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Statins is widely used in clinical practice as lipid-lowering drugs and has been proven to be
effective in the treatment of cardiovascular, endocrine, metabolic syndrome and other
diseases. The latest preclinical evidence shows that statins have anti-proliferation, pro-
apoptotic, anti-invasion and radiotherapy sensitization effects on tumor cells, suggesting
that statins may become a new type of anti-tumor drugs. For a long time, mevalonate
pathway has been proved to play a supporting role in the development of tumor cells. As
an effective inhibitor of mevalonate pathway, statins have been proved to have a direct
auxiliary anti-tumor effect in a large number of studies. In addition, anti-tumor effects of
statins through ferroptosis, pyroptosis, autophagy and tumor microenvironment (TME)
have also been gradually discovered. However, the specific mechanism of the antitumor
effect of statins in the tumor microenvironment has not been clearly elucidated. Herein, we
reviewed the antitumor effects of statins in tumor microenvironment, focusing on hypoxia
microenvironment, immune microenvironment, metabolic microenvironment, acid
microenvironment and mechanical microenvironment.
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INTRODUCTION

Statins are potent inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, which
is the rate-controlling enzyme of the mevalonate pathway (1). Statins have a pleiotropic effect on cell
survival, cell adhesion, migration, proliferation, immune regulation, antioxidant activity, endothelial
function and angiogenesis (2). Dysregulation of the mevalonate (MVA) pathway has been found in a
variety of tumors, including pancreatic, breast, liver and statins as inhibitors of MVA pathway might be
useful for cancer prevention and treatment and statins reduces cancer-related mortality among cancer
patients (3, 4). Several mechanisms may be involved in dysregulation of this pathway. They include P53
mutation, a mutation in HMG-CoA reductase and sterol-regulatory element binding proteins (SREBPs)
cleavage-activating protein (SCAP) as its regulator, PKB/Akt activation, decreased adenosine
monophosphate–activated protein kinase (AMPK) activation, and activation of transcription factors
such as: SREBP and Hypoxia-inducible factor-1 (HIF-1) (4). Recent years, with the continuous
innovation and improvement of cancer treatment methods, the overall survival rate and prognosis
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of cancer patients have been significantly improved. However,
the recurrence of tumors is always inevitable. The cancer therapy
has encountered a bottleneck. An emerging concept is that tumor
proliferation and growth are also strongly dependent on external
signals from their microenvironment (5–7). Therefore, in order
to fully understand tumor development and progression, a
deeper understanding of the interaction between cancer cells
and their microenvironment is needed. The role of statins in
tumors is also being studied. However, the role of statins in the
tumor microenvironment has rarely been systematically
described, we hope that this brief review will shed some light
on the role of statins in the tumor microenvironment and suggest
further progress.
SUMMARY OF STUDIES ON THE DIRECT
ANTI-TUMOR MECHANISM OF STATINS

Statins Exert Anti-Tumor Effects by
Inhibiting the Metabolites of the
Mevalonate Pathway
Statins can downregulate blood lipid levels and play a role in the
prevention and treatment of cardiovascular diseases. Statins are
being investigated to prevent and treat cancer. Of all the
Frontiers in Oncology | www.frontiersin.org 2
mechanisms studied, the most widely studied is the mevalonate
pathway. The mevalonate pathway is an essential metabolic
pathway that produces sterols and isoprene, which are essential
for tumor growth and progression (8) (Figure 1). In tumors, one
of the metabolic adaptations to accelerate tumor growth is the
upregulation of the valerate pathway, which is associated with
the origin, progression and phenotype of malignant tumors
(8, 9). Cholesterol plays an important role in cell proliferation
and cell cycle and plays a central role in the lipid raft (10). The
proliferation of tumor cells is dependent on cholesterol and
cancer cells maintain high intracellular cholesterol through
different mechanisms (11). Cholesterol directly activates the
oncogenic Hedgehog pathway and induces mechanistic target
of rapamycin complex 1 (mTORC1) signaling pathway to
promote cancer (12). Cancer cells have a higher cholesterol
requirement than normal cells and contain more lipid rafts to
meet the need for tumor-promoting cell signaling proteins (13).
Statins exert anti-proliferative, anti-angiogenic, pro-apoptotic,
and anti-metastatic action on cancer cells via inhibition of both
isoprenoid and cholesterol synthesis in the MVA pathway (14).

Statins Are Involved in Ferroptosis
Ferroptosis is a novel type of programmed cell death, which is
associated with the development of many diseases, including cancer
(15). Ferroptosis is characterized by iron overload, lipid reactive
FIGURE 1 | Acetyl-CoA is transformed into HMG-CoA which is used by the enzyme HMGCR to synthesize MVA. MVA is further metabolized to farnesyl
pyrophosphate (FPP), a precursor of cholesterol and sterols. FPP is also converted to geranylgeranyl pyrophosphate (GGPP), and these lipids are used for post-
translational modification of proteins, including N-glycosylation and protein prenylation.
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oxygen species (ROS) accumulation, and lipid peroxidation (16).
Two main pathways of ferroptosis have been elucidated. Among the
main pathways, glutathione peroxidase 4 (GPX4)-glutathione
(GSH) -cysteine axis, GPX4-related lipid peroxidation, and
System Xc-, the upstream node of GPX4-GSH-cysteine axis, are
important pathways that trigger ferroptosis (17, 18).

