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Simple Summary: Cholesterol, lipids, and lipid metabolism are important in prostate cancer. Lipid
metabolism interacts with androgens which are of clear importance in prostate cancer. Addition-
ally, lipid metabolism is intimately involved in the interaction between immune and cancer cells.
During cancer progression, there are changes in lipid metabolism in both prostate cancer cells and
immune cells; furthermore, these cells can interact with each other. Lipids and cholesterol in the
circulation also have a role and may prove to be a future target for diagnostic tools and surveillance in
prostate cancer.

Abstract: Modulation of lipid metabolism during cancer development and progression is one of the
hallmarks of cancer in solid tumors; its importance in prostate cancer (PCa) has been demonstrated
in numerous studies. Lipid metabolism is known to interact with androgen receptor signaling, an
established driver of PCa progression and castration resistance. Similarly, immune cell infiltration
into prostate tissue has been linked with the development and progression of PCa as well as with
disturbances in lipid metabolism. Immuno-oncological drugs inhibit immune checkpoints to activate
immune cells’ abilities to recognize and destroy cancer cells. These drugs have proved to be successful
in treating some solid tumors, but in PCa their efficacy has been poor, with only a small minority of
patients demonstrating a treatment response. In this review, we first describe the importance of lipid
metabolism in PCa. Second, we collate current information on how modulation of lipid metabolism
of cancer cells and the surrounding immune cells may impact the tumor’s immune responses which,
in part, may explain the unimpressive results of immune-oncological treatments in PCa.
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1. Introduction

Prostate cancer (PCa) is the most common malignancy among men and either the
second or the third most common cause of cancer death in the developed countries [1]. In
2020, it was estimated that there were 1,414,259 new cases and 375,304 deaths related to
PCa [1]. It is likely that the incidence rates for PCa will increase during following decades
as the population ages. There are three established risk factors for PCa, i.e., age, family
history, and African American race [2]. However, numerous other risk factors have been
suggested including genetic and lifestyle related factors.

While localized prostate cancer can often be managed curatively, treatment of ad-
vanced disease is based on androgen deprivation since the growth of PCa initially relies on
androgens. Unfortunately, PCa eventually develops castration resistance, i.e., its ability to
grow and progress despite a low androgen level.
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Lipid metabolism is known to be disturbed in cancer cells [3]. In addition to being
used as an energy source, lipids are used for cell membrane biosynthesis, signal trans-
duction, intracellular trafficking, cell polarization, and migration, features which are also
important for cancer development and progression. Thus, changes in the regulation of
lipid metabolism are one of the hallmarks of cancer [4].

The growth and progression of PCa depend on androgen receptor (AR) signaling,
which is the target of established oncological treatments of advanced PCa. Activation of
AR targets several genes in the lipid metabolic pathway [5–7]. Concordantly, it is well
established that there are changes occurring in lipid metabolism during the development
of PCa [5,8].

Intraprostatic inflammation is another trait associated with PCa and which can be
affected by androgens. In humans, androgen deprivation therapy leads to increased
infiltration by immune cells into the prostate [9]. In addition, an acute bacterial infection in
the prostate has been associated with an increased PCa risk [10]. More recently, research
interest has also focused on the possible association of the direct and indirect impact of the
human microbiota, e.g., the urinary microbiome, on prostate tissue, which might influence
the PCa risk [11].

Inflammation and immune cell infiltration may have dual roles in the microenviron-
ment surrounding cancer cells [12]. While on one hand, inflammation can promote tumor
development and progression, on the other hand, immune cells can identify and destroy
dysfunctional cells such as cancer cells. Understanding the control and modulation of
immunological responses in the tumor microenvironment during the development and
progression of cancer is crucial to understanding how to promote tumor suppression and
decrease tumor promoting actions of the immune system.

Cancers can be roughly categorized into immunologically hot or cold types based
on their immune responses and immunological activity [13]. In immunologically hot
tumors, immune cell infiltration is high, and the immune cells are relatively active. In
immunologically cold tumors, infiltration by immune cells is reduced, and the cells are not
as active as in hot tumors. PCa is considered an immunologically cold tumor [9] despite
intraprostatic inflammation being very common. Therefore, PCa cells likely are efficient in
avoiding immune control.

Immune-oncological (IO) treatments targeted to activate cytotoxic T-cells have mostly
failed in PCa treatment; only a minority of patients have exhibited good treatment re-
sponses [14]. The mechanisms behind low response rates are not well understood; however,
the tumor mutation burden, which predicts the IO treatment response in some other cancer
types, is relatively low in PCa in comparison to the cancers that respond better to IO
treatments [13].

Recently, research interest has been focused on the possible link between the regulation
of lipid metabolism and immune responses. It remains unclear to what degree the altered
lipid metabolism in PCa cells modulates the regulation of the immune response, and
whether lipid metabolism is reciprocally altered by immune responses.

This review assesses the current knowledge about how lipid metabolism interacts
with the immune environment around the PCa tumor cells. First, we describe how lipid
metabolism is involved in PCa progression. Second, we review current knowledge on how
lipid metabolism in surrounding immune cells is altered in PCa and other solid tumors,
and how this may impact the regulation of tumor immune responses. Finally, we review
how these may be affected by the circulating lipids and cholesterol.

2. Lipid Metabolism Is Regulated by SREBP and Interacts with AR Signaling in
Prostate Cancer

Lipid metabolism is upregulated in PCa, especially in the context of castration resis-
tance. Lounis et al. [15] conducted an RNAseq analysis of de novo PCa cells and noted
that lipid metabolism increased during the development of castration resistance. Further-
more, based on the RNAseq data, de novo lipid synthesis was even more upregulated in
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castration resistant cells in comparison to enzalutamide resistant cells. When hormone
sensitive and castration resistant cells were treated with a combination of enzalutamide
and a SCD1 inhibitor (inhibitor of lipogenesis), cell death was increased in both cell lines
when compared to enzalutamide alone.

In PCa cells, AR modulates the expression of many important genes in the lipid
metabolism pathways (Figure 1). Sterol regulatory element-binding proteins (SREBPs; 1a,
1c, and 2) and fatty acid synthase (FASN) are especially upregulated in an AR-dependent
manner [5,6]. AR activates the expression of SREBP cleavage-activating protein (SCAP)
which is needed for the activation of SREBP. The AR also inhibits liver X receptors (LXR)
which have several functions in the regulation of lipid metabolism [7]. Protein levels of
SREBP1 were increased in human PCa specimens as compared to non-cancerous tissue [16].
In addition, in PCa cells and xenografts, SREBSs were upregulated, especially after castra-
tion resistance [16]. Huang et al. [17] showed that SREBP1 expression in PCa was positively
associated with the tumor’s Gleason grade. In the same study, overexpression of SREBP1
increased the expression of AR, FASN, and lipid accumulation in the cells, while SREBP1
downregulation lowered these parameters. SREBP1 was also linked to development of
castration resistance.
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pression of the SREBP cleavage-activating protein (SCAP) which is needed for SREBP activation. 
SREBP can induce the activation of FASN, but also upregulates cholesterol metabolism by inducing 
the mevalonate pathway. SREBP also acts as an oxygen sensor (via hypoxia inducible factor (HIF)) 
which helps cells to adapt to a hypoxic microenvironment. SREBP increases the expression of AR; 
thus, the AR–SREBP-axis forms a self-regulating loop ensuring the constant gene expression of tran-
scription factors. The importance of the regulation of lipid metabolism has been demonstrated also 
in the regulation of tumor-associated immune cells and in development of treatment resistances in 
prostate cancer. 

Because of their crucial role in the regulation of lipid metabolism, SREBPs can be 
thought of as master regulators of fatty acid and cholesterol synthesis since not only do 
they induce the activation of FASN, but they also upregulate cholesterol metabolism by 
inducing the mevalonate pathway (Figure 1). In particular, the SREBP2 isoform induces 
cholesterol metabolism and promotes the intracellular accumulation of cholesterol [22] 
while SREBP1 is considered to activate fatty acid synthesis. Furthermore, SREBPs act as 
oxygen sensors which help cells to adapt to a hypoxic microenvironment, another factor 
commonly encountered in solid tumors, in which lipid metabolism is upregulated [23]. It 
is also noteworthy that SREBP1 increases the expression of the AR; thus, the AR–SREBP1-
axis forms a self-regulating loop to ensure a continuous gene expression of transcription 
factors [17].  

The importance of SREBP activity for prostate cancer growth is now well demon-
strated. Preclinical studies have shown that inhibition of SREBP signaling using fatostatin, 
a compound which blocks the activity of all forms of SREBP by inhibiting the binding of 
the SCAP protein to SREBP, suppressing cell proliferation in AR-positive prostate cancer 
cells, decreasing AR-positive prostate tumor growth, and lowering blood PSA in mice. 
When combined with docetaxel, fatostatin decreased the proliferation and induced cellu-
lar apoptosis in AR-negative cells especially if the cells harbored the p53 mutation [24,25]. 
Furthermore, treatment with fatostatin decreased tumor growth and the formation of 
lymph node metastases in PTEN knockout mice, a mouse model of prostate cancer [26]. 

FASN likely has a role in PCa progression. In human samples, the expressions of the 
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Figure 1. The androgen receptor (AR) modulates the expression of many important genes in the
lipid metabolism pathways. Especially sterol regulatory element-binding proteins (SREBP) and fatty
acid synthase (FASN) are upregulated in an AR-dependent manner. The AR activates the expression
of the SREBP cleavage-activating protein (SCAP) which is needed for SREBP activation. SREBP
can induce the activation of FASN, but also upregulates cholesterol metabolism by inducing the
mevalonate pathway. SREBP also acts as an oxygen sensor (via hypoxia inducible factor (HIF)) which
helps cells to adapt to a hypoxic microenvironment. SREBP increases the expression of AR; thus, the
AR–SREBP-axis forms a self-regulating loop ensuring the constant gene expression of transcription
factors. The importance of the regulation of lipid metabolism has been demonstrated also in the
regulation of tumor-associated immune cells and in development of treatment resistances in prostate
cancer.

SREBPs act as transcription factors which bind to sterol regulatory element or E-
boxes in the promoter area and activate the expression of lipid metabolism-related genes
such as low-density lipoprotein (LDL) receptor and HMG CoA synthase and reductase
genes [18]. SREBPs have three different isoforms: SREBP 1a, 1c, and 2. Inactive SREBPs
are membrane bound proteins which are activated after cleavage from the endoplasmic
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reticulum membrane in a two-step process in the Golgi apparatus. Membrane-free SREBP
is transported to the nucleus where it activates the expression of lipid metabolism-related
genes. Cleaved SCAP is transported back to the membrane where it forms a complex with
another SREBP molecule. The SREBP activity is mainly controlled by the intracellular sterol
concentration. However, other sterol-independent SREBP activating molecules have been
suggested such as TNF-α and mTORC1 [18–20].

Lipid metabolism is also affected by a host of external influences and other metabolic
disorders which are too numerous to cover in this article. A review on that topic has been
published elsewhere [21].

Because of their crucial role in the regulation of lipid metabolism, SREBPs can be
thought of as master regulators of fatty acid and cholesterol synthesis since not only do
they induce the activation of FASN, but they also upregulate cholesterol metabolism by
inducing the mevalonate pathway (Figure 1). In particular, the SREBP2 isoform induces
cholesterol metabolism and promotes the intracellular accumulation of cholesterol [22]
while SREBP1 is considered to activate fatty acid synthesis. Furthermore, SREBPs act as
oxygen sensors which help cells to adapt to a hypoxic microenvironment, another factor
commonly encountered in solid tumors, in which lipid metabolism is upregulated [23]. It
is also noteworthy that SREBP1 increases the expression of the AR; thus, the AR–SREBP1-
axis forms a self-regulating loop to ensure a continuous gene expression of transcription
factors [17].

The importance of SREBP activity for prostate cancer growth is now well demon-
strated. Preclinical studies have shown that inhibition of SREBP signaling using fatostatin,
a compound which blocks the activity of all forms of SREBP by inhibiting the binding of
the SCAP protein to SREBP, suppressing cell proliferation in AR-positive prostate cancer
cells, decreasing AR-positive prostate tumor growth, and lowering blood PSA in mice.
When combined with docetaxel, fatostatin decreased the proliferation and induced cellular
apoptosis in AR-negative cells especially if the cells harbored the p53 mutation [24,25]. Fur-
thermore, treatment with fatostatin decreased tumor growth and the formation of lymph
node metastases in PTEN knockout mice, a mouse model of prostate cancer [26].

