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ABSTRACT
Microtubules (MTs) are fundamental polymers composed by α and β tubulin, they provide integrity
to neuronal cell and are necessaries in intracellular trafficking and organization. The extension and
retraction of MTs occur with the addition or removal of α and β tubulin subunits and the binding with
microtubule associated proteins (MAPs) that selectively target specific tubulin regions, manipulating the
MT dynamics and function. Altered MT homeostasis can compromise the function of MTs in the structural
integrity and axonal transport inside the neuron. Here I review the evidence of MT anomalies in several
neurodegenerative diseases, including Alzheimer’s disease, Parkinson disease, amyotrophic lateral
sclerosis and traumatic brain injury and psychiatric disorders, such as depression, schizophrenia, and
bipolar disorder. The focus of this review is to point out which can be the impact of MT issues in the major
neurodegenerative diseases and discuss which MT abnormalities can lead to psychiatric illnesses.
Keywords: Microtubules · MAPs · Alzheimer’s disease · Amyotrophic lateral sclerosis · Schizophrenia ·
Psychiatric disorders · Neurodegenerative diseases

Introduction

During the neuronal development stages, aside from
the actin cytoskeleton, the assembly, organization and
remodelling of the microtubule (MT) cytoskeleton is
essential (1–3). MTs compose the rails for intracellular
transport, they can act as signalling devices, generate
cellular forces and mediate vesicular release (4–7).
The MT cytoskeleton is fundamental in neuronal
development, this is highlighted by the wide range
of nervous system abnormalities and several human
neurodevelopmental disorders linked to altered MTmediated processes. In addition, there are several
developmental problems that can be linked to mutations in
MT-related genes that encode for microtubule-associated
proteins (MAPs), MT motor associated regulators or MT
severing proteins (8,9).
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In this review I examine how MTs are built, and which
are the major proteins that interact with them. Then I
analyse some of the most important neurodegenerative
disorders exploring the interaction that connects disease
with MT cytoskeleton. In the last part I discuss how
anomalies in the MTs, or related proteins, can lead to
psychiatric disease.

Microtubule organization

The MT structure is built from heterodimers of α and β
tubulin, that are bound in a head to tail relation to form
polarized structures; these associate laterally to form a
hollow tube, with a diameter of 25 nm (5). MTs are very
dynamic structures, that continuously switch between
elongation and disassembly, in a process called dynamic
instability; this procedure allows individual MT to explore
cellular regions and to retract if it does not find the proper
environment (10).
MT function and dynamics are regulated by the
properties of tubulin; the free tubulin binds GTP, which is
hydrolysed after being incorporated into the MT structure.
The growth of the MT is promoted by the GTP cap, in
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fact, GDP-tubulin tends to destabilize the MT architecture,
consequently stable growth is believed to depend on the
presence of a GTP-tubulin cap at the MT plus end (11). In
this model, the loss of the cap will result in a collapse of
the structure, called catastrophe (12).
At the end of the MT there is a minus end and a plus
end, these ends can grow and depolymerize, but these
two dynamics are completely different. Minus ends are
stabilizes by minus end tracking proteins (-TIPs), they
grow more slowly and undergoes catastrophe less rarely,
not a lot is known about them, in fact they start to emerge
recently (13). The plus end, terminate with β-tubulin,
grows with polymerization of the subunits, undergoes
catastrophe more frequently and is a crucial site for
regulating MT dynamics (14).
Plus end tracking proteins (+TIPs) concentrate at the
ends of growing MTs and control different aspects of its
progress, like recruiting tubulin dimers and increasing the
rate of tubulin addition to growing tips (15). Nevertheless,
the polymerization of microtubule based structures not
only depends on +TIPs, but also requires many other
factors, like MAPs, motor proteins and tubulin isotypes (5).
Concentrating on the different ways of action, five groups
of proteins can be assumed from the microtubule related
proteins. Firstly, proteins that bind to the MT ends and
can regulate their dynamics, this group contains the +TIPs
and minus end targeting proteins (-TIPs) (5,14). Then,
the group of proteins that bindS to the MT lattice and can
stabilize or crosslink MTs (16,17). The third group includes
proteins that modulate the MT abundance, enzymes that
sever MTs and regulators of the nucleation (18,19). The
fourth group contains the kinesin and dynein families that
generate forces and move directionally along MTs (20).
The last group comprises tubulin folding cofactors and
tubulin modifying enzymes that can generate distinct MT
subtypes through post translational modifications (21)
(Figure 1).

The Neuronal MT Cytoskeleton

The MTs of neurons are involved in the morphological
changes during the different phases during their
development, in the intracellular transport and during
synapse growth.
Neurons need to have an active and efficient transport
mechanism, to properly distribute many cellular
components and establish signalling pathways. The
motor protein families that play this role are Kynesins
and dyneins, they travel along the neuronal MTs carrying
many types of neuronal cargo: neurotransmitter receptors,
synaptic vesicles, cell adhesion molecules, organelles,
cell signalling molecules and mRNAs. In addition,
cargo adaptor proteins, regulatory molecules and MT
cytoskeleton have an important role in the delivering of
different cargos in the correct location (20).
MTs are fundamental in the morphological transitions
that occur during neuronal development: the neurite
initiation, migration, polarization and differentiation.
Neuronal migration is a complex sequence of motile and
morphogenetic events, in which neurons extend primary
https://doi.org/10.37175/stemedicine.v2i6.81

