to 8-Hydroxycoumarin complexes.
The results (Table 6) suggested that the maximum contribution
to ΔGbind in the stability of the simulated complexes was due to

ΔGbindCoulomb, ΔGbindvdW, ΔGbindHbond, and ΔGbindLipo, while
ΔGbindCovalent and ΔGbindSolvGB contributed to the instability of
the corresponding complex. Akt1 bound to 8-Hydroxycoumarin
complex has significantly higher binding free energies
dGbind = −52.23 ± 5.12 kcal/mol (Table 6). These results
supported the potential of AKT1 bound to 8-Hydroxycoumarin
having a high affinity of binding to the protein, efficiency in binding
to the selected protein, and the ability to form stable protein-ligand
complexes (Balasubramaniam et al., 2021).

In vitro antioxidant activity

DPPH assay
All the extracts showed different levels of DPPH radical

scavenging activity over the range of 20–160 μg/mL concentration,
as shown in Figure 9A. Themethanolic extract exhibited the strongest
DPPH radical scavenging activity compared to other extracts. The
extract’s radical scavenging activity was effective in the order
Methanolic > ethanol > Ethyl acetate > Petroleum ether. A
maximum of 82.46% ± 0.2% radical scavenging potential was
observed at 200 μg/mL of methanolic extract used, whereas for
ascorbic acid, the scavenging activity was 89.57% ± 0.25%. A
minimum of 66.35% ± 0.32% scavenging potential was observed at

FIGURE 11
Annexin V & P1 staining showed increased apoptotic cells in plates treated with the ethyl acetate extract of D. roylei after 24 h or 48 h periods.
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200 μg/mL of petroleum ether extract. Standards and all the extracts
showed a dose-dependent inhibition of the DPPH radicals.

Hydroxyl radical scavenging assay
In this assay, results showed that the methanolic extract of D.

roylei had the highest potential to scavenge hydroxyl radicals
than the ethanolic extracts, ethyl acetate, and petroleum ether, as
shown in Figure 9B. At a concentration of 80 μg/mL, the
methanolic, ethyl acetate, ethanolic, and petroleum ether
extract showed the maximum scavenging effect of 81.92% ±
0.49%, 78.72% ± 0.8%, 73% ± 0.7% and 69.88% ± 0.55%
inhibition on hydroxyl radicals. Butylated hydroxytoluene
(BHT) taken as a control had shown a more scavenging effect
(90.07% ± 1%) than plant extracts.

Reducing power assay
As illustrated in Figure 9C, Fe3

+ was transformed to Fe2
+ in the

presence of D. roylei extract and the reference compound Rutin to
measure the reductive capability. The reducing power increased with
an increase in the concentration of plant extracts. The methanolic
extract of D. roylei showed significant reducing power when
compared with standard Rutin. The reducing power demonstrated
by the methanolic extract of the plant was 1.429 ± 0.005 at the
concentration of 200 μg/ml as compared to 1.811 ± 0.0035 shown by
standard Rutin at the same concentration. Ethanolic, ethyl acetate,
and petroleum ether extracts showed less reducing power (1.246 ±
0.0025, 1.136 ± 003, and 0.987 ± 0.005, respectively) compared to
methanolic extracts at 200 μg/mL concentration.

Superoxide radical scavenging (SARS) assay
All the test extracts exhibited effective O2

−* scavenging activity in
a concentration-dependent manner (10–80 μg/mL), as shown in
Figure 9D. The highest activity (Scavenging effect of 72.91 ±
0.76 was shown by methanolic extracts of D. roylei at a
concentration of 80 μg/mL, followed by ethyl acetate, ethanolic,
and petroleum ether extracts with a scavenging effect of 68.125% ±
0.45%, 65.84% ± 0.41% and 62.27% ± 0.5% respectively, which is
least as compared to methanolic extract and standard Rutin.
Standard Rutin showed the highest scavenging potential of
77.46% ± 0.7% showed the highest potential at 80 μg/mL
concentration as compared to all four extracts of the plant.

