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Abstract
Zika virus (ZIKV) infection is associated with abnormal functions of neuronal cells causing neurological disorders such as
microcephaly in the newborns and Guillain–Barré syndrome in the adults. Typically, healthy brain growth is associated with
normal neural stem cell proliferation, differentiation, and maturation. This process requires a controlled cellular metabolism that
is essential for normal migration, axonal elongation, and dendrite morphogenesis of newly generated neurons. Thus, the remark-
able changes in the cellular metabolism during early stages of neuronal stem cell differentiation are crucial for brain development.
Recent studies show that ZIKV directly infects neuronal stem cells in the fetus and impairs brain growth. In this review, we
highlighted the fact that the activation of P53 and inhibition of the mTOR pathway by ZIKV infection to neuronal stem cells
induces early shifting from glycolysis to oxidative phosphorylation (OXPHOS) may induce immature differentiation, apoptosis,
and stem cell exhaustion. We hypothesize that ZIKV infection to mature myelin-producing cells and resulting metabolic shift
may lead to the development of neurological diseases, such as Guillain–Barré syndrome. Thus, the effects of ZIKVon the cellular
metabolism of neuronal cells may lead to the incidence of neurological disorders as observed recently during ZIKV infection.
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Introduction to Zika Virus Infection

Zika virus (ZIKV) is an arbovirus transmitted by the Aedes
Aegypti and Aedes albopictus mosquitos like dengue virus
(DENV), chikungunya virus (CHIKV), and other arboviruses
[1]. In the early 1900s, the first ZIKV isolate was reported in
East Africa that initiated the African ZIKV lineage. The Asian
ZIKV lineage emerged to Southeast Asia after the African
lineage dissemination then to the Pacific Islands and the
Americans [2]. Importantly, the Asian lineage showed more
incidences of neurological disorders compared to African lin-
eage [3]. The recent outbreaks of ZIKV infection showed a
significant association between ZIKV infection and the

incidence of microcephaly in newborns from infected women
[4]. While in adults, the occurrence of Guillain–Barré syn-
drome (GBS) due to ZIKV infection was approximately 1 in
5000 cases during the French Polynesia outbreak [5].

ZIKV crosses the placenta and infects amniotic fluid and
fetal brain tissues causing significant impact on brain devel-
opment [6]. Recent studies showed the pathogenesis of ZIKV
infections depends on the stages of brain development [7, 8].
ZIKV infection at the early gestational period causes fetal
death while ZIKV infection at the late gestational period is
associated with significant reduction in the neural precursor
cells [7]. The postnatal ZIKV infection causes persistent struc-
tural and functional alterations of the central nervous system
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including maturational changes in specific brain regions [8].
Importantly, ZIKV infection induces substantial injury to fetal
brain associated with a considerable loss in fetal neuronal
progenitor cells especially in the temporal cortex, dentate gy-
rus, and hippocampus [9].

ZIKVinfection impairs fetal brain growth by targeting neu-
ronal stem cell proliferation and inducing premature differen-
tiation and such events lead to neuronal progenitor cell deple-
tion [10]. Neuronal stem cell differentiation requires con-
trolled cellular metabolism that could be affected by ZIKV
infection. In this review, we highlight the impact of ZIKV
infection on the cellular metabolism of neuronal cells that
influence stem cell differentiation and mature cell function.

Viral Infection and Cellular Metabolism

The balancing between glycolysis and oxidative phosphoryla-
tion (OXPHOS) determines the physiological conditions of the
cells. Cancer cells commonly use glycolysis to produce energy
and metabolic precursors for mass building; this process pro-
vides a significant amount of lactate from glycolytic pyruvate
[11]. Similarly, stem cells usually require higher glycolysis
rates than OXPHOS for maintaining an efficient replication
[12]. This metabolic phenomenon is called a Warburg effect;
a cellular metabolism phenomenon of growing cells improves
cell proliferation and growth of replicating cells [13].

