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Abstract

Metabolic reprogramming is one of the most 
critical hallmarks in cancer cells. In the past 
decades, mounting evidence has demon-
strated that, besides the Warburg Effect, lipid 
metabolism dysregulation is also one of the 
essential characteristics of cancer cell metab-
olism. Lipids are water-insoluble molecules 
with diverse categories of phosphoglycer-
ides, triacylglycerides, sphingolipids, sterols, 
etc. As the major utilization for energy stor-
age, fatty acids are the primary building 

blocks for synthesizing triacylglycerides. 
And phosphoglycerides, sphingolipids, and 
sterols are the main components constructing 
biological membranes. More importantly, 
lipids play essential roles in signal transduc-
tion by functioning as second messengers or 
hormones. Much evidence has shown spe-
cific alterations of lipid metabolism in cancer 
cells. Consequently, the structural configura-
tion of biological membranes, the energy 
homeostasis under nutrient stress, and the 
abundance of lipids in the intracellular signal 
transduction are affected by these alterations. 
Furthermore, lipid droplets accumulate in 
cancer cells and function adaptively to differ-
ent types of harmful stress. This chapter 
reviews the regulation, functions, and thera-
peutic benefits of targeting lipid metabolism 
in cancer cells. Overall, this chapter high-
lights the significance of exploring more 
potential therapeutic strategies for malignant 
diseases by unscrambling lipid metabolism 
regulation in cancer cells.
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4.1  Introduction

More and more oncology studies have revealed 
metabolic reprogramming as a hallmark of can-
cer [1, 2]. It has been shown that cancer cells in 
rapid proliferation exhibit high demands for mac-
romolecule biosynthesis and energy consump-
tion. The increased demands of glycolysis and 
glutamine consumption are even more [3–5]. For 
instance, the Warburg Effect decouples glycoly-
sis from pyruvate oxidation in the glucose metab-
olism of cancer cells. Consequently, despite 
high oxygen availability in cancer cells, mito-
chondrial respiration cannot generate maximal 
ATP through the utilization of carbohydrates. A 
deeper understanding of these metabolic changes 
has accelerated new therapeutic approaches to 
cancer [3]. In recent years, though receiving 
less attention, lipid metabolic reprogramming 
in cancer cells has been increasingly recognized 
(Fig. 4.1). It has been widely accepted that lipid 
metabolic reprogramming is a critical molecu-
lar process in the progression of human malig-
nancies [1, 6, 7]. By promoting the exogenous 
lipids’ uptake or increasing endogenous lipid 
synthesis, cancer cells with active proliferation 
show high lipid avidity [8]. A growing body of 
studies has proved that, as most of the lipogenic 
enzymes are activated, cancer cells exhibit a shift 
in lipid metabolism [9]. For example, it has been 
reported that cancer cells cultured with a medium 

containing lipoprotein-deficient serum could sig-
nificantly inhibit proliferation and increase cell 
death. However, supplementation of high-den-
sity lipoprotein (HDL), low-density lipoprotein 
(LDL), or very-low-density lipoprotein (VLDL) 
into the serum could partially restore the growth 
rate of transformed cells, suggesting the sup-
portive role of lipoproteins in tumor growth [10]. 
Moreover, it has been reported that prostate can-
cer cells could significantly elevate the uptake of 
exogenous cholesterol and lipoproteins, leading 
to accumulation in lipid droplets (LDs) of cho-
lesteryl ester (CE) and its storage depletion. This 
metabolic alteration reduces cancer proliferation, 
impairs its invasion capability, and suppresses 
tumor growth [11]. The LDs reserve excessive 
lipids and cholesterol in cancer cells. Therefore, 
high LDs and stored-CE content are now consid-
ered a hallmark of tumor aggressiveness [12]. All 
these discoveries emphasize the importance of 
lipid metabolism reprogramming, which plays a 
critical role in cancer cells.

4.2  Overview of Lipid Metabolic 
Reprogramming in Cancer 
Cells

Cancer happens in cells with disordered growth 
and proliferation, requiring nucleic acids, pro-
teins, and lipids as building blocks. As sources 

Fig. 4.1 Summary of the origin of lipids in mammalian 
cells. Lipid resources in cells are from de novo biosynthe-
sis or the uptake of exogenous lipids. Due to the activation 
of oncogenic pathways, nutrition stress, or energy require-
ments for macromolecule biosynthesis in the transformed 

cells, genes regulating these two biological processes are 
expressed significantly. The abundance of lipids partici-
pates in membrane construction, energy support, signal 
transduction, etc. in cancer cells
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of these building blocks, metabolic intermediates 
are often accumulated in cancer cells due to the 
disturbed metabolism. In the Warburg Effect, the 
most understood glucose metabolic disturbance 
in cancer cells, the carbon from glucose is used to 
build other molecules instead of complete oxidi-
zation to carbon dioxide [13]. During metabolism 
in normal cells, glucose undergoes glycolysis 
in the cytoplasm to produce pyruvate when the 
oxygen is sufficient. Pyruvate is then oxidized 
to acetyl-CoA after entering the mitochondria. 
Acetyl-CoA is a component of the Krebs cycle to 
reduce equivalents for oxidative phosphorylation. 
In the cytoplasm, excess pyruvate is fermented 
to lactate when the oxygen is limited. Due to 
the high efficiency, differentiated cells typically 
yield 36 ATP molecules with one glucose mol-
ecule undergoing the complete oxidative phos-
phorylation. Meanwhile, 2 ATP molecules are 
obtained from anaerobic glycolysis. The Warburg 
Effect fermentates pyruvate even in the presence 
of oxygen. It is characterized by lactate produc-
tion, increased glucose uptake and consumption, 
and a decrease in oxidative phosphorylation. 
The increased glutamine metabolism marks 
another commonly observed alteration in cancer 
cells. By producing α-ketoglutarate to feed into 
the Krebs cycle, glutamine is a primary energy 
substrate in mammalian cells. α-ketoglutarate 
derived from glutamine contributes to citrate 
production by forwarding flux through the malic 
enzyme-dependent pyruvate and the Krebs cycle 
[14]. Through reversing the Krebs cycle reactions 
catalyzed by isocitrate dehydrogenase and aconi-
tase, glutamine can also be converted to citrate. 
The citrate can then be used to generate acetyl 
groups for fatty acids (FAs) synthesis [15–17].