FASN likely has a role in PCa progression. In human samples, the expressions of the
FASN and androgen receptor variant 7 (AR-V7) were found in many metastatic tumors,
highlighting their importance in advanced PCa [27]. The inhibition of FASN in different
castration resistant cell lines decreased tumor growth, increased apoptosis, altered the
lipidome, decreased lipid accumulation, and decreased the expression of the AR and AR-
V7 [28]. These AR activated pathways are linked to endoplasmic reticulum (ER) stress
which means there are disturbances in clearing damaged folded proteins and a malfunction
in the regulation of apoptosis [27,28]. Thus, inhibition of lipid metabolism can decrease ER
stress by impacting the activity of AR-related pathways.

Thus, in summary, a modulation of lipid metabolism in PCa has been shown to be
important especially during cancer progression and the development of drug resistance.
The AR regulates lipid metabolism especially by inducing SCAP expression, mandatory
conjugates for SREBP activation. SREBPs in turn augment the expression of the AR. Thus,
inhibition of SREBPs and FASN can be considered as potential targets for future PCa
therapies.

3. Lipidomic Changes during PCa Progression and Castration Resistance

Burch et al. [29] investigated the intracellular lipidome and metabolomics, focusing
especially on lipid pathways in two non-malignant cell lines, one prostate adenocarcinoma,
and two metastatic prostate cancer cell lines; all were AR positive. Compared to non-
malignant and non-metastatic cells, many classes of lipids were upregulated in metastatic
cell lines, including phosphatidylcholines, phosphatidylethanolamines, and glycophospho-
inositols. Further, both the enzymes and pathways responsible for de novo lipid synthesis
were upregulated in metastatic cells, supporting the concept that especially in advanced
PCa, lipids are produced de novo rather than being taken up from the circulation.
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In another study, the lipidome and activity of lipid pathways were characterized in non-
cancerous prostate cells and hormone-sensitive, castration resistant, and docetaxel resistant
PCa cell lines [30]. While glycerophospholipid metabolism was the most enriched pathway
in PCa cell lines compared to normal prostate cells, sphingolipid metabolism, sphingolipid
signaling pathway, ferroptosis, necroptosis, and phospholipase D signaling pathways
were also enhanced in PCa cells. When docetaxel resistant cell lines were compared to
non-cancerous cells, altogether 21 different lipid species were altered. Furthermore, when
drug-resistant cell lines were compared to their parent cell line (in this case PC3 and DU145
PCa cell lines), it was found that levels of phosphatidylcholine, oxidized lipid species,
phosphatidyl-ethanolamine, and sphingomyelin were upregulated [30].

Li et al. [31] investigated lipidomic changes in prostate tissue samples from PCa
patients. Many lipid metabolism-related pathways were dysfunctional in PCa tissue.
Cholesterol esters were more prominently accumulated in PCa tissue as compared to
non-cancerous tissue; these compounds were also associated with the progression and
development of metastatic disease. The recent study by Butler et al. [32] also evaluated
the lipidome from human tissue samples collected from prostate cancer patients during
prostatectomy. The analysis included tumor samples and matched non-malignant samples
from 21 patients and unmatched PCa samples from 47 patients. Furthermore, prostate
tissue from unmatched subjects was cultured ex vivo with or without enzalutamide. When
matched specimens were compared, it was evident that tumors had a specific lipidome;
for instance, the total phospholipid content differed between tumor and benign tissue.
With respect to the individual lipid species, phosphatidylcholines were the most abundant
lipids in both tumor and normal tissue, but highest in tumor samples. The amount of
lipids with one or two monounsaturated fatty acyl chains was upregulated in tumor
samples. Furthermore, ex vivo culturing with enzalutamide changed the cellular lipidome
in comparison to cells cultured without the drug. The authors noted that ex vivo culturing
of cancer tissues alone had exerted only a minimal impact on the lipidome, thus human
tissue culture might be reliable for testing of lipidomic changes in response to external
influences, e.g., drug treatments.

4. Lipidome as Biomarker in Prostate Cancer

Lipidomic changes in liquid biopsies using blood or urine samples have been investi-
gated among PCa patients for the purpose of finding novel biomarkers for PCa detection.

In 2000, Filella et al. [33] noticed in a small patient group of PCa patients and healthy
controls that the balance between type 1 cytokines, IL-2 and INF-γ, and type 2 cytokines,
IL-4 and IL-10, was different as compared to healthy donors’ blood. More recently,
Lin et al. [34] examined if there was a correlation between levels of cytokines and the
lipidome in advanced PCa patients’ blood samples. In general, they concluded that the
serum lipidome was a more reliable prognostic marker than cytokines in these patients. In
particular, a high serum concentration of sphingolipids at baseline was associated with a
poor prognosis. The increased concentration of a set of different cytokines was associated
with an elevated level of ceramides. Ceramides are the backbone and basic structural unit
in all sphingolipids.

Zhou et al. [35] were able to distinguish PCa patients from healthy patients based on
the serum lipidome using principal component and hierarchical clustering analyses. They
also suggested that phosphatidylethanolamines, ether-linked phosphatidylethanolamines,
and ether-linked phosphatidylcholines could be used as markers for PCa diagnosis. An-
other study investigated changes in the serum lipidome between PCa patients and healthy
donors [36]. They were also able to separate PCa patients from healthy controls based on a
principal component analysis of the serum lipidome. Phosphatidylcholines (39:6) and fatty
acids (22:3) were the best candidate lipids for classifying samples into PCa and healthy
patients.

In urine and prostate tissue samples, a high ratio of phosphatidylcholines and lysophos-
phatidylcholines was associated with PCa compared to samples from benign prostate hy-
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perplasia patients in a Japanese trial [37]. Lin et al. [38] investigated the association between
the plasma lipidome and clinical outcomes in castration resistant PCa patients. They found
an association between the amount of sphingolipids and poor prognosis. Furthermore,
a three-lipid species signature of ceramides (18:1/24:1), sphingomyelins (18:2/16:0), and
phosphatidylcholines (16:0/16:0) was associated with a poorer prognosis among these
patients. The prognostic value of the three-lipid species signature was also evaluated in a
recent study in metastatic castration resistant patients [39]. Overall survival was found to
be poorer in patients with the signature as compared to those not expressing it. In the same
study, lipid species of acylcarnitines and ceramides were associated with a poor outcome
in all stages of PCa. Recently, glycerophospholipids and glycosphingolipids have also been
suggested as potential biomarkers in the blood lipidome analysis for PCa detection [40,41].

Taken together, the lipidome profile is altered in tissue samples and liquid biopsy
specimens of PCa patients as well as PCa cells compared to non-cancerous cells. The
lipidome seems to be constantly modulated during cancer progression and castration
resistance. Unfortunately, it remains unclear whether a lipidomic change is the cause or
consequence of cancer progression. Nevertheless, in the future, either the lipidome or
specific lipid species might prove to be prognostic for PCa surveillance and could possibly
be used as a diagnostic tool for PCa diagnosis.

5. Cholesterol Metabolism in PCa

Distinct from lipid metabolism, cholesterol metabolism also has an important role in
prostate tissue and in PCa progression; while benign prostate epithelial cells synthesize
cholesterol, it seems that PCa cells accumulate even more cholesterol. The abundance of
cholesterol in PCa cells is due to increased cholesterol production de novo and elevated
uptake from the circulation [42,43]. In addition to its role as the central component of cell
membranes, cholesterol is a substrate in the biosynthesis of all steroid hormones, including
androgens. Thus, many investigators have been interested in clarifying its role during PCa
progression. Cells can obtain cholesterol from the serum, which in turn is influenced by the
diet and cholesterol production in the liver. Furthermore, PCa cells produce cholesterol
de novo through the mevalonate pathway. Since a too high concentration of cholesterol
is toxic for the cells, excess cholesterol is esterified and either stored in lipid rafts along
with other lipids or refluxed from the cells using specific transport proteins, ATP-binding
cassette transporter A1 or G1 (ABCA1 or ABCG1).

In PCa, it has been shown that in comparison to normal cells, cancer cells are able to
produce more cholesterol; the cholesterol producing pathways and cholesterol uptake are
upregulated whereas the cholesterol efflux is downregulated. These alterations are known
to occur especially during PCa progression [5]. Cholesterol and LDL are important in PCa
cell metabolism compared to normal prostate epithelial cells [44,45]. Statins, i.e., cholesterol
lowering drugs which inhibit the mevalonate pathway by inhibiting HMG-CoA reductase
(HMGCR), have been shown to decrease PCa cell growth, invasion, and migration by
inducing apoptosis and arresting cell growth [44–48]. Statins do not influence the expression
of cyclo-oxygenase 2 enzymes [46], thus they do not affect inflammation directly. It was
reported that treatment with simvastatin also decreased tumor growth in nude mice [48].
Furthermore, an increased expression of HMGCR has been associated with a poor prognosis
in PCa patients [49]. The expression of HMGCR is increased in enzalutamide-resistant PCa
cells [50]. The knockdown of this enzyme re-sensitized enzalutamide-resistant cells so that
they responded to enzalutamide, pointing to the role of HMGCR in enzalutamide resistance.
Furthermore, the combination of simvastatin with enzalutamide decreased PCa cell growth
more than either drug on its own in both in vitro and in vivo models of enzalutamide
resistance. The authors also showed that simvastatin alone and in combination with
enzalutamide decreased AR protein expression in enzalutamide resistant cells.

Cholesterol metabolism in PCa cells is affected by the interaction with the microen-
vironment. Co-culturing of PCa cells and cancer-associated fibroblasts (CAFs) in a three-
dimensional (3D) culture, gene expression analysis of PCa cells revealed that cholesterol and
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steroid biosynthesis pathways were upregulated as compared to the state where PCa cells
were cultured without the presence of CAFs [51]. Especially 3-hydroxy-3-methylglutaryl-
coenzyme A synthase 2 (HMGCS2) and aldo-keto reductase family 1 member C3 (AKR1C3)
genes were upregulated, even when PCa cells were cultured with CAF culturing media.
CAFs were shown to secrete a high amount of proinflammatory cytokines and chemokines
to the medium. When co-cultured cells were treated with simvastatin, the growth of the
spheroids was decreased. The protein expressions of both HMGCS2 and AKR1C3 were
higher in PCa epithelial cells as compared to benign tissue in human prostate tissue samples.
Furthermore, AKR1C3 protein expression was correlated with the tumor’s Gleason grade.

In summary, cholesterol is crucial for prostate cancer cells, and its production is
upregulated during the development of castration resistance. In addition, cholesterol
production likely has an important role in enzalutamide resistance. Cholesterol metabolism
in PCa cells is affected by the microenvironment surrounding the tumor.

6. Impact of Inhibition of the Cholesterol-Producing Mevalonate Pathway
with Statins

Even though statin treatment in preclinical models seemed to inhibit the growth of
tumor cells, one study in experimental animals administered a low-dose of statin (50 nM)
and showed opposite results; after low-dose statin treatment, PCa tumors in mice were
growing even better than in the untreated mice [52]. These investigators tested the low-
dose statin setting in obese mice, castrated mice, and in human cell xenografts but their
conclusions remained the same; low-dose statin treatment exerted no anticancer actions.
These results may be explained by a trial in which fluvastatin treatment in different PCa
cells activated SREBP2 expression via a feedback mechanism, which in turn increased
HMGCR expression. Thus, statins in low doses are not effective enough to inhibit the
increased expression of the enzyme [49]. The combination of statin and SREBP2 inhibitor
and SREBP2 silencing decreased fluvastatin’s IC(50) values, thus sensitizing the cells to
fluvastatin treatment [49]. Wang et al. reported that statins do not reliably lower serum
cholesterol in mice [53].

It was demonstrated that androgen depletion enhanced the transition of bone marrow
stromal cells into adipocytes [54]. Adipocyte-secreted factors, including leptin, in turn
stimulated the PCa cell cycle progression and cell proliferation through Stat3 activation
and statins have been postulated to suppress this transition in vitro and in vivo [53].