STEMedicine 2(6).e81. APR 2021

processes and translocate the nucleus into this processe.
These movements are driven by actin and MTs filaments,
the first promotes neuronal migration by propulsive
contractions at the cell rear and MTs which are anchored
to the centrosome extend the leading process and form
a cage-like structure around the nucleus. Cytoskeletal
forces in the leading edge can pull the centrosome into the
proximal part of the leading process and move the nucleus
in the direction of cell migration (22).
Neurite initiation and outgrowth begins with the
breakage of the circular shape of new-born neurons by
emerging neurites. These newborn neurites are composed
by bundled MTs and a growth cone which mediates the
pushing and pulling forces that provide to membrane
protrusion (23,24).
MT stabilization plays a fundamental role in axon
differentiation during the neuronal polarization. The
increased MTs stability leads to kinesin mediated flow
and contributes to determining the future axon formation.
The complete mechanism of axon differentiation
remains unknown, but internal signals, like centrosome
localization, Golgi position and cytoskeleton architecture,
could introduce a local imbalance inside the MT network
that leads to stabilize MTs in only one of the many
neurites (25,26).
During axonal elongation the MT cytoskeleton
participates in functional interactions with actin and
adhesion complex, that with +TIPs can modulate the
MT properties and stability (25). In addition to MT
polymerization, recent studies found that the translocation
of whole MT bundles into the axon contribute to axon
elongation, that is presumably generated by molecular
motors (27,28).
Dendritic spine morpho dynamic and synapse functioning
are linked directly to MT dynamics, in fact, evidences
suggest that MTs are associated with transient changes
in spinal shape, such as the formation and enlargement
of the spine. MTs that entered into spines are regulated
by the neuronal activity and brain derived neurotrophic
factor (BDNF), these MTs with MT dependent motors are
responsible to drive postsynaptic cargoes into spines (29).
MTs cytoskeleton is organized in bundles and axonal
cross sections are usually composed by 10-100 MTs. In
several cell types, MTs are nucleated at the microtubule
organizing centre (MTOC), such as the centrosome, but
they can be generated even in other different places, such
as the Golgi apparatus or along existing MTs, where not
all the minus ends are directed towards the MTOC (30,31).
In new-born neurons the centrosome first acts as an active
MTOC, but with time this activity is completely lost.
Super resolution studies and electron microscopy have
shown that MTs are not anchored to the centrosome and
often in mature neurons there are free ends (Figure 2).
Because most MTs do not emerge from MTOC, their
relative orientations can be different. Electron microscopy
with hook decoration technique showed that MTs
orientations in axons and dendrites have two different
patterns (32). In axons is possible to observe uniformly
plus end out oriented MTs, while in proximal dendrites
2
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Figure 1. The cartoon illustrates different MAPs that interact with the MT.

the MTs orientations are non-uniformly, in fact MTs are
half plus end out and half minus end out oriented.
This different distribution in MTs orientation contributes
to the differential trafficking in axons or dendrites (33).
The selective presence of minus end out oriented in
dendrites allow dyneins to selectively transport cargoes
in dendrites. On the other hand, kinesin 1 has been shown
to selectively transport cargoes into the axon, where MTs
are composed by almost all plus end out oriented (25,34).
This separation of duties is possible because kinesin move
along the MTs towards the plus end while dynein move to
the minus end (35).

Microtubule Associated Proteins

The microtubule dynamics cannot be efficient and
determined only by polymerized tubulin, but need specific
proteins that interacts with tubulin – the microtubule
associated proteins (MAPs). Depending on their role,
MAPs can be categorized into motile MAPs, motor
proteins that generate movements and forces (36,37);
enzymes that cut or depolymerize tubulin (38); nucleators
(39); end-binding proteins that bind the minus or plus
ends of microtubules (13); and the structural MAPs.
While, the first four categories of MAPs are well defined
by their functions, the last group bind microtubules to
stabilize them, but there is not a clear and broad view on
their functions (40).
Structural MAPs are a large category, that includes
different proteins all able to decorate the MT cytoskeleton,
but only some of them, such as tau, induce microtubule
bundling (41,42). A possible mechanism on how MAPs
can directly participate in microtubule bundling was
recently proposed: MAPs are proteins rich in positive
charged ammino acids, the abundance of this charges
neutralize the negative charges of the C-terminals of
tubulins (43). This process reduces the electrostatic
repulsion between MTs and allow the bundling them.
In particular, MAP2 is extremely present in brain and
its function is directly related to neuronal plasticity. It has
multiple isoforms, the high molecular weight (HMWMAP2), MAP2A and MAP2B selectively expressed
in neurons and the low molecular weight (LMWMAP2), MAP2C and MAP2D expressed in neurons and
glia (44,45). MAP2 induce characteristic changes in
https://doi.org/10.37175/stemedicine.v2i6.81

microtubule structure, increase the MTOC-independent
microtubule polymerization and is a cross-linker of
tubulin filaments (46,47). Reduced levels of MAP2, can
be compensate by MAP1b, but the deletion of both genes
leads to perinatal lethality (47).
Several different MAPs can potentially coexist on one
MTs and a big number of binding sites are present on the
microtubule surface. MAPs bind the microtubules for
different functions, like binding with specific proteins or
cross linking of different MTs. Although a common effect
of several MAPs is to reduced microtubule tendency
to depolymerize, however is important to remember
that MAPs are not merely sticked to MTs, but they
dynamically bind and unbind MTs.

