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Abstract 

Cancer cells are highly dependent on different metabolic pathways to sustain their survival, 

growth and proliferation. Lipid metabolism supplies not only energetic needs of the cells but 

also provides the raw material for cellular growth and the signaling molecules for many 

oncogenic pathways. 

Mainly processed in the liver, lipids play an essential role in the physiology of this organ and 

string the pathological progression of many diseases such as metabolic syndrome and 

hepatocellular carcinoma (HCC). The progression of HCC is associated with inflammation and 

complex metabolic reprogramming, and its prognosis remains poor because of the lack of 

effective therapies despite many years of dedicated research.  

Defects in hepatic lipid metabolism induce abnormal gene expression and rewires many 

cellular pathways involved in oncogenesis and metastasis, implying that interfering with lipid 

metabolism within the tumour and surrounding microenvironment may be a novel therapeutic 

approach for treating liver cancer patients. Therefore, this review focuses on the latest advances 

in drugs targeting the lipid metabolism and leading to promising outcome in preclinical studies 

and some ongoing clinical trials. 
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ABBREVIATIONS 

24,25-EC, 24(S),25-epoxycholesterol ; ACC, acetyl-CoA carboxylase ; ACLY, ATP-citrate 

lyase; ACSL1, acyl-CoA synthetase long chain family member 1; ACSS1/2, acetyl CoA 

synthetase short chain family member 1/2; AKT 1/2/3, Protein kinase B 1/2/3; AT-LX , aspirin 

Triggered-lipoxins; Bcl-2, B-Cell Leukemia/Lymphoma 2; Bcl-xL, B-cell lymphoma-extra 

large; C16:0, palmitic acid ; ChoEs, cholesterol esters; COX2, cyclooxygenase-2; CPT1, 

carnitine palmitoyltransferase 1 ; CPT1A, B or C, carnitine palmitoyltransferase 1 isoform A, 

B or C ; CREB, cAMP response element-binding protein; DIPG, diffuse intrinsic pontine 

glioma; ERK, extracellular signal-regulated kinases; FA, fatty acid; FAO, fatty acid beta-

oxidation; FAS, Tumour necrosis factor receptor superfamily member 6; FASN, fatty acid 

synthase; FOXP3, forkhead box P3; GPC3, glypican 3; HCC, hepatocellular carcinoma; HMG-

CoA, β-Hydroxy β-methylglutaryl-Coenzyme A; HMGCR, HMG-CoA reductase; Il-10, 

interleukine 10; LOA, loss of attachment ; LPC, lysophosphatidylcholines; LSS, lanosterol 

synthase; LXR, liver X receptor; M1 or M2, M1 or M2 type macrophage; Mcl-1, Induced 

myeloid leukemia cell differentiation protein 1; mPGES1, microsomal PGE2 synthase 1; 

mTOR, mammalian target of rapamycin ; mTORC1or 2, mTOR complex 1 or 2 ; NAFLD, 

non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; NFκB, nuclear factor 

κB; OXPHOS, mitochondrial oxidative phosphorylation; PC, phosphatidylcholines ; PD-L1, 

programmed death-ligand 1; PE, phosphatidylethanolamine ; PGE2, prostaglandin E2 ; PI, 

phosphatidylinositol ; PI3K, phosphatidylinositol 3-kinase; PML, promyelocytic leukemia 

protein ; PPARβ/δ, peroxisome proliferator-activated receptor β/δ; PUFA, polyunsaturated 

fatty acid; REDD1, regulated in development and DNA damage responses; ROS, reactive 

oxygen species; SCD, stearoyl-CoA desaturase; SM, sphingomyelin ; SPM, specialized 

proresolving mediators; SREBP, sterol regulatory element-binding protein; TAM, tumour 

associated macrophages; TF, transcription factor; TG, triglyceride or triacylglycerol; TGF-β, 
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transforming growth factor beta; Treg, regulatory immunosuppressive T cell; TSC1, tuberous 

sclerosis complex 1 ; VEGF, vascular endothelial growth factor.  
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Introduction 

Glucose and glutamine metabolism, tricarboxylic acid cycling, oxidative phosphorylation, 

pentose phosphate pathway and amino acid and lipid synthesis are all essential for the 

production of cellular components to cope with a faster growth rate. Indeed, the growth and 

expansion of tumours require a massive and complex system that coordinates to provide the 

necessary nutrients. They also depend on the microenvironment including the extracellular 

matrix, the nearby cells, of which immune cells, and growth factors like cytokines. Cancer cells 

require a larger supply of energy than normal cells to fulfill their needs. Therefore, their 

metabolism is expected to be modulated to meet their continuous demand for energy, which is 

provided in the form of ATP produced by the conversion of various metabolites such as 

glucose, lactate, pyruvate, glutamine or fatty acids. Cancer cells usually originate from genetic 

mutations or epigenetic alterations, leading to reprogramming of their signaling and metabolic 

pathways (1). In the recent past, there has been a growing interest in reprogramming many 

metabolic pathways such as glucose, glutamine or lipid metabolism. This last point will be the 

focus of this review. 

Adult liver cancer is ranked second fatal cancers worldwide (2). It develops on a diseased 

liver and its incidence rate has increased steadily over the past decade due to the rise of viral 

hepatitis B or C infections, or environmental toxins as well as to the increase incidence of 

chronic liver diseases, such as non-alcoholic steatohepatitis (NASH) and non-alcoholic fatty 

liver diseases (NAFLD). It should be noted that NAFLD develops in patients with metabolic 

syndromes such as type 2 diabetes mellitus, obesity, hypertension and hyperlipidemia (3, 4, 5). 

Most of the primary liver cancers in adults are hepatocellular carcinomas (HCC), which 

account for 90% of all cases. 

