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PERSPECTIVE

Lipid droplets in Zika neuroinfection: Potential targets for intervention?
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Lipid droplets (LD) are evolutionarily conserved lipid-enriched organelles with a diverse array of cell- and stimulus-regulated 
proteins. Accumulating evidence demonstrates that intracellular pathogens exploit LD as energy sources, replication sites, and 
part of the mechanisms of immune evasion. Nevertheless, LD can also favor the host as part of the immune and inflammatory 
response to pathogens. The functions of LD in the central nervous system have gained great interest due to their presence in 
various cell types in the brain and for their suggested involvement in neurodevelopment and neurodegenerative diseases. Only 
recently have the roles of LD in neuroinfections begun to be explored. Recent findings reveal that lipid remodelling and increased 
LD biogenesis play important roles for Zika virus (ZIKV) replication and pathogenesis in neural cells. Moreover, blocking LD 
formation by targeting DGAT-1 in vivo inhibited virus replication and inflammation in the brain. Therefore, targeting lipid 
metabolism and LD biogenesis may represent potential strategies for anti-ZIKV treatment development. Here, we review the 
progress in understanding LD functions in the central nervous system in the context of the host response to Zika infection.
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Lipid droplets (LD) are complex and dynamic organ-
elles centrally involved in energy and lipid homeostasis, 
membrane biosynthesis, cell signalling and the produc-
tion of inflammatory mediators and antimicrobial com-
pounds.(1,2) Structurally, LD are endoplasmic reticulum 
(ER)-derived organelles composed of a core of neutral 
lipids (triacylglycerol, diacylglycerol and cholesterol es-
ter) surrounded by a monolayer of phospholipids associ-
ated with a diverse composition of proteins.(3)

It is now well established that LD exert major func-
tions in inflammatory and infectious diseases. The par-
ticipation of LD in infectious disease pathogenesis has 
been reported for all classes of pathogens, such as viruses, 
bacteria, fungi and protozoa, suggesting that LD partici-
pate in the innate and adaptive host immune response to 
infection.(4) Host LD may also be exploited as part of the 
adaptation of pathogens to escape the immune system and 
as an energy source for intracellular pathogens.(4)

Contemporary evidence supports important functions 
for lipid metabolism and LD in the central nervous system 
(CNS).(5,6,7,8) Indeed, different cells of the brain exhibit LD 
in the context of development, obesity, and neurodegen-
erative pathologies.(5,9,10) Although LD play major roles in 
the pathogenesis of leprosy neuropathy in the peripheral 
nervous system (reviewed in(11)), only recently have stud-
ies started to unveil the functions of CNS LD in the con-
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text of infection. Here, we review the emerging evidence 
of the functions of LD in infections of the CNS, focusing 
on LD functions in Zika neuroinfection.

Lipids in the context of neurological disorders - The 
CNS has a large amount and diversity of lipids, and the 
metabolism of these biomolecules plays an essential role 
in initial development, myelin sheath formation, and sig-
nalling.(12) Therefore, changes in the lipid metabolism and 
LD biogenesis of CNS cells can lead to cell dysfunction 
and are associated with inflammation, aging, obesity, and 
the development of neurodegenerative pathologies.(5,9,13)

The development of neurodegenerative diseases has 
been associated with the gradual loss of neurons associ-
ated with a reduction in antioxidant capacity and an in-
crease in oxidative stress. Moreover, mitochondrial dys-
function may result in increased production of reactive 
oxygen species (ROS), contributing to the increase in LD 
as well as lipid peroxidation in Drosophila and mice.(10)

Alterations in lipid metabolism and accumulation of 
LD have been associated with neurodegenerative dis-
eases, causing the early onset of defects in neurogenesis 
and affecting the regeneration and plasticity of neural 
progenitor cells, as observed even before the deposition 
of amyloid plaques in Alzheimer’s disease.(14) Likewise, 
Parkinson’s disease is also associated with alterations in 
lipid metabolism pathways. Parkinson’s disease is often 
associated with the formation of cytoplasmic inclusions 
caused by the aggregation of α-synuclein. This process 
depends on interactions of α-synuclein with phospholip-
ids and fatty acids, provoking an excessive membrane 
interaction, which stimulates aggregation.(15) Moreover, 
alpha-synuclein interacts with LD and changes TAG 
metabolism. The pathogenesis of the disease may oc-
cur due to dysfunction or overexpression of this protein, 
and this association with LD could contribute to the de-
velopment of the disease.(16)
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In different cells, organs and systems LD play major 
functions in inflammation and host-response to infec-
tion.(4) Accumulating evidence indicate that LD are also 
involved in inflammation in the CNS. Indeed, LPS trig-
gers increased LD formation in vitro and in vivo microg-
lia.(17,18) LPS-induced microglia LD co-localised with cy-
tosolic phospholipase A2, a key enzyme for arachidonic 
acid release, suggesting roles for LD in eicosanoid syn-
thesis in activated microglia, as it has been demonstrated 
for different cells of the immune system.(19) Moreover, 
microglia enriched in LD were demonstrated to produce 
high levels of reactive oxygen species and to secrete in-
creased amounts of proinflammatory cytokines.(18) How-
ever, whether LD in glia are hubs for neuroinflammation 
remains to be better defined.