Microtubules in Neurodegeneration

Several neurodegenerative disorders are characterized by
altered axonal transport, that can cause neuronal damages
and death. Though different causes can contribute to
damage the axonal transport, in many cases appear that
transport deficits result from reduced MT stability (48).
Here, I review evidences of MT instability in some of
the most common neurodegenerative disease, such as
Alzheimer’s Disease, Parkinson’s Disease, traumatic brain
injury and amyotrophic lateral sclerosis.
Microtubules dysfunction in Alzheimer’s Disease and
Tauopathies
Ta u o p a t h i e s a r e n e u r o d e g e n e r a t i v e d i s o r d e r s
characterized by the deposition of insoluble fibrils of
hyperphosphorylated tau, that are called neurofibrillary
tangles (NFTs) and are localized in the neuronal soma or
dendrites. Alzheimer disease (AD) is the most notorious
disorder among tauopathies, but it is not only due by
tau, in fact this disorder is a mixed proteinopathy, where
amyloid beta (Aβ) peptide, α-synuclein and TDP-43 are
usually involved.
Tau protein is thought to play a fundamental role in MT
properties and functions: the hyperphosphorylation of
tau reduces the binding affinity to MT and lead to form
insoluble fibrils. It is believed that Tau - mediated toxicity
is due to the formation misfolded insoluble fibrils and/
or altered properties of MT that result in a release of tau
form MT and a subsequent aggregation into inclusions.
3
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Figure 2. MT changes during neuronal development. After their final division, neurons transit through many developmental stages
and the MT cytoskeleton has a crucial role at all the different stages. The MT cytoskeletal organization changes from a radially
centrosome-based with largely plus-end out-oriented network to an acentrosomal network with uniform orientations in the axon and
mixed orientation in dendrites.

The contribute of tau loss of function in neurodegeneration
of tauopathies, is confirmed by observations of
reduced number of MT in AD brains and the decreased
concentration of acetylated α-tubulin, that is an hallmark
of stable MTs. Furthermore, studies on mouse models
for NTFs tauopathies revealed abnormalities in MT, such
as the reduction in MT concentration, the increased MT
dynamicity and reduced axonal transport. These results
have led to consider agents that increased MT stability,
such as drugs for the treatment of cancer (49), as potential
candidates for treatment of AD and tauopathies (50).
Traumatic brain injury
There are many observations that repetitive traumatic
brain injuries (TBI) (51) induce chronic traumatic
encephalopathy (CTE), characterized by behavioural
anomalies and neuronal loss (52). In particular, brains
present neurons with diffuse axonal damage, large
breakage of the MT cytoskeleton and the loss of axonal
transport (53–55). Interestingly, repeated TBI can lead
to develop tau pathology that starts to spread out from
cortical sulci; this can be explained by the relationship
between tauopathies and reduction of MT stability and
axonal transport (53,56). Moreover, TBI can outcome
in AD or other neurodegenerative symptoms (57). This
suggests that MT stabilizing drugs can be effective on the
neurodegenerative conditions caused by TBI/CTE. On
this way the MT dysfunctions are becoming one of the
distinctive features of TBI and on the therapy front, good
results are coming from MT stabilizers drugs such as
epoD and paclitaxel (58–60)
Parkinson’s disease
Parkinson’s disease (PD) is a brain disorder which
provide locomotor impairments, that is due to the loss
of dopaminergic neurons in the substantia nigra pars
compacta. Pathological neurons of this region present intra
neuronal inclusions of α-synuclein called Lewi bodies. As
in AD, there are evidences of MT anomalies in PD brains
that probably contribute to neurodegeneration. In fact,
the extensive axonal arborization of the dopaminergic
neurons of substantia nigra because makes this type of
neurons particularly fragile in case of damaged of axonal
transport. Studies on the relationship between α-synuclein
a n d M Ts r e v e a l e d t h a t n e u r o n s o v e r e x p r e s s i n g
α-synuclein present MT dysfunction, compromised MT
https://doi.org/10.37175/stemedicine.v2i6.81

