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Introduction

Lipids play a multifaceted role in cellular physiology and 
pathology. They primarily consist of fatty acids, triglycerides, 
sterols (nonglycerides), phospholipids and lipoproteins, which 
are crucial in regulating diverse cellular functions such as 
maintenance of cellular energetics, structural integrity, and 
signaling. Dysregulated lipid metabolism has been associated 
with various diseases, including cancer and tuberculosis [1-3].

Rewired cancer metabolism is an important hallmark 
of tumorigenesis [2]. Tumor metabolic heterogeneity is 
associated with drug resistance, reduced survival and poor 
patient outcomes [4]. While processes like Warburg effect and 
glucose metabolism have been extensively studied in cancer 
and other diseases, recent advancements in metabolomics 

have highlighted the role of lipids in various pathological 
settings, particularly in cancer and tuberculosis [5,6]. Lipids 
serve as a key metabolite for tumor initiation, progression and 
immune evasion. At various stages of tumor development and 
drug resistance, cancer cells exhibit enhanced lipid synthesis, 
storage, and degradation, and disrupting these processes lead 
to tumor regression and cell death [7].

Lipid metabolism dysregulation is not exclusive to tumor 
cells only, it also plays a key role in neurological disorders, 
cardiomyopathy, diabetes and infectious diseases such as 
tuberculosis [8]. Emerging evidence has shown association 
between alteration in lipid metabolism and tuberculosis 
progression (Figure 1), which is often linked to therapy failure 
and development of multi-drug resistant phenotypes [9].
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In this report, we summarize recent advancements in 
lipidomics and its role in cancer and tuberculosis, drawing 
parallels between these two pathologies and how they exploit 
lipids in their progression. Finally, we discuss the potential of 
targeting lipid metabolism in preclinical and clinical settings.

Lipid Signaling in Disease Pathology

Dysregulated signaling is a common phenomenon in various 
pathologies including cancer. Overactivated signaling involved 
in lipid metabolism rewiring has been extensively studied in 
different cancer models. For instance, one of the metabolic 
features of renal cell clear cell carcinoma (ccRCC) is elevated 
lipid storage and signaling under hypoxia, which is often 
associated with poor prognosis in patients [10]. To examine 
this, Qiu et al. explored the role of HIF2α (hypoxia-inducible 
factor 2α) in regulating lipid metabolism and showed that 
HIF2α signaling promotes lipid storage, ER fitness, and survival 
through PLIN2 upregulation. Furthermore, they found that the 
inhibition of PLIN2 activity led to decreased lipid storage and 
reduced survival of renal cancer cells [11]. Similarly, Bensaad 
et al. showed HIF1α promotes increased uptake of fatty acid 
and lipid storage in breast cancer and glioblastoma cells and 
targeting lipid accumulation led to reduced tumor load in 
mice model [12].

The PI3K/AKT pathway is well known for its role in cellular 
proliferation and biomass generation in both physiological 
and pathological settings [13,14]. Many recent studies 
suggest that its dysregulation contributes to lipid metabolism 

alterations and reprogramming in cancer. Bengoechea-
Alonso et al. showed that AKT mediated inactivation of GSK3 
leads to stabilization of SREBP1 and de novo lipid biogenesis, 
while its inhibition led to cell cycle arrest. Similarly, Li et al. 
found that CD147-mediated activation of SREBP1c via AKT/
mTOR signaling led to the upregulation of de novo lipogenesis 
genes FASN and ACC in liver cancer [15-17]. Another key 
oncogene involved in cancer metabolic reprograming and 
biomass generation is MYC. Aberrant MYC signaling is a 
well-documented phenomenon in many cancers. In fact, 
some cancer types are highly addicted to its function due to 
its role in cellular transformation and growth. Interestingly, 
it has been observed that MYC transcriptionally regulates 
important enzymes like FASN and SCD, thus modulating de 
novo synthesis of lipids. Inhibition of MYC’s activity showed 
increased lipid droplets accumulation, dysregulated lipid 
and redox homeostasis and increased cell death [18-20]. An 
extensive discussion of various other pathways and proteins 
involved in crucial regulation of lipid signaling, including their 
interacting partners, mechanism of action, and biological 
significance, is discussed elsewhere in detail [21].