Zika virus (ZIKV) infection and pathogenesis in 
the CNS - The arbovirus ZIKV belongs to the family 
Flaviviridae and genus Flavivirus. The ZIKV structure 
comprises a nucleocapsid and an icosahedral symmet-
ric structure with a diameter of approximately 50 nm.(20) 
The ZIKV genome consists of a single-stranded ribo-
nucleic acid (RNA) with positive polarity (+RNA) and 
an approximate size of 11 kb. The genome encodes a 
polyprotein, which is cleaved to generate three structur-
al proteins — the capsid protein (C), the premembrane/
membrane protein (prM/M), and the envelope protein 
(E) — and seven nonstructural proteins (NS) — NS1, 
NS2A, NS2B, NS3, NS4A, NS4B, and NS5. These pro-
teins are involved in replication and control host cell pro-
cesses to allow virus maintenance.(21)

Although the symptoms of ZIKV infection are gen-
erally self-limited, with fever, rash, headache, and con-
junctivitis, it is of great concern in the case of infected 
pregnant women.(22) In the late 2000s, ZIKV re-emerged 
dramatically, marked by the rapid epidemic wave that 
devastated America, which characterised an internation-
al public health emergency declared by the World Health 
Organization (WHO).(23)

The association of ZIKV infection with the develop-
ment of alterations has already demonstrated neurologi-
cal complications in neonates, such as microcephaly and 
other severe congenital CNS malformations.(24) In ad-
dition, ZIKV infection is associated with the develop-
ment of Guillain-Barré syndrome (GBS) in adults. This 
neurological complication may lead to peripheral nerve 
impairment and respiratory failure.(25)

ZIKV infection can trigger congenital changes with 
a spectrum of neurological dysfunctions characterised 
by congenital ZIKV syndrome in foetuses and babies 
infected during pregnancy. Such neurological compli-
cations include severe microcephaly, deep skull depres-
sions, parenchymal or cerebellar calcifications, apparent 
tissue damage to the brain, scarring or pigment changes 
in the back of the eyes, atrophy, and joints with limited 
range of motion after birth. These effects of ZIKV on 
foetuses are usually more frequent and severe when ma-
ternal infection occurs in the first and second trimesters 
of pregnancy, resulting in miscarriage and an increased 
likelihood of congenital malformation, foetal death, and 
neonatal and postneonatal deaths.(26,27)

During ZIKV infection, neural changes are associ-
ated with the death of neural progenitor cells and ma-
ture neurons, albeit to a lesser extent.(28) Therefore, 
understanding the pathogenesis of ZIKV is extremely 
important to prevent the irreversible and severe dam-
age observed, particularly in foetuses during pregnancy, 
compromising neurological development. Several re-
sponse mechanisms are activated by host cells during 
ZIKV infection, such as the production of inflammatory 
mediators, activation of signalling pathways, and au-
tophagy, which can lead to cell depletion and compro-
mise cell viability due to the metabolic reprogramming 
observed during the infection.(29)

ZIKV infection causes changes that contribute to 
damage in neurological development. Brains of ZIKV-
infected mice show a significant amount of infectious 
particles compared to other organs, corroborating the 
tropism of ZIKV for neural cells.(30) Furthermore, ZIKV 
infection significantly reduces the body and brain size 
of mouse foetuses. Surviving mice exhibit cortical mal-
formations associated with a delay in the cell cycle, a 
lower number of cells, cell death, and diminishment of 
the thickness of the cortical layer. Thus, ZIKV infection 
affects neuronal development in mice, similar to the out-
come of microcephaly in humans.(30,31)

ZIKV infection also induces microglial activation, 
which contributes to the immune response to the patho-
genesis of ZIKV infection in the developing brain.(32) De-
spite all the severe outcomes of ZIKV infection, there is 
still no specific treatment for the disease, and there are 
no vaccines available against this virus. Given this, it 
is necessary to understand more about the mechanisms 
involved in the infection and pathogenesis to envisage 
prevention and control of the disease.