Lipid metabolism is altered in rapidly prolif-
erative cells. The products of FAs are the hub 
in lipid metabolism. In the membrane, storage, 
or signaling lipids, incorporated intracellular 
FAs can be found. Otherwise, these FAs can be 
oxidized to carbon dioxide as an energy source 
[18–20]. In transformed cells from energy pro-
duction, carbon is diverted to FAs for mem-
branes and signaling molecules’ biosynthesis. 
In addition to sterols and sphingolipids, many 
of the cell membrane lipids are phospholipids 

(PLs), including phosphatidylcholine (PC) and 
phosphatidylethanolamine (PE). All these lipids 
are derived partially from acetyl-CoA or con-
tain FAs. Either exogenous sources or de novo 
FA synthesis constitutes the FA building blocks 
in cancer cells. Interestingly, normal cells and 
transformed cells have a distinct preference 
for the utilization of FAs. Most normal cells 
prefer to use exogenous sources of FAs, while 
tumor cells preferentially synthesize FAs de 
novo, and a shift toward FA synthesis is often 
seen in these cells [21, 22]. For the transfer to 
the active status, FAs are covalently modified 
by CoA via fatty acyl-CoA synthetases. Upon 
activation, FAs are esterified with glycerol or 
sterol backbones, thus producing TGs and sterol 
esters (SEs). Then they are stored in the LDs. 
Besides de novo FA synthesis pathways, it was 
also found that some cancer cells scavenge lip-
ids from the environment, indicating that the 
FA uptake pathways might be a critical molecu-
lar event for the malignant behaviors in cancer 
cells. Due to the difference between in vitro and 
in vivo conditions for cell culture experiments, 
the exogenous uptake may be more important 
in some types of cancer cells. For example, 
fatty acid- binding protein 4 (FABP4), a lipid 
chaperone, is involved in providing FAs for 
tumor growth, chemo-resistance, and even 
cancer metastasis of ovarian cancer cells from 
surrounding adipocytes [23–25]. In the study 
of prostate cancer, the utilization of fatty acid 
synthase (FASN) or ATP citrate lyase (ACLY) 
inhibitors can only reduce tumor cell viability 
in cell culture medium deprived with lipopro-
teins, an exogenous lipid source [26]. And more 
importantly, a serial of studies in recent years 
showed that CD36 is related to multiple can-
cers’ malignant behaviors. This molecule is a 
widely expressed transmembrane protein with 
multiple functions, including fatty acid uptake 
[27–30]. All the evidence indicates the repro-
gramming of lipid metabolism in cancer cells 
is in numerous dimensions (Fig.  4.2). Deeply 
understanding the undergoing mechanism for it 
would further extend our knowledge in cancer 
biology and help us explore more specific strate-
gies to treat these malignant diseases.
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4.2.1  Signaling Functions of Lipid 
Products in Cancer Cells

The stimulated biosynthesis of FAs and cho-
lesterol and the mobilization of free FAs from 
triacylglycerides increase the lipids’ level. As a 
result, the signaling functions of these lipid prod-
ucts contribute to different aspects of tumori-
genesis. As a crucial component of lipid rafts, 
cholesterol can stimulate receptor-mediated sig-
nal transduction pathways [31]. Additionally, 
 farnesyl- pyrophosphate, an intermediate of cho-
lesterol synthesis, is required for protein pre-
nylation. The addition of an isoprenoid chain 
modifies several vital proteins in the signal trans-
duction. For example, geranyl-geranylation is 
essential for Rho, Rac, and cdc42 activity, while 
farnesylation is required to activate Ras and Rheb 
proteins [32]. Interestingly, suppressing the activ-
ity of retinoblastoma tumor suppressor RB causes 
senescence of cells by increasing the prenylation 
of N-Ras. This regulation is realized through the 
E2 transcription factor (TF)-dependent activa-
tion of sterol regulatory element-binding proteins 
(SREBP) [33]. All the evidence emphasizes the 

crucial role of lipid-mediated modification in cel-
lular signal transduction.

For paracrine hormones and growth factors, 
including leukotrienes, prostaglandins, steroid 
hormones, and lysophosphatidic acid (LPA), 
lipids can also be a structural basis. The 20-car-
bon unit arachidonic acid is the source of leu-
kotrienes and prostaglandins. And this acid is 
produced from phosphoglycerides by phospho-
lipases A2 and C. Prostaglandin synthesized by 
the enzyme cyclooxygenase-2 (COX-2) has been 
implicated in the promotion of tumor growth, 
neovascularization, and metastatic cancer spread 
by activation of inflammatory responses [34]. 
LPA, a water-soluble phospholipid, comprises a 
phosphate group, a single fatty acid chain, and 
glycerol. It has been demonstrated that aber-
rantly high LPA activation can promote the 
initiation and progression of multiple cancers. 
Mechanistically, it promotes cancer cell sur-
vival, proliferation, and even migration through 
regulating the G-protein-coupled receptors [35]. 
In recent years, it has been demonstrated that 
the alteration of the free FAs level contributes 
to the progression and tumorigenicity of cancer. 

Fig. 4.2 Summary of 
some essential aspects 
of lipid metabolism in 
cancer cells. Some 
critical functional genes 
regulating lipid uptake, 
lipid biosynthesis, 
anabolic and catabolic 
metabolism of lipids, 
etc. are shown. All 
detailed functions and 
the full name of the 
genes’ abbreviation will 
be described in the 
following context
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The enzyme monoacylglycerol lipase (MAGL), 
highly expressed in aggressive cancer cell lines 
and primary tumors, catalyzes monoacylglycer-
ides to free FAs and glycerol. It regulates a FA 
network promoting the survival, growth, inva-
sion, and migration of tumor cells, enriched 
with oncogenic signaling lipids. In nonaggres-
sive cancer cells, the overexpression of MAGL 
can recapitulate this FA network and enhance 
their pathogenicity phenotypes. A high-fat diet 
can rescue the impairments of growth in cancer 
cells lacking MAGL activity, implying the exog-
enous sources of FAs can contribute to MAGL- 
dependent malignancies [36]. Together, these 
findings reveal how a lipolytic enzyme can turn 
the cancer cells’ lipogenic state into pro-tumor 
signals. Accumulative evidence has highlighted 
the importance of lipid products in the intracel-
lular signal transduction of cancer cells.