So far, only a few clinical trials investigating the impact of statin use on prostate cancer
progression have been conducted. We performed a clinical trial assessing the impact of
high-dose (80 mg daily) atorvastatin administration on prostate cancer tissue and blood
markers before prostatectomy [55]. In the trial, men used either atorvastatin or placebo
for a median of 26 days before prostatectomy. When atorvastatin was used for longer
than 27 days, prostate tissue Ki-67 proliferation index was decreased in the atorvastatin
group as compared to placebo. In addition, the PSA level decreased among patients with
high-grade PCa in comparison to placebo. Furthermore, atorvastatin was measurable
in the prostate tissue; thus, the dose had been high enough for tissue penetration [56].
Atorvastatin treatment also changed the subjects’ lipidome and androgen profile in prostate
tissue [57,58]. Prostate tissue microRNAs were also evaluated [59] but no clear correlations
were observed between microRNAs and tumor clinical characteristics in either of the
study arms. Many of the altered microRNAs were concluded to be participating in several
pathways which are important during cancer development and progression.

Recently Jeong et al. [60] investigated the role of low-dose therapy with atorvastatin
after prostatectomy. Men were using 20 mg of atorvastatin or placebo daily for one year
after surgery. The use of low-dose atorvastatin had no impact on biochemical recurrence
within five years after surgery. Based on pre-clinical and epidemiological findings, it seems
that cholesterol metabolism is one of the key regulators during the progression of advanced
PCa, and therefore we are currently conducting a phase III randomized clinical trial on
the impact of adjuvant high-dose atorvastatin treatment with advanced prostate cancer
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patients on long-term androgen deprivation therapy (ADT) [61]. The primary endpoint
of this trial is the time until the appearance of castration resistance from the start of ADT;
thus, our main objective is to determine whether the use of statin in combination with ADT
will be able to delay the formation of castration resistance, the last stage of PCa. Overall
survival will be a secondary endpoint of this trial.

These trials once again underline the importance of understanding cholesterol metabolism
as a whole during PCa progression and indicate that perhaps statins need to be used in
high doses in order to elicit beneficial responses in PCa.

7. Fatty Acid Metabolism in PCa

Fatty acid metabolism is important for tumor development and progression in many
ways, such as increasing the synthesis and storage of fatty acids and decreasing lipotoxicity
and ferroptosis in tumors [62]. Maintaining optimal homeostasis of fatty acid species
(such as the ratio of monounsaturated to saturated and the ratio of monounsaturated to
polyunsaturated fatty acids) is essential to avoid lipotoxicity and ferroptosis.

Ferroptosis is a recently identified new form of programmed cell death. Ferroptosis is
caused by the accumulation of iron-dependent lipid peroxides in the cells. Lipid metabolism
is the main regulator of this event. The role of ferroptosis in cancer development and
progression is under investigation. Ferroptosis might also impact the immune responses
against tumors. Thus, targeting the upregulation of ferroptosis in tumor cells might be a
good target for cancer treatment, especially in cancers with high lipid metabolism. This
topic has been recently reviewed [63,64]. Here we focus on research related to ferroptosis
and PCa.

An evaluation of the RNA-Seq in prostate cancer tumors compared to noncancerous
prostate tissue showed that the gene panel of ferroptosis-related genes was differently
expressed in tumors as compared to healthy tissue [65]. Based on a subgroup of seven
ferroptosis-related genes, a risk score for the prognostic model was created and patients
were divided into two groups based on their calculated risk scores (low and high risk).
According to the survival analysis, the high-risk score group had a lower survival rate than
patients in the low-risk group.

While it is known that AR activation promotes lipid accumulation in prostate cancer
cells, intracellular lipid levels were increased even after treatment with enzalutamide, an
AR signaling inhibitor [66]. Especially, modulation of the polyunsaturated fatty acid (PUFA)
content by enzalutamide treatment was associated with increased lipid peroxidation and led
to hypersensitivity to ferroptosis. In PCa cells highly sensitive to iron toxicity (VCaP, LNCaP,
and TRAMP-C2), a high iron concentration additionally evoked protein damage [67].
Thus, apart from the lipid modifications, iron induced cell death by increasing ferroptosis,
strengthening the efficacy of anti-androgen therapy in PCa models. Furthermore, erastin,
a classical inducer of ferroptosis, suppressed the transcriptional activities of both the
full length and the splice variant of AR in castration resistant prostate cancer cells [68].
Treatment with erastin also enhanced efficacy of docetaxel treatment in a castration resistant
PCa model.

It appears that cancer cells can downregulate ferroptosis via a SREBP1 mediated
pathway: in tumors where PI3K–Akt–mTOR signaling is active, SREBP1 is activated, and
this protein suppresses ferroptosis [69]. When SREBP1 was inhibited in the cell model, the
cells became sensitized to ferroptosis.

Castration levels of testosterone inhibited the growth of testosterone sensitive PCa
cells by inducing ferroptosis which led to increased immune cell infiltration into the tumor
site [62,70]. In prostate cancer cells and mouse models, ferroptosis inducers were able
to decrease cell and tumor growth by inducing ferroptosis [71]. The decline in tumor
growth in vivo was even more evident when ferroptosis inducers were given together with
enzalutamide or abiraterone, drugs used to treat advanced PCa.

Increasing ferroptosis by modulation of lipid metabolism in PCa might be a novel
target for treatment to enhance the impact of the traditional therapies. The impact of
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the induction of ferroptosis in the immune environment of the PCa tumor needs further
clarification.

AR activation can not only induce energy production via glycolysis but also upregulate
de novo fatty acid synthesis and fatty acid uptake and oxidation [72,73]. Lipids can be
utilized as energy due to the β-oxidation of fatty acids in the mitochondria. Long-chain
fatty acids require being transported into the carnitine shuttle to allow them to enter
mitochondria for β-oxidation and in prostate cancer, both mechanisms are modulated. For
instance, overexpression of a key enzyme of β-oxidation, ∆2-Enoyl-CoA Delta Isomerase 1
(ECI1), increased PCa cell growth. On the other hand, inhibition of this enzyme decreased
the growth of the cancer cells [74]. In clinical prostate samples, overexpression of ECI1
was associated with the risk of biochemical recurrence [74]. The importance of carnitine
shuttle upregulation in PCa cells has been demonstrated [75]. In a recent mass spectrometry
imaging analysis, increased expression of compartments of carnitine shuttle was also
revealed in the pairwise analysis of prostate cancer, benign prostate, and stroma tissue
clinical samples [76].

In castration resistance, PCa cells typically display over-expression of AR-regulated
metabolic genes compared to androgen-sensitive tissues or cells. Thus, interest has been
focused on whether lipid metabolic processes could be targeted as a novel treatment for
advanced PCa [77,78]. Several recent studies have investigated the efficacy of targeting lipid
metabolic enzymes as either a monotherapy or in combination with AR-signaling inhibitors
in castration resistant PCa models. For example, inhibition of carnitine palmitoyltransferase
I (CPT1) or FAS enhanced the sensitivity to androgen receptor antagonists in preclinical
models [27,79,80]. The crosstalk between AR expression and signaling, and the modulation
of fatty acid metabolism may provide a future target for re-sensitizing treatment resistant
PCa cells.

In antiandrogen resistance, there is an increased number of glycerophospholipid
species with longer and more unsaturated fatty acyl chains detected in PCa cells [68].
Furthermore, the gene encoding 2,4 dienoyl-CoA reductase (DECR1), an enzyme catalyzing
the rate-limiting step in polyunsaturated fatty acyl-CoA oxidation, is overexpressed in
castration resistant tumors as compared to primary tumors [81]. Overexpression of DECR1
is also associated with a shorter relapse-free time and overall survival. Knockdown of
DECR1 evoked a decrease in the proliferation, migration, and treatment resistance in PCa
cells as compared to control cells. ER stress and ferroptosis were also increased after DECR1
knockdown [82].

In summary, fatty acid metabolism appears to be another crucial metabolic factor in
castration resistance and may provide a target for reversing of resistance to antiandrogen
resistance. Fatty acid metabolism appears to be linked with ferroptosis in PCa.

8. Changes in the Lipidome and Cholesterol Metabolism in Cancer-Associated
Immune Cells

The metabolism and supply of lipids in both prostate cancer cells and immune cells of
the tumor microenvironment may be altered at multiple levels. First, the disturbed lipid
metabolism in cancer cells may affect the surrounding immune cells. Second, changes in
lipid metabolism in the immune cells may affect their activity and reciprocally also affect
cancer cells. Third, the supply of lipids from the serum may promote changes in both
immune and cancerous cells.

In a mouse model of melanoma, gene enrichment analysis of tumors revealed that lipid
associated metabolic pathways were enriched in Treg cells in the tumor as compared to cells
from peripheral tissue [83]. A further analysis revealed that Tregs needed SREBP/SCAP
activity in order to perform their active functions in the tumor site. Tumor growth was also
decreased in mice with SCAP deleted Treg cells and these mice were also more sensitive
to anti-PD1 therapy. The authors concluded that metabolic programming of the fatty
acid and mevalonate pathways by SREBP in Treg cells, especially the pathway related
to protein geranylgeranylation, was able to impact Treg function in tumors. In addition,
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Treg cells suppressed the secretion of interferon-γ (IFN-γ) in CD8+ T cells. It is recognized
that IFN-γ secretion can block the activation of SREBP1-mediated fatty acid synthesis in
immunosuppressive (M2-like) tumor-associated macrophages (TAMs), thus Treg cells were
able to activate TAMs by modulating the secretion of IFN-γ [84]. Furthermore, SREBP1
inhibition augmented the efficacy of immune checkpoint blockade, suggesting that the
targeting of Treg cells, e.g., by altering their modulation of lipid metabolism in TAMs, could
be a way of improving cancer immunotherapy. In addition, a high production of free fatty
acids evoked by N-cadherin in a mouse model promoted the formation of Treg cells and
increased immune suppression [85]. Recently, it was shown that AR activity in T-cells could
suppress CD8+ T-cell activity by reducing IFN-γ secretion and inducing T-cell exhaustion
and resistance to IO treatment [86].

Recently the role of cholesterol in immune cell regulation in solid tumors has become
a focus of research interest. Ma et al. showed that an increased cholesterol content in CD8+
T-cells and in the tumor microenvironment increased the expression of several immune
checkpoints, PD-1, 2B4, TIM-3, and LAG-3, and led to T-cell exhaustion [87]. Thus, by
reducing the cholesterol concentration in CD8+ cells, the researchers were able to restore
the cytotoxic function of T-cells. The mechanism behind how cholesterol induced CD8+
exhaustion and interrupted T-cell metabolism was linked to an activation of ER stress-
response genes. Since the cholesterol content also regulated the IL-9 producing subtype
of CD8+ cells (Tc9 cells), by reducing the cholesterol level, it was possible to increase the
antitumor effect of Tc9 cells [88]. Tc9 cells also express cholesterol metabolizing enzymes
and cholesterol efflux is high; thus, intracellular cholesterol levels were low in these cells
as compared to Tc1 cells (a subtype of CD8+ cells secreting IFN-γ) [88]. There is some
indication that the cholesterol content of the plasma membrane of the tumor cells can
create a mechanical barrier against cytotoxic T-cells by softening the cell membrane. Cell
stiffening by cholesterol depletion may increase the impact of T-cell cytotoxicity [89].