Liver cancers are characterized by modulation of the “Warburg Shift” and up-regulation of 

lipid catabolism (6). During the Warburg shift, even in the presence of adequate amounts of 
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oxygen, cancer cells tend to generate energy from aerobic glycolysis instead of mitochondrial 

oxidative phosphorylation (OXPHOS), resulting in increased uptake of glucose, generation of 

ATP and production of lactate (7). In this way, faster energy is supplied along with a carbon 

source, which is necessary for the anabolic synthesis of essential precursors. Moreover, by 

turning down their OXPHOS, cancer cells can reduce the amount of reactive oxygen species 

(ROS) which are highly reactive metabolites known to cause significant damage to cell 

structures.  

Next in this review, we will dissect the main anabolic and catabolic pathways of the lipid 

metabolism e.g. lipogenesis and fatty acid oxidation with more emphasis on the acetyl-CoA at 

the forefront, which is a metabolic node located at the center of many metabolic pathways 

(Figure 1). In this context, we show how interfering with the production and fates of this key 

metabolite modulates oncogenesis. This will set the stage for the assessment of drugs targeting 

specific and critical steps of the complex lipid metabolic network in liver cancer.  

 



 7 

 

Figure 1. Overview of lipid metabolism. Carbohydrates and proteins originated from diet will 

be metabolized by the liver to produce acetyl-CoA, a main key player in the metabolic 

reactions. Acetyl-CoA can enter the TCA cycle in the mitochondria to produce energy. It can 

also be used to produces FAs by a process termed lipogenesis. These FAs together with the 

glycerol will give rise to TGs that will be incorporated together with cholesterol, PLs and 

proteins into structures called chylomicrons. The chylomicrons will be transferred through 

blood stream to adipose tissues which are the main energy stores. During long fasting periods, 

these lipid particles will serve as great source of energy through FAO and autophagy. 

  

Acetyl-CoA, lipid metabolism and oncogenesis  

Acetyl-CoA is a central metabolite at the crossroads of many metabolic pathways and 

transformations (Figures 1 and 2). Not only it is utilized in the synthesis of essential 

macromolecules needed by the cells, but also is used in multiple catabolic and anabolic 

reactions  including synthesis of FAs, steroids and non-sterol compounds (8). Indeed, Acetyl-
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CoA derives from multiple metabolic reactions occurring in the cell, such as glucose, fatty acid 

and amino acid catabolism. The importance of this molecule resides in its different implications 

in many cellular processes including: energy production by tricarboxylic acid (TCA) cycle 

inside the mitochondria, serving as a building block molecule for the synthesis of 

macromolecules like FAs and sterols in the cytosol, as well as being an important 

nucleocytosolic molecule for acetylation of histones and thus activation of gene expression (9).  

It is important to distinguish between the cytosolic and mitochondrial acetyl-CoA, as either 

forms cannot freely transfer between the cell compartments. Mitochondrial acetyl-CoA (mAc-

CoA) can be derived from pyruvate, FAO as well as acetate, whilst cytosolic acetyl-CoA (cAc-

CoA) can be derived from acetate, citrate and ketone bodies (9, 10). All of these are catalyzed 

by different enzymes such as acetyl-CoA synthetase (ACSS) and ATP citrate lyase 

(ACL/ACLY) (11) (Figure 2). 

 

Figure 1. Metabolic pathways to generate and utilize acetyl-CoA. Acetyl-CoA can be produced 

by many metabolic pathways, of which we can find the mitochondrial and cytosolic acetyl-
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CoA. The enzymes involved in its production are highlighted in green. The transport of acetate 

and citrate from and to the mitochondria is made possible by their respective carriers. TCA: 

tricarboxylic acid cycle; FAO: fatty acid oxidation; FAS; fatty acid synthesis; α-KG: α-

ketoglutarate; IDH2: isocitrate dehydrogenase 2; SDH: succinate dehydrogenase; FH: fumarate 

hydratase; ACSS1: mitochondrial Acetyl-CoA synthetase short chain family member 1; 

ACSS2: cytosolic Acetyl-CoA synthetase short chain family member 1; ACL(Y): ATP-citrate 

lyase; PDH: Pyruvate dehydrogenase; OGDH: oxaloglutarate dehydrogenase (parentheses 

mean neomorphic function of the enzymes (15)). 

 

Under nutrient deprivation conditions, the cells need to shift their metabolism from growth 

towards survival in order to ensure viability. In this condition, cells need to direct acetyl-CoA 

into the mitochondria in order to produce energy and hence, the nucleocytosolic acetyl-CoA 

decreases. It is noteworthy to mention that, in the liver, mAc-CoA can be used to produce 

ketone bodies, such as acetoacetate and β-hydroxybutyrate, which serve as fuel sources for the 

heart and brain in starvation conditions (12).  

The critical uses of acetyl-CoA and its implication in the survival and growth of cancer cells 

in both nutrient abundant and deprived conditions led many researches to focus on modulating 

the production and fates of this molecule (Table 1). Some of these approaches were done by 

blocking the transport of citrate from mitochondria to the cytosol through citrate carriers (CIC) 

by the action of benzene tricarboxylate analogue (BTA). BTA has shown some anti-cancer 

effects in various tumours and in xenograft mice model (13), making it possible to be used 

alone or in combination with other metabolic modulators, as anti-cancer agents. Another way 

to block acetyl-CoA production is by using an inhibitor of the enzymes ACSS (ACSS 1 to 3) 

which catalyze the production of acetyl-CoA from acetate.  
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A recent study reported high expression of ACSS2 in cisplatin-resistant bladder cancer 

patient tissues and showed that the use of an ACSS2 inhibitor leads to the abrogation of 

resistance in cisplatin-resistant bladder cancer cells (14). 