Importance of lipids in maintaining structural 
components and energy dynamics

Lipids play an essential role in maintaining cellular structures 
and regulating energy homeostasis [1]. They form plasma 
membrane, nuclear membrane, and membranes of all 
organelles within the cell, providing compartmentalization 
for spatiotemporal functions and regulatory processes. Lipids 

Figure 1. A cartoon illustrates how lipids fuel the growth of cancer and tuberculosis. Created using BioRender.com.
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enable cells to adapt to fluctuations during changes in cell 
shape, size, and external stimuli, which are often associated 
with pathological consequences [22]. Numerous proteins also 
interact with lipids to provide structural integrity and facilitate 
cellular signaling [23]. Each major class of lipids is destined 
for a distinct role: triglycerides mainly function as storehouse 
for fatty acids routed to mitochondria and peroxisome 
for energy generation and signaling via diacylglycerol. 
Phospholipids maintain the membrane polarity and flexibility, 
while cholesterol is crucial for maintaining fluidity in the lipid 
bilayer and serves as a structural backbone for various steroid 
hormone synthesis [23-25]. 

Notably, when it comes to energy generation, only a 
few classes of saturated fatty acids and short chain fatty 
acids undergo degradation and contribute to maintaining 
cellular energy homeostasis. Cancer cells employ various 
mechanisms to regulate dynamic lipid metabolism, including 
enhanced lipid droplet synthesis, transport from tumor 
microenvironment, enhanced expression of de novo fatty acids 
synthesis genes, and reliance on neighboring fibroblasts and 
adipocytes for supply of fat molecules [26-28]. Free fatty acids 
released by adipocytes become a substrate for β-oxidation in 
the mitochondria, fueling tumor growth. To explore metabolic 
flexibility and lipid dependency in hepatocellular carcinoma 
(HCC) induced by β-catenin oncogene, Senni et al. showed 
that progression of HCC is dependent on fatty acid oxidation 
(FAO), rather than glycolysis [29]. Furthermore, inhibiting the 
activity of PPARα, a transcription factor known for regulating 
expression of lipid metabolic genes, was sufficient to block the 
development of HCC in mice. Similarly, Zuagg et al. showed 
that carnitine palmitoyltransferase 1C (CPT1C) overexpressing 
cells were resistant towards glucose deprivation and 
hypoxia, and more dependent on FAO for ATP production. 
Additionally, knockdown of CPT1C led to apoptosis, inhibited 
ATP production in cell line and caused regression of tumor 
xenograft post metformin treatment in mice [30]. In contrast, 
stimulating fatty acid catabolism in tumor infiltrating CD8+ 
(TIL) cells has been shown to improve immunotherapy 
response and reduce tumor burden in melanoma [31].

Lipids as an important regulator of metabolic and 
oxidative stress during metastasis

Metabolic adaptability is frequently observed in the 
metastatic cascades of various human tumors [32]. Tumor 
cells exhibit dynamic instability in lipid metabolism to 
counter oxidative stress and meet energy demand during 
epithelial mesenchymal transition (EMT). One of the strategies 
cancer cells employ to cope with increased oxidative stress 
while migrating is shifting their metabolic reliance towards 
β-oxidation of fats. This shift has two key advantages: first, 
it provides ample energy for anabolic activities; second, it 
generates a pool of NADPH molecules, which is a crucial 
cofactor for enzymes responsible for lowering down oxidative 
stress [33-35].