Many cholesterol metabolism related enzymes have an impact on the activity of CD8+
T-cells. Yang et al. [90] showed that inhibition of acetyl-CoA cholesterol acyltransferase
(ACAT1) increased the proliferation of CD8+ T-cells, i.e., cells with ACAT1 knockdown
were more active as compared to wildtype T-cells in their ability to depress melanoma cell
growth in a mouse model. Inhibition of cholesterol acyltransferase in liver carcinoma cells
increased T-cell activity by restoring the activity of CD8+ exhausted T-cells and increasing
the amount of CD8+ T-cells [91]. Knockdown of protein convertase subtilisin/kexin 9
(PCSK9) resulted in less extensive xenograft growth and longer survival times in breast
cancer, colon cancer, and melanoma xenografts [92]. PCSK9 reduces cholesterol metabolism
by down-regulating the numbers of low-density lipoprotein receptors (LDLR) on the cell
surface. Although inhibition of this enzyme increases T-cell infiltration in the tumors, this
effect is not dependent on the presence of LDLR. PCSK9 inhibition increased expression of
MHC1 proteins on the surface of cancer cells which appeared to increase T-cell infiltration.
Importantly, genetically proxied inhibition of PCSK9 was associated with a lowered risk
of PCa [93]. Moreover, the expressions of both IFN-γ and IL-2 were suppressed while
that of IL-6 was up-regulated in CD4+ T-cells collected from male C57Bl/6 mice which
had been exposed to media conditioned with macrophages grown in sera from obese
humans. Furthermore, exposure to conditioned media of obesity-modified CD4+ T-cells
increased the expression of epithelial–mesenchymal transition markers in PCa cells, a
feature which elevated their invasive and migratory properties [94]. Ezetimibe, a drug
which inhibits the permeability of cholesterol to be taken up from the intestine, not only
reduced serum cholesterol levels, but also inhibited mTORC2 signaling in CD8+ T-cells,
increased infiltration of CD8+ T-cells into prostate tumors, and enhanced CD8+ memory
lymphocytes with a central memory phenotype [53].

Changes in lipid metabolism of immune cells can induce treatment resistance
in prostate cancer cells. In a pre-clinical trial exploiting both mice and cell models,
El-Kenawi et al. [95] were able to show that macrophages were associated with cholesterol
transport and androgen synthesis in PCa, i.e., the macrophages were regulating AR nuclear
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translocation, thus contributing to the formation of enzalutamide resistance. Furthermore,
tumor associated anti-inflammatory M2 macrophages were shown to contain a high con-
centration of intracellular cholesterol. When co-cultured with PCa epithelial cells, M2
TAMs were able to transfer cholesterol to the epithelial cells, in other words, they were
acting as a cholesterol source for the cancer cells. In addition, cholesterol metabolism
seems to be an important regulator of macrophage polarization; in the ABCG1 knockdown
(transporter for cholesterol efflux) mouse strain, macrophage polarization switched from
the tumor-promoting M2 to the anti-tumor-promoting M1 phenotype [96]. Similar switches
between M1/M2 phenotypes were seen after inhibition of ABCG1 in human macrophages.
Stimulation of human macrophages with HDL also downregulated the polarization to the
M1 phenotype; however, it had no impact on M2 polarization [97]. A high HDL content
decreased the amount of caveolin-1 on the cell surface of macrophages, which inhibited
their polarization to the M1 phenotype. Exposure to cancer cell derived IL-1β enhanced
the expression of the scavenger receptor, marco, on a subset of macrophages [98]. These
macrophages were associated with PCa progression and a shorter disease-free survival.
Marco was shown to regulate the accumulation of lipids into the macrophages, e.g., its
inhibition decreased tumor growth and invasiveness in a mouse model. Moreover, provi-
sion of a high-fat diet in a mouse model increased the number of lipid-loaded TAMs. In
a mouse model of prostate cancer, feeding with a high-fat diet increased the number of
myeloid-derived suppressor cells as well as elevating the ratio of M2/M1 macrophages [99].
Treatment with celecoxib, a cyclooxygenase 2 inhibitor and an anti-inflammatory drug,
decreased tumor growth, as well as reducing the number of myeloid-derived suppressor
cells and the M2/M1 ratio. The regulation of responses to a high-fat diet in terms of inflam-
mation and tumor growth was related to IL6/pSTAT3 signaling also in tissue specimens
from obese prostate cancer patients.

In castrated and eugonadal mice fed with an omega-3-enriched diet, the growth of
TRAM-C2 cell xenografts was decreased in comparison to mice fed with an omega-6-
enriched diet [100]. An omega-3 diet increased Th1-related cytokine production in tumors
and increased eosinophil recruitment.

A summary of studies in this section is collected in Table 1; it demonstrates that
the lipid metabolism of immune cells becomes disturbed when the cells interact with
cancer cells. Tumor associated immune cells may provide cholesterol to cancer cells, thus
promoting their growth. Enzymes in lipid and cholesterol pathways affect the polarization
of surrounding immune cells, affecting their antitumor properties.

Table 1. Summary of published studies on changes in the lipidome and cholesterol metabolism in
cancer-associated immune cells.

Specific Cell Type Specific Cancer Type (If
Known)

Impact of Lipid Metabolism
on Immune Cells Reference

CD8+ T-cells

Cholesterol content in tumor
microenvironment increased

expression of immune
checkpoints leading to T-cell

exhaustion. Cholesterol
depletion restore the activity

Ma et al., 2019 [87]

Anticancer Tc9 cells (CD8+
T-cells)

Cholesterol depletion
increased antitumor activity Ma et al., 2018 [88]

CD8+ T-cells
Cholesterol in cancer cell’s
plasma memrane decrease

CD8+ cytotoxicity
Lei et al., 2021 [89]
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Table 1. Cont.

Specific Cell Type Specific Cancer Type (If
Known)

Impact of Lipid Metabolism
on Immune Cells Reference

CD8+ T-cells melanoma (in a mouse model)

Inhibition of acetyl-CoA
cholesterol acyltransferase
increased proliferation of

CD8+ T-cells

Yang et al., 2016 [90]

CD8+ T-cells Liver carcinoma cells

Inhibition on cholesterol
acyltransferase increased the
amount of CD8+ T-cells and
restorored CD8+ exhausted

T-cell activity

Schmidt et al., 2021 [91]

T-cells breast cancer, colon cancer,
and melanoma

Inhibition of protein
convertase subtilisin/kexin 9
decreased tumor growth and
mortality in mice by reducing
cholesterol metabolism and

increasing T-cell infiltration in
the tumors

Liu et al., 2020 [92]

Treg cells melanoma (in a mouse model)

Lipid associated metabolic
pathways by SREBP activity

were enriched in tumors’ Treg
cells. Inhibition of SREBP

activity in Treg cells decreased
tumor growth

Lim et al., 2021 [83]

T cells and tumor-associated
macrophages

Treg cells were able to activate
tumor associated

macrophages by modulating
interferon γ secretion in CD8+

T-cells

Liu et al., 2019 [84]

CD4+ T-cells Prostate cancer

Condition median from
obesity-modified CD4+ T cells
(decreased expression of IFNγ

and IL-2 and increased
expression of IL-6) increased

the expression of
epithelial-mesenchymal
transition markers and

showed a higher invasive and
migratory capacity

De Angulo et al., 2022 [94]

Macrophages Prostate cancer

Macrophages were associated
with cholesterol transport and
androgen synthesis in prostate

cancer cells

El-Kenawi et al., 2021 [95]

Macrophages’ polarization

In ABCG1 (transporter which
efflux cholesterol from the
cells) knockdown mouse

strain, macrophage
polarization switch from
tumor-promoting M2 to

anti-tumor-promoting M1
phenotype

Sag et al., 2015 [96]
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Table 1. Cont.

Specific Cell Type Specific Cancer Type (If
Known)

Impact of Lipid Metabolism
on Immune Cells Reference

Macrophages’ polarization

Inhibition of ABCG1 in
human macrophages switch

polarization from
tumor-promoting M2 to

anti-tumor-promoting M1
phenotype. Stimulation with

HDL also downregulated
polarization to M1 phenotype

Lee et al., 2016 [97]

Macrophages Prostate cancer

Cancer cell derived IL-1β
enhanced expression of

scavenger receptor, marco, on
subset of macrophages. This
was associated with prostate

cancer progression and
shorter disease-free survival.
Marco was shown to regulate
accumulation of lipids into the

macrophages

Masetti et al., 2022 [98]

Myeloid-derived suppressor
cells and macrophages Prostate cancer

In mice fed with high-fat diet,
number of myeloid-derived
suppressor cells and ratio of
M2/M1 macrophages were

increased

Hayashi et al., 2018 [99]

9. Pharmacological Interventions Targeting Lipid Metabolism Affect Immune Cells

Pharmacological interventions targeting lipid metabolism have demonstrated effects
on immune cells in the tumor microenvironment in cases of prostate cancer. In the ESTO1
trial, atorvastatin use before prostatectomy did not significantly change the intraprostatic
inflammation score compared to placebo when all subjects were analyzed together. How-
ever, when the analysis excluded patients who dropped out during the trial (did not use
the study drugs), the intraprostatic inflammation score was decreased among statin users
in men with high-grade PCa [55].

In the REduction by DUtasteride of prostate Cancer Events (REDUCE) trial, a high
level of high-density lipoprotein (HDL) in the serum was associated with a lower risk for
acute inflammation in prostate tissue, while serum levels of total cholesterol, LDL, and
triglycerides had no impact [100]. On the other hand, statin use was associated with a
decreased level of chronic inflammation in prostate tissue [101].

The Prostate Cancer Prevention Trial (PCPT) randomized men with no known history
of prostate cancer to either finasteride, a 5α-reductase inhibitor of conversion of testosterone
to dihydrotestosterone, or placebo. In the placebo arm, chronic inflammation in prostate
biopsies was associated with the risk of high-grade PCa [102]. In the finasteride arm,
intraprostatic inflammation was even more abundant but no longer associated with the
overall risk of PCa, nor of high-grade tumors [103]. Furthermore, the use of statins was
associated with a lower amount of the tissue marker (CD68) of macrophages as compared
to non-users [104]. Thus, statin use may block the supply of cholesterol to cancer cells from
macrophages.

Furthermore, a positive correlation between LDL levels and pro-inflammatory (M1)
macrophages and a negative correlation between LDL and anti-inflammatory (M2)
macrophages was shown in human adipose tissue collected from healthy kidney
donors [105]. Treatment with fluvastatin decreased macrophage polarization towards
the pro-inflammatory M1 phenotype and increased the anti-inflammatory M2 polarization.
It is unknown whether statins would elicit similar responses in the macrophages located in
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the tumor microenvironment. The association between macrophage polarization, androgen
metabolism, and cholesterol metabolism needs to be clarified, especially in human samples.

In addition, exposure to the tyrosine kinase inhibitor, ESK981, decreased tumor growth
in prostate cancer cell lines and mouse xenografts by targeting 1-phosphatidylinositol-3-
phosphate 5-kinase (PIKfyve), a lipid kinase [106]. Inhibition of lipid oxidation with
ranolazine in the TRAMPC1 mouse model resulted in decreased expression of the immune
checkpoint block protein Tim3 in CD8+ cells, increased the content of macrophages in the
tumor site, and decreased the number of immunosuppressive monocytes in the blood [107].

Treatment with ezetimibe decreased the tumor growth of several cancer cells, including
prostate cancer cells, in mice [53]. This was related to changes in immune responses;
mammalian target of rapamycin (mTOR) signaling was decreased in lymphocytes affecting
the AKT signaling pathway. CD8+ immune cell infiltration also increased in the tumor
site after drug treatment. Additionally, the level of the proliferation marker, the Ki-67
index, was evaluated in prostate tumor samples in a window-of-opportunity clinical trial,
where men were treated with ezetimibe and simvastatin for two to six weeks before
radical prostatectomy. The Ki-67 index after the intervention decreased as compared to the
pretreatment state in low-grade tumors, but not in high-grade tumor samples. Based on
RNA-seq results in a small subgroup, it seemed that the numbers of CD8+ cells and M1
macrophages had increased after treatment with cholesterol-lowering drugs.

10. Periprostatic Adipose Tissue

The prostate is surrounded by white adipose tissue called the periprostatic adipose
tissue (PPAT). Prostate and PPAT are separated by the prostate capsule, however, the
prostate vasculature crosses the PPAT [108]. As PPAT consists of white adipose tissue,
its purpose is thought to be energy storage. However, PPAT also secretes adipokines,
cytokines, chemokines, and growth factors, which in part might stimulate the development
and progression of PCa. It has been speculated that contact with PPAT may enhance PCa
progression in tumors with extraprostatic extension, leading to decreased biochemical
recurrence-free survival after prostatectomy as compared to tumors not invading outside
the prostate capsule [109].