Functions of LD in ZIKV neuroinfection - There is 
a global concern about developing antiviral therapies 
to control these mechanisms in this scenario. Although 
ZIKV has been known for decades, antiviral therapies 
against it are still lacking and facing enormous challeng-
es, especially regarding how to block transmission from 
pregnant women to their foetuses.(33) Currently, therapies 
are focused on the search for direct acting antivirals that 
interfere with viral host components that hamper virus 
assembly and release.(34)

Lipids are essential constituents of the cell mem-
brane, providing structure and energy for living organ-
isms. Lipidomic and transcriptomic analyses reveal that 
ZIKV infection reprograms lipid metabolism and alters 
the relative amounts of different lipid classes, such as 
sphingolipids, glycerophospholipids, plasmalogens, ly-
sophospholipids, and (di)carboxylic acids. This class of 
biomolecules also plays other roles during the inflam-
matory process, such as acting as signalling molecules 
that modulate the inflammatory response.(35) Markedly, 
reprogramming of lipid metabolism is central for virus 
entry, replication, assembly, and release.(33,36,37)

Flavivirus infection induces extensive membrane 
remodelling, creating niches that protect the viral ge-
nome from degradation and allow viral assembly. There 
is also stimulation of the biogenesis of LD, which are 
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often located close to the membrane vesicles containing 
the viral replication complexes, contributing to the rep-
lication and assembly of ZIKV and other flaviviruses.
(38,39,40) Similar to dengue virus (DENV) and hepatitis C 
virus (HCV),(38,39,40) ZIKV capsid (C) protein associates 
with LD(41,42) giving support to LD role as ZIKV repli-
cation platform and generation of virus particles. These 
processes require de novo lipid synthesis and lipid mo-
bilisation. In fact, viral infection relies on rewiring host 
metabolism, especially lipid metabolism.(4,43)

LD are the main lipid storage site found in almost all 
prokaryotic and eukaryotic cells and present an associa-
tion with several proteins that confer different functions 
to this organelle.(3,44) LD present a monolayer of phos-
pholipids associated with several structural proteins 
(perilipin 1-5) and exhibit a core rich in neutral lipids. 
They act in fatty acid trafficking and lipid signalling. In 
addition, LD harbour the machinery to produce inflam-
matory lipid mediators, such as prostanoids.(45,46) During 
infections, LD can be viewed as a double-edged sword 
since they support viral replication and contribute to the 
production of metabolites of the host defence.(47,48)

The mechanisms of formation and functions of LD 
in Zika infections of neuronal cells are starting to be un-
veiled. We have recently shown that ZIKV usurps the host 
metabolism of human neuronal cells SH-SY5Y (neuro-
blastoma cell line) and in NSCs derived from iPSCs, stim-
ulating the expression of lipogenic genes, such as DGAT-1, 
FASN, PPAR-γ, SREBP-1, and PLIN-2, while decreasing 
the expression of lipolytic enzymes, such as HSL and 
ATGL.(40) This lipogenic profile agrees with the increase 
in LD. Notably, the inhibition of acyl-CoA:diacylglycerol 
acyltransferase-1 (DGAT-1) with A922500 impairs LD 
production and viral replication in these cells.(40)

Sterol regulatory element-binding protein (SREBP) is 
an essential lipid metabolism regulator. It regulates cho-
lesterol and lipid homeostasis and has been associated 
with LD biogenesis in several viral infections, including 
HCV, DENV, and ZIKV.(33,49,50) SREBPs are ER-residing 
transcription factors that control the expression of key 
lipogenic enzymes, thereby integrating multiple cellular 
signals to control lipogenesis and subsequent LD biogen-
esis.(51) They are synthesised as precursor proteins and 
need processing to be activated. In the ER, SREBPs in-
teract with SREBP-cleavage activating protein (SCAP), 
which is a sensor of the cholesterol level in the ER. 
Binding to cholesterol promotes SCAP interaction with 
insulin-induced genes 1 and 2 (INSIGs). When choles-
terol levels are low, SCAP becomes free to interact with 
COPII and translocate SREBPs to the Golgi, where site 
1 protease (SKI-1/S1P) and site 2 protease (S2P) cleave 
it. Then, the soluble N-terminus of SREBP goes to the 
nucleus and regulates the expression of genes involved 
in lipid synthesis, such as cholesterol and fatty acids.(52,53)

Flaviviruses interact with other cholesterol biosyn-
thetic machinery components, such as SCAP. In DENV 
infection, STING, a part of the interferon-signalling 
pathway, is cleaved by the viral NS2B3 protease com-
plex. SCAP impairs the ability of NS2B3 to cleave 
STING, counteracting the viral strategy to escape host 
immunity. Knockdown of SCAP facilitates, whereas 

SCAP overexpression blocks, DENV infection.(54) An-
other study showed that PF-429242 (an inhibitor of SKI-
S1P) inhibits DENV infection, an effect that is reversed 
by loading cells with oleic acid, an inducer of LD bio-
genesis.(50) Furthermore, the SREBP inhibitor AM580, 
an agonist of retinoic acid, presents antiviral activity 
against ZIKV infection, reducing LD biogenesis and the 
production of infectious particles.(55) In this context, in-
hibiting SREBP activation is a good candidate for reduc-
ing lipid metabolism and diminishing ZIKV infection.