Fatty acid degradation shields cancer cells from multiple 
cell death pathways triggered by metabolic stress and 
matrix detachment [35,36]. Li et al. investigated how cancer 
cells exploit FAO to overcome metabolic stress and loss of 
attachment. Using melanoma cell line and mice model they 
found that glucose deprivation activates ERK2 mediated 
Nur77 translocation to mitochondria and facilitate FAO to 
generate NADPH and ATP, which prevented ROS generation 
[37]. Further, they found Nur77 and TPβ interaction was 
essential for survival of circulating tumor cells and metastasis. 
Similarly, Lee et al. found that during lymph node metastasis 
metabolic dependency towards FAO is essential for growth 
and survival of migrating cancer cells [38]. To examine the 
potential of FAO blockade in drug-resistant mesenchymal 
cancer cells, Li et al. used MDA-MB231 cells and showed that 
inhibiting FAO in these cells reduces their potential to migrate, 
invade, and prime them towards apoptosis. This inhibition 
also led to decreased mitochondrial membrane potential 
[39]. Similarly, Wright et al. found that UB-domain containing 
protein 1 (CDCP1) promotes metastasis of triple negative 
breast cancer cells by leveraging β-oxidation and targeting 
lipid droplets [40]. Previously, it has been shown by various 
groups that metastasizing cells, which are resistant to therapy 
show alterations in lipid synthesis, uptake and breakdown. 
For instance, Pascual et al. showed that mice bearing facial 
tumor had higher metastasis initiating cells and enhanced 
expression of CD36 and lipid metabolism genes when fed 
with high fat diet compared to low fat fed mice [41,42]. Similar 
results were obtained in other investigations, wherein they 
showed high fat diet in colon cancer mice model activated 
lipid catabolism transcriptional program via PPAR-δ, which 
in turn lead to increased stemness and liver metastasis from 
primary tumor [43]. Similarly, Chen et al. showed increased 
metastatic potential of prostate cancer cells using mice via 
SREBP mediated upregulation of lipid synthesis [44]. In line 
with this, Li et al. showed that high fat diet induced obesity 
promoted lung metastasis in gastric cancer by enhancing the 
activity of DGAT2 enzyme, which is important for lipid droplet 
synthesis and neutral fat storage. Interestingly, inhibiting 
DGAT2 activity, either by shRNA or by pharmacological agents 
decreased cancer cell’s ability to metastasize and became 
sensitive to anoikis, a type of programmed cell death occurs 
due to detachment of cells from extracellular matrix [45].

The role of cholesterol and its metabolites in protecting 
cancer cells from ferroptosis

Cholesterol is a vital component in the plasma membrane, 
involved in maintaining lipid raft integrity and signaling. 
Stochiometric changes in metabolites involved in cholesterol 
biosynthesis are associated with cancer pathogenesis. Clinical 
studies have shown that hypercholesterolemia is associated 
with reduced survival outcomes in cancer patients with 
advanced disease [46,47]. Recent research has highlighted 
the role of various cholesterol biosynthesis metabolites 
in manipulating cell death signals and enhance cellular 
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proliferation. For example, several recent have studies shown 
that higher RNA expression of HMGCR, an important enzyme 
for cholesterol synthesis, is associated with poor survival 
in prostate cancer patients and its inhibition induces cell 
death in glioblastoma [48-50]. In another study by Liu et al. 
they showed 27-dihydrocholesterol (27HC), an intermediate 
metabolite in cholesterol synthesis pathway was associated 
with increased tumorigenicity and metastasis and enhanced 
resistance towards ferroptosis. Interestingly, inhibiting GPX4 
gene’s (a lipid-repair enzyme) activity sensitized them towards 
ferroptosis [51].

Notably, the potential of intermediate metabolites from 
cholesterol synthesis pathway in inhibiting ferroptosis by 
blocking peroxidation of phospholipids has been highlighted 
elegantly recently by two different research studies. In the 
first study, wherein Li et al. used genome wide CRISPR–Cas9 
screening approach to fish out factors involved in regulating 
ferroptosis in HEK293T cells and found several well-known 
genes regulating this process. Interestingly, they found 7-DHC 
reductase (DHCR7) as the top hit in this group, which is involved 
in converting 7-dehydrocholesterol (7-DHC) to cholesterol. 
Mechanistically, they found that 7-dehydrocholesterol (7-
DHC) acts like a free radical quencher due to its conjugated 
dienes present in the sterol core. This was associated with 
decreased lipid peroxidation of phospholipids in both the 
plasma membrane and mitochondria’s lipid bilayer, thereby 
inhibiting ferroptosis [52]. In the second study by Freitas et al. 
wherein they took a slightly different approach by using an 
inducible GPX4 knock out cell line Pfa1, an important gene in 
protecting lipid damage, to find genes conferring resistance 
towards ferroptosis using similar (CRISPR-Cas9) genetic screen 
approach. They also found DHCR7 as one of the top hits under 
RAS-selective lethal 3 (RSL3) stress, an inhibitor of GPX4. To 
show its potential in protecting phospholipids’ peroxidation, 
especially in the plasma membrane, they used iron/ascorbate 
oxidation model for membrane permeabilization and found 
that incorporation of liposomes containing 7-DHC enhanced 
resistance towards ferroptosis. Additionally, using mice 
model, they showed that deletion of DHCR7 (which enhanced 
accumulation of 7-DHC) led to increased aggressiveness 
of neuroblastoma and lymphomas cancer cells [53]. This 
highlights the role of cholesterol in protecting cancer cells 
from phospholipid peroxidation and escaping ferroptosis, 
which is triggered by increased oxidative stress.