PPAT serves as a source of fatty acids for tumor cells. There is some evidence that
PPAT can secrete the adipokine, leptin, which might stimulate PCa progression [110–112].
However, larger studies will be needed to confirm the role of this adipokine in PCa.
Furthermore, PPAT secretes cytokines, such as IL-6 and TNFα; these are chemokines which
are known to be involved in the development and progression of PCa [112–114].

11. Conclusions

Cholesterol, lipids, and lipid metabolism play key roles in the progression of PCa.
While lipid metabolism interacts with AR signaling, in addition it is closely involved in
the regulation of the immune system in the tumor microenvironment. Disturbances in the
regulation and changes in the properties of PCa cells and immune cells seem to be important
during cancer progression. It is evident that PCa cells can influence lipid metabolism in
immune cells in the microenvironment of the tumor and vice versa since both cell types
are susceptible to changes in the regulation of lipid metabolism. Furthermore, serum lipid
profiling might serve as a target for diagnostic tools and surveillance of PCa progression.

Thus, it is important to characterize the impact of changes in the regulation of lipid
metabolism leading to disturbances in the properties of prostate cancer cells and immune
cells in the tumor microenvironment during tumor progression. By clarifying these alter-
ations, we can gain a better understanding of the interaction between PCa and immune
responses, thus creating an opportunity to improve the treatment of this life-threatening
disease.
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7. Škara, L.; Hud̄ek Turković, A.; Pezelj, I.; Vrtarić, A.; Sinčić, N.; Krušlin, B.; Ulamec, M. Prostate cancer-Focus on cholesterol.

Cancers 2021, 13, 4696. [CrossRef]
8. Galbraith, L.; Leung, H.Y.; Ahmad, I. Lipid pathway deregulation in advanced prostate cancer. Pharmacol. Res. 2018, 131, 177–184.

[CrossRef]
9. Gannon, P.O.; Poisson, A.O.; Delvoye, N.; Lapointe, R.; Mes-Masson, A.M.; Saad, F. Characterization of the intra-prostatic immune

cell infiltration in androgen-deprived prostate cancer patients. J. Immunol. Methods 2009, 348, 9–17.
10. Roberts, R.O.; Bergstralh, E.J.; Bass, S.E.; Lieber, M.M.; Jacobsen, S.J. Prostatitis as a Risk Factor for Prostate Cancer. Epidemiology

2004, 15, 93–99. [CrossRef]
11. Javier-DesLoges, J.; McKay, R.R.; Swafford, A.D.; Sepich-Poore, G.D.; Knight, R.; Parsons, J.K. The microbiome and prostate

cancer. Prostate Cancer Prostatic Dis. 2022, 25, 159–164. [CrossRef] [PubMed]
12. Greten, F.R.; Grivennikov, S.I. Inflammation and Cancer: Triggers, Mechanisms, and Consequences. Immunity 2019, 51, 27–41.

[CrossRef] [PubMed]
13. Vareki, S.M. High and low mutational burden tumors versus immunologically hot and cold tumors and response to immune

checkpoint inhibitors. J. Immunother. Cancer 2018, 6, 157. [CrossRef] [PubMed]
14. Bansal, D.; Reimers, M.A.; Knoche, E.M.; Pachynski, R.K. Immunotherapy and Immunotherapy Combinations in Metastatic

Castration-Resistant Prostate Cancer. Cancers 2021, 13, 334. [CrossRef] [PubMed]
15. Lounis, M.A.; Péant, B.; Leclerc-Desaulniers, K.; Ganguli, D.; Daneault, C.; Ruiz, M.; Zoubeidi, A.; Mes-Masson, A.M.; Saad,

F. Modulation of de novo lipogenesis improves response to enzalutamide treatment in prostate cancer. Cancers 2020, 12, 3339.
[CrossRef]

16. Ettinger, S.L.; Sobel, R.; Whitmore, T.G.; Akbari, M.; Bradley, D.R.; Gleave, M.E.; Nelson, C.C. Dysregulation of sterol response
element-binding proteins and downstream effectors in prostate cancer during progression to androgen independence. Cancer Res.
2004, 64, 2212–2221. [CrossRef]

17. Huang, W.C.; Li, X.; Liu, J.; Lin, J.; Chung, L.W. 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. 2012, 10, 133–142.
[CrossRef]

18. Shimano, H. Sterol regulatory element-binding proteins (SREBPs): Transcriptional regulators of lipid synthetic genes. Prog. Lipid
Res. 2001, 40, 439–452. [CrossRef]

19. Eid, W.; Dauner, K.; Courtney, K.C.; Gagnon, A.; Parks, R.J.; Sorisky, A.; Zha, X. mTORC1 activates SREBP-2 by suppressing
cholesterol trafficking to lysosomes in mammalian cells. Proc. Natl. Acad. Sci. USA 2017, 114, 7999–8004. [CrossRef]

20. Lawler, J.F., Jr.; Yin, M.; Diehl, A.M.; Roberts, E.; Chatterjee, S. Tumor necrosis factor-alpha stimulates the maturation of sterol
regulatory element binding protein-1 in human hepatocytes through the action of neutral sphingomyelinase. J. Biol. Chem. 1998,
273, 5053–5059. [CrossRef]

21. Natesan, V.; Kim, S.J. Lipid Metabolism, Disorders and Therapeutic Drugs—Review. Biomol. Ther. 2021, 29, 596–604. [CrossRef]
[PubMed]

22. Krycer, J.R.; Kristiana, I.; Brown, A.J. Cholesterol homeostasis in two commonly used human prostate cancer cell-lines, LNCaP
and PC-3. PLoS ONE 2009, 4, e8496. [CrossRef] [PubMed]

23. Munir, R.; Lisec, J.; Swinnen, J.V.; Zaidi, N. Lipid metabolism in cancer cells under metabolic stress. Br. J. Cancer 2019, 120,
1090–1098. [CrossRef]

24. Li, X.; Chen, Y.T.; Hu, P.; Huang, W.C. Fatostatin displays high antitumor activity in prostate cancer by blocking SREBP-regulated
metabolic pathways and androgen receptor signaling. Mol. Cancer Ther. 2014, 13, 855–866. [CrossRef] [PubMed]

http://doi.org/10.1038/ncpuro1290
http://www.ncbi.nlm.nih.gov/pubmed/19198622
http://doi.org/10.3389/fpubh.2022.811044
http://www.ncbi.nlm.nih.gov/pubmed/35252092
http://doi.org/10.1084/jem.20201606
http://www.ncbi.nlm.nih.gov/pubmed/33601415
http://doi.org/10.1158/2159-8290.CD-21-1059
http://www.ncbi.nlm.nih.gov/pubmed/35022204
http://doi.org/10.3390/cancers13184696
http://doi.org/10.1016/j.phrs.2018.02.022
http://doi.org/10.1097/01.ede.0000101022.38330.7c
http://doi.org/10.1038/s41391-021-00413-5
http://www.ncbi.nlm.nih.gov/pubmed/34267333
http://doi.org/10.1016/j.immuni.2019.06.025
http://www.ncbi.nlm.nih.gov/pubmed/31315034
http://doi.org/10.1186/s40425-018-0479-7
http://www.ncbi.nlm.nih.gov/pubmed/30587233
http://doi.org/10.3390/cancers13020334
http://www.ncbi.nlm.nih.gov/pubmed/33477569
http://doi.org/10.3390/cancers12113339
http://doi.org/10.1158/0008-5472.CAN-2148-2
http://doi.org/10.1158/1541-7786.MCR-11-0206
http://doi.org/10.1016/S0163-7827(01)00010-8
http://doi.org/10.1073/pnas.1705304114
http://doi.org/10.1074/jbc.273.9.5053
http://doi.org/10.4062/biomolther.2021.122
http://www.ncbi.nlm.nih.gov/pubmed/34697272
http://doi.org/10.1371/journal.pone.0008496
http://www.ncbi.nlm.nih.gov/pubmed/20041144
http://doi.org/10.1038/s41416-019-0451-4
http://doi.org/10.1158/1535-7163.MCT-13-0797
http://www.ncbi.nlm.nih.gov/pubmed/24493696


Cancers 2022, 14, 4293 16 of 19

25. Li, X.; Wu, J.B.; Chung, L.W.; Huang, W.C. Anti-cancer efficacy of SREBP inhibitor, alone or in combination with docetaxel, in
prostate cancer harboring p53 mutations. Oncotarget 2015, 6, 41018–41032. [CrossRef]

26. Chen, M.; Zhang, J.; Sampieri, K.; Clohessy, J.G.; Mendez, L.; Gonzalez-Billalabeitia, E.; Liu, X.S.; Lee, Y.R.; Fung, J.; Katon, J.M.;
et al. An aberrant SREBP-dependent lipogenic program promotes metastatic prostate cancer. Nat. Genet. 2018, 50, 206–218.
[CrossRef]

27. Zadra, G.; Ribeiro, C.F.; Chetta, P.; Ho, Y.; Cacciatore, S.; Gao, X.; Syamala, S.; Bango, C.; Photopoulos, C.; Huang, Y.; et al.
Inhibition of de novo lipogenesis targets androgen receptor signaling in castration-resistant prostate cancer. Proc. Natl. Acad. Sci.
USA 2019, 116, 631–640, Erratum in Proc. Natl. Acad. Sci. USA 2020, 117, 18893. [CrossRef]

28. Segawa, T.; Nau, M.E.; Xu, L.L.; Chilukuri, R.N.; Makarem, M.; Zhang, W.; Petrovics, G.; Sesterhenn, I.A.; McLeod, D.G.; Moul,
J.W.; et al. Androgen-induced expression of endoplasmic reticulum (ER) stress response genes in prostate cancer cells. Oncogene
2002, 21, 8749–8758. [CrossRef]

29. Burch, T.C.; Isaac, G.; Booher, C.L.; Rhim, J.S.; Rainville, P.; Langridge, J.; Baker, A.; Nyalwidhe, J.O. Comparative metabolomic
and lipidomic analysis of phenotype stratified prostate cells. PLoS ONE 2015, 10, e0134206. [CrossRef]

30. Ingram, L.M.; Finnerty, M.C.; Mansoura, M.; Chou, C.W.; Cummings, B.S. Identification of lipidomic profiles associated with
drug-resistant prostate cancer cells. Lipids Health Dis. 2021, 20, 15. [CrossRef]

31. Li, J.; Ren, S.; Piao, H.L.; Wang, F.; Yin, P.; Xu, C.; Lu, X.; Ye, G.; Shao, Y.; Yan, M.; et al. Integration of lipidomics and
transcriptomics unravels aberrant lipid metabolism and defines cholesteryl oleate as potential biomarker of prostate cancer. Sci.
Rep. 2016, 6, 20984. [CrossRef] [PubMed]

32. Butler, L.M.; Mah, C.Y.; Machiels, J.; Vincent, A.D.; Irani, S.; Mutuku, S.M.; Spotbeen, X.; Bagadi, M.; Waltregny, D.; Moldovan, M.;
et al. Lipidomic profiling of clinical prostate cancer reveals targetable alterations in membrane lipid composition. Cancer Res.
2021, 81, 4981–4993. [CrossRef] [PubMed]

33. Filella, X.; Alcover, J.; Zarco, M.A.; Beardo, P.; Molina, R.; Ballesta, A.M. Analysis of type T1 and T2 cytokines in patients with
prostate cancer. Prostate 2000, 44, 271–274. [CrossRef]

34. Lin, H.M.; Yeung, N.; Hastings, J.F.; Croucher, D.R.; Huynh, K.; Meikle, T.G.; Mellett, N.A.; Kwan, E.M.; Davis, I.D.; Tran, B.; et al.
Relationship between circulating lipids and cytokines in metastatic castration-resistant prostate cancer. Cancers 2021, 13, 4964.
[CrossRef]

35. Zhou, X.; Mao, J.; Ai, J.; Deng, Y.; Roth, M.R.; Pound, C.; Henegar, J.; Welti, R.; Bigler, S.A. Identification of plasma lipid biomarkers
for prostate cancer by lipidomics and bioinformatics. PLoS ONE 2012, 7, e48889. [CrossRef]