4.2.2  Alterations in Lipid 
Metabolism in Cancer Cells

4.2.2.1  Deregulation of Lipid 
Metabolism in Cancer Cells

The survival and proliferation of many types of 
cancer require a supply of lipids. The primary 
pathway exploited by cancer cells for acquiring 
lipids is FA synthesis, especially the de novo FAs 
synthesis pathway activation. Boroughs et  al. 
reported that most cultured cancer cells activate 
the de novo FAs synthesize pathway in the pres-
ence of abundant oxygen and extracellular nutri-
ents. However, when there is metabolic stress, 
cancer cells will scavenge for extracellular lip-
ids as a major adaptive mechanism to maintain 
viability and growth [1]. Yao et al. observed that 
rather than de novo synthesis, proliferating fibro-
blasts, and a serial of tumor cells prefer uptaking 
lipids directly from the extracellular environment 
[37]. Besides, many studies have suggested that 
to promote survival and proliferation, several 
cancer cells will utilize both lipogenic and lipo-
lytic pathways to acquire lipids [6–9]. Together, 
these studies support how cancer cells obtain the 
lipids depend on the cell type and microenviron-

ment. The obtaining approaches include de novo 
lipogenesis, uptaking from the environment, and 
hydrolysis of intracellular TG stored in LDs. 
They may play a crucial role in cancer initiation 
and progression. The link between cancer devel-
opment and elevated level of lipid metabolism has 
been extensively featured [18]. The ways of lipid 
metabolism contributing to cancer progression 
are varied. One documented mechanism impli-
cates the proliferation and growth of  transformed 
cells by alterations in lipid metabolic pathways. 
These alterations can offer molecules for signal-
ing transduction, substrates for phospholipid syn-
thesis, and metabolic fuels through mitochondria 
oxidation [38]. Free FAs and cholesterols, the 
excess intracellular lipids, are esterified to TAG 
and CEs, respectively, and then incorporated into 
LDs [39]. In normal cells, the biology of LDs has 
also been extensively studied. For instance, after 
the fusion of smaller ones, LDs’ size can vary 
and increase as their generation proceeds [40]. 
Moreover, adipose tissue can store abundant LDs 
in physiological situations [41]. Several studies 
have proved that cancer cells exhibit a signifi-
cantly increased number of LDs and LD-related 
proteins, including adipose differentiation-
related protein (ADRP) [42]. Therefore, LDs and 
ADRP are potential biomarkers of cancer. Also, 
in harmful situations like drug toxicity, endoplas-
mic reticulum (ER) stress, and reactive oxygen 
species (ROS), the increased number of LDs and 
LD-related proteins can play an adaptive and pro-
tective role. Therefore, LDs and LD-related pro-
teins promote cancer cell proliferation and tumor 
growth.

4.2.2.2  Multiple Steps of Lipid 
Biosynthesis in Cancer Cells

Citrate is an important mediator to link FA 
metabolism with other metabolic networks [43]. 
For example, as an intermediate in the Krebs 
cycle, citrate is the keypoint of glucose metab-
olism feeding into the FA metabolism. The 
citrate’s metabolic fate depends on its subcellu-
lar localization. The Krebs cycle is fed by mito-
chondrial citrate, and the FA synthesis is fed by 
cytoplasmic citrate. Citrate is transported by the 
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transport protein citrate carrier (CIC) across the 
mitochondria’s inner membrane for utilization 
in the cytoplasm. It was found that elevated lev-
els of CIC are correlated with poor prognosis in 
various cancers. Besides, inhibiting citrate trans-
port by benzene- tricarboxylate analog (BTA) 
shows antitumor effects in xenograft mice with 
multiple tumor types [44]. In converting carbons 
from citrate to bioactive FAs, certain links are 
necessary, including ACLY, acetyl-CoA carbox-
ylase (ACC), FASN, and acyl-CoA synthetases, 
also known as fatty acid-CoA ligase (ACS or 
ACSL). In recent years, a growing body of stud-
ies has demonstrated that the high level of some 
enzymes mentioned above is correlated with 
poor prognosis. Inhibiting them can have an anti-
tumor effect in the established cancer models, 
especially in the model of decreased FA avail-
ability. When clinically applying these strategies, 
many enzymes’ inhibitors have minimal impact 
on non-transformed cells. Here, we would like 
to describe them one by one in details as the 
following.

As a central metabolic enzyme, ACLY cata-
lyzes the conversion of citrate to oxaloacetate and 
coenzyme A (CoA) to acetyl-CoA, both of which 
are ATP dependent. For cholesterol biosynthe-
sis, FA metabolism, and protein prenylation and 
acetylation, acetyl-CoA is essential. Due to its 
relation to the proliferation activity of cancer 
cells, ACLY has been considered a target for anti-
cancer drugs in many studies. For example, by 
converting the six-carbon citrate to precursors for 
FA synthesis, the four-carbon oxaloacetate, and 
two-carbon acetyl-CoA, ACLY bridges glucose 
and lipid metabolism. The knockdown of ACLY 
suppresses the ability of cancer cells to transfer 
glucose to lipids, which has been observed in 
murine lymphoid cells and adenocarcinoma cells 
[45, 46]. By genetic or pharmacological inhibi-
tion of ACLY, this metabolic change prevents 
tumorigenesis and impairs xenograft tumor for-
mation in mice [46, 47]. More importantly, inhib-
iting acetyl- CoA production may influence other 
abnormal metabolic pathways in transformed 
cells, due to its essential role as a substrate for the 
acetylation of proteins and nucleic acids [48, 49].  
ACC carboxylates acetyl-CoA to form malonyl- 

CoA, one of the most highly regulated enzymes 
in FA biosynthesis [50]. Citrate and glutamate 
can allosterically regulate ACC and activate its 
expression. Meanwhile, this enzyme is nega-
tively and allosterically regulated by long- and 
short-chain fatty acyl-CoAs, such as palmitoyl- 
CoA. The AMP-activated protein kinase (AMPK) 
can inhibit ACC’s activity by phosphorylation. 
ACC1 and ACC2 are the two isoforms of ACC 
in the human genome. ACC1 exists in lipogenic 
 tissues in large amounts, while ACC2 is enriched 
in oxidative tissues. Due to their existence in dif-
ferent tissues, ACC1 and ACC2 have different 
functions in metabolism. Though malonyl-CoA 
is a common metabolite derived from both ACC1 
and ACC2, the malonyl-CoA catalyzed by AAC1 
is a substrate for FA synthesis, whereas the 
malonyl- CoA catalyzed by ACC2 inhibits CPT1 
and prevents FA degradation. The inhibition of 
ACC1 induces apoptosis in prostate and breast 
cancer cells, but not in the non-transformed cells 
[51, 52]. The knockdown of both ACC1 and 
ACC2 by Soraphen-A in prostate cancer cells 
reveals similar results [51]. However, in breast 
cancer cells, where ACC is chemically inhibited 
by TOFA (5-(tetradecyloxy)-2-furoic acid), a 
contradictory result is reported [53]. Since TOFA 
has been observed to block the epidermal growth 
factor receptor (EGFR)-activated glioblastoma 
(GBM) cells, but not the EGFR-inactivated cell 
lines, we may explain the above findings with 
the role of EGFR signaling [54]. The observation 
further complicates the situation that, by promot-
ing the NADPH-dependent redox balance, sup-
pression of ACC1 or ACC2 can accelerate lung 
cancer growth [55]. Researchers still need to elu-
cidate the other aspects of ACC roles in cancer 
cells. Importantly, it has been demonstrated that 
ACC activity is regulated in a phosphorylation- 
dependent manner. It is identified that AMPK 
phosphorylates ACC1 at Ser79 and ACC2 at 
Ser212. Thus the conversion of acetyl-CoA to 
malonyl-CoA can be inhibited [56–58]. Since 
AMPK can be activated by metformin, which is 
already widely used clinically, more preclinical 
experiments and clinical trials are needed to fur-
ther explore the antitumor activity and therapeu-
tic efficacy of metformin [59].
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The successive condensation reactions cata-
lyzed by FASN can form FA from malonyl-CoA 
and acetyl-CoA substrates, and the 16-carbon 
palmitate is the main product. In many types 
of cancer cells, the elevated level of FASN is 
potently correlated with enhanced FA synthe-
sis and a poor prognosis [9]. It is reported that 
knockdown of FASN decreases TG and phos-
pholipids levels, inhibits proliferation, and 
stimulates apoptosis of prostate cancer cells, 
while has no obvious effect on the viability and 
proliferation of non-transformed fibroblast cells 
[60]. More studies further confirmed the prefer-
ential killing of cancer cells by pharmacological 
inhibition of FASN [61]. Since most cancer cells 
depend on FASN-mediated de novo FA synthe-
sis, whereas most non-transformed cells prefer 
uptake of exogenous FAs, FASN is a particularly 
appealing therapeutic target. However, data from 
the mechanistic experiments showed that FASN 
inhibitor might induce cell death due to the toxic 
accumulation of malonyl-CoA, rather than a lack 
of FAs [53].