dependent trafficking, Golgi fragmentation and neurite
degeneration. Interestingly a possible involvement of
hyperphosphorylated tau in MT instability was observed
in PD models; with the involvement of kinase LRRK2
that is mutated in familiar cases of PD. This protein can
phosphorylate tau bound to MTs, reducing the binding of
tau with MTs and increasing the free tau inside the cell
which can lead to pathology. Furthermore, the increased
tau phosphorylation by mutated LRRK2 is probably due to
an enhanced binding affinity between mutated LRRK2 and
MTs. Moreover, overexpression of LRRK2 in transgenic
mouse models with mutation A53T on α-synuclein worsen
the pathology and with an acceleration in α-synuclein
aggregation, that can be due to the damaged dynamics of
MT. Therefore, alterations in MTs stability can cause an
increase of both α-synuclein and tau pathology.
Lastly decreased MT stability can also come from
mutations on Parkin protein that cause familial PD.
Studies on neurons derived from iPSC fibroblasts of
patients with mutated Parkin protein showed a reduction
in MTs stability and consequently a reduced neurite
length and arborization. Notably, the altered morphology
of this neurons can be repaired with the administration of
pacilitaxel, a MT stabilizing drug (61).
However, action of Parkin protein on MT is not fully
understood and interesting it can interact with HDAC6 (62),
that can deacetylate MTs, but additional studies are needed
to investigate the Parking effect on MT.
Amyotrophic lateral sclerosis
Amyotrophic lateral sclerosis (ALS) is a progressive
nervous system disease of motor neurons (63). Why these
neurons seem to be the more vulnerable to ALS is not
completely clear, but MT instability and deficient axonal
transport would be particularly destructive in motor
neurons that have a morphology with longest axons in
the body. In this way there are evidences that support
the involvement of defective axonal transport in ALS
(64). For example, dynactin is a protein that works in
association with dynein, is very important in retrograde
axonal transport, but when mutated in subunit p150glued
can cause motor neuron disease and maybe ALS (65).
Additionally, 10% of hereditary ALS cases present
mutations superoxidase dismutase 1 (SOD1) gene, that
participates anterograde mitochondrial transport inaxons
(66). Experiments on transgenic mouse models with
4
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SOD1 mutated develop axonal transport deficits before the
onset of the neurodegeneration (67,68). In addition, these
transgenic mice line present increased MT dynamicity
that can be restored on normal levels with noscapine, can
restore the axonal transport and decrease the MT turnover,
with a reduced cell death (69). Moreover, other studies
in ALS mouse models confirmed that mutated SOD1
increase the MT dynamicity, expanding the evidences that
mutations in SOD1 perturb the MT homeostasis (70,71).
As mutated SOD1 concerns a little fraction of ALS
patients, evidence of altered MT dynamics and axonal
transport are needed in non SOD1 ASL models to
support the involvement of MTs in ALS. In this way,
studies on mouse model for ALS (TDP-43) revealed
that mutations on TDP-43, a DNA binding protein, are
associated with axonal transport problems (72). TDP-43
is implicated in ALS, in fact it is the main protein found
in ubiquitin positive inclusions that are characteristic of
ALS pathology. In addition, mouse models TDP-43 have
a reduction in mitochondrial motility, that can appear just
before the onset of the first symptoms of ALS (73).
Nevertheless, the molecular mechanisms implicated
are not fully understood and further experiments will be
necessary to understand the molecular cascade that links
TDP-43 and SOD1 with MT stability and ALS.
Therapeutic Drugs
As discussed herein, there are several evidences that
the axonal transport deficit is involved in numerous
neurodegenerative disease and this is probably induced
by the altered MT stability. In these way MT stabilizing
drugs were identified as potential candidates for treatment
of neurodegenerative disease. MT stabilizing drugs, as it is
known, can inhibit the cell division and thus are the ideal
drugs to work in CNS and interact with neurons. Recent
results with epothiloneD (epoD) a MT stabilizer show
encouraging benefits in mouse models (74). In particular,
different studies showed the efficacy of epoD in reducing
the MT hyperdinamicity and neuronal loss. This drug is
particularly effective in thaupaties and AD (75–77), but
significant benefits were noted even for TBI and PD (58,78).
However, other drugs were studied in mouse models, such
as dictyostatin, this drug have relevant benefits in the CNS,
but complications in the gastrointestinal tract and mortality
was observed on mouse models (79–82). This show that
not all MT stabilizing drugs are equal, and that carefulness
and further studies will be necessary to guarantee benefits
without major side effects.

Microtubules in Psychiatric Disease

Cytoskeleton dysfunctions have been observed even in
several neuropsychiatric disorders such as schizophrenia,
major depressive disorder (MDD) and bipolar disorder.
The hypothesis that altered MT dynamics leads to a
disrupted synaptic connectivity is supported by clinical
studies and animal models. Here, I present some findings
that connects altered MTs homeostasis with psychiatric
diseases.
https://doi.org/10.37175/stemedicine.v2i6.81
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Tubulin Isotypes
During human brain development various tubulin isotypes
are expressed, the different isotypes can influence the
structural and interaction properties of the MT and have
different affinity with PMT modifications. In particular
α1A, βII and βIII are the most present tubulin isotypes in the
brain, while α1B, α1C, βI and βIVb that are expressed in the
whole body. Altered expression of tubulin isotypes were
identified from proteomic studies in rodent models of
depression. It has been noted that isolation rodent models
have a reduction in α-tubulin expression (83) and rats
genetically sensitive to depression have a huge decrease in
βIIA and βV tubulin expression in hippocampus (84). These
studies show that reduced α and β tubulin expression
in hippocampus is a hallmark of depression in rodents
models.
It is possible to observe decreased tubulin isotypes even
in humans, for example in patients with schizophrenia
or bipolar disorder have a decreased expression of
β-tubulin isotype in the prefrontal cortex (85). Coherent
with this, gene expression analysis from patients with
major depressive disorder, shows that TUBB4 and
TUBB2C isotypes are down-regulated in the dorsolateral
prefrontal cortex (86). Taken together these data highlight
that the expression of tubulin isotypes is significantly
altered in clinical and animal models of psychiatric
disorders, showing that distorted tubulin homeostasis is a
characteristic these circumstances.
Tubulin PTMs
Post translational modifications of tubulin (PTMs) is
a powerful mechanism to generate specific microtubule
identities (87). These modifications which include
acetylation/deacetylation, phosphorylation, tyrosination/
detyrosination, glutamylation and polyglycylation create a
unique environment for the interaction of specific MAPs
to the MTs (88).
Acetylation/deacetylation. Acetylation can be
performed on both α and β tubulin residues, where acetyl
transferase αTAT and Atat-2 act on the former and Sun
acetyltransferase work on β-tubulin (88). On the other
hand, deacetylation is performed by histone deacetylase
6 (HDAC6) and nicotine adenine dinucleotide-dependent
deacetylase sirtuin-2 (SIRT2) (89).
The role of HDAC inhibitors as antidepressants is well
known and it was largely tested on rodent models of
depression (90). On this way, behavioural studies conducted
on HDAC6 Knockout (KO) mice revealed that these mice
express low anxiety, hyperactivity and low depressive
phenotype (91). Furthermore, reduced expression of SIRT2
deacetylase is characteristic in rodent models of depression,
suggesting that this deacetylase protein can be directly
implicated in depressive behaviour (92).
Reduced levels of tubulin acetylation have been observed
even in rats after social isolation (83), while they are
increased in the hippocampus of rats after exposure to
unpredictable chronic mild stress (93). Tubulin acetylation
is also diminished after knockdown of Ulk4 (Unc-51
like kinase-4), a gene that has been funded deleted in
5
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schizophrenia and bipolar disorders(94). Mouse models
with Ulk4 knockdown have reduced neurite length,
diminished branching, and agenesis of the corpus
callosum. Interestingly also, c-Jun NH2-terminal protein
kinase (JNK) activity is reduced in these Ulk4 knockdown
mice (95). JNK is a protein that regulate the MT
homeostasis and neurite complexity and it can represent a
possible link between Ulk4 and MT integrity.
All these findings suggest that tubulin acetylation levels
are altered in models of schizophrenia and depression.
This can be the cause of abnormalities in the development
of axons and dendrites and synaptic plasticity.
Furthermore, kinases implicated in schizophrenia have
a role in the pathway that controls MT stabilization,
suggesting a link between pathological symptoms and the
loss of cytoskeletal homeostasis.
Phosphorylation. The addition of a phosphate group
results in a gain of negative charges that change the
chemical properties of tubulin. Phosphorylation is
performed on neuronal βIII tubulin and on α-tubulin,
this mechanism is particularly active during neuronal
differentiation and helps the microtubule polymerization
(96–98). Phosphorylation of tubulin induces
conformational changes of MT, this can change the
binding site for stabilizing drugs used in psychiatric
disease such as valproate lithium and paliperidone,
implying that this modifications are relevant in pathologies
(99).
Tyrosination/detyrosination. Tyrosination is performed
by tubulin tyrosine ligase (TTL) on α-tubulin;
tyrosinated tubulin increase microtubule dynamics while
detyrosination enhance microtubule stability, these
dynamics are important in axonal extension and transport
(88). Detyrosination concerns the removal of Tyr from the
C-terminal of α-tubulin to expose a Glu residue. In this
way, Glutamylation is done by tubulin tyrosine ligaselike (TTLL), that add chains of glutamates to the carboxy
terminal of tubulin. This happens at high levels usually in
brain. Polyglutamylation influence the surface charges on
MTs modifying the binding properties to MAPs and motor
proteins (100). It is known that damaged protein transport
and the compromised binding of MAPs can contribute to
pathology in schizophrenia (101). In fact, problems on the
TTLL11 ployglutamylase gene are linked to schizophrenia
and bipolar disorder (102,103).
Polyglycylation. This modification is peculiar of cilia
and flagella. It can be present on α and β tubulin and
the responsible enzymes are the members of the TTL
family (104). Glycylation is important in stabilization and
motility of ependymal cilia which plate ventricles of the
brain (105), but it is interesting to note that in cilia effects
of diverse neuropsychiatric risk genes converge (106).