Studies have shown that ferroptosis is related to mevalonate
pathway metabolism, which directly impinge on the cells’
sensitivity toward lipid peroxidation and ferroptosis (19).
GPX4 is a selenoprotein, which containing the REDOX active
center of selenocysteine (20). The transport of selenocysteine
requires special selenocysteine tRNA (SEC-TRNA) (21). The
isopentene group, which is important for the function of sec-
tRNA, is derived from the IPP of the mevalonate pathway (22).
Therefore, inhibitors of the Mevalonate pathway will block the
maturation of selenocysteine tRNA and the synthesis of GPX4
(23). In addition, another product of the Mevalonate pathway is
Coenzyme Q10 (CoQ10), a powerful antioxidant in membranes,
can represses ferroptosis under the oxidative stress (24).
Therefore, statins may be a valuable candidate for inducing
ferroptosis in tumor (Figure 2).

Statins Are Involved in Pyroptosis
Pyroptosis is a type of programmed cell death associated with
inflammation, and it was first described in 1992 in myeloid cells
infected with pathogens or bacteria (25, 26). It is primarily triggered
by inflammasome and is performed by the caspases and Gasdermin
protein families, including gasderminA (GSDMA), gasderminB
(GSDMB), gasderminC (GSDMC), gasderminD (GSDMD), and
gasderminE (GSDME). More and more evidences indicate that
pyrotopia plays an important role in regulating cancer progression.
Frontiers in Oncology | www.frontiersin.org 3
The pyroptosis can be induced through two main pathways,
including the canonical caspase-1 inflammasome pathways and
non-canonical caspase-4/5/11 inflammasome pathways (27–29).
Both pyrophosis pathways eventually induce cell membrane pore
formation, cell membrane rupture, and cell death (30).

Many studies have shown that the inhibition of pyrophosis by
statins is associated with the occurrence and progression of
diseases, such as non-alcoholic fatty liver disease (NAFLD) and
coronary microembolism (CME) (31, 32). However, the
potential association of pyrophosis in the antitumor effects of
statins remains to be fully elucidated. Simvastatin has been
shown to induce pyrophosis in xenograft mouse models and
non-small cell lung cancer (NSCLC) cell lines. Fortunately,
simvastatin treatment reduced tumor cell viability and
migration without causing toxicity to normal lung cells (33).
The mechanism of statins and pyrophosis in tumors still needs to
be further explored.

Statins Regulate Autophagy
Autophagy is a conserved catabolic process essential for
homeostasis, and it delivers intracellular proteins, lipids and
organelles to the lysosomal compartment where they will be
degraded (34–36). In cancer, the role of autophagy is one of a
double-edged sword. On the one hand, autophagy enables tumor
cells to tolerate stress including a hypoxic microenvironment and
starvation. On the other hand, autophagy plays an important role
in damage mitigation which can limit tumorigenesis (37).
Therefore, the regulation of autophagy is undoubtedly a
feasible strategy in the treatment of tumors.

Studies have revealed that simvastatin regulates autophagy
flux and promotes cancer cell death by stimulating the ERK1/2
FIGURE 2 | Statin targets in cancer therapy.
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(38). Combined treatment of tumor cells with Farnesyltransferase
inhibitor and lovastatin resulted in effective autophagy (39).
Lovastatin stimulates autophagy through the Rac/phospholipase
C/inositol 1,4,5-triphosphate axis, which reduces the viability and
migration of malignant pleural mesothelioma cells (40).
Therefore, regulating autophagy may be a promising tumor
therapy. There is no doubt that statin maybe a valuable candidate.
STATIN AND TUMOR
MICROENVIRONMENT

Lipid Metabolism Disorders in
Cancer Patients
TheWorld Health Organization (WHO) estimates that more than 1
billion adults are overweight, with more than 300 millions of them
considered obese. Clinical evidence shows that obesity is associated
with an increased incidence of certain malignant tumors, such as
liver, colon, pancreas, breast, etc (41). For cells, lipids not only
provide sufficient building blocks for rapid membrane formation,
but also generate signaling molecules and substrates for post-
translational modification of proteins (42). Lipid metabolism is
also essential for cancer progression (43). Disruption of lipid
metabolism has been found in many types of tumors, including
pancreatic cancer, prostate adenocarcinoma, and lung cancer (43–
45). For example, in pancreatic cancer, lipids can adequately
stimulate the proliferation of pancreatic cancer cell lines (46).
Many enzymes involved in de novo fatty acid and cholesterol
synthesis were significantly upregulated in pancreatic cancer (47).