ACS activates FAs to generate FA-CoA, thus 
entering the bioactive pools. The bioactive FAs 
also participate in protein palmitoylation, a cru-
cial posttranslational modification in several 
cancers [62]. ACSL1, ACSL3, ACSL4, ACSL5, 
and ACSL6 are the five isoforms of ACS genes 
in mammals. Among them, ACSL4 is upregu-
lated in colon adenocarcinoma, and ACSL5 level 
is increased in GBM [63, 64]. Overexpression 
of ACSL4 promotes tumor cell survival by pre-
venting apoptosis, likely through depletion of 
unesterified arachidonic acid, which yields a 
pro-apoptotic signal [63]. Chemical inhibition of 
ACS by Triacsin C (inhibitor targeting ACSL1, 
ACSL3, and ACSL4, but not ACSL5 or ACSL6) 
preferentially induces apoptotic cell death in lung, 
colon, and brain cancer cells [65–67]. Several 
thiazolidinediones (TZDs) can inhibit the activ-
ity of ACSL4 (not ACSL1 or ACSL5) by direct 
binding in vitro. TZDs, widely used in diabetes 
treatment, can stimulate the peroxisome prolif-
erator-activated receptors (PPARs), especially 
PPARɣ. Strikingly, TZD utilization, in a PPARɣ-
independent manner, is related to decreased inci-
dence of several cancers [68]. Since different 

isoforms of ACS have different tissue specifici-
ties, responses to nutritional state, and preferred 
substrates, this is a noteworthy point when con-
sidering treatment through ACS inactivation [69]. 
Stearoyl-CoA desaturase (SCD) mainly catalyzes 
stearoyl-CoA to oleoyl- CoA by introducing the 
double bonds into short- chain FAs in the C9 posi-
tion [70]. By changing the physical properties of 
FAs, this introduction has profound effects on 
lipid function. SCD1 and SCD5 are the two iso-
forms of SCD in human beings. The frequently 
increased SCD1 expression and activity and its 
importance for cancer biology are increasingly 
recognized [71]. By induction of unsaturated 
FAs, inhibiting SCD1 can promote the death of 
cancer cells [72]. Pharmacological inhibition of 
SCD1 limits tumor growth in preclinical cancer 
models without affecting the overall body weight 
[73, 74]. Interestingly, FAs are also substrates 
for sphingolipid synthesis. Sphingolipids such 
as ceramides and sphingosine-1-phosphate can 
actively suppress or promote tumor growth [75]. 
Furthermore, the accumulation of ceramides is 
involved in the therapeutic effects of various can-
cers [76–78].

4.2.3  The Contribution of Lipid 
Metabolism for the Malignant 
Behaviors in Cancer Cells

In recent years, accumulating evidence has dem-
onstrated lipid metabolism influence in several 
aspects of cancer cells. Owing to the diversity of 
malignant behaviors in cancer cells, some of the 
potential roles and mechanisms of altered lipid 
metabolism on tumor growth, energy adaption, 
redox homeostasis, etc. are described below.

4.2.3.1  Altered Lipid Metabolism 
for Cancer Cell Proliferation 
and Tumor Growth

As the building blocks for biological membranes, 
lipids are primarily required for the highly pro-
liferative cancer cells. In cultured mammalian 
cells, following Akt activation or interleukin-3 
administration, lipid synthesis is also necessary 
for cell growth [79]. Researchers have also found 
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the essential role of SREBP in maintaining the 
cell and organ size of Drosophila melanogaster, 
indicating the conserved significance of lipogen-
esis for growth [80]. The lipogenic gene SREBP 
is activated during mitosis, thus affecting the cell 
cycle progression [81]. SCD, the target gene of 
SREBP, has been reported to be overexpressed 
in ontogenically transformed cells and in several 
human cancers [82–84]. SCD is essential for cell 
transformation in vitro and is associated with the 
genetic predisposition and growth of cancer in 
the mouse model [85]. The knockdown of SCD 
or interruption of the Scd gene inhibits lipid syn-
thesis and enhances β-oxidation by activating 
AMPK in mice [83, 86, 87]. And the cell cycle 
progression can be blocked, and cell death can be 
induced by a chemical inhibitor of SCD1 in lung 
cancer cells [88].

4.2.3.2  Altered Lipid Metabolism 
for Energy Homeostasis 
in Cancer Cells

Compelling evidence has shown the necessity 
of de novo lipid synthesis in cancer cell prolif-
eration. However, why the uptake of exogenous 
lipids fails to meet the enhanced lipid demand 
needs to be elucidated. Therefore, research-
ers reasonably hypothesize that lipid synthesis 
may be involved in the tumourigenic process. 
Cancer cells produce and secrete a high level of 
lactate due to their large glucose consumption 
for energetic and biosynthetic use [89]. Thus 
mechanisms equilibrating the intracellular pH 
are required, which leads to acidification of the 
tumor microenvironment [90]. In some cancer 
cells and conditions, lipid synthesis functions 
as a carbon sink to sequester excess pyruvate 
and avoid lactate production but maintains the 
glycolytic rate at a high level. Furthermore, this 
metabolic process may also participate in redox 
balance. When oxygen is not available, hypoxia- 
tolerant organisms use NADP+, a metabolite of 
lipid synthesis, as an electron acceptor. And the 
hypoxic cancer cells may adopt a similar strategy, 
where lipid synthesis-derived NADP+ can elevate 
the cytoplasmic NAD+ level to maintain glycoly-
sis [91]. The cytosolic NADP+ is used by isoci-
trate dehydrogenase-1 to produce α-ketoglutarate 