Fatty acid metabolism is also important for ZIKV in-
fection. According to the alteration of FASN expression 
observed during ZIKV infection, INH-12, a hydroxyster-
oid (17β) dehydrogenase (HSD17B) inhibitor, promotes a 
reduction in LD biosynthesis, diminishing the release of 
infectious particles of ZIKV, DENV and HCV. HSD17B 
is a key enzyme of the steroid metabolism pathway and 
the second step for very long-chain fatty acid synthesis 
(VLCFA). HSD17B knockdown also diminishes VL-
CFAs and the production of HCV infectious particles, 
whereas the addition of oleic acid restores LD forma-
tion and the production of infective particles.(56) DENV 
also alters fatty acid metabolism. One such mechanism 
is recruiting FASN by viral NS3. Interestingly, de novo 
lipid synthesis localises to viral replication complexes.
(57) HCV infection, or the expression of protein C and 
NSB4, also stimulates FASN expression and activity, re-
sulting in increased levels of triacylglyceride, which al-
lows HCV replication(58) and increases VLCFAs.(59) The 
synthesis of very long fatty acids from the elongation of 
palmitate is a process that takes place in the ER.

Beyond serving as platforms for viral replication and 
assembly, LD are an essential source of lipids, which 
can be mobilised by lipophagy, which is associated with 
flavivirus infection.(57) ZIKV promotes deubiquitination 
of the LD-residing ancient ubiquitous protein 1 (AUP1) 
and its autophagosome translocation. This event stimu-
lates the acyltransferase activity of AUP1, upregulating 
lipophagy and promoting the generation of infectious 
viruses. AUP1 knockdown eliminates the production of 
infectious DENV and ZIKV virions.(60) Alternatively, 
ZIKV may exploit LD to evade the immune response.(61) 
The mechanism of the induction of LD biogenesis dur-
ing ZIKV is still not precise and deserves further study.

ZIKV infection activates the mechanistic (mam-
malian) target of rapamycin (mTOR) pathway, a master 
regulator of autophagy, impacting neurogenesis. The 
NS4A and NS4B proteins are responsible for inhibit-
ing the protein kinase B (PKB/AKT)-mTOR complex, 
diminishing the viability of human foetal neural stem 
cells and increasing ZIKV pathogenesis.(62,63) ZIKV in-
fection also activates mTOR complex I (mTORC1) and 
mTORC2 in neuronal and glial cells, and mTOR inhibi-
tion reduces ZIKV protein expression and the produc-
tion of infectious particles.(64) Interestingly, the timing 
of mTOR pathway activation determines the outcome 
of viral infection. Early activation of mTOR reduces the 
production of infectious particles and improves cell sur-
vival. However, late mTOR activation leads to cell death 
and the release of infectious particles.(64) Lipophagy, in 
turn, is vital for providing energy for viral replication 
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and highjacking the immune response.(60) The multiple 
facets of autophagy during ZIKV are still poorly under-
stood and worthy of better elucidation.

An important outcome of ZIKV infection is defec-
tive neuronal cell development and cell death, which 
may be associated with neurological complications.(62) 
To evaluate the potential of LD inhibition to treat ZIKV 
infection in vivo, we infected neonatal mice (P2) with 
daily intraperitoneal injections of the DGAT-1 inhibitor 
A922500 for seven days. This treatment reduced vire-
mia in different tissues, including the brain, hampered 
weight loss and rescued mice from death.

Finally, LD also contribute to the inflammatory re-
sponse. ZIKV infection in astrocytes stimulates the 
production of LD and the release of IFN type I and III. 
Loading astrocytes with oleic acid before ZIKV infec-
tion increases the number of LD and further enhances the 
infection-stimulated release of IFN-β, IFN-γ and viperin, 
indicating that LD are a crucial cellular organelle in the 
antiviral innate immune response.(61,65) The role of LD in 
the innate immune response agrees with our results using 
the in vivo ZIKV infection model, which shows that the 
DGAT-1 inhibitor A922500 decreases cytokine/chemo-
kine production in addition to impairing LD production 
in human neuronal cells. Moreover, LD inhibition by tar-
geting DGAT-1 in vivo also diminished the inflamma-
tory response, as evidenced by the decrease in TNF-α, 
IL-1β, and MCP-1 in the brains of ZIKV infected treated 
animals compared to infected nontreated animals.(40)