 

Table 1. List of some potential anti-cancer drugs targeting lipid metabolism  

Agent Target Developmental Stage Observations 
Trial ID or 

Reference 

TVB-2640 

Fatty Acid Synthase 

(FASN) 

Phase I 
Colon and other 

resectable cancers NCT02980029 

Phase I  Solid utumours 

Phase II  

NSCLC with KRAS 

Gene Mutation 
NCT02223247 

NASH  NCT03808558 

Phase II  
Spread HER2+ breast 
cancer  

NCT03938246 

TVB-2640 + 

paclitaxel, and 

trastuzumab 

Phase II    NCT03179904 

TVB- 2640 + 

Bevacizumab 
Phase II Astrocytoma NCT03032484 

Hydroxycitrate, 
SB-204990 

ATP citrate lyase 
(ACL/ACLY) 

Preclinical studies 
Anticancer effect in 
vivo 

(117) 

NDI-010976 
Acetyl-CoA 

carboxylase (ACC) 

Preclinical and 

clinical studies  

Anticancer effects in 

vitro 
(118) 

Statins (e.g 

simvastatin & 

atorvastatin) 

HMG-CoA 

reductase  

Approved for 

treatment of 

hypercholesterolemia  

Anticancer effects 

currently under 

investigation in > 20 
clinical trials  

(85, 86,119) 

Terbinafine 
Squalene epoxidase 
(SQLE) 

FDA-approved anti-
fungal drug  

Inhibited SQLE-

induced NAFLD-HCC 

cell growth  

(15) 

Etomoxir, 

perhexiline  

Carnitine 

palmitoyltransferase 
1 (CPT1) 

Prehexiline is 

approved for use as 
antianginal therapy 

Anticancer effects in 

vitro and in vivo 
(120,121) 

CB-839, 

BPTES, and 
RNAi 

Glutaminase 

(GLS1) 

Preclinical and 

clinical studies  

Inhibited TCA 

anaplerosis; anticancer 

activities in vitro and in 

vivo 

 (122,123) 

GNE-140, 

FX11, 

galloflavin, and 
RNAi  

Lactate 
dehydrogenase A 

(LDHA) 

Preclinical studies 
Anticancer activity in 

vitro and in vivo 
 (124) 
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Metformin 

Mitochondrial 

complex I and  
Approved for 

treating type 2 
diabetes 

Phase II clinical trials in 

patients with breast 
cancer 

NCT01266486 

ACC 

Acetylsalicylic 

Acid (Aspirin) 
Analgesic    

A Prospective 

Randomized Control 

Trial to Prevent the 

Recurrence in High-risk 
Patients With HCC 

NCT02748304 
Combined with 
Sorafenib  

 

The lipid anabolic reactions termed ‘De novo lipogenesis’ and ‘Mevalonate pathway’ take 

place in the cell cytosol (Figure 3). Higher lipogenesis is a characteristic feature of cancer cells 

requiring the rate-limiting enzyme acetyl-CoA carboxylase (ACC) which catalyzes the 

irreversible carboxylation of acetyl-CoA to malonyl-CoA (16). The reverse decarboxylation 

reaction is catalyzed by yet another enzyme named malonyl-CoA decarboxylase (MCD) which 

in turn inhibits lipogenesis and stimulates β-oxidation (17). Then acetyl-CoA combines with 

malonyl-CoA by fatty acid synthase (FASN) to produce fatty acids, which can be metabolized 

to produce TGs or phospholipids. TGs can be stored in lipid droplets as a reserve energy source, 

while phospholipids are necessary for membrane synthesis and serve as signaling molecules 

(Figure 3). By using some specific inhibitors and other drugs inhibiting these enzymes and 

pathways, many studies have assessed their potential anti-tumoural involvement.  
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Figure 3. Drug targeting of lipid metabolic pathways. Acetyl-CoA can be incorporated into 

two anabolic pathways: mevalonate pathway (left side) to produce sterols and non-sterol 

compounds or fatty acid synthesis (right side) leading to the production of TGs and PLs. 

Enzymes catalyzing the reactions are highlighted in green, and their respective inhibitors are 

shown in oval shapes.  

 

For instance, metformin which is a known drug widely prescribed to treat patients suffering 

from type 2 diabetes mellitus was used in a mouse model with chemically induced liver 

tumours (18). In this study, metformin was shown to protect mice from the induction of liver 

tumours by decreasing the expression of ACC, FASN and ACLY. In addition, this drug was 

shown to have antineoplastic effects in breast cancer cells which are associated with 

mammalian target of rapamycin (mTOR) and S6 kinase activation (19). Moreover, metformin 

was reported to be a very good chemopreventive agent in lung cancer in mice where it 

indirectly inhibited mTOR activation 20.  
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Another family of drugs, soraphens (Soraphen A) which are antifungal myxobacterial 

metabolites (21) were discovered to have anti-cancer role by inhibiting ACC enzyme (22). This 

inhibition changes the phospholipid composition of cellular membranes and interfere with their 

dynamics (23). Moreover, it was shown that Soraphen A impedes the recycling process, 

dimerization and localization of growth factor receptors which are necessary for the pro-

tumourigenic signaling cascade of cancer cells (24). 

TOFA (5-tetradecyloxy-2-furoic acid) is yet another allosteric inhibitor of ACC that proved 

to be cytotoxic and induces apoptosis in the lung cancer cell line NCI-460, colon cancer cell 

lines HCT-8 and HCT-15, and prostate cancer cell line LNCaP (25, 26). Moreover, it 

suppressed the ovarian cancer cell proliferation, induced cell cycle arrest and apoptosis (27) in 

vitro and in vivo. 