since a mitochondria-cytosolic NADPH shuttle 
may exist [92]. After being transported to the 
mitochondria, this metabolite is converted back 
to isocitrate with NADP+’s concomitant produc-
tion. This recently described inverse reaction is 
catalyzed by isocitrate dehydrogenase- 2 [16, 17, 
93]. When there is not enough oxygen to main-
tain flux through the electron transport chain, the 
mitochondrial NADH/NAD+ ratio goes up. In 
this way, the  mitochondrial nicotinamide nucle-
otide transhydrogenase can take up the excess 
NADH to transfer a proton to NAPD+ and gen-
erate NAD+. Through the malate-aspartate or the 
glycerol phosphate shuttles, this product is avail-
able to maintain glycolysis [94]. Thus, lipid syn-
thesis is involved in redox balance between the 
mitochondria and cytoplasm and plays a role in 
maximizing glycolysis.

4.2.3.3  Altered Lipid Metabolism 
for Resistance to Oxidative 
Stress in Cancer Cells

Oxidative stress is harmful to the survival and 
proliferation of mammalian cells. The resistance 
to oxidative stress is one of the critical charac-
teristics of transformed cells. Much evidence has 
demonstrated the resistance to oxidative stress 
can be promoted by de novo lipid biosynthesis in 
cancer cells [95–97]. Due to the absence of desat-
urase, mammalian cells are incapable of synthe-
sizing polyunsaturated FAs. Therefore, compared 
with those obtained through diet, a high de 
novo lipid synthesis rate can elevate the relative 
amount of monounsaturated and saturated FAs. 
Polyunsaturated acyl chains are more susceptible 
to peroxidation. Studies show that lipid synthesis 
inhibition makes cancer cells sensitive to death 
induced by oxidative stress or chemotherapy 
drugs, indicating a novel therapeutic target for 
cancer. However, this intriguing observation still 
needs further investigation.

4.2.3.4  Altered Lipid Metabolism 
for Resistance to Energy Stress 
in Cancer Cells

Most cancer cells have a high glucose utilization 
rate to meet the increased demands of energy and 
biosynthesis. In contrast, some cancer cells dis-
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play a mounting dependence on lipid oxidation 
as their primary energy source [1]. For instance, 
prostate cancer cells exhibit a low glucose con-
sumption rate in general. But the uptake of 
FAs, such as palmitate, is increased, and some 
β-oxidation enzymes are overexpressed in these 
cells [98]. The specialized metabolism of pros-
tate epithelial cells, which secrete high levels of 
citrate into the prostatic fluid, may explain the 
above observation. And prostate cancer cells 
will reactivate the TCA cycle to oxidize the 
secreted citrate during transformation. Moreover, 
β-oxidation has been demonstrated to play a 
role in the proliferation and survival of leuke-
mia cells. Under energy stress, the activation of 
β-oxidation plays a crucial role in supporting 
cancer cell viability [99]. The hematopoietic cells 
can be sensitized to withdraw glucose or growth 
factors through the constitutive activation of the 
PI3K/Akt pathway [100]. However, under these 
circumstances, activating β-oxidation alone is 
enough to maintain cell viability [101]. In GBM 
cells, β-oxidation has also been proved to par-
ticipate in ATP production and oxidative stress 
resistance by providing substrates for glutathione 
and NADPH production, thus allowing cells to 
remove ROS [102].

4.2.4  Upstream Regulatory 
Mechanisms of Lipid 
Synthesis in Cancer Cells

Most of the FA and cholesterol synthesis enzymes 
are regulated by SREBPs, TFs of the helix-loop- 
helix leucine zipper family [103]. SREBP1a, 
SREBP1c, and SREBP2 are the three SREBP 
isoforms identified in mammalian cells. Among 
them, SREBP1a is the isoform with the greatest 
abundance in most cultured cells and mainly con-
trols FA, phospholipid, and TG synthesis. Both 
SREBP1a and SREBP1c are alternatively spliced, 
and their levels vary across different tissues. 
Meanwhile, SREBP2 regulates the expression of 
genes associated with cholesterol synthesis [104]. 
The SREBPs’ activity is closely related to the 
intracellular sterol concentration [105]. The 
SREBP/SCAP complex binds to COPII-coated 

vesicles when the sterol level is low and would be 
translocated to the Golgi apparatus. In this organ-
elle, the transcriptionally active fragment of the 
65-kDa N-terminal is released by a two-step pro-
teolytic cleavage [106]. This mature protein 
enters the nucleus and binds to the promoter 
region of SREBP target genes with the sterol 
regulatory elements [107]. When the sterol level 
is saturated, the combination between SREBP/
SCAP complex and COPII is blocked due to 
insulin-induced genes binding. Thus, the com-
plex stays in the endoplasmic reticulum and can-
not enter the nucleus. This classic sterol-dependent 
regulation termed “regulated intramembrane pro-
teolysis,” is mainly applicable to SREBP2 target 
genes. It is highly conserved from flies to mam-
mals. However, Drosophila’s SREBP processing 
is regulated by phosphatidylcholine and phos-
phatidylethanolamine rather than sterols [108]. 
Interestingly, even in the presence of cholesterol, 
the depletion of phosphatidylcholine in mamma-
lian cells leads to SREBP1 accumulation in the 
nuclear, but not SREBP2. And SREBP1 accumu-
lates through a SCAP-independent mechanism, 
indicating phospholipid level as the principal 
regulator of SREBP1 [109]. Besides proteolysis 
regulation, SREBPs’ activity is regulated by their 
interaction with transcriptional coactivators, such 
as p300 [110]. To transcriptionally activate spe-
cific target genes, SREBP can also recruit and 
bind to cofactor or mediator complexes [111]. 
Furthermore, with a cdc4 phospho-degron motif, 
SREBPs can be phosphorylated by glycogen syn-
thase kinase 3, leading to the polyubiquitination 
and degradation of mature proteins [112, 113]. 
The phosphoinositide 3-kinase/Akt/PKB signal-
ing pathway is often stimulated in human cancer 
cells. By phosphorylating the ATP-citrate lyase, 
Akt can elevate the expression of several FA and 
cholesterol synthesis-related genes [114]. As crit-
ical downstream effector of Akt, the mammalian 
target of rapamycin complex I (mTORC1) is a 
multiprotein kinase implicating in certain meta-
bolic processes [115]. Intriguingly, the accumu-
lation of mature SREBP1 in the nucleus needs an 
activated mTORC1, a downstream target of Akt 
phosphorylation. The metabolically regulatory 
role of mTORC1 has also been proved in cells 
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lacking the tuberous sclerosis complex 1 or 2 
genes, which are two negative regulators of 
mTORC1 [80]. mTORC1 also modulates the 
level of SREBP1 and is essential for stimulating 
hepatic lipogenesis [116]. In mammalian cells 
and the developing wing of D. melanogaster, 
SREBP is also required for the cell size control 
dependent on Akt activation. This finding 
explains the coordinated manner of the Akt/
mTORC axis in regulating protein and lipid syn-
thesis during cell growth [80]. SREBP is also 
found downstream of certain tumor-suppressive 
pathways. Downstream of the tumor suppressor 
liver kinase B1 (LKB1), AMPK can directly 
phosphorylate SREBP and inhibit its proteolytic 
function [117]. Through SREBP1 and SREBP2 
induction, the retinoblastoma protein loss 
increases the expression of genes implicated in 
the isoprenylation of N-Ras [35]. Moreover, 
mutant p53 binds to SREBP at the promoter 
region of genes on the mevalonate pathway, pro-
moting its expression. Through disturbing the tis-
sue architecture and promoting breast cancer 
formation, this hyperactivation reveals the crucial 
role of SREBP-dependent lipogenesis during 
transformation [118]. Both SREBP1 and 
SREBP2 are upregulated in many cancers. 
Though independent of mTORC1, SREBP1 is 
activated by aberrant EGFR signaling in human 
GBM.  Meanwhile, SREBP1-dependent induc-
tion of low-density lipoprotein receptors is criti-
cal for the survival of some cancer [119, 120]. 
These findings have verified the primary role of 
activated SREBP in oncogenic signaling path-
ways.  The microenvironment around solid 
tumors is often hypoxic due to the increased 
tumor volume. Low oxygen level induces 
hypoxia-inducible factors (HIFs), two heterodi-
meric TFs formed by an a-subunit (HIF1-α or 
HIF2-α), and a β-subunit. In the presence of oxy-
gen, the oxygen-sensitive prolylhydroxylases tar-
get and mark HIF-1α and HIF-2α. These two TFs 
are then degraded by the tumor suppressor, Von 
Hippel–Lindau (VHL)-dependent ubiquitination 
[121]. In renal cell carcinomas, VHL is frequently 
mutated, thus creating a pseudo-hypoxic state 
that stabilizes the level of HIF1α and HIF2α, 
even under normoxia [122]. HIFs can also be 