Role of lipids in manipulating the immune system in the 
tumor microenvironment 

Cholesterol biosynthetic metabolites not only protect 
cancer cells from oxidative damage but also contribute to 
the immune suppression in the tumor microenvironment. In 
an interesting study led by Baek et al. they showed that 27HC 
promotes metastasis in breast cancer by acting on myeloid 
cells and creating an immunosuppressive niche for tumor 
growth [54]. Furthermore, ablating CYPA271, the rate limiting 

enzyme in 27HC synthesis led to the decreased metastasis in 
mice model by manipulating the functions of γδ-T cells and 
polymorphonuclear-neutrophils. Similarly, Goossens et al. 
used metastatic ovarian cancer mice model to demonstrate 
how cholesterol dependent reprogramming supports cancer 
progression by converting tumoricidal macrophages to tumor 
promoting ones and lipid rafts mediated IL-4 activation and 
decreased expression of IFNγ target genes. Additionally, they 
showed that the ablation of cholesterol efflux transporter 
genes led to the reversal of tumor-associated macrophage 
function and a decreased tumor load [55].

Apart from cholesterol, other lipid species are also linked in 
impeding immune cell functions and decreased tumoricidal 
effect in the tumor niche by reprogramming lipid metabolism 
and immune signaling pathways. A study by Park et al. 
demonstrated that cancer cells dampen immune responses 
by secreting macrophage colony-stimulating factors 
(M-CSF), which activate tumor myeloid cells. This in turn 
activates fatty acid synthase gene and changes nuclear gene 
expression via Peroxisome Proliferator-Activated Receptor 
β/δ (PPARβ/δ) [56]. Similarly, Vegila et al. demonstrated 
that the upregulation of fatty acid transporter gene (FAT2) 
in polymorphonuclear myeloid-derived suppressor cells 
(MDSCs) induces immunosuppressive environment and 
promotes tumorigenesis. Their study revealed that FAT2 
expression is regulated by M-CSF through STAT3 signaling 
and its deletion abrogated the tumor suppressive behavior of 
MDSCs. Furthermore, they showed that a combined blockade 
of FAT2 along with immune check-point inhibition regressed 
tumor growth in mice [57]. 

Dysfunctional T cell immunity has been observed under 
metabolic stresses, particularly, in lipid-enriched tumor 
microenvironment [58]. Xu et al. demonstrated how 
presence of oxidized lipids can influence T cell activity and 
shape tumor immunity. Using mice model, they found that 
the accumulation of various oxidized lipids in the tumor 
microenvironment led to progressive decline in T cell function. 
Mechanistically, it was shown that CD36, a scavenger receptor 
for oxidized lipids facilitated the uptake of oxidized low-
density lipoproteins (OxLDL), which increased T cell’s lipid 
peroxidation and activated p38 signaling. Interestingly, they 
found reversal of T cell function either by blocking p38 kinase 
activation or overexpressing glutathione peroxidase 4 (GPX4), 
a phospholipid hydroperoxides responsible for preventing 
lipid peroxidation [59].

Role of Lipids in Tuberculosis

Lipids form structural niches during Mtb infection and 
disease progression

Tuberculosis (TB) is the leading cause of death from an 
infectious disease, with around 1.25 million deaths per year 
[60]. Mycobacterium tuberculosis (Mtb), the causative agent of 
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TB, is a pathogenic bacterium that requires specialized genes 
and systems to evade host immune responses and persist 
within the host for long periods. Approximately 250 Mtb 
genes are implicated in lipid uptake, synthesis, degradation, 
and modification [61,62]. This highlights Mtb's preference for 
utilizing lipids over carbohydrates [63,64]. The dynamic nature 
of lipid metabolism at different stages of infection influences 
disease progression and therapy response. Various signaling 
pathways and proteins coordinate the process of infection, 
survival, and evasion of the immune system, and therapy 
involving Mtb's lipidome [65].