36. Duscharla, D.; Bhumireddy, S.R.; Lakshetti, S.; Pospisil, H.; Murthy, P.V.; Walther, R.; Sripadi, P.; Ummanni, R. Prostate cancer
associated lipid signatures in serum studied by ESI-tandem mass spectrometry as potential new biomarkers. PLoS ONE 2016, 11,
e0150253. [CrossRef]

37. Li, X.; Nakayama, K.; Goto, T.; Kimura, H.; Akamatsu, S.; Hayashi, Y.; Fujita, K.; Kobayashi, T.; Shimizu, K.; Nonomura, N.; et al.
High level of phosphatidylcholines/lysophosphatidylcholine ratio in urine is associated with prostate cancer. Cancer Sci. 2021,
112, 4292–4302. [CrossRef]

38. Lin, H.M.; Mahon, K.L.; Weir, J.M.; Mundra, P.A.; Spielman, C.; Briscoe, K.; Gurney, H.; Mallesara, G.; Marx, G.; Stockler, M.R.;
et al. A distinct plasma lipid signature associated with poor prognosis in castration-resistant prostate cancer. Int. J. Cancer 2017,
141, 2112–2120. [CrossRef]

39. Lin, H.M.; Huynh, K.; Kohli, M.; Tan, W.; Azad, A.A.; Yeung, N.; Mahon, K.L.; Mak, B.; Sutherland, P.D.; Shepherd, A.; et al.
Aberrations in circulating ceramide levels are associated with poor clinical outcomes across localised and metastatic prostate
cancer. Prostate Cancer Prostatic Dis. 2021, 24, 860–870. [CrossRef]

40. Chen, X.; Zhu, Y.; Jijiwa, M.; Nasu, M.; Ai, J.; Dai, S.; Jiang, B.; Zhang, J.; Huang, G.; Deng, Y. Identification of plasma lipid species
as promising diagnostic markers for prostate cancer. BMC Med. Inform. Decis. Mak. 2020, 20 (Suppl. 9), 223. [CrossRef]

41. Snider, A.J.; Seeds, M.C.; Johnstone, L.; Snider, J.M.; Hallmark, B.; Dutta, R.; Moraga Franco, C.; Parks, J.S.; Bensen, J.T.; Broeckling,
C.D.; et al. Identification of plasma glycosphingolipids as potential biomarkers for prostate cancer (PCa) status. Biomolecules 2020,
10, 1393. [CrossRef] [PubMed]

42. Freeman, M.R.; Solomon, K.R. Cholesterol and benign prostate disease. Differentiation 2011, 82, 244–252. [CrossRef] [PubMed]
43. Pelton, K.; Freeman, M.R.; Solomon, K.R. Cholesterol and prostate cancer. Curr. Opin. Pharmacol. 2012, 12, 751–759. [CrossRef]

[PubMed]
44. Murtola, T.J.; Syvälä, H.; Pennanen, P.; Bläuer, M.; Solakivi, T.; Ylikomi, T.; Tammela, T.L. The importance of LDL and cholesterol

metabolism for prostate epithelial cell growth. PLoS ONE 2012, 7, e39445. [CrossRef]
45. Murtola, T.J.; Syvälä, H.; Pennanen, P.; Bläuer, M.; Solakivi, T.; Ylikomi, T.; Tammela, T.L. Comparative effects of high and

low-dose simvastatin on prostate epithelial cells: The role of LDL. Eur. J. Pharmacol. 2011, 673, 96–100. [CrossRef]
46. Hoque, A.; Chen, H.; Xu, X.C. Statin induces apoptosis and cell growth arrest in prostate cancer cells. Cancer Epidemiol. Biomark.

Prev. 2008, 17, 88–94. [CrossRef]
47. Murtola, T.J.; Pennanen, P.; Syvälä, H.; Bläuer, M.; Ylikomi, T.; Tammela, T.L. Effects of simvastatin, acetylsalicylic acid, and

rosiglitazone on proliferation of normal and cancerous prostate epithelial cells at therapeutic concentrations. Prostate 2009, 69,
1017–1023. [CrossRef]

http://doi.org/10.18632/oncotarget.5879
http://doi.org/10.1038/s41588-017-0027-2
http://doi.org/10.1073/pnas.1808834116
http://doi.org/10.1038/sj.onc.1205992
http://doi.org/10.1371/journal.pone.0134206
http://doi.org/10.1186/s12944-021-01437-5
http://doi.org/10.1038/srep20984
http://www.ncbi.nlm.nih.gov/pubmed/26865432
http://doi.org/10.1158/0008-5472.CAN-20-3863
http://www.ncbi.nlm.nih.gov/pubmed/34362796
http://doi.org/10.1002/1097-0045(20000901)44:4&lt;271::AID-PROS2&gt;3.0.CO;2-G
http://doi.org/10.3390/cancers13194964
http://doi.org/10.1371/journal.pone.0048889
http://doi.org/10.1371/journal.pone.0150253
http://doi.org/10.1111/cas.15093
http://doi.org/10.1002/ijc.30903
http://doi.org/10.1038/s41391-021-00338-z
http://doi.org/10.1186/s12911-020-01242-7
http://doi.org/10.3390/biom10101393
http://www.ncbi.nlm.nih.gov/pubmed/33007922
http://doi.org/10.1016/j.diff.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21862201
http://doi.org/10.1016/j.coph.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22824430
http://doi.org/10.1371/journal.pone.0039445
http://doi.org/10.1016/j.ejphar.2011.10.022
http://doi.org/10.1158/1055-9965.EPI-07-0531
http://doi.org/10.1002/pros.20951


Cancers 2022, 14, 4293 17 of 19

48. Kochuparambil, S.T.; Al-Husein, B.; Goc, A.; Soliman, S.; Somanath, P.R. Anticancer efficacy of simvastatin on prostate cancer
cells and tumor xenografts is associated with inhibition of Akt and reduced prostate-specific antigen expression. J. Pharmacol.
Exp. Ther. 2011, 336, 496–505. [CrossRef]

49. Longo, J.; Mullen, P.J.; Yu, R.; van Leeuwen, J.E.; Masoomian, M.; Woon, D.T.S.; Wang, Y.; Chen, E.X.; Hamilton, R.J.; Sweet, J.M.;
et al. An actionable sterol-regulated feedback loop modulates statin sensitivity in prostate cancer. Mol. Metab. 2019, 25, 119–130.
[CrossRef]

50. Kong, Y.; Cheng, L.; Mao, F.; Zhang, Z.; Zhang, Y.; Farah, E.; Bosler, J.; Bai, Y.; Ahmad, N.; Kuang, S.; et al. Inhibition of
cholesterol biosynthesis overcomes enzalutamide resistance in castration-resistant prostate cancer (CRPC). J. Biol. Chem. 2018,
293, 14328–14341. [CrossRef]

51. Neuwirt, H.; Bouchal, J.; Kharaishvili, G.; Ploner, C.; Jöhrer, K.; Pitterl, F.; Weber, A.; Klocker, H.; Eder, I.E. Cancer-associated
fibroblasts promote prostate tumor growth and progression through upregulation of cholesterol and steroid biosynthesis. Cell
Commun. Signal 2020, 18, 11. [CrossRef] [PubMed]

52. Caro-Maldonado, A.; Camacho, L.; Zabala-Letona, A.; Torrano, V.; Fernández-Ruiz, S.; Zamacola-Bascaran, K.; Arreal, L.;
Valcárcel-Jiménez, L.; Martín-Martín, N.; Flores, J.M.; et al. Low-dose statin treatment increases prostate cancer aggressiveness.
Oncotarget 2017, 9, 1494–1504. [CrossRef] [PubMed]

53. Wang, Y.; You, S.; Su, S.; Yeon, A.; Lo, E.M.; Kim, S.; Mohler, J.L.; Freeman, M.R.; Kim, H.L. Cholesterol-lowering intervention
decreases mTOR complex 2 signaling and enhances antitumor immunity. Clin. Cancer Res. 2022, 28, 414–424. [CrossRef] [PubMed]

54. Pan, T.; Lin, S.C.; Lee, Y.C.; Yu, G.; Song, J.H.; Pan, J.; Titus, M.; Satcher, R.L.; Panaretakis, T.; Logothetis, C.; et al. Statins reduce
castration-induced bone marrow adiposity and prostate cancer progression in bone. Oncogene 2021, 40, 4592–4603. [CrossRef]

55. Murtola, T.J.; Syvälä, H.; Tolonen, T.; Helminen, M.; Riikonen, J.; Koskimäki, J.; Pakarainen, T.; Kaipia, A.; Isotalo, T.; Kujala, P.; et al.
Atorvastatin versus placebo for prostate cancer before radical prostatectomy-A randomized, double-blind, placebo-controlled
clinical trial. Eur. Urol. 2018, 74, 697–701. [CrossRef]

56. Knuuttila, E.; Riikonen, J.; Syvälä, H.; Auriola, S.; Murtola, T.J. Access and concentrations of atorvastatin in the prostate in men
with prostate cancer. Prostate 2019, 79, 1412–1419. [CrossRef]

57. Raittinen, P.V.H.; Syvälä, H.; Tammela, T.L.J.; Häkkinen, M.R.; Ilmonen, P.; Auriola, S.; Murtola, T.J. Atorvastatin induces adrenal
androgen downshift in men with prostate cancer: A post Hoc analysis of a pilot adaptive randomised clinical trial. EBioMedicine
2021, 68, 103432. [CrossRef]

58. Raittinen, P.; Niemistö, K.; Pennanen, E.; Syvälä, H.; Auriola, S.; Riikonen, J.; Lehtimäki, T.; Ilmonen, P.; Murtola, T. Circulatory
and prostatic tissue lipidomic profiles shifts after high-dose atorvastatin use in men with prostate cancer. Sci. Rep. 2020, 10, 12016.
[CrossRef]

59. Enwald, M.; Lehtimäki, T.; Mishra, P.P.; Mononen, N.; Murtola, T.J.; Raitoharju, E. Human prostate tissue microRNAs and their
predicted target pathways linked to prostate cancer risk factors. Cancers 2021, 13, 3537. [CrossRef]

60. Jeong, I.G.; Lim, B.; Yun, S.C.; Lim, J.H.; Hong, J.H.; Kim, C.S. Adjuvant low-dose statin use after radical prostatectomy: The
PRO-STAT randomized clinical trial. Clin. Cancer Res. 2021, 27, 5004–5011. [CrossRef]

61. Siltari, A.; Riikonen, J.; Koskimäki, J.; Pakarainen, T.; Ettala, O.; Boström, P.; Seikkula, H.; Kotsar, A.; Tammela, T.; Helminen,
M.; et al. Randomised double-blind phase 3 clinical study testing impact of atorvastatin on prostate cancer progression after
initiation of androgen deprivation therapy: Study protocol. BMJ Open. 2022, 12, e050264. [CrossRef] [PubMed]

62. Li, D.; Li, Y. The interaction between ferroptosis and lipid metabolism in cancer. Signal Transduct Target Ther. 2020, 5, 108.
[CrossRef]

63. Hoy, A.J.; Nagarajan, S.R.; Butler, L.M. Tumour fatty acid metabolism in the context of therapy resistance and obesity. Nat. Rev.
Cancer 2021, 21, 753–766. [CrossRef]

64. Liang, D.; Minikes, A.M.; Jiang, X. Ferroptosis at the intersection of lipid metabolism and cellular signaling. Mol. Cell 2022, 82,
2215–2227. [CrossRef] [PubMed]

65. Liu, H.; Gao, L.; Xie, T.; Li, J.; Zhai, T.S.; Xu, Y. Identification and validation of a prognostic signature for prostate cancer based on
ferroptosis-related genes. Front. Oncol. 2021, 11, 623313. [CrossRef] [PubMed]

66. Tousignant, K.D.; Rockstroh, A.; Poad, B.L.J.; Talebi, A.; Young, R.S.E.; Taherian Fard, A.; Gupta, R.; Zang, T.; Wang, C.; Lehman,
M.L.; et al. Therapy-induced lipid uptake and remodeling underpin ferroptosis hypersensitivity in prostate cancer. Cancer Metab.
2020, 8, 11. [CrossRef]