In vitro anticancer activity

MTT results
Figures 10A,B shows the cell viability (%) of various breast

cancer cell lines; MDA-MB-231, MCF-7, MDA-MB-468, and
4T1 when treated with different concentrations of methanolic,
ethanolic, ethyl acetate, and petroleum ether extracts of D. roylei
and doxorubicin drug. The IC50 values of four different extracts
and positive control against various breast cancer cell lines are
shown in Table 7. The ethyl acetate extract of the plant showed a
maximum cytotoxic effect on MDA-MB-231 with an IC50 value
of 116.7 μg/mL, followed by methanolic, petroleum ether, and
ethanolic extract with IC50 values of 274.1, 317.1, and 549.3 μg/
mL respectively. The Methanolic extract of the plant showed
maximum reduction in the growth of MD-MB-468 breast cancer

cell line with the lowest IC50 value of 166.3 μg/mL, followed by
ethyl acetate, ethanolic, and petroleum ether extract with IC50

values of 296.1, 335.5 and 415.5 μg/mL respectively. The ethyl
acetate extract showed maximum anti-proliferative potential
against the 4T1 cell line with an IC50 value of 157.9 μg/mL.
The ethanolic, petroleum ether and methanolic extracts have
shown less anti-proliferative potential against 4T1with IC50

values of 420.7, 598.9, and 689.4 μg/mL, respectively. The
ethyl acetate extract is highly specific to MCF-7 cell lines with
an IC50 value of 125.5 μg/mL, followed by methanolic, ethanolic,
and petroleum ether extracts with IC50 values of 213, 299.3, and
498.6 μg/mL, respectively. The IC50 values of standard
doxorubicin are shown in Table 4. Hence ethyl acetate extract
of D. roylei showed the highest anticancer activity against the
MDA-MB-231, MCF-7 and 4T1 cell lines compared to the other
three extracts.

Furthermore, we utilized Annexin V and PI staining to assess the
apoptosis induction potential of ethyl acetate extract of D. roylei.
MDA-MB-231 cells were treated for 24 and 48 h, followed by
staining with Annexin V and PI. Flow cytometry analysis
revealed that plant extract induction tumour cell death via
induction of apoptosis and apoptosis enhanced significantly upon
higher concentration are shown in Figure 11.

Discussion

In the current study, many secondary metabolites were
identified using HR-LC/MS of D. roylei, out of which few
phytocompounds were selected to propose a possible mechanism
against breast cancer treatment using network pharmacology,
molecular docking, molecular dynamic simulation and in vitro
studies. The network pharmacology analysis suggested that the
therapeutic efficacy of the D. roylei phytoconstituents against
breast cancer was mainly associated with 20 signalling pathways,
30 potential target genes, and 10 bioactives. Through the network
pharmacology, we identified the most significant protein (Akt1)
associated with the occurrence and development of cancer and a
bioactive 8-hydroxycoumarin (8-hydroxychromen-2-one) from the
D. roylei.We identified a hub signaling pathway (PI3K-Akt signaling
pathway, indicating the lowest rich factor among 20 signaling
pathways. Akt1 kinase is a protein made according to
instructions from the Akt1 gene (Lv et al., 2020). This protein is
present in many different cell types throughout the body and plays a
crucial role in numerous signaling pathways. For instance,
Akt1 kinase is vital in controlling cell survival, apoptosis,
proliferation, and differentiation (Jafari et al., 2019). Recent
research has demonstrated that the PI3K/Akt signalling
pathways, which play a role in the above-mentioned processes,
are frequently disrupted in various human malignancies (Xu
et al., 2019). This pathway is crucial for tumor growth and
potential responsiveness to cancer treatments.

Many new targeted agents have been created, especially to target
P13K/Akt-related targets. Therefore, having a better understanding
of the PI3K/Akt signaling pathway may help to enhance the
oncologist’s accuracy of prediction as to response to treatment.

Based on the degree value of compounds in the network, we
obtained the 8-hydroxycoumarin compound as the most active
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ingredient of D. roylei. Previous studies have revealed that 7-and 4-
hydroxycoumarin and its derivatives have numerous therapeutic
benefits (Gaber et al., 2021). These are employed as drug
intermediates and as antitumor drugs, anti-inflammatory, anti-
HIV, antimicrobial, anti-coagulant, antioxidant, and anti-viral
agents (Gaber et al., 2021). However, the degree of other
compounds was also high, indicating that quality markers may
affect the entire biological network system instead of only one
target gene.

Furthermore, the KEGG pathway enrichment analysis of
30 targets suggested that 20 top signaling pathways were involved
in breast cancer occurrence and development. This indicated that
the effect of phytocompounds acts on multiple pathways for treating
breast cancer and complex interactions among these pathways.
Based on the frequency of each gene in the compound-gene
network, Akt1 showed the highest frequency of protein
interaction, followed by SRC, MAPK3, EGFR, IL-6, HSP90AA1,
ESR-1, and other target genes.