Viruses manipulate cellular metabolism to secure the re-
quired metabolites and energy for viral propagation. As a
close relative to ZIKV, DENV induces remarkable alterations
in the cellular metabolism by increasing glucose consumption
[14, 15]. Thus DENVexploits glycolysis as a source of energy
and metabolites during the time course of infection [14]. The
expression of DENV non-structural protein 1 (NS1) induces
glycolysis flux and energy production by interfering with the
function of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) [15].

Neuronal Differentiation and Cellular
Metabolism

Glycolysis and mitochondrial OXPHOS represent the primary
processes by which neuronal cells obtain the required meta-
bolic precursors and energy via glucose oxidation [16]. Neural
stem cells (NSCs) mostly rely on the glycolysis for energy
production rather than OXPHOS, and neuronal differentiation
is strongly associated with a controlled shifting from glycoly-
sis to OXPHOS [17]. Previous studies showed that the phar-
macological or genetic inhibition of mitochondrial functions
impaired stem cell differentiation and embracing high levels
of stemness makers [18]. Contrarily, the successful induction
of mature fibroblasts to pluripotent stem cells (iPSCs) that

have a similar metabolism to neuronal stem cells requires
metabolic shifting fromOXPOS to glycolysis [18]. Thus, neu-
ronal stem cells are competent to hypoxic conditions (proba-
bly that could be seen at the early stages of tissue develop-
ment), which are enhancing iPSC induction and stem cell
proliferation [19].

Previous studies suggested that downregulation of gly-
colytic pathways at the early stages of proliferation or
upregulation of glycolysis or OXPHOS pathways during
the differentiation impairs and induces NSC apoptosis
[20]. This fact emphasizes that neuron survival relies on
slowing the glycolysis rate during the transition period
from cellular proliferation to differentiation. However, mi-
tochondrial dysfunction at the differentiation stages of
NSCs produces a harmful effect on neuronal cell matura-
tion but not NSC proliferation [21]. Therefore, the upreg-
ulation of OXPHOS pathways and increasing mitochon-
drial metabolism are crucial for NSC differentiation [22].
Thus, the number of mitochondria considerably increases
in the mature neuronal cell mass [23] that requires high
energy levels via the tricarboxylic acid (TCA) cycle and
OXPHOS in the mitochondria [24]. In summary, the met-
abolic homeostasis at each stage of NSC proliferation and
differentiation may be crucial for prenatal and postnatal
brain development.

Metabolic Homeostasis of Neuronal Cells
in ZIKV Infection

ZIKV crosses the placenta and infects the fetal brain at differ-
ent stages of pregnancy and during the early stage of neonatal
brain maturation. Various neuronal lineages at different stages
of proliferation and differentiation are susceptible to ZIKV
infection during brain development [25]. Thus, NSCs undergo
growth defects due to ZIKV infection that induces cell-cycle
arrest, apoptosis, and inhibition of differentiation [26]. As
such, the infected brains are small with enlarged ventricles
and a thinner cortex, consistent with a microcephalic pheno-
type [10]. Therefore, ZIKV infection probably induces two
distinct patterns of cellular metabolic changes based on the
differentiation stage of the neuronal cells.

Neuronal Stem Cell Metabolism in ZIKV
Infection

Neural stem cells (NSCs) represent a primary target for
ZIKV infection. During the course of infection, ZIKV
proteins interfere with NSC function causing severe con-
sequences such as metabolic fluxes, inhibition of cell pro-
liferation, and cellular apoptosis. The events may be me-
diated by ZIKV non-structural proteins, NS4A, and NS4B
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that synergistically suppress the Akt-mTOR pathway in-
duce a defective neurogenesis in human fetal NSCs [27].
Controlled regulation of mTOR activity is crucial for NSC
differentiation to mature neuronal cells [28]. Romine and
colleagues demonstrated in vitro studies that inhibiting the
mTOR pathway in NSCs leads to impairing NSCs prolif-
eration [29]. Furthermore, in vivo studies also showed
that induction of the mTOR pathway in aged mice stimu-
lated neuronal progenitor cell proliferation [30]. In gener-
al, downregulation of the Akt-mTOR pathway induces
mitochondria elongation to extend ATP production via
OXPHOS [31]. Recent reports have highlighted the fact
that Flavivirus infection causes mitochondria elongation
via dynamin 1-like protein (DRP1) impairment as similar
to DENV infection [32]. Since elongated mitochondria
produce high levels of reactive oxygen species (ROS) by
glial cells possibly lead to increase mitochondrial stress
[33]. Virus-induced mitochondrial stress like ZIKV infec-
tion to neuronal stem cells also causes mitochondrial ap-
optosis via mitochondrial sequestration of phospho-TBK1
during mitosis that leads to cell death [26]. This phenom-
enon of mitochondrial dysfunction could be altered in the
mature cells, like human lung epithelial cells, by a rapid
release of IFN-β that delay mitochondrial apoptosis after
ZIKV infection [34].