During infection, Mtb breaks down host lipids, shifting its 
metabolism toward host lipid catabolism to accumulate 
precursors for carbon and energy sources (lipid anabolism), 
which supports virulence. Various host and Mtb factors are 
involved in fostering foamy cell formation because of metabolic 
calibration. Many lipid derivatives are generated from the 
degradation of the surrounding foamy cells by necrosis or 
promoted by IFN-γ. IFN released by T-lymphocytes stimulates 
nearby macrophages to promote necrotic cell death of foamy 
macrophages [65,66]. This results in the accumulation of 
lipids such as cholesterol, cholesteryl esters, triacylglycerols, 
and lactosylceramides within the caseous foci, creating a 
nutrient-rich environment for the extracellular bacilli [67]. In 
addition, caseous granulomas display increased expression 
of adipophilin (ADFP), which is involved in lipid modulation 
and is detected on the surface and the core of lipid droplets 
and in necrotic centers, suggesting that it comes from foamy 
macrophages [68]. Host lipid gene expression also increases 
in granulomas. Mtb can utilize sterol rings and side chains 
of cholesterol even inside IFN-γ-activated macrophages and 
achieve persistence [69,70].

The PI3K pathway plays a significant role in Mtb infection and 
immune evasion. Transcriptomic analysis of TB patients has 
identified a set of molecules linked to the PI3K pathway that 
are dysregulated in active tuberculosis. Hyperactivation of the 
PI3K pathway leads to the prolonged life span of neutrophils, 
increasing inflammation and tissue damage [71]. However, 
the dysregulated PI3K pathway leads to disruption of 
phagolysosomal fusion, a crucial step in the immune response 
against Mtb [72]. PIK3IP1, a protein involved in regulating the 
PI3K pathway, is downregulated in TB patients, contributing to 
neutrophil persistence. Targeting PI3K and its regulators may 
offer host-directed therapeutic strategies for TB treatment. 
PIK3C2B, another protein involved in the PI3K pathway and 
expressed in leukocytes, is also downregulated in TB patients 
[71,72].

Hypoxia-inducible factor 1 alpha (HIF-1α) is a transcription 
factor that plays a crucial role in Mtb infection and immune 
evasion [73]. It is activated in the hypoxic environment of TB 
granulomas and regulates lipid metabolism to adapt to low-
oxygen conditions. HIF-1α promotes lipid uptake and storage 
while suppressing oxidative metabolism. Additionally, HIF-1α 

drives the expression of genes involved in fatty acid utilization 
and lipid droplet formation during hypoxia [74]. Mtb induces 
and promotes foamy cell formation by inducing the HIF-1-
mediated glyoxylate pathway and inhibiting the β-oxidation 
pathway. Several infections use the accumulation of lipid 
droplets (LDs), which is known to bolster intracellular bacterial 
persistence. HIF-1α also plays a key role in LD formation, acting 
through the IFN-γ/HIF-1α/Hig2 signaling axis [75].

Peroxisome proliferator-activated receptor-gamma (PPAR-γ), 
a member of the PPAR family that regulates lipid and glucose 
metabolism as well as energy balance, along with testicular 
receptor 4 (TR4), facilitates Mtb survival within host cells 
by promoting lipid accumulation in foamy macrophages. 
Deleting Pparg and Nr2C2 genes, which encode PPAR-γ and 
TR4, respectively, reduces Mtb's intracellular persistence by 
limiting lipid uptake through the scavenger receptor CD36, 
disrupting the lipid-rich environment essential for Mtb 
survival [61]. Additionally, ketomycolic acid, an oxygenated 
derivative of mycolic acid in Mtb, can activate TR4, forming 
foamy macrophages within granulomas. Lowering lipid levels 
can also lower the growth of intracellular bacteria. PPAR-γ 
activation contributes to foam cell formation, increasing IL-10 
production and enhancing mycobacterial persistence​. PPAR-γ 
supports lipid droplet formation and favors Mtb survival in 
hepatocytes [76]. On the other hand, PPAR-α induction by 
Mtb infection increases lipid catabolism, β-oxidation and 
autophagy in macrophages [77]. PPAR-α agonists could serve 
as host-directed therapies by limiting mycobacterial access to 
host lipids while boosting autophagic clearance [77,78].