MAPs

MAPs are fine regulators of the microtubule properties
and function in neuronal network; therefore an
imperfect function of these proteins can give rise to
neurodegenerative, developmental and psychiatric
disorders (29).
https://doi.org/10.37175/stemedicine.v2i6.81
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MAPs in Psychiatric Disorders
Dendritic arborization and spine density is directly
related with MAPs (29), in fact reduced levels of these
can lead to neurological disease (107,108), intellectual
disability (109), depression (110,111) and schizophrenia
(108). In case of depression the synapse loss damages the
feedback loops and the adaptive response for stress (112).
Spine loss in schizophrenia is associated with reduced
MAP2 (113), suggesting a participation in the spine
stabilization, suggesting a role for MT in in spine head
stability. Crucial for synaptic disorders is also how MAP2
impact on CREB activity by binding PKA in dendrites
(114). CREB controls the expression of BDNF, that is
fundamental in synapse and neuronal survival.
Loss of MAP2 immunoreactivity is an hallmark of
schizophrenia
In the last twenty years several studies were conducted
post-mortem on schizophrenia patients and a common
feature of the analysed brains were the reduced
immunoreactivity of MAP2 (113). This was localized
specifically in hippocampus and prefrontal cortex where
it coincides with diminished dendrite ramification. The
reduced immunoreactivity noted does not mean reduced
MAP2, in fact proteomic analysis on schizophrenic
or depressed patients show no altered levels of MAP2
protein (85). Consistent with this MAP2 mRNA is not
altered in patients with schizophrenia (115), but the
decreased immunoreactivity seems due to PTM of MAP2
(e.g., phosphorylation), that limit the epitope recognition.
This modification probably can lead to an altered function
of MAP2 and contribute to the typical disorders of
psychiatric disease.
MAP6
Like MAP2, MAP6 stabilizes microtubules, binding
together the nearby microtubules (116,117). Mice
MAP6 KO present severe symptoms associated with
schizophrenia, that can be anxiety, impaired cognition,
hyperactivity and social withdrawal (118). In particular,
MAP6 deletion damage the cognitive function damaging
the synaptic connectivity (118,119). Studies on postmortem brains evidence that mRNA MAP6 levels
are improved in prefrontal cortex of patients with
schizophrenia. These studies together suggest an
involvement of MAP6 with the onset of the schizophrenia
(120), but further study will be necessary to point out the
molecular mechanism.