Recently, it has been shown that by treating P53
inhibitors to ZIKV-infected cells known to be attenu-
ated cellular apoptosis [35] and provided basis that
neuronal stem cells may have significant activation
of tumor suppressor p53 (P53) during the early stages
of ZIKV infection. Next, it has been shown that, P53
inhibits glycolysis by inducing TP53-inducible glycol-
ysis and apoptosis regulator (TIGAR) a regulator of
glycolysis and apoptosis [36]. Furthermore, P53 shuts
down the mTOR pathway and transfers cells to use
mitochondrial OXPHOS for efficient ATP production
to reduce metabolic precursors for cellular division
[37]. In general, stem cells require higher glycolysis
rates than OXPHOS for maintaining an efficient rep-
lication [12]. Thus, the inhibition of glycolysis at the
early stage of neuronal stem cell differentiation leads
to terminating cell proliferation and induces premature
differentiation and apoptosis. This concept is support-
ed by observations that early stages of ZIKV infection
to human iPSC-derived brain organoids that induced
progenitor cell exhaustion and premature differentia-
tion [38]. In addition to the higher rate of stem re-
duction in the brain of postnatal ZIKV-infected mice
compared to mature mice [39], and described in
Fig. 1. In summary, ZIKV infection to pregnant wom-
en at the first trimester of pregnancy disrupts the cel-
lular metabolism of NSCs that affects neuronal devel-
opment that may cause microcephaly in newborns.

Mature Neuronal Cell Metabolism in ZIKV
Infection

Like other viruses, ZIKV infection interrupts cellular metabol-
ic homeostasis to support viral replication in the infected cells
[14, 15, 40]. The global gene expression profile from different
cell lines infected with ZIKV revealed significant differences
in host metabolic processes [40]. Human microglia, fibroblast,
embryonic kidney, and monocyte-derived macrophage cell
lines undergo significant depletion in the cellular resources
due to ZIKV infection. It seems that ZIKV infection induces
cellular metabolism reprogramming towards glycolysis in or-
der to support viral RNA and protein synthesis and a minimal
requirement of ATP production [34]. Such patterns of meta-
bolic fluxes have been observed in dengue virus (DENV)-
infected cells through a remarkable upregulation of glycolytic
pathway to efficiently support viral replication [14, 15] as
denoted in Fig. 2.

Unlike DENV, Zika virus infects mature neuronal cells that
express AXL receptors causing neurological disorders [41].
Importantly, neurons lack the glycolysis promoting enzyme
6-phosphofructo-2-kinase/fructose 2,6-bisphosphatase, iso-
form 3 (PFKFB3) that can probably increase glycolysis [42].
The activation of PFKFB3 to upregulate glycolysis leads to
neuronal apoptosis [20] suggesting that neurons are unable to
sustain high glycolytic rates. Currently lacks information on
the impact of ZIKV infection on glucose transporters expres-
sion GLUT1 and mature neurons metabolic energy. Thus,
more studies are warranted to support mature neurons re-
sponse to ZIKV infection.