Collectively, ZIKV modulates host lipid-related 
pathways leading to LD accumulation in different neu-
ronal cells. Moreover, LD plays a critical role during the 
ZIKV cycle, serving as platforms for virus replication 

and sources of lipids for viral particle formation. Ac-
cordingly, strategies to inhibit LD formation significant-
ly reduces virus replication in neuronal cells. As proof 
of concept, LD inhibition by DGAT-1 inhibition reduced 
the ZIKV particle load and inflammation in the brain 
and significantly protected against ZIKV-induced mor-
tality in mice. Therefore, the pharmacological targeting 
of LD formation is a potential strategy for antiviral de-
velopment in Zika infection (Figure).

Concluding remarks - Emerging evidence places 
LD as key organelles in ZIKV pathogenesis in the CNS 
(Figure). However, critical questions remain about the 
formation and multiple functions that LD plays in neuro-
infections. Further investigations should help us to deci-
pher the full range of LD functions in the host protective 
immune response as well as to better understand patho-
gen-specific mechanisms evolved to take advantage of 
LD for their survival and the persistence of neuroinfec-
tions. In addition, LD are emerging as attractive target 
candidates for therapeutic intervention in infectious 
diseases that progress with increased LD accumulation. 
Future studies will need to include the development of 
selective LD inhibitors. Moreover, the safety characteri-
sation of LD inhibition is needed, as lipid accumulation 
within LD may act as a protective mechanism in lipid 
homeostasis against cellular lipotoxicity.
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Neuropathogenesis and alterations in the host lipid metabolism during Zika virus (ZIKV) infection. Infection by ZIKV causes self-limited 
symptoms, such as fever, rash, headache, and conjunctivitis. Moreover, the infection leads to several neurological disorders in adults and neo-
nates, such as Guillan-Baré syndrome and microcephaly, respectively. Looking at molecular levels, ZIKV infection induces lipid metabolism 
reprogramming in host cells as observed by increased lipogenic genes. Furthermore, ZIKV infection promotes lipid droplet accumulation that 
can be used as a replication and assembly platform. These phenomena together with lipophagy favour viral replication, promoting an increase 
of inflammatory mediators that can contributes to the neural cell’s death.



Mem Inst Oswaldo Cruz, Rio de Janeiro, Vol. 118, 2023 5|6

AUTHORS’ CONTRIBUTION

All authors participated in conceptualisation, writing and 
approval of the manuscript. The authors have no relevant af-
filiations or financial involvement with any organisation or 
entity with a financial interest in or financial conflict with the 
subject matter or materials discussed in the manuscript.

REFERENCES

1. Pereira-Dutra FS, Bozza PT. Lipid droplets diversity and func-
tions in inflammation and immune response. Expert Rev Pro-
teomics. 2021; 18(9): 809-25.

2. Bosch M, Pol A. Eukaryotic lipid droplets: metabolic hubs, and 
immune first responders. Trends Endocrinol Metab. 2022; 33(3): 
218-29.

3. Walther TC, Farese RV. Lipid droplets and cellular lipid metabo-
lism. Annu Rev Biochem. 2012; 81: 687-714.

4. Pereira-Dutra FS, Teixeira L, de Souza Costa MF, Bozza PT. Fat, 
fight, and beyond: the multiple roles of lipid droplets in infections 
and inflammation. J Leukoc Biol. 2019; 106(3): 563-80.

5. Ralhan I, Chang CL, Lippincott-Schwartz J, Ioannou MS. 
Lipid droplets in the nervous system. J Cell Biol. 2021; 220(7): 
e202102136.

6. Fitzner D, Bader JM, Penkert H, Bergner CG, Su M, Weil MT, 
et al. Cell-type- and brain-region-resolved mouse brain lipidome. 
Cell Rep. 2020; 32(11): 108132.

7. Yang D, Wang X, Zhang L, Fang Y, Zheng Q, Liu X, et al. Lipid 
metabolism and storage in neuroglia: role in brain development 
and neurodegenerative diseases. Cell Biosci. 2022; 12(1): 106.

8. Farmer BC, Walsh AE, Kluemper JC, Johnson LA. Lipid droplets 
in neurodegenerative disorders. Front Neurosci. 2020; 14: 742.

9. Maya-Monteiro CM, Corrêa-da-Silva F, Hofmann SS, Hesselink 
MKC, la Fleur SE, Yi CX. Lipid droplets accumulate in the hy-
pothalamus of mice and humans with and without metabolic dis-
eases. Neuroendocrinology. 2021; 111(3): 263-72.