The second anabolic pathway of lipid metabolism using acetyl-CoA is the mevalonate 

pathway which leads to the production of sterol and non-sterol molecules, such as cholesterol 

and ubiquinone, respectively. This pathway is catalyzed by the rate-limiting enzyme, β-

Hydroxy β-methylglutaryl-Coenzyme A reductase (HMGCR) which is the direct target of 

statins (further discussed below). Along this pathway, other enzymes catalyzing the reaction 

can be targeted, such as farnesyl pyrophosphate synthase that can be inhibited by 

bisphosphonates (BPs). BPs are widely used as effective antiresorptive therapies in 

osteoporosis. The nitrogen-containing BPs prevents the prenylation of small GTPases (e.g. 

Ras) and thus causes apoptosis in J774 macrophages and osteoclasts in vivo and in vitro 

(28,29). Zaragozic acid, on the other hand, inhibits squalene synthase, blocks the synthesis of 

cholesterol downstream of mevalonate formation and inhibits the growth of Rauscher virus-

transformed lymphoma and Lewis lung carcinoma in vivo (30). Moreover, the molecule was 

capable of potentiating the antitumour effects of active and adoptive immunotherapy by 
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prolonging the overall survival of tumour-bearing mice highlighting the potential anti-tumour 

role of this compound. 

 

Lipogenesis in liver cancer cells 

In tumour cells, not only the Warburg shift, but also the lipid catabolism is increased due to 

the importance and necessity of lipid molecules. Fatty acids (FA) are considered to be a great 

source of energy and can be used by cells for growth and proliferation. They can be obtained 

from extracellular media, hydrolysis of triglycerides (TG) or via de novo synthesis (also known 

as lipogenesis) (6). Increased lipogenesis is an emerging metabolic hallmark of (2). Together 

with lipolysis, these processes promote tumour growth, proliferation and survival. The central 

question is then why cancer cells depend on lipid metabolism.  

The primary organ of lipid metabolism is the liver, of which it is the main function, through 

the maintenance of lipid homeostasis and energy balance. FAs are mainly synthesized in the 

liver and mostly from dietary carbohydrates, which are transformed into acetyl-CoA, leading 

to lipogenesis. After a series of elongation and desaturation processes, three fatty acids 

combine with one glycerol molecule to produce TG, which is then packaged into lipoprotein 

particles with cholesterol, phospholipids and proteins in order to be released into the blood 

stream. They are stored in the adipocytes in the form of lipid droplets or transferred to the 

muscles to supply energy metabolism. During long periods of fasting, the cells are capable of 

producing energy from these lipid stores through different processes such as fatty acid beta-

oxidation (FAO) or even autophagy (31). Therefore, normal liver physiology depends largely 

on the balance of the lipid metabolism, any disruption of which can induce inflammation and 

fibrogenesis as well as fatty liver diseases and HCC. 

Metabolic profiles of cancer cells have been characterized by a growing number of studies 

aiming at better understanding cancer cell behavior and possibly discovering biomarkers 
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related to hepatic oncogenesis and proposing more adapted therapeutic approaches (32). The 

development of carcinoma in the liver is taking place through intermediate phases such as 

NAFLD/NASH or cirrhosis and depends on various alterations of metabolic pathways. Thus, 

the deregulation of bile acids and phospholipids is observed in the early stages of liver diseases, 

followed in the advanced stages by an increase in the Warburg shift and lipid catabolism (6). 

Metabolomics studies conducted on HCC have shown that the enhancement of the Warburg 

effect is attributable to an increase in glycolysis along with an increase in beta-oxidation, 

making it common metabolic hallmarks of the tumour (33, 34, 35, 36). This metabolic 

reprogramming observed during progression to HCC is considered a common feature of 

tumours.  

Serum lipid profiling by ultra-fast LC/IT-TOF MS has been effective in highlighting 

differences in the lipidome of healthy patients and with liver diseases (37). Indeed, Chen et al. 

(37) were able to identify 96 serum lipids, 75 of which were differently regulated: eight 

sphingomyelin (SM), ten polyunsaturated phosphatidylcholines (PC), six 

lysophosphatidylcholines (LPC), ten TG and two cholesterol esters (ChoEs) were down-

regulated for patients with cirrhosis and HCC, compared to healthy ones and with hepatitis. 

These analyses have revealed lipidomic differences according to the stage of HBV-induced 

liver disease. It is interesting to note that a saturated PC, PC (32:0), was up-regulated for all 

diseased patients, but more extensively for those with cirrhosis and HCC. This could be related 

to its protective role against oxidative stress for cancer cells (23). Li et al. (38) performed lipid 

analyses of HCC liver along with the corresponding para-carcinoma tissues, also reported 

deregulation of 53 lipids. The level of TG deregulation was dependent on the number of 

double-bonds. Down-regulation was observed for TG with more than 2, while those with 2 or 

less double-bonds were more abundant. Furthermore, the authors found a positive correlation 

between the severity of the disease, higher concentrations of saturated TGs and lower 
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concentrations of polyunsaturated TGs in HCC tissues. PC, phosphatidylethanolamine (PE) 

and phosphatidylinositol (PI) containing 0, 1 and 3 double bonds were up-regulated and those 

presenting 2, 4 and 6 double bonds were down-regulated. Lin et al. (39) analyzed the lipid 

content of HCC cells with various metastatic abilities and found up to 25 % reduction of the 

levels of palmitic acyl (C16:0)-containing phosphoglycerolipids which was associated with 

increasing metastatic abilities of these cells. Therefore, they have investigated the antitumour 

activity of palmitic acid (C16:0). Treatment of highly metastatic HCC cells by palmitic acid 

showed inhibition of cell proliferation, migration and invasion, decrease in cell membrane 

fluidity, inhibition of glucose uptake and thus affected malignant behaviors of cancer cells. 

Moreover, treatment of nude mice bearing cell carcinoma xenografts by palmitic acid led to 

the suppression of both subcutaneous tumour growth and metastatic nodule formation (15). 