Mtb also influences nuclear transcription factors signaling 
pathways to manipulate host metabolism. For instance, 
macrophage infection triggers TNF receptor signaling, 
leading to downstream activation of the caspase cascade and 
mTORC1, which promotes LD accumulation by reducing fatty 
acid consumption [79].

Cholesterol: the safe haven from infection to latency in 
Mtb pathogenesis

Cholesterol metabolism is one of the major sources of carbon 
and is crucial for optimal growth and persistence, particularly 
during the chronic phase of Mtb infection. Studies have shown 
that Mtb increases the uptake of low-density lipoprotein 
(LDL) and shows enhanced de novo cholesterol synthesis 
in macrophages post-infection. Furthermore, Mtb actively 
inhibits cholesterol efflux from macrophages via an ATP-
binding cassette (ABC) transporter, leading to lipid droplet 
synthesis and granuloma formation, key events in systemic 
dissemination [80]. Among the various operons facilitating 
Mtb invasion and intracellular survival, the mce4 operon, 
which includes igr genes, plays an essential role in intracellular 
cholesterol utilization. While igr mutants grow optimally on 
fatty acids and under in vitro stress, their survival is severely 
impaired when cholesterol is the primary carbon source, 
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indicating that the igr transporter system is crucial for complete 
cholesterol metabolism [80,81]. Cholesterol catabolism is 
an essential source of carbon and a key virulence factor in 
establishing TB infection. Once inside Mtb, cholesterol and 
fatty acids serve as crucial metabolic resources, contributing 
to the synthesis of key lipids such as PDIM), PAT, and 
mycolic acids, all essential for bacterial growth and survival. 
β-oxidation generates byproducts that aid Mtb in persisting 
in chronic infection and dampening immune responses. 
Even-chain fatty acids are catabolized into acetyl-CoA, while 
odd-chain fatty acids generate acetyl-CoA and propionyl-
CoA [82-86]. Jain et al. showed that the bacterium prevents 
the toxic accumulation of propionyl CoA by synthesizing 
methyl malonyl CoA (MMCoA) lipids like polyacyl trehalose, 
Phthiocerol Dimycocerosate (PDIM), and Sulfolipid-1 (SL-1), 
which are important players in Mtb virulence [87].

The Mtb genome encodes several genes involved in the 
cholesterol catabolic process, such as ipdAB, kstR2, and kshAB, 
critical for maintaining virulence post-infection [88]. Mutants 
of cholesterol catabolism genes lead to reduced virulence in 
mice [89,90]. This shows how vital cholesterol is as an energy 
source during infection, and the inability to transport or 
utilize cholesterol affects Mtb's ability to escape immune 
clearance. IpdAB participates in the cholesterol degradation 
pathway by catalyzing the breakdown of side chains of 
cholesterol intermediates. Disruption of ipdAB gene leads to 
accumulation of toxic intermediates, resulting in impaired 
cholesterol utilization and reduced virulence in mouse 
models [89]. KstR2 is a transcriptional regulator controlling 
gene expression in the later stages of cholesterol catabolism. 
Deleting kstR2 leads to dysregulated cholesterol metabolism 
and intracellular growth defects [90]. KshAB is a Rieske-type 
oxygenase system responsible for the cleavage of cholesterol's 
steroid nucleus. Inactivation of kshAB prevents complete 
cholesterol degradation, leading to impaired Mtb persistence 
and attenuation in vivo [91,92].  Mtb thrives under oxidative 
insults. Prakhar et al. observed that cholesterol is one of the 
major regulators of the antioxidant gene expression program, 
which helps mitigate oxidative stress inside the macrophage. 
Mechanistically, they showed that G9a, along with SREBP2, 
orchestrated the cholesterol biosynthesis program, and 
the accumulated cholesterol inside the macrophage led 
to enhanced expression of oxidative genes and survival of 
Mtb [93]. Similarly, Jin et al. showed that the cells with high 
cholesterol build- up upregulate antioxidants such as NRF2 
and HO-1, two very important players known to be involved 
in mitigating oxidative stress [94].