induced by tumorigenic pathways [123]. 
Interestingly, HIFs activity can also be attributed 
to metabolic activity. TCA cycle enzymes of 
fumarate, hydratase, and succinate dehydroge-
nase with inactivating mutations can lead to the 
collection of succinate, which blocks prolyl- 
hydroxylases and promotes the assembly of 
HIF1α [124]. By promoting the expression of 
vascular endothelial growth factor (VEGF), HIF 
activation can induce angiogenesis. And through 
a metabolic shift to anaerobic energy production, 
HIFs can also adapt to the hypoxic microenviron-
ment [125, 126]. HIF also increases the expres-
sion of glucose transporter 1 (GLUT1) and other 
glycolytic enzymes [127, 128]. HIF also upregu-
lates the level of pyruvate dehydrogenase kinase 
1 (PDK1), a kinase that phosphorylates and sup-
presses pyruvate dehydrogenase, thus blocking 
the entry of pyruvate into the TCA cycle and the 
glucose-derived lipid synthesis [129]. However, 
it has been observed that in breast cancer cells, 
HIF1 increases the level of FASN, which is 
upregulated in the hypoxic tumor environment 
[130]. Since hypoxia attenuates the carbon flow 
from glucose to FAs, the FA synthesis under this 
condition requires other carbon sources. Indeed, 
the bidirectional enzyme Acetyl-CoA synthetase 
2, which catalyzes acetyl-CoA synthesis from 
cytoplasmic acetate, is upregulated under this 
hypoxic condition to facilitate the survival of 
cancer cells [131]. More importantly, two back- 
to- back papers published in Nature have reported 
that when mitochondria are unfunctional, the pri-
mary carbon source for lipid synthesis  
falls in glutamine. Researchers found that by 
reductive carboxylation of glutamine-derived 
α-ketoglutarate in cancer cells, isocitrate dehy-
drogenase-1 can produce cytoplasmic citrate, 
which is an active metabolic phenotype in condi-
tions of hypoxia and defective mitochondria [16, 
17]. In different tissues, hypoxia has been dem-
onstrated to have an inhibitory effect on 
β-oxidation. In the heart cells, ischemia inhibits 
β-oxidation by blocking the oxidation of NADH 
and FADH2. When the macrophages are exposed 
to hypoxic conditions, the storage of triacylglyc-
erides is enhanced [132, 133]. By introducing 
hypoxia-inducible protein 2 implicated in the 
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deposition of neutral lipids into LDs, HIF1 can 
also promote lipid accumulation [134]. Through 
the induction of PPARɣ, HIF1α can also enhance 
the uptake of free FAs and TG production in the 
liver and adipose tissue, respectively [134]. When 
researchers specifically knockout VHL in mouse 
liver, they observe steatosis with increased LD 
formation and downregulated β-oxidation genes. 
They have reported that HIF2α is responsible for 
these metabolic changes as well [135]. HIF2a has 
also been found to downregulate SREBP1c and 
its target genes in the liver. Interestingly, it has 
been reported that the accumulation of lipids is 
frequently occurring in renal cancer cells, where 
VHL is mutated and the HIF1α level is stabilized 
[136]. However, the exact role of LDs in promot-
ing tumor cell proliferation and progression is 
not fully elucidated. Researchers have proposed 
that under intermittent hypoxia, the increased 
storage of triacylglycerides could be beneficial as 
a ready-to-use fuel source after reoxygenation.

4.2.5  Molecular Events of Fatty Acid 
Degradation in Cancer Cells

FA levels might be reduced in cancer cells due 
to their increased degradation, broken down by 
β-oxidation in the mitochondria. By carnitine 
palmitoyltransferase 1 (CPT1), FA-CoAs are 
converted to FA carnitines at the outer mem-
brane of mitochondria after transported from 
the cytoplasm. In the mitochondria, acetyl-CoAs 
are produced following the repeat cleavage of 
FAs. The acetyl-CoAs can enter the TCA cycle 
and reduce equivalents for oxidative phos-
phorylation. Limitations on FA abundance by 
enhancing its oxidation could be theoretically 
beneficial, but experimental data have revealed 
mixed ideas. Carnitine palmitoyl transferase-1 
(CPT1) participates in the rate-limiting and first 
step of FA transportation into mitochondria for 
oxidation to carbon dioxide, which is inhib-
ited by malonyl- CoA.  As the direct product 
derived from ACC, malonyl-CoA depletion can 
enhance the β-oxidation of FAs and inhibit the 
activity of ACC2. Therefore, the increased deg-
radation of FAs may partially contribute to the 