Lipid Metabolic Abnormalities in the
Metabolic Microenvironment
The study of lipid metabolism in early tumor focuses on tumor
cells. In recent years, more and more studies have found that
lipid metabolism plays an important role in tumor
microenvironment in the process of tumor cell proliferation
(48). Cancer is typically characterized by increased glucose,
lipid, glutamine, and amino acid metabolism, lactic acid
accumulation, and ROS dependence. Lipids, which include
cholesterol, fatty acids and triglycerides, are responsible for the
production of cancer cell membranes, post-translational
modifications of proteins, and energy for cancer cells (49). A
common feature of cancer cells is their ability to rewire
metabolism to maintain the production of ATP and
macromolecules needed for cell growth, division, and survival
(50). The role of fatty acids as essential mediators for cancer
progression and metastasis by reshaping the tumor metabolic
microenvironment (50). Oncogenic signaling pathways play a
key role in shaping the tumor metabolic microenvironment by
directly regulating metabolic enzymes involved in lipid
metabolism (50). Due to the rapid proliferation of cancer cells,
they require high levels of cholesterol, so an increase in
cholesterol biosynthesis is necessary for many tumors (51). In
short, cancer cells are hungry, and their metabolism changes
based on the tumor microenvironment to meet the demands of
cells and nutrients that cancer cells need to grow rapidly.
Frontiers in Oncology | www.frontiersin.org 4
The Role of Statin in the Microenvironment
of Tumor Metabolism
Metabolic reprogramming is thought to be one of the characteristics
of tumor cells and is associated with genomic instability, chronic
inflammation that causes tumors, and immune system escape (52).
Statins affect the metabolism microenvironment. Simvastatin
induces metabolic reprogramming of tumor cells, reduces lactic
acid production, and promotes tumor sensitivity to
monocarboxylate transporter 1 (MCT1) inhibitors, synergistic
anti-tumor effects (53). Furthermore, SREBPs are a family of
membrane-bound transcription factors in the endoplasmic
reticulum, which play a central role in the regulation of lipid
metabolism. Recent studies have shown that SREBPs are highly
up-regulated in a variety of cancers and promote tumor growth
(54). The PI3K/Akt/mTOR pathway is often overactivated in cancer
and plays an important role in tumor cell growth and survival (55).
PI3K-AKT-mTORC1-SREBP signal enhances AKT signal in
human melanoma cells. Inhibition of the SREBP pathway
weakens the activation of AkT in lipid rafts and inhibits the
growth of human melanoma cells. These results suggest that
PI3K-Akt-mTORC1 signaling plays an important role in tumor
cell growth and reproduction by regulating SREBP activation and
subsequent cholesterol generation (56). Recent studies have found
that statins inhibit the PI3K/Akt/mTOR signaling pathway in
colorectal cancer (57). Targeting statins may be a new cancer
treatment strategy. MVA pathway gene expression is mainly
controlled by SREBP transcription factor (8). Inhibition of SREBP
transcription factor increases the efficacy of valerate pathway
inhibitors as anticancer agents and may counter drug resistance (8).

ROS are generally considered by- products of oxygen
consumption and cellular metabolism, formed by the partial
reduction of molecular oxygen (58, 59). ROS has been shown to be
associated with cancer, and increased ROS levels are thought to be
carcinogenic, causing damage to DNA, proteins and lipids, and
promoting genetic instability and tumorigenesis (Figure 3). ROS
also plays a role as signaling molecules in cancer, promoting
abnormal cell growth, metastasis, resistance to apoptosis,
angiogenesis, and also plays a role of differentiation arrest in some
types of cancer. However, toxic levels of more ROS in cancer have
anti-tumor effects, leading to increased oxidative stress and induction
of tumor cell death (60–62). A new study has found that statins can
mediate the loss of COQ and lead to severe oxidative stress, resulting
in significant ROS production, which helps to improve the efficacy of
chemotherapy and shows anti-tumor activity (63). Therefore,
therapies designed to eliminate ROS or increase ROS production
could be potentially effective cancer therapies.
OTHER TUMOR MICROENVIRONMENTS
AND STATINS

Anoxic Microenvironment
HIF-1 is a key factor regulating cell adaptation to hypoxia (64,
65). In pancreatic cancer cells, it is characterized by a highly
hypoxic microenvironment (66). A large number of studies have
shown that HIF-1a plays a central role in the carcinogenesis and
November 2021 | Volume 11 | Article 761107
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progression of pancreatic cancer, and can promote the
proliferation, invasion and metastasis of tumor cells. It also
mediates tumor growth, angiogenesis and immune escape (67).
In addition, the production of HIF-1 in these malignant cells is
further amplified by the hypoxic tumor microenvironment,
suggesting that, under hypoxia, HIF-1 may activate different
signaling pathways to promote cell survival and proliferation
(68). Loss of HIF-1alpha reduces hypoxia-induced vascular
endothelial growth factor expression and impairs vascular
function, leading to a hypoxic microenvironment within tumor
masses (69). Some observations have shown that the MVA
pathway can be directly or indirectly regulated under hypoxia,
in part because HMGCR expression is regulated through the
transcriptional activity of HIF-1a (70, 71). Similarly, fluvastatin
stimulates HIF-1a ubiquitin/proteasome degradation (72).
Furthermore, in breast cancer, simvastatin activation of AMPK
suppresses breast tumor angiogenesis by blocking HIF-1a-
induced pro-angiogenic factors (73). In acute myeloid
leukemia, potent statins selectively enhance the effects of the
cellular poison cytarabine. In a hypoxic environment,
combination therapy based on more potent statins enhances
targeting of residual acute myeloid leukemia (AML) cells (74). In
addition, the anticancer strategy of statins combined with
cytotoxic drugs in anoxic environments is valuable in
melanoma, where these drugs neutralize the structural
expression of HIF-1a in the tumor (75). In conclusion, we
believe that statins are likely to be effective anti-tumor drugs in
the hypoxic microenvironment of tumors. Its antitumor
mechanism in anoxic microenvironment still needs to be
further explored.
Frontiers in Oncology | www.frontiersin.org 5
Immune Microenvironment
Tumor immune microenvironment is a complex system, one of
its core features is immune function (76). In vivo, the recruitment
of immune cells in the adjacent environment of the tumor is
active and forms a different immune environment, thus having a
profound impact on clinical outcomes. For example, T-cell
activation includes positive and negative checkpoint signals to
fine-regulate responses and prevent excessive pathological
changes (77, 78). Tumor immune microenvironment contains
a variety of immune cells, such as T lymphocytes, B lymphocytes,
natural killer cells, mast cells, myeloid suppressor cells, etc. (79).
Tumor infiltrating CD8+ T cells play a key role in anti-tumor
activity. Tumor-infiltrating CD8+ T cells are associated with
progressive loss of effector function due to prolonged antigen
exposure and inhibitory tumor microenvironment (80). The
dysfunctional state of CD8+ T cells is known as exhaustion,
and exhausted CD8+ T cells have high expression of inhibitory
receptors such as programmed death -1(PD-1), LAG-3, TIM-3,
2B4, and CTLA-4 (80). However, the mechanism by which
infiltrating T cells lose their antitumor activity remains
unclear. One result showed that the tumor microenvironment
was rich in cholesterol and that cholesterol induced immune
checkpoint expression and failure of CD8 + T cells, and statin
lowers PD-1 expression in CD8+ T cells and effectively restores
antitumor activity (81). Statins have also been reported to target
the immune microenvironment through cytokines or
chemokines. Statins disrupt communication between cancer
cells and mesenchymal stromal cells (MSC) by inhibiting
CCL3 secreted by cancer cells and IL-6 and CCL2 produced by
MSC. This phenomenon inhibits lung cancer cell survival,
FIGURE 3 | Statins can mediate the loss of COQ and lead to severe oxidative stress, resulting in significant ROS production, which helps to improve the efficacy of
chemotherapy and shows anti-tumor activity.
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suggesting a re-use of statins in targeting the immune
microenvironment (82). In colon cancer, the combination of
statins and difluoromethylornithine (DFMO) increases the
activity of functional NK cells, showing a significant inhibitory
effect on colon adenocarcinoma (83). In melanoma, statin
therapy induces MHC class I Chain-related protein A (MICA)
overexpression and increases the sensitivity of NK cells to tumor
cell killing (84). All the above findings support the anti-tumor
potential of statins. Targeted immune microenvironment
immunity provides selectivity for the treatment of tumors in
the future, and statins may become a new targeted drug in tumor
treatment in the future.