67. Bordini, J.; Morisi, F.; Elia, A.R.; Santambrogio, P.; Pagani, A.; Cucchiara, V.; Ghia, P.; Bellone, M.; Briganti, A.; Camaschella, C.;
et al. Iron induces cell death and strengthens the efficacy of antiandrogen therapy in prostate cancer models. Clin. Cancer Res.
2020, 26, 6387–6398. [CrossRef]

68. Yang, Y.; Liu, T.; Hu, C.; Xia, H.; Liu, W.; Chen, J.; Wu, S.; Jiang, Y.; Xu, Y.; Liu, W.; et al. Ferroptosis inducer erastin downregulates
androgen receptor and its splice variants in castration resistant prostate cancer. Oncol. Rep. 2021, 45, 25. [CrossRef]

69. Yi, J.; Zhu, J.; Wu, J.; Thompson, C.B.; Jiang, X. Oncogenic activation of PI3K-AKT-mTOR signaling suppresses ferroptosis via
SREBP-mediated lipogenesis. Proc. Natl. Acad. Sci. USA 2020, 117, 31189–31197. [CrossRef]

70. Kumar, R.; Mendonca, J.; Owoyemi, O.; Boyapati, K.; Thomas, N.; Kanacharoen, S.; Coffey, M.; Topiwala, D.; Gomes, C.; Ozbek,
B.; et al. Supraphysiologic testosterone induces ferroptosis and activates immune pathways through nucleophagy in prostate
cancer. Cancer Res. 2021, 81, 5948–5962. [CrossRef]

http://doi.org/10.1124/jpet.110.174870
http://doi.org/10.1016/j.molmet.2019.04.003
http://doi.org/10.1074/jbc.RA118.004442
http://doi.org/10.1186/s12964-019-0505-5
http://www.ncbi.nlm.nih.gov/pubmed/31980029
http://doi.org/10.18632/oncotarget.22217
http://www.ncbi.nlm.nih.gov/pubmed/29416709
http://doi.org/10.1158/1078-0432.CCR-21-1535
http://www.ncbi.nlm.nih.gov/pubmed/34728526
http://doi.org/10.1038/s41388-021-01874-7
http://doi.org/10.1016/j.eururo.2018.06.037
http://doi.org/10.1002/pros.23863
http://doi.org/10.1016/j.ebiom.2021.103432
http://doi.org/10.1038/s41598-020-68868-5
http://doi.org/10.3390/cancers13143537
http://doi.org/10.1158/1078-0432.CCR-21-0480
http://doi.org/10.1136/bmjopen-2021-050264
http://www.ncbi.nlm.nih.gov/pubmed/35487730
http://doi.org/10.1038/s41392-020-00216-5
http://doi.org/10.1038/s41568-021-00388-4
http://doi.org/10.1016/j.molcel.2022.03.022
http://www.ncbi.nlm.nih.gov/pubmed/35390277
http://doi.org/10.3389/fonc.2021.623313
http://www.ncbi.nlm.nih.gov/pubmed/34336641
http://doi.org/10.1186/s40170-020-00217-6
http://doi.org/10.1158/1078-0432.CCR-20-3182
http://doi.org/10.3892/or.2021.7976
http://doi.org/10.1073/pnas.2017152117
http://doi.org/10.1158/0008-5472.CAN-20-3607


Cancers 2022, 14, 4293 18 of 19

71. Ghoochani, A.; Hsu, E.C.; Aslan, M.; Rice, M.A.; Nguyen, H.M.; Brooks, J.D.; Corey, E.; Paulmurugan, R.; Stoyanova, T. Ferroptosis
inducers are a novel therapeutic approach for advanced prostate cancer. Cancer Res. 2021, 81, 1583–1594. [CrossRef] [PubMed]

72. Massie, C.E.; Lynch, A.; Ramos-Montoya, A.; Boren, J.; Stark, R.; Fazli, L.; Warren, A.; Scott, H.; Madhu, B.; Sharma, N.; et al.
The androgen receptor fuels prostate cancer by regulating central metabolism and biosynthesis. EMBO J. 2011, 30, 2719–2733.
[CrossRef] [PubMed]

73. Tousignant, K.D.; Rockstroh, A.; Taherian Fard, A.; Lehman, M.L.; Wang, C.; McPherson, S.J.; Philp, L.K.; Bartonicek, N.; Dinger,
M.E.; Nelson, C.C.; et al. Lipid uptake is an androgen-enhanced lipid supply pathway associated with prostate cancer disease
progression and bone metastasis. Mol. Cancer Res. 2019, 17, 1166–1179. [CrossRef] [PubMed]

74. Bramhecha, Y.M.; Guérard, K.P.; Audet-Walsh, É.; Rouzbeh, S.; Kassem, O.; Pernet, E.; Scarlata, E.; Hamel, L.; Brimo, F.; Divangahi,
M.; et al. Fatty acid oxidation enzyme ∆3, ∆2-enoyl-CoA isomerase 1 (ECI1) drives aggressive tumor phenotype and predicts
poor clinical outcome in prostate cancer patients. Oncogene 2022, 41, 2798–2810. [CrossRef] [PubMed]

75. Valentino, A.; Calarco, A.; Di Salle, A.; Finicelli, M.; Crispi, S.; Calogero, R.A.; Riccardo, F.; Sciarra, A.; Gentilucci, A.; Galderisi, U.;
et al. Deregulation of MicroRNAs mediated control of carnitine cycle in prostate cancer: Molecular basis and pathophysiological
consequences. Oncogene 2017, 36, 6030–6040. [CrossRef] [PubMed]

76. Andersen, M.K.; Høiem, T.S.; Claes, B.S.R.; Balluff, B.; Martin-Lorenzo, M.; Richardsen, E.; Krossa, S.; Bertilsson, H.; Heeren,
R.M.A.; Rye, M.B.; et al. Spatial differentiation of metabolism in prostate cancer tissue by MALDI-TOF MSI. Cancer Metab. 2021, 9,
9. [CrossRef] [PubMed]

77. Han, W.; Gao, S.; Barrett, D.; Ahmed, M.; Han, D.; Macoska, J.A.; He, H.H.; Cai, C. Reactivation of androgen receptor-regulated
lipid biosynthesis drives the progression of castration-resistant prostate cancer. Oncogene 2018, 37, 710–721. [CrossRef]

78. Zadra, G.; Loda, M. Metabolic vulnerabilities of prostate cancer: Diagnostic and therapeutic opportunities. Cold Spring Harb.
Perspect. Med. 2018, 8, a030569. [CrossRef]

79. Schlaepfer, I.R.; Rider, L.; Rodrigues, L.U.; Gijón, M.A.; Pac, C.T.; Romero, L.; Cimic, A.; Sirintrapun, S.J.; Glodé, L.M.; Eckel, R.H.;
et al. Lipid catabolism via CPT1 as a therapeutic target for prostate cancer. Mol. Cancer Ther. 2014, 13, 2361–2371. [CrossRef]

80. Zadra, G.; Photopoulos, C.; Tyekucheva, S.; Heidari, P.; Weng, Q.P.; Fedele, G.; Liu, H.; Scaglia, N.; Priolo, C.; Sicinska, E.; et al.
A novel direct activator of AMPK inhibits prostate cancer growth by blocking lipogenesis. EMBO Mol. Med. 2014, 6, 519–538.
[CrossRef]

81. Nassar, Z.D.; Mah, C.Y.; Dehairs, J.; Burvenich, I.J.; Irani, S.; Centenera, M.M.; Helm, M.; Shrestha, R.K.; Moldovan, M.; Don, A.S.;
et al. Human DECR1 is an androgen-repressed survival factor that regulates PUFA oxidation to protect prostate tumor cells from
ferroptosis. Elife 2020, 9, e54166. [CrossRef] [PubMed]

82. Blomme, A.; Ford, C.A.; Mui, E.; Patel, R.; Ntala, C.; Jamieson, L.E.; Planque, M.; McGregor, G.H.; Peixoto, P.; Hervouet, E.;
et al. 2,4-dienoyl-CoA reductase regulates lipid homeostasis in treatment-resistant prostate cancer. Nat. Commun. 2020, 11, 2508.
[CrossRef] [PubMed]

83. Lim, S.A.; Wei, J.; Nguyen, T.M.; Shi, H.; Su, W.; Palacios, G.; Dhungana, Y.; Chapman, N.M.; Long, L.; Saravia, J.; et al. Lipid
signalling enforces functional specialization of Treg cells in tumours. Nature 2021, 591, 306–311. [CrossRef] [PubMed]

84. Liu, C.; Chikina, M.; Deshpande, R.; Menk, A.V.; Wang, T.; Tabib, T.; Brunazzi, E.A.; Vignali, K.M.; Sun, M.; Stolz, D.B.; et al. Treg
cells promote the SREBP1-dependent metabolic fitness of tumor-promoting macrophages via repression of CD8+ T cell-serived
interferon-γ. Immunity 2019, 51, 381–397. [CrossRef] [PubMed]

85. Sun, Y.; Jing, J.; Xu, H.; Xu, L.; Hu, H.; Tang, C.; Liu, S.; Wei, Q.; Duan, R.; Guo, J.; et al. N-cadherin inhibitor creates a
microenvironment that protect TILs from immune checkpoints and Treg cells. J. Immunother Cancer 2021, 9, e002138. [CrossRef]

86. Guan, X.; Polesso, F.; Wang, C.; Sehrawat, A.; Hawkins, R.M.; Murray, S.E.; Thomas, G.V.; Caruso, B.; Thompson, R.F.; Wood,
M.A.; et al. Androgen receptor activity in T cells limits checkpoint blockade efficacy. Nature 2022, 606, 791–796. [CrossRef]

87. Ma, X.; Bi, E.; Lu, Y.; Su, P.; Huang, C.; Liu, L.; Wang, Q.; Yang, M.; Kalady, M.F.; Qian, J.; et al. Cholesterol induces CD8+ T cell
exhaustion in the tumor microenvironment. Cell Metab. 2019, 30, 143–156. [CrossRef]

88. Ma, X.; Bi, E.; Huang, C.; Lu, Y.; Xue, G.; Guo, X.; Wang, A.; Yang, M.; Qian, J.; Dong, C.; et al. Cholesterol negatively regulates
IL-9-producing CD8+ T cell differentiation and antitumor activity. J. Exp. Med. 2018, 215, 1555–1569. [CrossRef]

89. Lei, K.; Kurum, A.; Kaynak, M.; Bonati, L.; Han, Y.; Cencen, V.; Gao, M.; Xie, Y.Q.; Guo, Y.; Hannebelle, M.T.M.; et al. Cancer-cell
stiffening via cholesterol depletion enhances adoptive T-cell immunotherapy. Nat. Biomed. Eng. 2021, 5, 1411–1425. [CrossRef]

90. Yang, W.; Bai, Y.; Xiong, Y.; Zhang, J.; Chen, S.; Zheng, X.; Meng, X.; Li, L.; Wang, J.; Xu, C.; et al. Potentiating the antitumour
response of CD8(+) T cells by modulating cholesterol metabolism. Nature 2016, 531, 651–655. [CrossRef]

91. Schmidt, N.M.; Wing, P.A.C.; Diniz, M.O.; Pallett, L.J.; Swadling, L.; Harris, J.M.; Burton, A.R.; Jeffery-Smith, A.; Zakeri, N.; Amin,
O.E.; et al. Targeting human Acyl-CoA: Cholesterol acyltransferase as a dual viral and T cell metabolic checkpoint. Nat. Commun.
2021, 12, 2814. [CrossRef] [PubMed]

92. Liu, X.; Bao, X.; Hu, M.; Chang, H.; Jiao, M.; Cheng, J.; Xie, L.; Huang, Q.; Li, F.; Li, C.Y. Inhibition of PCSK9 potentiates immune
checkpoint therapy for cancer. Nature 2020, 588, 693–698. [CrossRef] [PubMed]

93. Sun, L.; Ding, H.; Jia, Y.; Shi, M.; Guo, D.; Yang, P.; Wang, Y.; Liu, F.; Zhang, Y.; Zhu, Z. Associations of genetically proxied
inhibition of HMG-CoA reductase, NPC1L1, and PCSK9 with breast cancer and prostate cancer. Breast Cancer Res. 2022, 24, 12.
[CrossRef] [PubMed]