10. Liu L, Zhang K, Sandoval H, Yamamoto S, Jaiswal M, Sanz E, et 
al. Glial lipid droplets and ROS induced by mitochondrial defects 
promote neurodegeneration. Cell. 2015; 160(1-2): 177-90.

11. de Mattos KA, Sarno EN, Pessolani MCV, Bozza PT. Deciphering 
the contribution of lipid droplets in leprosy: multifunctional or-
ganelles with roles in Mycobacterium leprae pathogenesis. Mem 
Inst Oswaldo Cruz. 2012; 107(Suppl. 1): 156-66.

12. Dietschy JM, Turley SD. Thematic review series: brain lipids. 
Cholesterol metabolism in the central nervous system during 
early development and in the mature animal. J Lipid Res. 2004; 
45(8): 1375-97.

13. Adibhatla RM, Hatcher JF. Role of lipids in brain injury and dis-
eases. Future Lipidol. 2007; 2(4): 403-22.

14. Hamilton LK, Dufresne M, Joppé SE, Petryszyn S, Aumont A, 
Calon F, et al. Aberrant lipid metabolism in the forebrain niche 
suppresses adult neural stem cell proliferation in an animal mdel 
of Alzheimer’s disease. Cell Stem Cell. 2015; 17(4): 397-411.

15. Fanning S, Selkoe D, Dettmer U. Parkinson’s disease: proteinopa-
thy or lipidopathy? NPJ Parkinsons Dis. 2020; 6: 3.

16. Cole NB, Murphy DD, Grider T, Rueter S, Brasaemle D, Nuss-
baum RL. Lipid droplet binding and oligomerization properties 
of the Parkinson’s disease protein alpha-synuclein. J Biol Chem. 
2002; 277(8): 6344-52.

17. Khatchadourian A, Bourque SD, Richard VR, Titorenko VI, May-
singer D. Dynamics and regulation of lipid droplet formation in 
lipopolysaccharide (LPS)-stimulated microglia. Biochim Biophys 
Acta. 2012; 1821(4): 607-17.

18. Marschallinger J, Iram T, Zardeneta M, Lee SE, Lehallier B, 
Haney MS, et al. Lipid-droplet-accumulating microglia represent 
a dysfunctional and proinflammatory state in the aging brain. Nat 
Neurosci. 2020; 23(2): 194-208.

19. Bozza PT, Bakker-Abreu I, Navarro-Xavier RA, Bandeira-Melo 
C. Lipid body function in eicosanoid synthesis: an update. Prosta-
glandins Leukot Essent Fatty Acids. 2011; 85(5): 205-13.

20. Abbink P, Stephenson KE, Barouch DH. Zika virus vaccines. Nat 
Rev Microbiol. 2018; 16(10): 594-600.

21. Chambers TJ, Hahn CS, Galler R, Rice CM. Flavivirus genome 
organization, expression, and replication. Annu Rev Microbiol. 
1990; 44: 649-88.

22. Duffy MR, Chen TH, Hancock WT, Powers AM, Kool JL, Lan-
ciotti RS, et al. Zika virus outbreak on Yap Island, Federated 
States of Micronesia. N Engl J Med. 2009; 360(24): 2536-43.

23. Rothan HA, Fang S, Mahesh M, Byrareddy SN. Zika virus and the 
metabolism of neuronal cells. Mol Neurobiol. 2019; 56(4): 2551-7.

24. Brasil P, Pereira JP, Moreira ME, Nogueira RMR, Damasceno L, 
Wakimoto M, et al. Zika virus infection in pregnant women in Rio 
de Janeiro. N Engl J Med. 2016; 375(24): 2321-34.

25. Araujo LM, Ferreira ML, Nascimento OJ. Guillain-Barré syn-
drome associated with the Zika virus outbreak in Brazil. Arq 
Neuropsiquiatr. 2016; 74(3): 253-5.

26. Freitas DA, Souza-Santos R, Carvalho LMA, Barros WB, Neves 
LM, Brasil P, et al. Congenital Zika syndrome: a systematic re-
view. PLoS One. 2020; 15(12): e0242367.

27. Vhp L, Aragão MM, Pinho RS, Hazin AN, Paciorkowski AR, de 
Oliveira ACP, et al. Congenital Zika virus infection: a review with 
emphasis on the spectrum of brain abnormalities. Curr Neurol 
Neurosci Rep. 2020; 20(11): 49.

28. Tang H, Hammack C, Ogden SC, Wen Z, Qian X, Li Y, et al. Zika 
virus infects human cortical neural progenitors and attenuates 
their growth. Cell Stem Cell. 2016; 18(5): 587-90.