Acid Microenvironment
Acid microenvironment plays an important role in tumor
proliferation, invasion, migration, immune escape and other
processes, and affects the effective treatment of tumors (85, 86).
As mentioned above, the tumor microenvironment is an anoxic
state. Under hypoxia, tumor cells can enhance the expression of
glycolysis gene by upregulating HIF-1a and promote the formation
of acidic microenvironment (87). It has been found in a variety of
tumors that fatty acid synthesis increases along with the
accumulation of H+, which contributes to the generation of acidic
tumor microenvironment (88). Statins significantly reduced plasma
free fatty acid concentrations (89). In cancer cells, activation of
epithelial-mesenchymal transition (EMT) leads cells to acquire
migration, invasion, and drug resistance (90). Tumor
microenvironment is a factor mediating EMT-driven drug
resistance (91). Several reports suggest that environmental acidosis
stimulates EMT, during which epithelial cells lose their polarity and
cell–cell adhesions and become mesenchymal like with enhanced
migratory and invasive properties (86). In pancreatic cancer cells,
acid stimulation leads to activation of EMT (92). After 24 hours of
extracellular acidosis, the expression of EMT markers in melanoma
cells was increased and the invasiveness in vitro was enhanced (93).
Transforming growth factor beta (TGFb) plays an extremely
important role in inducing EMT formation. TGFb induces EMT
through SMAD-mediated and non-SMAD signal (94). Atorvastatin
can partially inhibit TGF-b1-induced EMT in non-small cell lung
cancer cells by decreasing the up-regulation of Sphk1 (95).

Mechanical Microenvironment
In recent years, mechanical microenvironment has been found to
havean important relationshipwith theoccurrence anddevelopment
of tumors, which is another special microenvironment that has been
studied in recent years (96) (Figure 4). There are indications that the
tumor exhibits a higher cell density, making it stiffer and
significantly different from normal tissue (97). Tumor mechanical
microenvironment plays a role in promoting malignant
transformation of cells and also affects the sensitivity of tumor cells
to therapeutic drugs (97). In 1971, Judah Folkman first emphasized
that angiogenesis is essential for the growth and proliferation of solid
tumors, and therefore anti-tumor angiogenesis is a feasible approach
for the treatment of solid tumors (98, 99). Currently, many anti-
angiogenic drugs, such as Avastin and Ramucirumab, have achieved
remarkable results in the treatment of cancer (100). Highly activated
metastasis-related fibroblasts increase tissue stiffness, thereby
Frontiers in Oncology | www.frontiersin.org 6
increasing resistance to angiogenesis and antiangiogenic therapy. In
a study of primary colorectal cancer with liver metastasis, inhibition
of fibroblast contraction and extracellular matrix deposition
decreased liver metastatic tumor hardening and enhanced the
antiangiogenic effects of bevacizumab (101). And patients receiving
bevacizumab combined with renin-angiotensin inhibitors had an
increased overall survival (101). Simvastatin, an effective statin,
attenuated Ang II-induced cardiac fibrosis (102). Therefore, we
hypothesized that targeting Ang II with statins to induce cell
fibrosis might be an effective strategy. The specific mechanism is
worth exploring. Among the stromal cells that make up the tumor
microenvironment, cancer-associated fibroblasts (CAFs) are the
most abundant and are closely associated with cancer progression
(103). The presence of fibroblasts in tumor stroma, also known as
cancer-associated fibroblasts, plays an important role in the
regulation of tumor tissue hardening. Activation of YAP can
control the expression of various cytoskeleton regulatory factors,
harden the surrounding matrix of fibroblasts, and promote the
invasion of cancer cells (97). Transcriptional regulators YAP and
TAZhave attractedmuch attention due to their significant biological
properties in development, tissue homeostasis, and cancer (104). In
addition, YAP/TAZ activity was controlled by the SREBP/
mevalonate pathway. Statins can inhibit the rate-limiting enzyme
(HMG-CoA reductase) of this pathway, and reduce the
transcriptional activity of YAP/TAZ and thus have an anti-tumor
effect (105).
TARGETS OF STATINS IN THE TUMOR
MICROENVIRONMENT

HHIF-1 activates the transcription of genes that are involved in key
aspects of cancer biology, including angiogenesis, cell survival,
glucose metabolism and invasion. The hypoxic microenvironment
in tumors can lead to the overexpression of HIF-1a. In preclinical
studies, inhibition of HIF-1 activity has a significant effect on tumor
growth (106). In addition, in hypoxic microenvironment, hypoxic-
inducible factor activation leads to tumormetabolic reprogramming,
may activate different signaling pathways to promote tumor
proliferation, and contribute to the immunosuppression of tumor
microenvironment (67, 68).