Furthermore, an in silico docking analysis of the nine most
prevalent compounds was carried out against the 30 potential
targets using AutoDock version 4.2.6 software (Morris et al.,
2008). All tested compounds showed promising results against
Akt1 protein based on docking scores. Among the all, 8-
hydroxycoumarin bioactive showed the highest energy score
with Akt1. 8-hydroxycoumarin fits comfortably into the
binding sites on Akt1 protein and interacts favourably with
critical amino acid residues (Figure 7). During the interaction
of the ligand 8-hydroxycoumarin, Trp80 is involved in pi-pi
stacking, and Lys268 and Val270 residues are involved in pi-alkyl
interaction at the binding cavity of the protein. Besides hydrogen
bonding, Leu264 is involved in pi-sigma interaction, and the rest
residues are van der Waal’s interactions by amino acid residues
formed weak non-bonded interaction with the ligand (Figure 7A
and right panel). All the binding energy scores are determined
from the best cluster (95 percent) that falls within the lowest
RMSD 0.25Å. Therefore, it can be inferred from the molecular
docking studies that 8-hydroxycoumarin has a high affinity for
the protein Akt1.

Also, the stability of the representative Akt1 and 8-
hydroxycoumarin complex was further explored using
molecular dynamics simulations. The RMSD plots show that
the MD results showed stable patterns throughout the entire
simulation run (Figures 8A,B). The RMSF graphs show that
Akt1 has high flexibility to accommodate the ligand at the
binding pocket. The Rg plots demonstrate that the protein
stayed compact throughout the simulation. According to the
average results observed, the protein backbone was compact. To
understand how the residues behaved throughout the simulation
run, the fluctuations of the residues were analyzed. After ligand
binding, the target’s surface area that was accessible to solvent
decreased.

Additionally, our research aimed to find the antioxidant and
anticancer potential of D. roylei active extracts by in-vitro
approach. In this investigation, DPPH radical scavenging,
Hydroxyl scavenging effect, reducing power, and superoxide
radical anion scavenging have shown the antioxidant potential
of D. roylei extracts and were observed to be significant when
compared to positive controls such as Ascorbic acid, BHT, Rutin,

and BHT respectively. These observations are in accordance with
the previous studies on the antioxidant potential of Delphinium
malabaricum extracts that the DPPH radical scavenging assay has
investigated and the Ferric reducing antioxidant power (FRAP)
assay (Lotfaliani et al., 2021)

Further, the petroleum ether, ethyl acetate, methanol, and
ethanolic extracts were subjected to cytotoxicity assay against
various breast cancer cell lines. The results shown in Figure 10
demonstrated that ethyl acetate extract of D. roylei showed the
highest anticancer activity against the 4T1, MCF-7, MD-MB-468,
and MDA-MB-231 breast cell lines as compared to the other
three extracts. As a result, the phytoconstituents found in plant
extracts might have a greater propensity to suppress the
proliferation of cancer cells. D. roylei extracts had relatively
lower IC50 values against breast cancer cell lines, which may
be due to phytocomponents with stronger binding affinities or
altering proteins or pathways implicated in tumor development.
It can be observed that the ethyl acetate extract had the highest
content of the compounds verifying the above-given conclusions
about these compounds being the key constituents responsible
for the cytotoxic activity of the studied plant. Previous studies by
(Yin et al., 2020) revealed that Siwanine E, Uraphine, Delpheline,
Delcorinine, Nordhagenine A, Delbrunine, and Delbrunine from
D. honanense and D. chrysotrichum exhibited anticancer
potential against MCF-7 and cells with IC50 values of
9.62–35.32 μM. Flow cytometry analysis revealed that plant
extract induction tumor cell death via induction of apoptosis
and apoptosis enhanced significantly upon higher concentration
are shown in Figure 11.

Conclusion

In the present study, we explored the potential mechanisms of
phytocompounds present in D. roylei in suppressing breast
cancer by network pharmacology-based analysis in
combination with chemical profiling, molecular docking, MD
simulation, and in vitro studies. HR-LC/MS identified some
important phytoconstituents followed by network
pharmacology analysis which revealed that 8-
hydroxycoumarin, Delsoline, Royleinine, Delsemine B,
Herniarin, Aloesin, Talatisamine, Narwedine, Scoparone, and
Piperine were the main constituents related to breast cancer
targets while Akt1, SRC, EGFR, IL-6, Hsp-90AA1, and ESR-1
were the main breast cancer-related molecular targets. 20 cancer-
related pathways were identified where neuroactive ligand-
receptor interaction was the most enriched with the highest
number of observed genes and lowest false discovery rate,
followed by non-small-cell lung cancer. Molecular docking
studies showed that 8-hydroxycoumarin possessed the highest
binding energies towards all the target proteins, followed by other
compounds against studied targets. Furthermore, in vitro studies
showed that ethyl acetate extract possess the highest anticancer
activity and methanolic extract showed significant antioxidant
activity compared to other extracts in the studied plant. The
study provided a comprehensive understanding of the suggested
mechanism of action of Delphinium roylei that may have
potential use in breast cancer treatment.
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