Therapeutic Drugs

These studies indicate that microtubule regulators
and PTM of MAPs are altered in psychiatric disorders.
Some effects of these modifications can be rescued by
the treatment with antidepressant drugs, neurosteroids
like microtubule associated protein neurosteroidal
pregnenolone (MAPREG), pregnenolone (PREG)
and dehydroepiandrosterone (DHEA) were noticed to
enhance the neuronal survival and improve long term
memory (121). Binding of these neurosteroids that are
6
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synthetized in multiple glial cells (122,123), promotes
the neurite growth stimulating the MAP2 effect on MT
polymerization (123–126). Neurosteroids improve the
neuronal survival and have a neuroprotective effect, they
can even stimulate neurogenesis in adult hippocampus
improving the long term memory (127–129).
On the other hand, were noted that MT drugs have
significant benefits on behaviour. In particular, lithium
is a mood stabilizing drug used to treat bipolar disorder
(130,131). Studies revealed that the administration
of lithium directly inhibit GSK-3, this reduces the
phosphorylation of tau and MAP1B protein leading to MT
remodelling (132–134). Modification of the cytoskeleton
structure may help to stimulate the neuroplasticity in
the brain areas interested by the mood disorder like
hippocampus and amygdala (135).
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Conclusions

As discussed herein, there is a convincing number of
evidences that axonal transport troubles are involved in
several neurodegenerative and neuropsychiatric disease.
This issues in transport can be due in part or whole to
the perturbed MT homeostasis, increase or decrease of
microtubule stability. The focus of this review has been
on how MT variations can alter axonal transport and there
is a growing number of studies regarding MT defects
in cell cultures or animal models of neurodegenerative
or psychiatric disease. These observations have led to
experiment MT stabilizing drugs, usually used in the
treatment of cancer, on animal models of disease with
good results. The challenge now is to develop and test new
drugs that can support the treatment of neurodegenerative
or psychiatric disease in human patients.
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ABSTRACT
Background: Lipopolysaccharide (LPS), a structural and protective compound primarily found in
ordinary benign bacteria, could induce pro-inflammatory effect in a macrophage cell line Raw264.7 cells.
Additionally, we previously showed that oleic acid (OA) possessed apoptotic effect in mouseoriginated
Raw264.7 cells as well.
Methods: Cellular and molecular methods including flowcytometry and Western blot as well as
bioinformatic methods including RNAseq and analysis.
Results: We demonstrated that OA could alleviate LPS-activated inflammatory effects, including apoptosis
and secretion of cytokines via the modulation of cell cycle process. Further analysis revealed that OA
reduced the LPS-elevated expression of p21, but not p16.
Conclusion: Our investigation has provided detailed information on LPS stimulation and OA remission
in Raw264.7 cells, and laid solid foundation for the potential pharmaceutical application of OA as an
antiinflammatory agent.
Keywords: Oleic acid · Lipopolysaccharide · Cell cycle control · p21Cip1/Waf1 · Transcriptome

Introduction

Our immune system is made up of at least two parts:
the faster but more general innate immunity, and the
slower but more specific adaptive immunity. The innate
immunity is important for us to defend against microbial
pathogens, and stands as the first line of defense in our
body. Macrophages are a group of innate immune cells
playing essential roles in the host defense process and
maintenance of tissue homeostasis (1). Macrophages
are capable of engulfing particles to engage as a primary
function in phagocytosis (2). In addition, our immune
Received: Feb 22, 2021; Accepted: Mar 6, 2021.
© The Author(s). 2020 This is an Open Access article distributed under the terms of the
Creative Commons License (http://creativecommons.org/licenses/by/4.0/) which permits
unrestricted use, distribution, and reproduction in any medium or format, provided the
original work is properly cited.

system could also be altered by macrophages through
the production and secretion of various cellular factors
including interferons, interleukins, growth factors and
lipid mediators (3). Meanwhile, macrophages is also
important for tissue repair processes as well (4). Due to its
importance in the immunity, the functions and regulations
of macrophages have been extensively studied.
Lipopolysaccharide (LPS), made up of lipids and sugar,
is a structural and protective compound primarily found
in ordinary benign bacteria, which, once presented in the
bloodstream after microbial invasion, could drive sudden
activation of macrophages and subsequent release of
inflammatory mediators (5). It has been well established
that, upon the treatment of LPS, macrophages could elicit
pathogenic inflammatory responses (6) by the production
and release of immune regulated enzymes such as nitric
oxide synthases (iNOS) and cyclooxygenase-2 (COX-2),
1
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as well as cytokines and chemokines such as interleukin1β (IL-1β), tumor necrosis factor (TNF)-α, and IL-6 (7).
Due to the observations of dysregulated inflammatory
responses in many inflammatory disorders including
asthma, rheumatoid arthritis and other autoimmune
diseases (8), it would be quite beneficial to study the
regulation of LPS-activated inflammatory response in
macrophages.
Various investigations indicated that fatty acids exhibited
inhibitory effect on cytokine production in LPS-stimulated
human monocytes and Raw264.7 cells (9-12). Additional
study showed that fatty acids exerted anti-inflammatory
effects via blocking transcriptional factors including nuclear
factor κB (NF-κB) (13), and suppressing the function
of mitogen-activated protein kinases (MAPKs) (14).
Meanwhile, we previously reported that unsaturated fatty
acids extracted from Chrysanthemum, including linoleic
acid and linolenic acid, induced apoptosis of Kupffer
cells, a type of specific tissue-resided macrophages in the
liver (15).
Therefore, we intended to investigate the detailed
mechanism of oleic acid (OA) in suppressing both
LPS-induced apoptotic and pro-inflammatory effects
in Raw264.7 macrophages in this study by combining
biochemistry and bio-informatics approaches.