The tumor microenvironment is rich in cholesterol, which
induces CD8+ T cell immune checkpoint expression and failure,
and statins reduce CD8+ T cell PD-1 expression, effectively
restoring anti-tumor activity (81). In addition, Statins restrict
tumor cell growth by inhibiting CCL3 secreted by cancer cells
and IL-6 and CCL2 produced by MSC, thereby disrupting the
communication between cancer cells and MSC (82).

EMT is the process by which epithelial cells acquire
mesenchymal characteristics. In cancer, EMT is associated with
tumor initiation, invasion, metastasis, and therapeutic resistance
(107). EMT is stimulated by environmental acids, during which
epithelial cells lose polarity and intercellular adhesion and
become mesenchymal, with enhanced migration and invasion.
TGFb plays an important role in inducing the formation of EMT.
Statins partially inhibit TGF-b1-induced EMT in non-small cell
November 2021 | Volume 11 | Article 761107
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lung cancer cells by decreasing the upregulation of sphingosine
kinase 1 (SpHK1) (95).

YAP/TAZ is a transcriptional coactivator that travels between
cytoplasm and nucleus and is an effector of hippopotamus signaling
cascade, stimulating the genesis, development and metastasis of
tumors (104, 108). Activation of YAP can control the expression of
various cytoskeleton regulators, harden the surrounding stroma
of fibroblasts, and promote the invasion of cancer cells. YAP/TAZ
activity is controlled by the SREBP/mevalonate pathway. Statins can
inhibit the rate-limiting enzyme (HMG-CoA reductase) of this
pathway and reduce the transcriptional activity of YAP/TAZ, thus
having an anti-tumor effect. Thus, YAP/TAZ is an attractive
therapeutic target in cancer.
STATINS REVERSE DRUG RESISTANCE
BY REGULATING TUMOR
MICROENVIRONMENT

Resistance to anticancer drugs in human tumors is often attributed
to gene mutations, gene amplification, or epigenetic changes that
Frontiers in Oncology | www.frontiersin.org 7
affect uptake, metabolism, or export of single-cell drugs, and a large
body of evidence suggests that mechanisms involved in the tumor
microenvironment also mediate resistance to chemotherapy in
solid tumors (109). TME reduces drug penetration, confers
survival cell proliferation and antiapoptotic advantages, and
promotes resistance without causing genetic mutations and
epigenetic changes (110). The vascular system affects a tumor’s
sensitivity to drugs because cancer drugs enter the tumor through
the bloodstream (111). Solid tumor is a tissue with abundant blood
supply, but the blood vessels in tumor tissue are different from those
innormal tissue in functionandstructure (112, 113). Formanysolid
tumors, antitumor angiogenic therapy offers greater clinical benefit
whenused in combinationwithchemotherapy.This isdue inpart to
normalization of the tumor vasculature, resulting in improved
delivery and efficacy of cytotoxic drugs (113, 114). Statins have
beenshown toreduce theproductionof vascular endothelial growth
factor and inhibit capillary formation (115–117). Finally, there is
growing evidence that the effect of statins on angiogenesis is
concentration-dependent. Weis et al. showed that low
concentrations (0.5 mg/kg per day) of cerivastatin and
atorvastatin enhanced endothelial cell proliferation, but high
FIGURE 4 | (A) Fatty acid synthesis increases along with the accumulation of H+, which contributes to the generation of acidic tumor microenvironment. Statins
significantly reduced plasma free fatty acid concentrations; (B) Tumor microenvironment was rich in cholesterol and that cholesterol induced immune checkpoint
expression and failure of CD8 + T cells, and statin lowers PD-1 expression in CD8+ T cells and effectively restores antitumor activity; (C) HIF-1a plays a central role
in the carcinogenesis and progression of cancer, and can promote the proliferation, invasion and metastasis of tumor cells. In breast cancer, simvastatin activation of
AMPK suppresses breast tumor angiogenesis by blocking HIF-1a-induced pro-angiogenic factors; (D) Activation of YAP can control the expression of various
cytoskeleton regulatory factors, harden the surrounding matrix of fibroblasts, and promote the invasion of cancer cells.
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concentrations (2.5 mg/kg per day) significantly inhibited
angiogenesis (118). Hypoxia in tumors will lead to the activation
of genes related to angiogenesis and cell survival, and the expression
of these genes may promote the proliferation of tumor cells and
produce drug resistance (119, 120). The pH in the tumor
microenvironment affects the cytotoxicity of anticancer drugs
(109). Drugs that improve drug delivery or activity by targeting
the tumor’s microenvironment are an important future direction
for cancer therapy. Moreover, the optimal dose concentration of
statins still needs to be further explored.
THE ROLE OF STATINS COMBINED WITH
RADIOTHERAPY, CHEMOTHERAPY AND
IMMUNOTHERAPY IN ANTI-TUMOR

Preclinical evidence shows that statins have a significant effect on
radiotherapy, chemotherapy, and immunotherapy. Statins have
been found to increase the sensitivity of patients to radiotherapy
while treating tumors. In vitro efficacy of lovastatin combined
with radiotherapy for B-cell rat lymphoma (L-TACB) shows a
new role for statins as radiosensitizers. This effect may be the
result of enhanced apoptosis (121). Simvastatin treatment can
inhibit the viability of colorectal cancer (CRC) cells and enhance
the sensitivity to external radiation. These effects may be related
to depletion of GGPP and decreased levels of ERK1/2
phosphorylation, suggesting an important role of statins in
enhancing radiosensitivity through the EGFR-Ras-ERK1/2
pathway (122).