Host lipid metabolism and elevated cholesterol levels 
significantly influence tuberculosis progression. Martens et 
al. showed that apolipoprotein E-deficient (ApoE(-/-)) mice 
developed hypercholesterolemia, which was associated with 
accelerated susceptibility to Mtb infection [95]. Mice that were 
fed a high-cholesterol diet died within four weeks with a 100% 
mortality rate. These mice exhibited severe lung pathologies, 

including abscess-like lesions, increased granulocyte 
infiltration, and enhanced bacterial load compared to mice 
fed a low-cholesterol diet. Moreover, there was a delay in 
adaptive immune response and poor antigen priming, which 
was associated with reduced gamma interferon production 
and reduced control of Mtb growth [95]. This suggests that 
elevated serum cholesterol affects Mtb survival and disrupts 
host immunity, creating a permissive environment for 
tuberculosis progression. It is also known that cholesterol is 
required for retention of host protein coronin-1 (called P57 
or TACO), and this retention in mycobacteria-containing 
phagosomes played a role in deterring phagolysosome fusion 

[96,97].

These findings establish a critical link between host 
cholesterol metabolism and tuberculosis pathogenesis, 
emphasizing cholesterol's dual role in bacterial survival 
and immune modulation. Understanding these intricate 
interactions could pave the way for novel therapeutic targets 
in tuberculosis management, particularly among cohorts with 
dysregulated lipid and cholesterol metabolism.

Lipids; the key-drivers behind the emergence of drug-
resistant phenotypes in tuberculosis

The bacterial cell wall, at an interface between bacteria 
and the host stresses, is composed of an assortment of 
lipids, including mycolic acids, which are the major direct or 
indirect targets of most of the anti-TB drugs [61]. Tuberculosis 
is a chronic disease with long treatment periods and hence 
the development of drug resistance during therapy is not 
uncommon. One of the factors that is associated with reduced 
effect of antibiotics and failure in therapy is the dysregulated 
lipidome [9,87]. Metabolic indicators such as presence of lipid 
bodies in patient’s sputum is associated with poor clinical 
outcomes [9]. Recently, an untargeted lipidomics study 
showed a strong correlation between failure in therapy and 
dysregulated lipid signatures in tuberculosis management. 
Cohort with failed treatment exhibited lower cholesteryl ester 
and higher ceramide, sphingomyelin, and triacylglycerol levels 
compared to successfully treated patients. This suggests that 
modulating these lipids and related pathways prior to therapy 
may enhance the efficacy of antibiotics and therapeutics, 
potentially reducing treatment failures in TB management 
[79]. Two of the first-line anti-TB drugs, Isoniazid (INH) and 
ethambutol (ETH) target mycobacterial cell wall. Selective 
upregulation of lipid metabolic genes under drug stress is 
seen in patients undergoing therapy. INH treatment has been 
shown to induce expression of several genes involved in fatty 
acid metabolism such as tgs1 (a triacylglycerol synthase), prpC 
(a methylcitrate synthase), fabG4, fadE5, fadA, fadB, fadE10, 
fadE23, and fadE24, were upregulated under INH drug treatment 
[98-100]. Reports also suggest that upregulation of fadE23 and 
fadE24 after INH treatment might play a role in cholesterol 
recycling [101]. Rifampicin also alters the expression of lipid-
metabolic genes. RIF treatment led to downregulation of fabD 
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(mycolic acid synthesis), fadD10 (lipid degradation), fcoT and 
nrp (involved in PDIM synthesis) [102,103]. Drugs targeting 
cholesterol, such as statins, significantly lowered the duration 
of TB treatment [104]. Similarly, HMG CoA reductase inhibitor 
atorvastatin treatment reduced cholesterol accumulation in 
the cell wall and increased drug efficacy [105].

Major association studies of how altered lipid metabolites 
affect drug treatment outcomes is important to design better 
drug regimes. Host-directed therapies focus on targeting host 
cellular processes rather than targeting the pathogen. This 
approach aims to minimize drug adverse side effects and curb 
bacterial antibiotic resistance, which is a significant public 
health challenge.