Materials and Methods

Reagents
The DMEM (10569-044) basic medium supplemented
with fetal bovine serum (12484-010) was obtained from
Gibco (Thermo Fisher Scientific, Waltham, MA, USA).
The cell counting kit-8 (CCK-8; BestBio, BB4202) was
used for cell survival assay. Antibodies were provided
either by CST or Abcam. LPS (L8880) and bovine
serum albumin (BSA; A8010) were obtained from
Solarbio (Beijing, China) and OA (HY-N1446) were
from MedChemExpress. The OA storage solution was
prepared by dissolving OA in a BSA solution (15 mM) at
the concentration of 100 mM. OA working solution was
obtained via a dilution of the storage solution in a ratio of
1:50. Cell cycle analysis kit (40301ES60) and apoptosis
detection kit (40302ES60) were obtained from Yeasen.
Cell culture and cell survival assay
Mouse macrophages (Raw264.7, GDC0143) were
delivered from the China Center for Type Culture
Collection (Wuhan, China). Normally macrophages were
maintained in a CO2 incubator at 37 ℃. Cell morphology
was monitored under a microscope (Eclipse Ti, Nikon Inc)
and imaged with a DI-RS2 camera (Nikon Inc).
The CCK-8 assay was used to monitor the cytotoxicity
of LPS and OA to Raw264.7 cells. Briefly, Raw264.7 cells
with a density of approximately 1 × 105 cells/mL were
placed into 96-well plates, and then treated separately
for 24 h. Next, CCK-8 was added for an incubation of
2 h. Absorbance at 450 nm were monitored using an
Infinite 200 PRO system (Tecan Group Ltd., Maennedorf,
https://doi.org/10.37175/stemedicine.v2i6.83
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Switzerland). All experiments were done in triplicates and
conducted independently for three times at least. A set of
control wells without cells was included in each plate.
Apoptosis monitoring via flow cytometry
Raw264.7 cells with a density of 1 × 10 6 cells were
placed into a well of the six-well plate. After incubated
with indicated treatments, cells were washed and
aspirated in 1 mL PBS. Later 5 µL Annexin-V-FITC were
suspended in 400 µL binding buffer and directly added to
a well for 15 mins at 4 °C. Finally, 10 µL PI buffer was
incubated for 5 mins. Flow cytometry (Guava System;
Merck, Germany) was used for the detection.
qPCR performance and analysis
Total RNA was extracted from indicated treatment of
Raw264.7 cells using TRIzol reagent (Invitrogen) and
reversely transcribed with a PrimeScript RT reagent kit
(Takara, Dalian, China). The transcriptional expression
levels were analyzed by qPCR using Thermal Cycler
Dice Real Time System (Takara, Shiga, Japan). Ordinary
conditions with ∆∆Ct method were used during the
performance of qPCR. Each data were represented from
triplicates. GAPDH for each experiment was monitored
and employed as an internal control.
The primer sets used in mouse-sourced Raw264.7 cells
were:
For COX-2 (ptgs2),
forward, 5’-GCGACATACTCAAGCAGGAGCA-3’ and
reverse, 5’-AGTGGTAACCGCTCAGGTGTTG-3’;
For iNOS (nos2),
forward, 5’-GAGACAGGGAAGTCTGAAGCAC-3’ and
reverse, 5’-CCAGCAGTAGTTGCTCCTCTTC-3’;
For β-catenin (ctnnb1),
forward, 5’-GTTCGCCTTCATTATGGACTGCC-3’ and
reverse, 5’-ATAGCACCCTGTTCCCGCAAAG-3’;
For F4/80 (agre1),
forward, 5’-CGTGTTGTTGGTGGCACTGTGA-3’ and
reverse, 5’-CCACATCAGTGTTCCAGGAGAC-3’;
For CD68 (cd68),
forward, 5’-GGCGGTGGAATACAATGTGTCC-3’ and
reverse, 5’-AGCAGGTCAAGGTGAACAGCTG-3’;
For CD206 (mrc1),
forward, 5’-GTTCACCTGGAGTGATGGTTCTC-3’ and
reverse, 5’-AGGACATGCCAGGGTCACCTTT-3’.
Detection of protein expressions
After treatments as indicated, cells were harvested and
the total protein concentration was determined. After
that, lysates of cells were fractionated with either 10%
or 12.5% SDS-PAGE gels and transferred to PVDF
membranes (IPVH00010; Millipore Corporation,
MA, USA). After blockage with 5% non-fat milk, the
membranes were blotted with antibodies against the
following proteins: caspase-3 (1:1000, 9662S, CST),
PARP (1:500, 9542S, CST), iNOS (1:500, ab15323,
Abcam), COX-2 (1:1000, ab169782, Abcam), p16
(1:1000, 18769S, CST), p21 (1:500, 2947S, CST)
2
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Figure 1. OA induces loss of Raw264.7 cells. (A) Representative images of cells under different treatments. Scale bar, 100 μm. (B)
Summary of cell viability after 24 h treatment of various conditions. ** and *** represented significant different from the control with a
p < 0.01 and 0.001, respectively. † represented no significant difference comparing with the control. The dashed line indicated 100%
viability.

and β-actin (1:1000, 4970S, CST) at 4 °C overnight. After
that, the blot was washed thrice with TBST solution and
followed by the incubation with a secondary antibody
(1:2000, goat anti-rabbit or goat anti-mouse, A21010 or
A21020, Abbkine, USA) for 1 h at room temperature. A
developer and fixing solution were used for visualization
of protein bands. ImageJ and Microsoft Excel were used
for quantification and analysis of the protein bands.
RNA-sequencing and analysis
RNA samples were collected and used for the
construction of cDNA libraries by an Illumina TruseqTM
RNA sample prep kit (Illumina, CA, USA). To
summarize, cDNA was prepared and reversely transcribed
in a double-stranded manner. After that, they were ligated
and amplified before the assessment and quantitation of
the library. Cluster generation of loads of a single mRNAsequencing library was performed on the Cluster Station.
Sequence-by-synthesis single reads of 54-base-length
using the Hiseq2000 Truseq SBS Kit (v3-HS, Illumina)
were generated on the HiSeq X system. TPM and FPKM
matrix were calculated from the read count matrix.
FPKMs were mainly used for the analysis among samples
while less biased TPMs were used for further analysis on
gene expressions. Gene expression between compared
groups with log2FC > 1 and p < 0.05 was considered as
significantly different. The Venn diagram was composed
at the following website: https://www.venndiagram.net/
venn-diagram-and-sets.html. The David resources version
6.8 was utilized for the performance of GO enrichment at
https://doi.org/10.37175/stemedicine.v2i6.83