Lovastatin can enhance the effectiveness of chemotherapy
drugs in the treatment of malignant melanoma (123). The data
suggest that lovastatin may be combined with 5-Fu or cisplatin to
enhance antitumor activity in colon cancer (124). Statins can
increase the sensitivity of gemcitabine - erlotinib chemotherapy
to cancer treatment (125). Tumor immune escape refers to the
phenomenon that tumor cells grow and metastasize through
various mechanisms to escape the recognition and attack of the
immune system, which is an important strategy for the survival
and development of tumors (126).

The programmed death ligand-1 (PD-L1)/PD-1 signaling
pathway inhibits the activation of T lymphocytes and enhances
the immune tolerance of tumor cells, thus realizing tumor
Frontiers in Oncology | www.frontiersin.org 8
genesis and immune escape. Thus, targeting the PD-L1/PD-1
pathway is an attractive cancer treatment strategy (126).
However, the efficacy of PD-1/PD-L1 antagonists in solid
tumors, including lung cancer and colorectal cancer, is
currently unsatisfactory, possibly due to the complex tumor
microenvironment (126, 127). According to the latest research,
in malignant pleural mesothelioma and advanced non-small cell
lung cancer, combination of statins with PD-1 inhibitors results
in better clinical outcomes (128). The possible mechanism is that
statins interfere with the prenylation of small GTPase proteins,
thereby preventing intracellular vesicle transport, resulting in
prolonged antigen retention on the cell membrane and enhanced
antigen presentation to T cells (129).
DISCUSSION

In this review, we summarize the mechanism of antitumor action
of statins. Clinical trials have shown that some patients respond to
statins, but not all. In conclusion, we reanalyzed the antitumor
effects of statins in tumors from the perspective of tumor
microenvironment. Statins are a potential antitumor drug. The
specific mechanisms and potential targets of anti-tumor in the
tumor microenvironment still need long-term research to
promote more precise and individualized treatment. We need to
find more valuable biomarkers to identify responders and develop
combination therapies to further improve their effectiveness.
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Martıńez S, Sánchez Martıńez R, Casado E, et al. Lipid Metabolism and
Lung Cancer. Crit Rev Oncol Hematol (2017) 112:31–40. doi: 10.1016/
j.critrevonc.2017.02.001

45. Stoykova GE, Schlaepfer IR. Lipid Metabolism and Endocrine Resistance in
Prostate Cancer, and New Opportunities for Therapy. Int J Mol Sci (2019) 20
(11):2626. doi: 10.3390/ijms20112626

46. Clerc P, Bensaadi N, Pradel P, Estival A, Clemente F, Vaysse N. Lipid-Dependent
Proliferation of Pancreatic Cancer Cell Lines. Cancer Res (1991) 51(14):3633–8.

47. Swierczynski J, Hebanowska A, Sledzinski T. Role of Abnormal Lipid
Metabolism in Development, Progression, Diagnosis and Therapy of
Pancreatic Cancer. World J Gastroenterol (2014) 20(9):2279–303. doi:
10.3748/wjg.v20.i9.2279

48. Corn KC, Windham MA, Rafat M. Lipids in the Tumor Microenvironment:
From Cancer Progression to Treatment. Prog Lipid Res (2020) 80:101055.
doi: 10.1016/j.plipres.2020.101055

49. Peck B, Schulze A. Lipid Metabolism at the Nexus of Diet and Tumor
Microenvironment. Trends Cancer (2019) 5(11):693–703. doi: 10.1016/
j.trecan.2019.09.007

50. Koundouros N, Poulogiannis G. Reprogramming of Fatty Acid Metabolism
in Cancer. Br J Cancer (2020) 122(1):4–22. doi: 10.1038/s41416-019-0650-z

51. Matsushita Y, Nakagawa H, Koike K. Lipid Metabolism in Oncology: Why It
Matters, How to Research, and How to Treat. Cancers (Basel) (2021) 13
(3):474. doi: 10.3390/cancers13030474

52. Hanahan D, Weinberg RA. Hallmarks of Cancer: The Next Generation. Cell
(2011) 144(5):646–74. doi: 10.1016/j.cell.2011.02.013

53. Mehibel M, Ortiz-Martinez F, Voelxen N, Boyers A, Chadwick A, Telfer BA,
et al. Statin-Induced Metabolic Reprogramming in Head and Neck Cancer:
A Biomarker for Targeting Monocarboxylate Transporters. Sci Rep (2018) 8
(1):16804. doi: 10.1038/s41598-018-35103-1

54. Cheng C, Geng F, Cheng X, Guo D. Lipid Metabolism Reprogramming and
its Potential Targets in Cancer. Cancer Commun (Lond) (2018) 38(1):27. doi:
10.1186/s40880-018-0301-4