Among glial cells, myelin-producing cells are susceptible
to ZIKV infection and cellular metabolism changes towards
glycolysis. There are two types of myelination in the human
nervous system. The first occurs in the central nervous system
(brain and spinal cord) by oligodendrocytes. A singular oligo-
dendrocyte can provide myelin sheath for around 50 axons.
The second myelination process occurs in the peripheral ner-
vous system (cranial nerves and peripheral nerves) by
Schwann cells providing myelin sheath for only one axon
segment per Schwann cell [43]. Therefore, we postulate that
ZIKV infection to myelin-producing cells may induce mito-
chondrial dysfunction via increasing glycolysis rate and de-
creasing OXPHOS rate. This possibility may lead to signifi-
cant defects in myelin synthesis and development of neuro-
logical disease such as Guillain–Barré syndrome (Fig. 3).
Thus, ZIKV-infected mice developed cute retinitis, panuveitis,
focal retinal degeneration, and ganglion cell loss suggesting
that ZIKV attacks the peripheral nervous system and induces
neurodegenerative disease [44].

A possible link has been observed between neuronal cell
fate and TLR3 activation during ZIKV infection and known to
induce fast production of type I IFN by astrocytes [45]. Taking
together, the activation of TLR3 and its ligand IFN by ZIKV
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infection may be upregulate glycolysis and downregulate TCA
cycle activity and OXPHOS as similar to the phenomenon of

the Warburg effect [46]. Thus, low OXPHOS activity may
induce mitochondrial dysfunction [47]. There is a growing

Fig. 2 ZIKV infection induces
cellular metabolism
reprogramming in neuronal stem
cells via inhibition of mTOR
pathway and activation of P53

Fig. 1 ZIKV infection induces metabolic fluxes at the early stage of
neuronal stem cell differentiation leads to terminating cell proliferation
and induces premature differentiation and apoptosis. While, metabolic

fluxes at mature stages of neuronal cells induce cellular dysfunction and
neurological disorders
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body of evidence providing evidences that the mitochondrial
dysfunction is generally linked to oxidative stress which has a
potential role in inducing neurodegeneration [48] as presented
in Fig. 3. ZIKV infection to glial cells raised the expression
levels of mitochondrial superoxide dismutase 2 (SOD2), an
anti-oxidant gene in response to elevated oxidative stress
[33]. The low activity of mitochondria during the early differ-
entiation stage is mostly associated with high ROS levels lead-
ing to cellular apoptosis [49]. Interestingly, treatment with anti-
oxidative agents significantly attenuated cellular apoptosis in
the reprogrammed neurons [50].

Understanding how ZIKVexploits the metabolism of neu-
ronal cells is important for targeting certain metabolic path-
ways that are vital for virus replication. Such studies will be
valuable in developing metabolic inhibitors for therapeutic
purposes. Previous studies showed a remarkable shafting in
the lipid metabolism profile in Wolbachia- infected mosquito
cells that led to inhibit DENV replication [51–53].
Furthermore, inhibition of cholesterol [51], fatty acids synthe-
sis [52], and phospholipid metabolism [53] showed anti-
flavivirus activity. However, manipulation of cellular metab-
olism by ZIKV during neuronal stem cell differentiation is
more complicated. Therefore, further studies are urgently
needed to explore the nuclear receptors or transcription factors
that could be considered as targets to block ZIKVexploiting to
neuronal cell metabolism.

Conclusions

ZIKV infection modulates the cellular metabolism in neu-
ronal cells based on the differentiation stages. Activation
of P53 and inhibition of the mTOR pathway by ZIKV
infection to neuronal stem cells induce early shifting from
glycolysis to OXPHOS that produce immature differenti-
ation, apoptosis, and stem cell exhaustion. There is a re-
markable absence of studies on ZIKV infection to mature
neurons. We postulate that the ZIKV infection on mature
myelin-producing cells and resulting metabolic shift may
lead to the development of neurological diseases, such as
Guillain–Barré syndrome. Detailed further studies are
warranted to confirm the changes in neuronal cell metab-
olism caused by ZIKV infection.
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Fig. 3 ZIKA infection induces
metabolic shifting towards
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Inhibition of mitochondria
function produces high levels of
reactive oxygen species (ROS)
that leads to neuronal cell dys-
function and development of
neurodegenerative disease such as
Guillain–Barré syndrome
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