slowed proliferation of cancer cells by inhibit-
ing ACC.  Whether the elevated FA oxidation 
will block the growth of cancer cells remains 
unclear. Depending on the energy needs and 
ACC isoforms, cancer types might differ in their 
clinical responses to the enhanced FA oxidation, 
diminishing the FA availability. Moreover, the 
CPT1 and FA oxidation inhibitors, etomoxir and 
ranolazine, may both kill cancer cells [102, 137]. 
Another significance of the increased FA oxida-
tion rate lies in the elevated cellular ATP level, 
which provides energy for further cell prolif-
eration. Indeed under energy stress, CPT1C, the 
brain isoform of CPT1, is vital for the existence 
of cancer cells [138]. PPARα is a central tran-
scriptional regulator of FA oxidation. Extended 
PPARα activation causes liver cancer in mice 
and rats by an unclear mechanism that impli-
cates cell cycle disturbance and ROS production 
[139]. However, PPARα agonists administered in 
humans have not caused similar cancers, and on 
the contrary, PPARα activation suppresses tumor 
growth in the established cancer models [140].

4.2.6  Diverting Fatty Acids 
to Storage in Cancer Cells

Once produced, FAs can be utilized for mem-
brane lipid synthesis, be degraded, or be stored. 
Intriguingly, elevated storage of FAs belong-
ing to neutral lipids, such as TGs or SEs, can 
decrease  availability the FAs to be used as mem-
brane building or signaling blocks, thus block-
ing cell proliferation. Most cells store TGs in 
the cytosolic LDs, the prominent lipid storage 
organelle [141]. The function of LDs in cancer 
cells remains still unclear. In many cancer cells, 
researchers have observed an increased num-
ber of LD and proposed them to be pathogenic. 
However, LD accumulation per se may not be the 
reason for cancer development but might reflect 
a cellular response to energy stress [42]. The 
location of LD accumulation, whether it occurs 
in cancer or surrounding cells, needs to be eluci-
dated in future studies.

The major pathway of TG synthesis is known 
as the glycerol phosphate or Kennedy pathway. 

4 Lipid Metabolism in Cancer Cells



60

It condenses FAs with enzymes of acylglycerol-
phosphate acyltransferase (AGPAT), glycerol- 3- 
phosphate acyltransferase (GPAT), diacylglycerol 
acyltransferase (DGAT), and phosphatidic acid 
phosphohydrolase (PAP). Except for the most dis-
tal enzyme (DGAT), all the other products will feed 
into the PL synthesis. Therefore, the PL production 
may be limited by blocking AGPAT, GPAT, and 
PAP, while activating DGAT might enhance the FA 
storage. Additionally, only with concomitant sup-
pression of FA release can the potential benefits of 
improving FA storage be realized.

AGPAT esterifies lysophosphatidic acid (LPA) 
and an FA-CoA to form phosphatidic acid (PA). 
There are 11 members of AGPATs documented 
[142]. An elevated expression of AGPAT2 pre-
dicts a poor prognosis of ovarian cancer, and 
AGPAT2 inhibitors exhibit antitumor activity 
in the xenograft mouse model. Additionally, 
AGPAT9 and AGPAT11 have been reported to be 
upregulated in various cancers [143].

PAP, also known as Lipin, produces diacyl-
glycerol (DG) by removing a PA’s phosphate 
group. As one of the least studied enzymes in 
terms of cancer, it is still unclear how this step 
of lipid synthesis and storage influences cancer 
progression. However, PAP is implicated in regu-
lating SREBP activity, a TF family modulating 
the expression of several enzymes participat-
ing in FA and cholesterol biosynthesis [144]. 
PAP is phosphorylated and then inactivated by 
mTORC1, leading to SREBP activation [145]. 
This discovery suggests that PAP may therefore 
have a significant effect on maintaining cellular 
lipid homeostasis.

DGAT encodes a multipass transmembrane 
protein that functions as a critical metabolic 
enzyme. It catalyzes the conversion of DG and 
FA-CoA to TG.  DGAT1 and DGAT2 are the 
two isoforms of DGATs Mammals have. DGAT 
catalyzes the only dedicated step in TG conver-
sion, resulting in decreased available lipids via 
increased lipid storage. In transformed human 
fibroblasts, increased TG, reduced phospholipids 
level, and inhibited cell growth and invasiveness 
can be observed due to DGAT1 overexpression 
[146]. Inhibiting DGAT1 may also facilitate the 
accumulation of its substrate DG in cancer cells, 

which is of great significance in the signal trans-
duction [147]. These findings would give cau-
tious concerns in treating cancers with DGAT1 
inhibitors, which are under clinical trials for met-
abolic diseases.

4.2.7  Lipid Uptake in Cancer cells

Transformed cells require more lipids and would 
uptake more lipids than normal cells. One way 
of increasing the uptake is through the upregu-
lation of receptors for plasma lipids on the cell 
surface. Among these receptors, the cluster of 
differentiation 36 (CD36) can facilitate lipid 
uptake from the extracellular environment [148]. 
In a recent study, Pascual et al. revealed that with 
lipid receptor CD36, cancer cells display a poor 
prognosis. It has also demonstrated that inhibi-
tion of CD36 impairs the metastasis of cancer 
cells. Along with other findings, the FA receptor 
CD36 has been identified as a metastasis-initi-
ating marker and driver in a lipid metabolism- 
dependent manner [29].

Another approach to enhance lipid uptake 
in cancer cells is through the increased level of 
fatty acid-binding proteins (FABPs) [149]. In 
regulating lipid uptake and tumor development, 
different isoforms of FABPs expressed in various 
tissues may play distinctive roles. FABP3 and 
FABP7 have been shown to promote the uptake 
of extracellular FAs under hypoxia, thus forming 
an increased level of LDs [150]. Additionally, 
through activating the intracellular receptor 
PPARβ/δ, overexpression of FABP5 plays a criti-
cal role in promoting cell proliferation and tumor 
growth in prostate cancer [151]. These findings 
extend our knowledge of lipid metabolism, thus 
providing potential targets for novel antitumor 
therapeutics.

4.2.8  Release of Lipids from Storage 
in Cancer Cells

Specific lipases can release FAs from storage for 
utilization. By inhibiting lipolysis, the available 
pool of FA for cancer cell proliferation becomes 
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smaller. Lipolysis can also produce FAs to serve 
as precursors of essential signaling lipids [152]. 
In adipocytes, sequential reactions through 
adipose triglyceride lipase (ATGL), hormone- 
sensitive lipase (HSL), and monoacylglycerol 
lipase (MAGL) can fully hydrolyze one TG mol-
ecule to release three FAs in the LD. Moreover, 
each of these lipases also has specific functions 
in other tissues.