55. Khan KH, Yap TA, Yan L, Cunningham D. Targeting the PI3K-AKT-mTOR
Signaling Network in Cancer. Chin J Cancer (2013) 32(5):253–65. doi:
10.5732/cjc.013.10057
November 2021 | Volume 11 | Article 761107

https://doi.org/10.1016/j.drup.2016.02.001
https://doi.org/10.1158/1078-0432.CCR-13-0122
https://doi.org/10.3389/fphar.2013.00119
https://doi.org/10.1158/1078-0432.CCR-12-0489
https://doi.org/10.21037/tlcr-20-341
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1038/s41571-020-00462-0
https://doi.org/10.1038/s41571-020-00462-0
https://doi.org/10.1016/j.cmet.2020.10.011
https://doi.org/10.1038/ncb3064
https://doi.org/10.1111/j.1476-5381.2011.01480.x
https://doi.org/10.1016/j.freeradbiomed.2018.03.001
https://doi.org/10.1016/j.tcm.2004.08.003
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1189/jlb.0410205
https://doi.org/10.1038/358167a0
https://doi.org/10.1016/bs.ai.2017.02.002
https://doi.org/10.1038/nature15514
https://doi.org/10.1016/j.cca.2017.11.005
https://doi.org/10.1016/j.cca.2017.11.005
https://doi.org/10.3389/fonc.2019.00971
https://doi.org/10.1038/s41419-021-03389-1
https://doi.org/10.1002/hep4.1801
https://doi.org/10.7150/ijbs.23542
https://doi.org/10.1038/s41419-020-2724-5
https://doi.org/10.1016/j.cell.2007.12.018
https://doi.org/10.1038/nrc2254
https://doi.org/10.1158/1078-0432.CCR-07-5023
https://doi.org/10.1158/1078-0432.CCR-07-5023
https://doi.org/10.3892/ijo.2018.4272
https://doi.org/10.1124/jpet.110.174573
https://doi.org/10.1016/j.jss.2011.06.037
https://doi.org/10.1634/theoncologist.2009-0285
https://doi.org/10.1186/s12943-020-01169-7
https://doi.org/10.3390/cancers10010003
https://doi.org/10.1016/j.critrevonc.2017.02.001
https://doi.org/10.1016/j.critrevonc.2017.02.001
https://doi.org/10.3390/ijms20112626
https://doi.org/10.3748/wjg.v20.i9.2279
https://doi.org/10.1016/j.plipres.2020.101055
https://doi.org/10.1016/j.trecan.2019.09.007
https://doi.org/10.1016/j.trecan.2019.09.007
https://doi.org/10.1038/s41416-019-0650-z
https://doi.org/10.3390/cancers13030474
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1038/s41598-018-35103-1
https://doi.org/10.1186/s40880-018-0301-4
https://doi.org/10.5732/cjc.013.10057
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhu et al. Statin and Tumor Microenvironment
56. Yamauchi Y, Furukawa K, Hamamura K, Furukawa K. 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 (2011) 71(14):4989–97. doi: 10.1158/0008-5472.CAN-
10-4108

57. Ouahoud S, Jacobs RJ, Peppelenbosch MP, Fühler GM. Kinome-Wide
Analysis of the Effect of Statins in Colorectal Cancer. Br J Cancer (2021)
125:144. doi: 10.1038/s41416-021-01318-9

58. Giorgio M, Trinei M, Migliaccio E, Pelicci PG. Hydrogen Peroxide: A
Metabolic by-Product or a Common Mediator of Ageing Signals? Nat Rev
Mol Cell Biol (2007) 8(9):722–8. doi: 10.1038/nrm2240

59. Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial Reactive Oxygen Species
(ROS) and ROS-Induced ROS Release. Physiol Rev (2014) 94(3):909–50. doi:
10.1152/physrev.00026.2013

60. Nogueira V, Park Y, Chen CC, Xu PZ, Chen ML, Tonic I, et al. Akt
Determines Replicative Senescence and Oxidative or Oncogenic Premature
Senescence and Sensitizes Cells to Oxidative Apoptosis. Cancer Cell (2008)
14(6):458–70. doi: 10.1016/j.ccr.2008.11.003

61. Trachootham D, Zhou Y, Zhang H, Demizu Y, Chen Z, Pelicano H, et al.
Selective Killing of Oncogenically Transformed Cells Through a ROS-
Mediated Mechanism by Beta-Phenylethyl Isothiocyanate. Cancer Cell
(2006) 10(3):241–52. doi: 10.1016/j.ccr.2006.08.009

62. Storz P. Reactive Oxygen Species in Tumor Progression. Front Biosci (2005)
10:1881–96. doi: 10.2741/1667

63. McGregor GH, Campbell AD, Fey SK, Tumanov S, Sumpton D, Blanco GR,
et al. Targeting the Metabolic Response to Statin-Mediated Oxidative Stress
Produces a Synergistic Antitumor Response. Cancer Res (2020) 80(2):175–
88. doi: 10.1158/0008-5472.CAN-19-0644

64. Freedman SJ, Sun ZY, Poy F, Kung AL, Livingston DM, Wagner G, et al.
Structural Basis for Recruitment of CBP/p300 by Hypoxia-Inducible Factor-
1 Alpha. Proc Natl Acad Sci USA (2002) 99(8):5367–72. doi: 10.1073/
pnas.082117899

65. Harris AL. Hypoxia–a Key Regulatory Factor in Tumour Growth. Nat Rev
Cancer (2002) 2(1):38–47. doi: 10.1038/nrc704

66. Koong AC, Mehta VK, Le QT, Fisher GA, Terris DJ, Brown JM, et al.
Pancreatic Tumors Show High Levels of Hypoxia. Int J Radiat Oncol Biol
Phys (2000) 48(4):919–22. doi: 10.1016/S0360-3016(00)00803-8