In summary, the differential abundance of certain lipids in HCC can potentially be used to 

identify new biomarkers of HCC, but could also open the way to new therapeutic approaches 

in a lipid metabolism context. 

 

Fatty Acid Oxidation in liver cancer 

Most of the cancer research focuses on the effect of glycolysis, glutaminolysis and FA 

synthesis on cancer cell function. Less attention has been paid to the importance of lipid 

catabolism in HCC and other cancer types (40). Lipid catabolism shares some common 

oncogenic functions with glycolysis as an important energy provider supporting cell survival 

and growth, and providing the intermediate metabolites for biosynthesis processes in the fast 

growing tumour (32). The two main energy sources in the human body, glycogen and TG, are 

both synthesized in the liver. The very first to be consumed during short-time fasting is 

glycogen. Once depleted, cells are capable of switching to TG, which can provide six times as 

much ATP as glycogen, making it the preferred energy storage form (32). The catabolism of 
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fatty acids occurs through FAO -also known as ß-oxidation- mostly in energy-demanding 

tissues such as the heart and skeletal muscles as well as in the liver. Basically, what happens 

during FAO is, FAs are transported from the blood stream into the cells where they will be 

transformed into fatty-acyl CoA by the action of Fatty Acyl-CoA Synthetase (FACS). Long-

chain fatty-acyl CoA will enter the mitochondria only after being converted to acyl carnitine 

by the action of carnitine palmitoyltransferase 1 (CPT1). Once inside the mitochondria, it will 

be converted back to fatty acyl-CoA by CPT2 which will then enter in a series of oxidation 

reactions to yield acetyl-CoA and most importantly energy in the form of ATP (41).  

Highly proliferative tumour cells and specially poorly vascularized cells in solid tumours 

experience high metabolic stress related to the lack of nutrients and oxygen and may undergo 

apoptosis (32). However, almost all cancer cells are resistant to the programmed cell death 

through different metabolic and non-metabolic processes. For instance, resistant HCC cells can 

counteract that effect by increasing FAO, regardless of the availability of glucose or glycogen. 

Indeed, unlike sensitive cells, resistant cells can survive under starvation by activating lipid 

catabolism (42), thus confirming the essential role of FAO in cell survival and tumour 

progression. This process is also involved during loss of attachment (LOA) when tumour cells 

lose contact with the nearby extracellular matrix. In anchorage-dependent cells, LOA causes 

anoikis, an apoptotic process resulting from insufficient cell-matrix attachment. However, 

metastatic tumour cells may escape from anoikis and invade different locations. Indeed, 

antioxidants and oncogenes, such as promyelocytic leukemia protein (PML) and carnitine 

palmitoyltransferase 1 (CPT1) isoform C (CPT1C) upregulate FAO to promote cell survival 

during LOA (43, 44, 45). Pharmacological inhibitors of FAO, initially developed to treat 

diabetes or cardiopathies, can induce cancer cell death in vitro as well as in mice models. This 

was the case of etomoxir, an irreversible inhibitor of CPT1A and B and ST1326, a new 

reversible inhibitor highly selective for CPT1A (the liver isoform). Etomoxir was capable of 
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re-sensitizing leukemia cells to chemotherapy-induced cell death (46) and ST1326 was shown 

to possess antitumour effects in leukemia and lymphoma (47, 48). The development of 

etomoxir has been stopped due to its high toxicity to heart and skeletal muscles. Further 

research is needed to explore the therapeutic potential of ST1326 since the inactivation of 

CPT1A in the long term may be associated with high risk of serious liver damage. 

 

Lipid metabolism in relation to inflammation  

Altered lipid metabolism and local immunosuppression in the tumour microenvironment are 

typical hallmarks of cancer. The main focus in this section is the crosstalk between these two 

features in the context of liver cancer. We have a particular interest in the metabolic signature 

and the role of specialized proresolving lipid mediators (SPM) in the resolution of 

inflammation and immunosuppression as related to tumour-associated macrophages (TAMs) 

and their immune modulation of tumour microenvironment. 

Indeed, cancer cells recruit nearby cells for their own sake. HCC emerges from chronic 

unresolved inflammation and HCC cells recruit massively TAMs as the main 

immunosuppressive cells in their microenvironment (49). TAMs are known for their role in 

tumour development, angiogenesis, invasion and metastasis. The shift in the role of TAMs is 

due to different metabolic changes in response to signals coming from the tumour itself or even 

from other immune cells. For this reason, two main isotypes of TAMs are distinguished: the 

classically activated M1 (antitumour-like macrophages) and the alternately activated M2 

(protumour-like macrophages) (50).  

The cell metabolism is largely modulated by mammalian target of rapamycin (mTOR) 

signaling, which is essential for many processes, including tumour development, and solid 

tumours are currently treated with rapamycin or its analogs. Two multiprotein complexes can 

be distinguished, the mTOR complex 1 (mTORC1) and the mTOR complex 2 (mTORC2), 
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which function in regulating protein synthesis and cytoskeleton organization respectively (51, 

52). These two complexes are activated through their cognate receptors leading to the 

activation of class 1 phosphatidylinositol 3-kinase (PI3K) and serine/threonine kinases (AKT 

1/2/3), known as PI3K/AKT/mTOR axis (53, 54). mTORC1 is strongly linked to inflammation 

mediated by macrophages via regulating many inflammatory mediators such as NFκB (nuclear 

factor κB), Il-10 (interleukine 10), TGF-β (transforming growth factor beta) and PD-L1 

(programmed death-ligand 1) expression (55). mTORC2 is also thought to play a great role in 

macrophage polarization (switch between M1 and M2 macrophages) and inflammatory 

response regulation (56). For instance, the activation of mTORC1 sustains and promotes M2 

activation of macrophages in cases involving tuberous sclerosis complex 1 (TSC1) and AKT 

kinases (57). TSC1 is a key modulator of macrophage polarization via mTOR-dependent and 

independent pathways (58, 59). However, in some cases where hypoxia is induced in TAM, 

the deletion of an important inhibitor of mTORC1, named REDD1 for regulated in 

development and DNA damage responses 1, can switch macrophages to a new metabolic 

phenotype –increased glycolysis- in order to inhibit the metastasis of the tumour (46, 58, 59). 