Currently, most studies addressing the lipases–
cancer relation have focused on MAGL.  Upon 
leaving the glycerol backbone, MG is hydrolyzed 
by MAGL to the final FA.  Researchers have 
observed enhanced MAGL expression and activ-
ity in primary tumors and aggressive human can-
cer cells [36]. Chemically inhibiting MAGL by 
JZL184 can lower the free FA level and prevent 
melanoma and ovarian cancer cells’ tumorige-
nicity both in vitro and in vivo. In contrast, the 
upregulation of MAGL showed the opposite phe-
notype. Interestingly, when the MAGL inhibitor 
suppresses the mouse model’s tumor growth, a 
high-fat diet can reverse the phenotype. This 
observation raises whether a specific diet can 
influence the efficacy of targeting lipid metabo-
lism as a cancer treatment [36]. Furthermore, 
MAGL also functions in regulating signaling lip-
ids. For example, invasive tumors have increased 
levels of LPA and PGE2, which can be lowered 
by MAGL inhibitors.

4.2.9  Formation of Lipid Droplets 
in Cancer Cells

LDs are major energy storage organelles of 
excess cellular lipids in esterified form. Cancer 
cells contain remarkably more LDs than normal 
cells. The upregulation of certain LD-decorating 
proteins (i.e., hypoxia-inducible protein 2 
(HIG2), Perilipin, ADRP, and Tip47) has been 
proved to facilitate the formation and accumu-
lation of LDs in different types of cancer cell 
[153]. These proteins may participate in scaveng-
ing ROS, maintaining ER homeostasis, and drug 
resistance in cancer cells. LD density stimulation 
enhances the proliferation of colon cancer cells 
(CRC), whereas perilipin 2 (PLIN2) knock-

down suppresses tumor growth [154]. Another 
research has reported that the HIF-2α/PLIN2/
lipid storage axis is essential for ER homeostasis 
and resistance against cytotoxic ER stress [155]. 
It has also revealed that loss of HIF-2a/PLIN2- 
dependent lipid storage enhances sensitivity to 
ER stress. Moreover, suppressing lipid synthe-
sis or silencing PLIN2 can noticeably attenuate 
CRC proliferation [156]. All of the studies above 
suggest LD-associated proteins as potential tar-
gets for cancer treatment. However, more studies 
are needed to explain further the LD-associated 
stress responses mechanically.

4.2.10  Lipid Scavenging and Fatty 
Acid Oxidation in Cancer Cells

Lipids, required for cell survival and growth, 
comprise a large fraction of mammalian cells’ 
dry weight. With oxygen and abundant extra-
cellular nutrients, most cancer cells choose the 
de novo synthesis to produce FAs. However, to 
maintain viability and proliferation, cancer cells 
have to scavenge extracellular lipids to adapt to 
metabolic stress. Scavenging, rather than synthe-
sizing lipids, spare cells from the need to supply 
carbon. The oncogenic Ras stimulates the uptake 
and consumption of lysophospholipids, provid-
ing an intracellular lipid pool for tumor growth, 
which also occurs under hypoxia [157, 158]. As 
a result, cancer cells driven by KRas are resistant 
to the silencing of SCD1. This enzyme gener-
ally desaturates the de novo FAs synthesis before 
their incorporation into complex lipids [159]. 
Extracellular lipids, especially desaturated FAs, 
are also critical in cells with inactivated mTORC1 
under hypoxia. In this context, protein synthesis 
is enhanced and lipid desaturation is decreased, 
resulting in activation of the unfolded protein 
response and cell death, but can be rescued by 
unsaturated FAs [160]. These findings have been 
repeated in renal carcinoma, GBM, and bladder 
cancer, suggesting solid tumors’ dependence 
on the extracellular environment to uptake FAs. 
However, a subset of diffuse large B-cell lym-
phomas prefer FA oxidation as a fuel source even 
under nutritious conditions, which express high 
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levels of related enzymes [161]. Autophagy and 
related processes enable other cells to utilize FAs 
for fuel. In a genetic lung cancer mouse model, 
impaired autophagy leads to lipid accumula-
tion, dysfunctional mitochondria, defective FA 
oxidation, and enhanced starvation sensitivity. 
Moreover, FA oxidation and other mitochondrial 
oxidative pathways are likely to enable cancer 
cells to survive through the regression period 
[162]. In a pancreatic cancer model driven by 
KRas, tumor regression induced by kinase inhibi-
tors or knockdown of KRas produce a dormant 
population of cancer cells, which largely rely on 
mitochondrial respiration for survival. Inhibition 
of either autophagy or FA oxidation decreases 
the tumor-initiating potential of this population, 
thus mimicking a condition after an initial round 
of treatment and suggesting the importance of 
these catabolic pathways in enabling cancer cells 
to form tumors [163]. Another study has shown 
the coordinated mechanisms of stromal cells 
providing FAs to tumor cells as the fuel source, 
especially in ovarian cancer [28]. These tumor 
cells generally metastasize to the omentum, the 
large fold of fatty tissue in the abdomen. The co- 
culture of ovarian cancer cells with adipocytes 
has revealed that FAs transferred from adipocytes 
can activate AMPK and FA oxidation in the can-
cer cells, thus promoting cell proliferation. These 
findings raise many questions regarding the pos-
sibility of metabolite transfer between cells and 
the role of tumor microenvironment in promoting 
cell metabolism.

4.3  Conclusion and Perspective

Compelling evidence has revealed the criti-
cal role of lipid metabolism reprogramming in 
supporting transformed cells’ malignant behav-
iors. They are obtained from lipidomics stud-
ies, established cancer models, and clinical 
trials. Disrupting lipid metabolism can induce the 
regression of tumors and inhibit their metastatic 
spread. The approaches include limiting lipids’ 
origins, blocking lipid utilization, breaking down 
LDs, or deactivating certain enzymes involved in 

lipid metabolism. Based on these findings, the 
lipid metabolic pathways have been targeted to 
develop several cancer treatment drugs. However, 
many of the mechanisms involved have not been 
elucidated clearly. Certain inhibitors could sup-
press the proliferation and growth of cancer cells, 
but along with cytotoxicity in the normal cells. 
Thus, an all-around and in-depth understanding 
of lipid metabolism in cancer cells is necessary 
for future studies. The potential challenges are as 
the following: (1) identify different lipid meta-
bolic processes and the hub genes involved in 
the initiation and progression of cancer, (2) avoid 
toxicity to normal cells while developing tar-
geted drugs, and (3) clarify the relationship and 
crosstalk of lipid, glucose, protein, and energy 
metabolism. The oncogenic signalings and lipid 
metabolism are interwound with each other, and 
the lipids function in a broad spectrum at both 
cellular and organismal levels. These facts high-
light the importance of targeting lipid metabo-
lism in offering novel cancer treatment strategies 
in the future.
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