67. Jin X, Dai L, Ma Y, Wang J, Liu Z. Implications of HIF-1a in the
Tumorigenesis and Progression of Pancreatic Cancer. Cancer Cell Int
(2020) 20:273. doi: 10.1186/s12935-020-01370-0

68. Masson N, Ratcliffe PJ. Hypoxia Signaling Pathways in Cancer Metabolism:
The Importance of Co-Selecting Interconnected Physiological Pathways.
Cancer Metab (2014) 2(1):3. doi: 10.1186/2049-3002-2-3

69. Carmeliet P, Dor Y, Herbert JM, Fukumura D, Brusselmans K, Dewerchin
M, et al. Role of HIF-1alpha in Hypoxia-Mediated Apoptosis, Cell
Proliferation and Tumour Angiogenesis. Nature (1998) 394(6692):485–90.
doi: 10.1038/28867

70. Pallottini V, Guantario B, Martini C, Totta P, Filippi I, Carraro F, et al.
Regulation of HMG-CoA Reductase Expression by Hypoxia. J Cell Biochem
(2008) 104(3):701–9. doi: 10.1002/jcb.21757

71. Thompson JM, Alvarez A, Singha MK, Pavesic MW, Nguyen QH, Nelson LJ,
et al. Targeting the Mevalonate Pathway Suppresses VHL-Deficient CC-
RCC Through an HIF-Dependent Mechanism. Mol Cancer Ther (2018) 17
(8):1781–92. doi: 10.1158/1535-7163.MCT-17-1076

72. Hisada T, Ayaori M, Ohrui N, Nakashima H, Nakaya K, Uto-Kondo H, et al.
Statin Inhibits Hypoxia-Induced Endothelin-1 via Accelerated Degradation
of HIF-1a in Vascular Smooth Muscle Cells. Cardiovasc Res (2012) 95
(2):251–9. doi: 10.1093/cvr/cvs110

73. Wang JC, Li XX, Sun X, Li GY, Sun JL, Ye YP, et al. Activation of AMPK by
Simvastatin Inhibited Breast Tumor Angiogenesis via Impeding HIF-1a-
Induced Pro-Angiogenic Factor. Cancer Sci (2018) 109(5):1627–37. doi:
10.1111/cas.13570

74. Chen F, Wu X, Niculite C, Gilca M, Petrusca D, Rogozea A, et al. Classic and
Targeted Anti-Leukaemic Agents Interfere With the Cholesterol Biogenesis
Metagene in Acute Myeloid Leukaemia: Therapeutic Implications. J Cell Mol
Med (2020) 24(13):7378–92. doi: 10.1111/jcmm.15339

75. Licarete E, Sesarman A, Rauca VF, Luput L, Patras L, Banciu M. HIF-1aActs
as a Molecular Target for Simvastatin Cytotoxicity in B16.F10 Melanoma
Frontiers in Oncology | www.frontiersin.org 10
Cells Cultured Under Chemically Induced Hypoxia. Oncol Lett (2017) 13
(5):3942–50. doi: 10.3892/ol.2017.5928

76. Pitt JM, Vétizou M, Daillère R, Roberti MP, Yamazaki T, Routy B, et al.
Resistance Mechanisms to Immune-Checkpoint Blockade in Cancer:
Tumor-Intrinsic and -Extrinsic Factors. Immunity (2016) 44(6):1255–69.
doi: 10.1016/j.immuni.2016.06.001

77. Pardoll DM. The Blockade of Immune Checkpoints in Cancer
Immunotherapy. Nat Rev Cancer (2012) 12(4):252–64. doi: 10.1038/nrc3239

78. FridmanWH, Pagès F, Sautès-Fridman C, Galon J. The Immune Contexture
in Human Tumours: Impact on Clinical Outcome. Nat Rev Cancer (2012) 12
(4):298–306. doi: 10.1038/nrc3245

79. Li H, van der Leun AM, Yofe I, Lubling Y, Gelbard-Solodkin D, van Akkooi
ACJ, et al. Dysfunctional CD8 T Cells Form a Proliferative, Dynamically
Regulated Compartment Within Human Melanoma. Cell (2019) 176
(4):775–89.e18. doi: 10.1016/j.cell.2018.11.043

80. Wherry EJ. T Cell Exhaustion. Nat Immunol (2011) 12(6):492–9. doi:
10.1038/ni.2035

81. Ma X, Bi E, Lu Y, Su P, Huang C, Liu L, et al. Cholesterol Induces CD8(+) T
Cell Exhaustion in the Tumor Microenvironment. Cell Metab (2019) 30
(1):143–56.e5. doi: 10.1016/j.cmet.2019.04.002

82. Galland S, Martin P, Fregni G, Letovanec I, Stamenkovic I. Attenuation of
the Pro-Inflammatory Signature of Lung Cancer-Derived Mesenchymal
Stromal Cells by Statins. Cancer Lett (2020) 484:50–64. doi: 10.1016/
j.canlet.2020.05.005

83. Janakiram NB, Mohammed A, Bryant T, Zhang Y, Brewer M, Duff A, et al.
Potentiating NK Cell Activity by Combination of Rosuvastatin and
Difluoromethylornithine for Effective Chemopreventive Efficacy Against
Colon Cancer. Sci Rep (2016) 6:37046. doi: 10.1038/srep37046

84. Pich C, Teiti I, Rochaix P, Mariamé B, Couderc B, Favre G, et al. Statins
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