Lipids create an immune suppressive niche for Mtb 
survival

The establishment and persistence of Mtb inside various 
myeloid cell populations determine the disease progression. 
Mtb possesses a diverse range of proteins and lipid mediators, 
that influence immunological responses from the host defense 
system [70,106,107]. Using optically transparent zebrafish 
model, Cambier et al. showed that Mtb and its close relatives 
such as Mycobacterium marinum use PDIM to mask PAMPs and 
inhibit nitrosative stress via Toll-like receptor (TLR) that arise 
from macrophages [108]. Similarly, Mittal et al. showed how 
PDIM manipulates autophagosome machinery and impairs 
B-cell function in mice. Mechanistically, they showed PDIM 
inhibited LC-3-mediated phagocytosis and NADPH oxidase 
recruitment, which led to an alteration in B-cell accumulation 
in lymphoid follicles [109]. Another study by Cambier et al. 
showed how Mtb piggybacks immune cells and mediators for 
systemic dissemination [110]. Membrane phenolic glycolipid 
(PGL) triggered local macrophages' STING cytosolic sensing 
pathway, which resulted in the chemokine CCL2 production. 

This, in turn, attracted circulating CCR2+ monocytes to the 
infection site and facilitated fusion with infected macrophages, 
which allowed for bacterial translocation and subsequent 
dissemination. Interestingly, interrupting this transfer and 
extending Mtb retention in resident macrophages promoted 
infection clearance [110,111]. Similarly, a subset of Mtb, 
isolated from Beijing, showed very high lethality in the murine 
model due to the presence of a phenolic glycolipid, which 
is a highly bioactive lipid type. It was shown that this lipid 
diminished the induction of pro-inflammatory cytokines such 
as interleukin-6, -12 and TNF-α. This inhibited secretion of 
these cytokines led to increased bacterial burden and illness 
in mice [112]. Other glycolipids such as lipoarabinomannans 
(LAM) and lipomannans (LM) are also reported to dampen 
innate responses from the host by modulating the receptor-
binding activities of macrophages and dendritic cells [113]. 
This highlights the potential of glycolipids as a novel antigen 
target for therapeutic interventions.

Future of Lipidomics in Diagnosis and Treatment of 
Tuberculosis

Epidemiologically, dyslipidemia has been linked with almost 
every major human disease (Figure 2). This highlights its 
potential as a biomarker. Emerging evidence has shown 
that a high-fat diet is a risk factor for malignancies and 
tuberculosis. Appropriate dietary interventions, particularly 
low-fat and ketogenic diets, have the potential to benefit 
cancer and TB patients. Exploring cholesterol-lowering drugs 
(statins) would be another interesting avenue to test as an 
adjunct therapeutic agent in the clinic, because of their 
well-established safety profiles and plethoric effects, which 
include cholesterol-lowering, immunomodulatory, and anti-
inflammatory properties, statins may be able to interfere with 
host lipid pathways that are used by intracellular pathogens 
such as Mtb as well as tumor cells.

 

 
 

 

 

 

 

 

 

 

 

Figure 2. A cartoon illustrating the role of lipids in cancer and tuberculosis. Created using BioRender.com.
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Altered lipidome profiles in TB treatment affect the outcome 
of TB treatment. In a drug specific manner. However, despite its 
immense potential, the clinical utility of lipids as a biomarker 
or therapeutic is yet to be fully achieved. This is partly due to 
its inherent complexities in biological samples, lack of robust 
statistical models, and designing of optimized platforms in 
pre-clinical and clinical settings. For example, in cancer, lipids 
are utilized in a context-dependent and disease-stage-specific 
manner. Moreover, cancer cells are highly heterogeneous and 
can switch their metabolic preferences from fats to glucose 
under lipid targeting therapies. Also, no single lipid can predict 
therapy response. Similarly, Mtb shows metabolic flexibility in 
terms of switching lipid sources under stress. Future success 
in exploiting lipids as a clinical target will depend on the 
identification and profiling of context-specific lipid classes in 
physiology and pathology using advanced biochemical and 
biophysical techniques, advanced imaging systems, along 
with the latest artificial intelligence-based approaches. This 
might help in cataloguing it better and help to establish it as a 
candidate for various clinical purposes.
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