29. Barber GN. Host defense, viruses and apoptosis. Cell Death Dif-
fer. 2001; 8(2): 113-26.

30. Cugola FR, Fernandes IR, Russo FB, Freitas BC, Dias JL, Gui-
marães KP, et al. The Brazilian Zika virus strain causes birth de-
fects in experimental models. Nature. 2016; 534(7606): 267-71.

31. Li C, Xu D, Ye Q, Hong S, Jiang Y, Liu X, et al. Zika virus disrupts 
neural progenitor development and leads to microcephaly in mice. 
Cell Stem Cell. 2016; 19(5): 672.

32. Lin MY, Wang YL, Wu WL, Wolseley V, Tsai MT, Radic V, et al. 
Zika virus infects intermediate progenitor cells and post-mitotic 
committed neurons in human fetal brain tissues. Sci Rep. 2017; 
7(1): 14883.

33. Martín-Acebes MA, Jiménez de Oya N, Saiz JC. Lipid metabolism 
as a source of druggable targets for antiviral discovery against Zika 
and other flaviviruses. Pharmaceuticals (Basel). 2019; 12(2): 97.

34. Saiz JC, Oya NJ, Blázquez AB, Escribano-Romero E, Martín-
Acebes MA. Host-directed antivirals: a realistic alternative to 
fight Zika virus. Viruses. 2018; 10(9): 453.

35. Fahy E, Subramaniam S, Murphy RC, Nishijima M, Raetz CR, 
Shimizu T, et al. Update of the LIPID MAPS comprehensive clas-
sification system for lipids. J Lipid Res. 2009; 50(Suppl.): S9-14.

36. Herker E, Ott M. Emerging role of lipid droplets in host/pathogen 
interactions. J Biol Chem. 2012; 287(4): 2280-7.

37. Diop F, Vial T, Ferraris P, Wichit S, Bengue M, Hamel R, et al. 
Zika virus infection modulates the metabolomic profile of microg-
lial cells. PLoS One. 2018; 13(10): e0206093.



Suelen Silva Gomes Dias et al.6|6

38. Miyanari Y, Atsuzawa K, Usuda N, Watashi K, Hishiki T, Zayas 
M, et al. The lipid droplet is an important organelle for hepatitis C 
virus production. Nat Cell Biol. 2007; 9(9): 1089-97.

39. Samsa MM, Mondotte JA, Iglesias NG, Assunção-Miranda I, 
Barbosa-Lima G, Da Poian AT, et al. Dengue virus capsid protein 
usurps lipid droplets for viral particle formation. PLoS Pathog. 
2009; 5(10): e1000632.

40. Dias SSG, Cunha‐Fernandes T, Souza‐Moreira L, Soares VC, 
Lima GB, Azevedo‐Quintanilha IG, et al. Metabolic reprogram-
ming and lipid droplets are involved in Zika virus replication in 
neural cells. J Neuroinammation. 2023; 20(1): 61.

41. Shang Z, Song H, Shi Y, Qi J, Gao GF. Crystal structure of the 
capsid protein from Zika virus. J Mol Biol. 2018; 430(7): 948-62.

42. Coyaud E, Ranadheera C, Cheng D, Gonçalves J, Dyakov BJA, 
Laurent EMN, et al. Global interactomics uncovers extensive 
organellar targeting by Zika virus. Mol Cell Proteomics. 2018; 
17(11): 2242-55.

43. Martín-Acebes MA, Vázquez-Calvo Á, Saiz JC. Lipids and flavi-
viruses, present and future perspectives for the control of dengue, 
Zika, and West Nile viruses. Prog Lipid Res. 2016; 64: 123-37.

44. Hashemi HF, Goodman JM. The life cycle of lipid droplets. Curr 
Opin Cell Biol. 2015; 33: 119-24.

45. Melo RC, D’Avila H, Wan HC, Bozza PT, Dvorak AM, Weller PF. 
Lipid bodies in inflammatory cells: structure, function, and current 
imaging techniques. J Histochem Cytochem. 2011; 59(5): 540-56.

46. Souza-Moreira L, Soares VC, Dias SDSG, Bozza PT. Adipose-
derived Mesenchymal stromal cells modulate lipid metabolism 
and lipid droplet biogenesis via AKT/mTOR -PPARγ signalling in 
macrophages. Sci Rep. 2019; 9(1): 20304.

47. Welte MA, Gould AP. Lipid droplet functions beyond energy stor-
age. Biochim Biophys Acta Mol Cell Biol Lipids. 2017; 1862(10 Pt 
B): 1260-72.

48. Roingeard P, Melo RC. Lipid droplet hijacking by intracellular 
pathogens. Cell Microbiol. 2017; 19(1): doi: 10.1111/cmi.12688.