Therefore, the activation of mTOR signaling pathway can have different effects giving it a 

great role in regulating the differentiation of monocytes and thus polarization of TAMs.  

Understanding how TAMs respond to mTOR signaling and thus polarize accordingly is still 

challenging. It is noteworthy to mention that M2-polarized macrophages enhance their 

metabolism in a direction that favors FAO in order to sustain the continuous energy demand 

(60, 61) unlike M1-like macrophages which promote the de novo synthesis of fatty acid (62). 

For instance, the presence of polyunsaturated fatty acids (PUFAs) in the tumour 

microenvironment supports not only the survival and migration of cancer cells, but also the 

polarization of TAM (50, 63) where PUFAs function as potent agonists for peroxisome 

proliferator-activated receptor β/δ (PPARβ/δ). PPARβ/δ is a ligand-activated transcription 
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factor (TF) that regulates the expression of genes involved in M2 macrophage polarization 

(63). Hence, it favors the polarization of macrophages in the tumour microenvironment towards 

M2 phenotype to further enhance the tumour growth and development. Another example 

involves prostaglandin E2 (PGE2) which also plays a role in M2-like polarization by binding 

to different cell factors in order to activate an important TF called cAMP response element-

binding protein (CREB) that mediates the transcription of genes involved in M2 phenotype 

(64). PGE2 can also direct naïve T cells toward regulatory immunosuppressive T cells (Treg) 

by inducing FOXP3 (forkhead box P3) expression (65). On another note, Kang et al. (66) have 

very recently reported that polarization of macrophages toward the M2-like phenotype is 

controlled by mTOR-Semaphorin 6D-PPARγ reverse signaling through controlling fatty acid 

metabolism. Any defect in this signaling axis leads to impaired fatty acid uptake and metabolic 

reprogramming, and therefore dysregulation in polarization. Finally, CG33, an antibody 

targeting the heparan sulfate proteoglycan Glypican 3 (GPC3) is currently in clinical phase I 

trials to treat advanced HCC (67, 68). GPC3 is supposed to favor M2-polarized TAM 

recruitment (61) macrophages to M2-like (64). Their synthesis can be inhibited by targeting 

microsomal PGE2 synthase 1 (mPGES1) and cyclooxygenase-2 (COX2) and as a result M2 to 

M1 polarization of TAMs is promoted in different cancer models (69, 70, 71).  

 

The second aspect of immunomodulation is related to the action of lipid mediators SPM, 

which are a family of arachidonic acid- and omega-3 polyunsaturated fatty acid-derived lipid 

mediators generated via the actions of some enzymes such as the lipoxygenases (ALOX) (72). 

Their role is to counteract the action of prostaglandins and to limit the effects of inflammation 

in various pathogenic conditions, of which cancer. The synthesis of some SPM is triggered by 

the action of aspirins, e.g. Aspirin Triggered-lipoxins (AT-LX or epi-lipoxins) or AT-resolvins.  
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The mechanisms related to the potency of SPM to reduce the risk of cancer progression are 

starting to unfold (73). We were among the first to show that the proresolution actions of SPMs 

is mediated by their potential to induce the phagocytic capabilities of macrophages (72). In 

addition of modulating the phagocytosis, these SPM seems to alter the uptake of lipids by 

macrophages and probably modulating their immunosuppressive impact in tumour 

microenvironment (74) (Figure 4). 

 

 

Figure 4. Modulation of macrophage activities related to phagocytosis (A) and lipid uptake 

(B) by SPM. (A) Assessment of phagocytosis of green fluorescent microspheres by 

macrophages lacking (-/-) or not (+/+) the expression of 12-lipoxygenase (ALOX12), enzyme 

involved in generating many SPMs. The uptake was evaluated after 2 and 24 hours of 
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incubations. (B) Modified lipoprotein (fluorescent acetylated-LDL) uptake by macrophages 

treated with resolvin E1 (RvE1) compared to controls (vehicle). ** p<0,01. 

 

These properties are becoming more relevant in the context of cellular damages linked to 

cytotoxic treatment in cancer patients. In fact, therapy- generated cell debris could 

inadvertently stimulate inflammation and growth of dormant tumour cells or small tumours. 

Debris-stimulated tumour cells were shown to be inhibited by some SPMs, namely resolvin 

D1 (RvD1), RvD2, or RvE1 by enhancing clearance of debris via macrophage phagocytosis in 

multiple tumour types (73). The results from this study highlight a novel approach of enhancing 

the endogenous clearance of tumour cell debris to prevent tumour growth and recurrence. 

Moreover, the role of low-dose aspirin in resolution of cancer was shown to be dependent on 

resolving-receptor and that treatment of mice carrying Lewis lung carcinoma (LLC) with AT-

LXA4 and AT-RvD1 and 3 inhibited tumour growth by stimulating macrophage phagocytosis 

of the tumour cell debris generated by chemotherapy and by suppressing proinflammatory 

cytokines secretion by macrophages (75). Interestingly, the doses of AT-SPM administered in 

this LLC mouse model were much lower (more than a thousand-fold) than the doses of aspirin 

necessary to trigger a similar in vivo response. This makes these AT-SPM more powerful 

chemopreventive or antitumour treatment than aspirin, with potentially less risk, but this 

remains to be evaluated in humans.  