94. De Angulo, A.; Travis, P.; Galvan, G.C.; Jolly, C.; de Graffenried, L. Obesity-modified CD4+ T-cells promote an epithelial-
mesenchymal transition phenotype in prostate cancer cells. Nutr. Cancer 2022, 74, 650–659. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-20-3477
http://www.ncbi.nlm.nih.gov/pubmed/33483372
http://doi.org/10.1038/emboj.2011.158
http://www.ncbi.nlm.nih.gov/pubmed/21602788
http://doi.org/10.1158/1541-7786.MCR-18-1147
http://www.ncbi.nlm.nih.gov/pubmed/30808729
http://doi.org/10.1038/s41388-022-02276-z
http://www.ncbi.nlm.nih.gov/pubmed/35411033
http://doi.org/10.1038/onc.2017.216
http://www.ncbi.nlm.nih.gov/pubmed/28671672
http://doi.org/10.1186/s40170-021-00242-z
http://www.ncbi.nlm.nih.gov/pubmed/33514438
http://doi.org/10.1038/onc.2017.385
http://doi.org/10.1101/cshperspect.a030569
http://doi.org/10.1158/1535-7163.MCT-14-0183
http://doi.org/10.1002/emmm.201302734
http://doi.org/10.7554/eLife.54166
http://www.ncbi.nlm.nih.gov/pubmed/32686647
http://doi.org/10.1038/s41467-020-16126-7
http://www.ncbi.nlm.nih.gov/pubmed/32427840
http://doi.org/10.1038/s41586-021-03235-6
http://www.ncbi.nlm.nih.gov/pubmed/33627871
http://doi.org/10.1016/j.immuni.2019.06.017
http://www.ncbi.nlm.nih.gov/pubmed/31350177
http://doi.org/10.1136/jitc-2020-002138
http://doi.org/10.1038/s41586-022-04522-6
http://doi.org/10.1016/j.cmet.2019.04.002
http://doi.org/10.1084/jem.20171576
http://doi.org/10.1038/s41551-021-00826-6
http://doi.org/10.1038/nature17412
http://doi.org/10.1038/s41467-021-22967-7
http://www.ncbi.nlm.nih.gov/pubmed/33990561
http://doi.org/10.1038/s41586-020-2911-7
http://www.ncbi.nlm.nih.gov/pubmed/33177715
http://doi.org/10.1186/s13058-022-01508-0
http://www.ncbi.nlm.nih.gov/pubmed/35151363
http://doi.org/10.1080/01635581.2021.1898649


Cancers 2022, 14, 4293 19 of 19

95. El-Kenawi, A.; Dominguez-Viqueira, W.; Liu, M.; Awasthi, S.; Abraham-Miranda, J.; Keske, A.; Steiner, K.K.; Noel, L.; Serna, A.N.;
Dhillon, J.; et al. Macrophage-derived cholesterol contributes to therapeutic resistance in prostate cancer. Cancer Res. 2021, 81,
5477–5490. [CrossRef]

96. Sag, D.; Cekic, C.; Wu, R.; Linden, J.; Hedrick, C.C. The cholesterol transporter ABCG1 links cholesterol homeostasis and tumour
immunity. Nat. Commun. 2015, 6, 6354. [CrossRef]

97. Lee, M.K.; Moore, X.L.; Fu, Y.; Al-Sharea, A.; Dragoljevic, D.; Fernandez-Rojo, M.A.; Parton, R.; Sviridov, D.; Murphy, A.J.;
Chin-Dusting, J.P. High-density lipoprotein inhibits human M1 macrophage polarization through redistribution of caveolin-1. Br.
J. Pharmacol. 2016, 173, 741–751. [CrossRef]

98. Masetti, M.; Carriero, R.; Portale, F.; Marelli, G.; Morina, N.; Pandini, M.; Iovino, M.; Partini, B.; Erreni, M.; Ponzetta, A.; et al.
Lipid-loaded tumor-associated macrophages sustain tumor growth and invasiveness in prostate cancer. J. Exp. Med. 2022, 219,
e20210564. [CrossRef]

99. Hayashi, T.; Fujita, K.; Nojima, S.; Hayashi, Y.; Nakano, K.; Ishizuya, Y.; Wang, C.; Yamamoto, Y.; Kinouchi, T.; Matsuzaki, K.; et al.
High-fat diet-induced inflammation accelerates prostate cancer Ggowth via IL6 signaling. Clin. Cancer Res. 2018, 24, 4309–4318.
[CrossRef]

100. Gevariya, N.; Besançon, M.; Robitaille, K.; Picard, V.; Diabaté, L.; Alesawi, A.; Julien, P.; Fradet, Y.; Bergeron, A.; Fradet, V.
Omega-3 fatty acids decrease prostate cancer progression associated with an anti-tumor immune response in eugonadal and
castrated mice. Prostate 2019, 79, 9–20. [CrossRef]

101. Allott, E.H.; Howard, L.E.; Vidal, A.C.; Moreira, D.M.; Castro-Santamaria, R.; Andriole, G.L.; Freedland, S.J. Statin use, serum
lipids, and prostate inflammation in men with a negative prostate biopsy: Results from the REDUCE Trial. Cancer Prev. Res. 2017,
10, 319–326. [CrossRef] [PubMed]

102. Gurel, B.; Lucia, M.S.; Thompson, I.M., Jr.; Goodman, P.J.; Tangen, C.M.; Kristal, A.R.; Parnes, H.L.; Hoque, A.; Lippman, S.M.;
Sutcliffe, S.; et al. Chronic inflammation in benign prostate tissue is associated with high-grade prostate cancer in the placebo arm
of the prostate cancer prevention trial. Cancer Epidemiol. Biomark. Prev. 2014, 23, 847–856. [CrossRef]

103. Murtola, T.J.; Gurel, B.; Umbehr, M.; Lucia, M.S.; Thompson, I.M., Jr.; Goodman, P.J.; Kristal, A.R.; Parnes, H.L.; Lippman, S.M.;
Sutcliffe, S.; et al. Inflammation in benign prostate tissue and prostate cancer in the finasteride arm of the Prostate Cancer
Prevention Trial. Cancer Epidemiol. Biomark. Prev. 2016, 25, 463–469. [CrossRef]

104. Hurwitz, L.M.; Kulac, I.; Gumuskaya, B.; Valle, J.A.B.D.; Benedetti, I.; Pan, F.; Liu, J.O.; Marrone, M.T.; Arnold, K.B.; Goodman,
P.J.; et al. Use of aspirin and statins in relation to inflammation in benign prostate tissue in the placebo arm of the Prostate Cancer
Prevention Trial. Cancer Prev. Res. 2020, 13, 853–862. [CrossRef] [PubMed]

105. Kauerova, S.; Bartuskova, H.; Muffova, B.; Janousek, L.; Fronek, J.; Petras, M.; Poledne, R.; Kralova Lesna, I. Statins directly
influence the polarization of adipose tissue macrophages: A role in chronic inflammation. Biomedicines 2021, 9, 211. [CrossRef]
[PubMed]

106. Qiao, Y.; Choi, J.E.; Tien, J.C.; Simko, S.A.; Rajendiran, T.; Vo, J.N.; Delekta, A.D.; Wang, L.; Xiao, L.; Hodge, N.B.; et al. Autophagy
inhibition by targeting PIKfyve potentiates response to immune checkpoint blockade in prostate cancer. Nat. Cancer 2021, 2,
978–993. [CrossRef]

107. Guth, A.; Monk, E.; Agarwal, R.; Bergman, B.C.; Zemski-Berry, K.A.; Minic, A.; Jordan, K.; Schlaepfer, I.R. Targeting fat oxidation
in mouse prostate cancer decreases tumor growth and stimulates anti-cancer immunity. Int. J. Mol. Sci. 2020, 21, 9660. [CrossRef]

108. Estève, D.; Roumiguié, M.; Manceau, C.; Milhas, D.; Muller, C. Periprostatic adipose tissue: A heavy player in prostate cancer
progression. Curr. Opin. Endocr. Metab. Res. 2020, 10, 29–35. [CrossRef]

109. Kapoor, J.; Namdarian, B.; Pedersen, J.; Hovens, C.; Moon, D.; Peters, J.; Costello, A.J.; Ruljancich, P.; Corcoran, N.M. Extraprostatic
extension into periprostatic fat is a more important determinant of prostate cancer recurrence than an invasive phenotype. J. Urol.
2013, 190, 2061–2066. [CrossRef]

110. Hoda, M.R.; Theil, G.; Mohammed, N.; Fischer, K.; Fornara, P. The adipocyte-derived hormone leptin has proliferative actions
on androgen-resistant prostate cancer cells linking obesity to advanced stages of prostate cancer. J. Oncol. 2012, 2012, 280386.
[CrossRef]

111. Onuma, M.; Bub, J.D.; Rummel, T.L.; Iwamoto, Y. Prostate cancer cell-adipocyte interaction: Leptin mediates androgen-
independent prostate cancer cell proliferation through c-Jun NH2-terminal kinase. J. Biol. Chem. 2003, 278, 42660–42667.
[CrossRef]

112. Zhang, Q.; Sun, L.J.; Yang, Z.G.; Zhang, G.M.; Huo, R.C. Influence of adipocytokines in periprostatic adipose tissue on prostate
cancer aggressiveness. Cytokine 2016, 85, 148–156. [CrossRef]

113. Ribeiro, R.J.; Monteiro, C.P.; Cunha, V.F.; Azevedo, A.S.; Oliveira, M.J.; Monteiro, R.; Fraga, A.M.; Príncipe, P.; Lobato, C.; Lobo, F.;
et al. Tumor cell-educated periprostatic adipose tissue acquires an aggressive cancer-promoting secretory profile. Cell Physiol.
Biochem. 2012, 29, 233–240. [CrossRef] [PubMed]

114. Dahran, N.; Szewczyk-Bieda, M.; Vinnicombe, S.; Fleming, S.; Nabi, G. Periprostatic fat adipokine expression is correlated with
prostate cancer aggressiveness in men undergoing radical prostatectomy for clinically localized disease. BJU Int. 2019, 123,
985–994. [CrossRef] [PubMed]

http://doi.org/10.1158/0008-5472.CAN-20-4028
http://doi.org/10.1038/ncomms7354
http://doi.org/10.1111/bph.13319
http://doi.org/10.1084/jem.20210564
http://doi.org/10.1158/1078-0432.CCR-18-0106
http://doi.org/10.1002/pros.23706
http://doi.org/10.1158/1940-6207.CAPR-17-0019
http://www.ncbi.nlm.nih.gov/pubmed/28487295
http://doi.org/10.1158/1055-9965.EPI-13-1126
http://doi.org/10.1158/1055-9965.EPI-15-0987
http://doi.org/10.1158/1940-6207.CAPR-19-0450
http://www.ncbi.nlm.nih.gov/pubmed/32581009
http://doi.org/10.3390/biomedicines9020211
http://www.ncbi.nlm.nih.gov/pubmed/33669779
http://doi.org/10.1038/s43018-021-00237-1
http://doi.org/10.3390/ijms21249660
http://doi.org/10.1016/j.coemr.2020.02.007
http://doi.org/10.1016/j.juro.2013.06.050
http://doi.org/10.1155/2012/280386
http://doi.org/10.1074/jbc.M304984200
http://doi.org/10.1016/j.cyto.2016.06.019
http://doi.org/10.1159/000337604
http://www.ncbi.nlm.nih.gov/pubmed/22415092
http://doi.org/10.1111/bju.14469
http://www.ncbi.nlm.nih.gov/pubmed/29969844

	Introduction 
	Lipid Metabolism Is Regulated by SREBP and Interacts with AR Signaling in Prostate Cancer 
	Lipidomic Changes during PCa Progression and Castration Resistance 
	Lipidome as Biomarker in Prostate Cancer 
	Cholesterol Metabolism in PCa 
	Impact of Inhibition of the Cholesterol-Producing Mevalonate Pathway with Statins 
	Fatty Acid Metabolism in PCa 
	Changes in the Lipidome and Cholesterol Metabolism in Cancer-Associated Immune Cells 
	Pharmacological Interventions Targeting Lipid Metabolism Affect Immune Cells 
	Periprostatic Adipose Tissue 
	Conclusions 
	References