49. Olmstead AD, Knecht W, Lazarov I, Dixit SB, Jean F. Human sub-
tilase SKI-1/S1P is a master regulator of the HCV Lifecycle and a 
potential host cell target for developing indirect-acting antiviral 
agents. PLoS Pathog. 2012; 8(1): e1002468.

50. Hyrina A, Meng F, McArthur SJ, Eivemark S, Nabi IR, Jean F. Hu-
man subtilisin kexin isozyme-1 (SKI-1)/site-1 protease (S1P) regu-
lates cytoplasmic lipid droplet abundance: a potential target for 
indirect-acting anti-dengue virus agents. PLoS One. 2017; 12(3): 
e0174483.

51. DeBose-Boyd RA, Ye J. SREBPs in lipid metabolism, insulin sig-
naling, and beyond. Trends Biochem Sci. 2018; 43(5): 358-68.

52. Yang T, Espenshade PJ, Wright ME, Yabe D, Gong Y, Aebersold 
R, et al. Crucial step in cholesterol homeostasis: sterols promote 

binding of SCAP to INSIG-1, a membrane protein that facilitates 
retention of SREBPs in ER. Cell. 2002; 110(4): 489-500.

53. Brown MS, Goldstein JL. The SREBP pathway: regulation of 
cholesterol metabolism by proteolysis of a membrane-bound tran-
scription factor. Cell. 1997; 89(3): 331-40.

54. Liu H, Zhang L, Sun J, Chen W, Li S, Wang Q, et al. Endoplasmic 
reticulum protein SCAP inhibits dengue virus NS2B3 protease 
by suppressing its K27-linked polyubiquitylation. J Virol. 2017; 
91(9): e02234-16.

55. Yuan S, Chu H, Chan JF, Ye ZW, Wen L, Yan B, et al. SREBP-de-
pendent lipidomic reprogramming as a broad-spectrum antiviral 
target. Nat Commun. 2019; 10(1): 120.

56. Mohamed B, Mazeaud C, Baril M, Poirier D, Sow AA, Chatel-
Chaix L, et al. Very-long-chain fatty acid metabolic capacity of 
17-beta-hydroxysteroid dehydrogenase type 12 (HSD17B12) pro-
motes replication of hepatitis C virus and related flaviviruses. Sci 
Rep. 2020; 10(1): 4040.

57. Heaton NS, Randall G. Dengue virus-induced autophagy regu-
lates lipid metabolism. Cell Host Microbe. 2010; 8(5): 422-32.

58. Nasheri N, Joyce M, Rouleau Y, Yang P, Yao S, Tyrrell DL, et al. 
Modulation of fatty acid synthase enzyme activity and expression 
during hepatitis C virus replication. Chem Biol. 2013; 20(4): 570-82.

59. Lupberger J, Croonenborghs T, Suarez AAR, Renne NV, Jühling 
F, Oudot MA, et al. Combined analysis of metabolomes, pro-
teomes, and transcriptomes of hepatitis C virus-infected cells and 
liver to identify pathways associated with disease development. 
Gastroenterology. 2019; 157(2): 537-51.e9.

60. Zhang J, Lan Y, Li MY, Lamers MM, Fusade-Boyer M, Klemm E, 
et al. Flaviviruses exploit the lipid droplet protein AUP1 to trigger 
lipophagy and drive virus production. Cell Host Microbe. 2018; 
23(6): 819-31.e5.

61. Monson EA, Helbig KJ. Host upregulation of lipid droplets drives 
antiviral responses. Cell Stress. 2021; 5(9): 143-5.

62. Faizan MI, Abdullah M, Ali S, Naqvi IH, Ahmed A, Parveen 
S. Zika virus-induced microcephaly and its possible molecular 
mechanism. Intervirology. 2016; 59(3): 152-8.

63. Liang Q, Luo Z, Zeng J, Chen W, Foo SS, Lee SA, et al. Zika vi-
rus NS4A and NS4B proteins deregulate Akt-mTOR signaling in 
human fetal neural stem cells to inhibit neurogenesis and induce 
autophagy. Cell Stem Cell. 2016; 19(5): 663-71.

64. Sahoo BR, Pattnaik A, Annamalai AS, Franco R, Pattnaik AK. 
Mechanistic target of rapamycin signaling activation antagoniz-
es autophagy to facilitate Zika virus replication. J Virol. 2020; 
94(22): e01575-20.

65. Monson EA, Crosse KM, Duan M, Chen W, O’Shea RD, Wakim 
LM, et al. Intracellular lipid droplet accumulation occurs early fol-
lowing viral infection and is required for an efficient interferon 
response. Nat Commun. 2021; 12(1): 4303.