To conclude, using specialized proresolving lipid mediators to enhance endogenous 

clearance of tumour cell debris by macrophages may be a beneficial approach to complement 

cytotoxic cancer therapies. Also, altering lipid metabolism in TAMs may be a promising target 

in cancer therapy. Modulating specific metabolic enzymes to allow the switch from M2 to M1 

macrophages may be a more adapted approach to obtain anti-tumoural macrophages instead of 
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eradicating altogether these cells. Thus, reducing the immunosuppressive ability of 

macrophages and enhancing their anti-tumoural activity to lead to a better response to 

chemotherapy or even immunotherapy (50).  

 

New treatment strategies targeting the lipid metabolism for HCC treatment 

Lipid metabolism is now considered as a major metabolic pathway involved in the 

progression of cancer. The production of lipids is necessary not only for DNA and proteins, 

but also for promoting cancer cell growth and proliferation. Lipids are known for their 

important structural role as they are the building blocks for membranes. They also function as 

signaling molecules in cancer and can be used for post-translational modifications of proteins 

(76). For these reasons, targeting lipid metabolism is considered as a promising approach when 

looking for new therapeutic ways to cure cancer.  

Several studies have focused on the inhibition of enzymes of the FA biosynthesis pathway 

in an attempt to block cancer cell growth and have been reviewed in (77, 78, 79) and are 

summarized in Table 1. Some are already on clinical trials. Among them, the fatty acid synthase 

(FASN), acetyl-CoA carboxylase (ACC) and stearoyl-CoA desaturase (SCD) have been 

pharmacologically targeted to inhibit lipid synthesis. For instance, FASN inhibitors (C75 and 

C247 or C93 and C95) used in mouse models exhibited chemopreventive effects in breast 

cancer (80) and reduced the induction of lung tumourigenesis (81). Moreover, targeting ACC 

and SCD were efficient to limit the growth and proliferation of cancer cells (22, 82). The ATP-

citrate lyase (ACLY) catalyzes the production of acetyl-CoA  from citrate  during FA synthesis 

and its inhibition by SB-204990 has decreased the rates of hepatic cholesterol and FA syntheses 

(83). ACLY plays also a key role in the regulation of histone acetylation thereby linking the 

lipid metabolism to the regulation of gene expression (84).  
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It has been known for a long time that there is an accumulation of cholesterol in cancerous 

tissues, in addition to an increased FA biosynthesis. Cholesterol, like TGs, is an essential lipid 

for cell viability, not only because it is a component of cell membrane fluidity but also as a 

precursor of many hormones (estrogens, androgens, progesterone, vitamins) and steroids. It is 

supplied by exogenous diet and cellular synthetic pathways. Hypercholesterolemia is usually 

treated by inhibiting the rate-limiting step of the cholesterol biosynthesis catalyzed by the 

HMGCR with statins. In recent studies, rosuvastatin was proven to prevent the development 

of HCC associated with NAFLD in mice and improves the hepatic background and thus can 

be used as a preventive drug for HCC development (85). Also, fluvastatin - together with 

sorafenib (a multikinase inhibitor) - had a synergistic anti-tumour efficacy in HCC which 

resulted in inhibiting cancer cell proliferation and promoting apoptosis (86).  

There is a more promising evidence that statins could decrease the risk of HCC. This is 

discussed more in details in the review by Alipour et al. (Alipour et al, submitted jointly to this 

review). For instance, many observational studies done in high-risk areas such as Taiwan (87, 

88, 89, 90) shows that the use of statins reduces the risk of HCC. El-Serag HB et al. (91), who 

observed a cohort of patients with diabetes, concluded that the use of statins significantly 

reduced the risk of HCC. The role of statins in reducing the HCC risk was confirmed when 

evaluating patients in the U.S, which is a low-risk HCC area (92). Another study recorded very 

promising results in a randomized controlled trial of pravastatin in patients having advanced 

HCC (93). They observed a significant prolonged survival of these patients upon treatment 

with 40 mg/day of pravastatin compared to the non-treated ones (18 months’ median survival 

in the pravastatin group compared to the control group which was 9 months; P=0.006), 

therefore suggesting its value as an auxiliary treatment.  

It is important to mention that inhibition of cholesterol synthesis by statins can lead to a 

restorative feedback loop mediated by the sterol regulatory element binding protein 2 
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(SREBP2), making the anticancer effects of these drugs less effective. Indeed SREBP is a TF 

and master regulator of lipid biogenesis (94). It regulates the rate-limiting enzyme for 

cholesterol synthesis –HMGCR- and also the low-density lipoprotein receptor (LDLR) leading 

to cellular uptake of LDL and the depletion of serum cholesterol levels (95). Consequently, 

targeting SREBP2 was shown to effectively suppress the feedback activation loop triggered by 

statin treatment, widening the therapeutic window to include tumours otherwise unresponsive 

to statins (96).  

Moreover, any atypical activation can lead to fatty liver disease and possibly cancer 

development (97). During angiogenesis, lipid metabolism is further enhanced and hence 

SREBP is activated by endothelial cells in response to vascular endothelial growth factor 

(VEGF) (98). However, treatment with a potent inhibitor of SREBP, 25-hydroxycholesterol 

(25-HC), prevented the migration and proliferation induced by VEGF in these endothelial cells 

(98). Therefore, SREBP2 seems to be an attractive and novel target which can be used in 

combination therapies with statins. 

Furthermore, the epigenetic inhibitor MI-2 exhibits anti glioma activity (99), that could 

extend to tumours not harboring the H3K27M mutation of Histone 3. Indeed, if MI-2 was 

originally described as inhibiting menin, an essential component of the histone 

methyltransferase complex, it was recently suggested that lanosterol synthase (LSS) would be 

the real target of MI-2 in the case of isolated diffuse intrinsic pontine glioma (DIPG) cell 

treatment (100). LSS catalyzes the complex conversion of (S)-2,3-oxidosqualene in lanosterol, 

the first steroidal intermediate of the cholesterol biosynthesis. LSS can also catalyze the shunt 

pathway from (S)-2,3-oxidosqualene to lead to 24(S),25-epoxycholesterol (24,25-EC), a liver 

X receptor (LXR) agonist. MI-2 induces 24,25-EC accumulation and upregulation of the LXR 

target, at the detriment of cholesterol synthesis, similarly to RO-48-8071, a known LSS 

inhibitor (101). The final outcome is cell death and addition of cholesterol reverses the cell 
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toxicity induced by RO-48-8071, thus confirming the role of cholesterol blocking in limiting 

cancer progression. LSS certainly deserves more attention in the context of drug research to 

treat HCC.  

Targeting lipid metabolism is a promising therapeutic approach that needs to be extensively 

studied and explored. Thanks to modern technology, different inhibitors for different pathways 

were brought to light and are being studied in preclinical and clinical trials. Some of them are 

already approved and being used for treatment of diseases such as hyperlipidemia, diabetes or 

other metabolic syndromes. However, more effort is needed to fully understand the behavior 

of cancer cells and the way in which they escape different defense mechanisms.  

 

Aspirin in HCC 

In addition to triggering the production of some specialized immunomodulatory SPMs, 

aspirin connection to cancer has been addressed in different perspectives. A chemopreventive 

role has been attributed to aspirin initially in colorectal cancer (CRC) (102) making it one of 

the promising anti-cancer drugs. This is supported by several studies, whether clinical or 

epidemiological, which were done over the last decades (103, 104, 105). Very recently, Yang 

G et al. (106) reported that aspirin inhibited the cancer growth by targeting an important TF, 

the NFκB. Aspirin could suppress the abnormal lipid metabolism in HepG2 and Huh7 liver 

cancer cell lines in a dose dependent manner. The action of this drug was clearly through 

inhibiting an essential enzyme in the lipid metabolism, the Acyl-CoA synthetase long-chain 

family member 1 (ACSL1) at both mRNA and protein levels. Therefore, the potential role that 

could be played by aspirin in HCC would be through suppressing the abnormal lipid 

metabolism by abrogating the NFκB-ACSL1 signaling pathway.  

Moreover, aspirin when combined with sorafenib to treat sorafenib-resistant HCC cells 

(HCC-LM3 and Huh7-R) increased the cellular inhibition and apoptosis of these resistant cells 
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in vitro and in vivo (107) without having side effects such as weight loss, hepatotoxicity or 

inflammation. Hence, the conclusion of this study is that aspirin can overcome the resistance 

to sorafenib and the combination of sorafenib and aspirin can be a promising therapeutic option 

for HCC. Similar effect has been observed in Navitoclax-resistant HCC cell lines, (108). 

Navitoclax is an inhibitor of the antiapoptotic proteins Bcl-2/Bcl-xL (B-Cell 

Leukemia/Lymphoma-2/-extra large) with strong antitumour activities in different cancers, but 

with a low binding affinity to Mcl-1 (Induced myeloid leukemia cell differentiation protein 1), 

a member of the Bcl-2 family which is overexpressed in HCC (109, 110). Aspirin treatment 

suppressed Mcl-1 expression and enhanced the inhibition of cell viability with induction of 

apoptosis in HCC cell lines, HepG2 and BEL-7402. Furthermore, other in vitro and in vivo 

studies assured the role of aspirin in overcoming treatment resistances and enhancing the IFN-

α effect in the treatment of HCC through activating the STAT1 gene that is known for exerting 

its antiproliferative and proapoptotic effect by mediating tumour cell response to IFN-α (111).  

Some of the HCC tumours are unresectable and the only available method of treating such 

tumours is through transarterial chemoemobilization (TACE) (112). The response to this 

treatment differs between patients; for example, patients in the intermediate stage of the disease 

show better median survival (16-20 months) than those in the advanced stages of HCC (8 

months) (113). However, when this treatment is repeated several times, its efficacy is 

diminished and the patients enter the state of TACE failure/refractoriness (114). So in this case, 

multiple nodules will be scattered in the liver, and the nontumoural part of the liver will be 

damaged because of the multiple use of TACE leading in the end to a decrease in the survival 

time of the patients (115). Because of all these limitations associated with TACE, it was of a 

great need to look for some alternative, probably combination therapies, to decrease the risks 

of failure and improve the survival outcome of patients in such treatments. Li et al. (116) were 

the first to evaluate the combined effects of aspirin and TACE therapy in treating patients 
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suffering from HCC. They observed that the auxiliary aspirin treatment with TACE in cases of 

unresectable HCC could improve the overall survival in such patients without having side 

effects like fatal bleeding. 

 

Conclusion: 

Enhanced lipogenesis in highly proliferative tumour cells provides the building block 

materials, signaling molecules and bioactive mediators to ensure their growth, proliferation and 

persistence. The progression of HCC is associated with complex metabolic reprogramming, as 

well as immunosuppressive drive provided by TAMs and mediated by bioactive lipid 

mediators. 

By dissecting the diverse lipid metabolic network and highlighting many of its cancer 

associated signatures, we have discussed how the lipidome can be malleable to interfere with 

oncogenesis.  

Several established drugs targeting the lipid metabolism are showing promising anti-cancer 

properties and may emerge as highly valuable choices for new oncology indications. Others 

may be coming out of the dark for the use in a drug combination approach to minimize the 

adaptive metabolic reprogramming of cancer cells and/or to improve the effectiveness of the 

ongoing immunotherapeutic interventions. Finally, the bioactive lipids appear to hold great 

promise in our apprehension of the lipid involvement in immunosuppression and oncogenesis 

and can ultimately be considered as a new treatment modality that deserves to be appraised in 

cancer. 
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