the following website: https://david.ncifcrf.gov.
Cell cycle phase identification
Raw264.7 cells were plated at the density of 105 in a
35-mm dish and treated with either LPS or OA for 24
h. Later on, cells were detached and washed twice with
PBS, and subsequently fixed overnight at 4 °C in 75%
ethanol. After removal of ethanol by centrifugation, cells
were re-suspended and incubated for 30 min in PBS with
10 µg/mL of RNase A at 37 °C, and then stained with PI
(50 μg/mL). The fluorescence was measured by a flow
cytometric Guava System (Merck, Germany). Cellular
multiplets were excluded. Histograms of DNA content
were determined by the fractions of the population in cell
cycle.
Statistical analysis
Results were normally indicated as means ± standard
error of the mean (SEM). One-way or two-way ANOVA
followed by a Tukey’s post-hoc test or a Bonferroni posttest as indicated were performed using Microsoft Excel
software. Statistical significance was identified with a p
value < 0.05.

Results

OA treatment alleviates inflammatory responses to
LPS in Raw264.7 cells
To test the effect of OA treatment on LPS-induced
3
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Figure 2. OA treatment alleviates LPS-induced apoptosis in Raw264.7 cells. (A) Flow cytometry analysis of annexin-V / PI staining
in Raw264.7 cells after various treatments. The proportions of cells were included in each quadrant. (B) Summary of (A) on double
staining.

inflammatory responses in Raw264.7 cells, 1 mM OA
was added to the culture medium in the presence or
absence of LPS treatment (100 and 200 ng/mL for 24 h).
As shown in Figure 1, the overall morphology and cell
viability were greatly alleviated in the OA-treated groups,
comparing with LPS treatment alone, suggesting that OA
treatment could tranquilize the inflammatory response
of Raw264.7 cells to LPS treatment. Comparatively, it
is also worth noting that OA treatment alone possessed
neither morphological effects nor reduction in viability
of Raw264.7 cells. Further flow cytometry analysis
confirmed the effect of OA treatment on LPS-induced
apoptosis in Raw264.7 cells as demonstrated in Figure 2.
Interestingly, 1 mM OA treatment was sufficient to nearly
abolish the apoptotic effect of 200 ng/mL LPS treatment.
However, since 100 ng/mL LPS treatment was far more
than enough to illustrate the effect of OA treatment, we
therefore used only 100 ng/mL LPS throughout the rest of
our investigation.
Additionally, further analysis on both the mRNA and
protein levels also revealed the same trends, as illustrated
in Figure 3. OA treatment greatly reduced the elevated
levels of inflammatory effectors and markers, COX2 (ptgs2) and iNOS (nos2), by the treatment of LPS.
Moreover, OA was also effective in decreasing the
elevated expression level of β-catenin (ctnnb1), the
https://doi.org/10.37175/stemedicine.v2i6.83

regulatory protein in the Wnt signaling. Meanwhile,
inflammation-related surface markers of Raw264.7 cells
during LPS treatment, such as F4/80, CD68 and CD206,
were all sensitive to OA treatment. Western blot also
demonstrated that apoptosis-related proteins caspase-3
and PARP were sensitive to OA treatment as well.
These evidences further strengthened the notion that OA
treatment could alleviate inflammatory responses in LPSstimulated Raw264.7 cells.
RNA-seq analysis reveals a drastic mRNA expression
profile change
To comprehensively study the effects of OA treatment
on LPS-treated Raw264.7 cells, transcriptome analysis
was conducted for the Control group, the LPS (LPS
treatment alone) group, and the LPS/OA (LPS plus OA
treatment) group. Figure 4 showed the general correlation
and component analysis results. As could be seen, gene
profiles with changed expression levels were quite
different among the three groups. However, the pattern
change of the LPS group was the most significant (with
a correlation of 0.92), while the correlation increased to
0.94 between the LPS/OA group and either the LPS or the
Control group, suggesting that OA treatment restored, at
least, part of the gene expression profiles from the LPS
group to the Control group.
4
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Figure 3. OA treatment alleviates the expression of various factors in the mRNA and/or protein levels. (A) qPCR revealed that
OA treatment reduced the expression of inflammatory related factors elevated by LPS. *, **, and *** represent significant different from
the control with a p < 0.05, 0.01 and 0.001, respectively. † represented no significant difference comparing with the control. (B) Western
blot analysis on the expression levels of various proteins. The molecular weight of each protein was indicated at the left side of the blot.

After a closer look at the expression profiles of the
known factors and effectors involved in the inflammation
process, many of them increased after LPS treatment, but
restored in the presence of OA, as shown in Figure 5A.
To better separate the expression profiles, genes were
categorized into four groups by their behavior: LPS upregulated, LPS down-regulated, LPS/OA up-regulated
and LPS/OA down-regulated genes. Venn diagram was
drawn based on the above-mentioned categorization, as
illustrated in Figure 5B. Primarily, 748 genes located
in the LPS up-regulated and LPS/OA down-regulated
regions, while 716 genes located in the LPS downregulated and LPS/OA up-regulated regions (Figure
5C). We assumed that most of genes potentially involved
should fall into these two categories due to the pattern of
changes we observed previously. It was also important to
note that 0 could be seen in the Venn diagram since one
gene could not be categorized as both LPS down-regulated
and up-regulated in the LPS group or likewise in the LPS/
OA group. Otherwise, non-zero value occupied these zero
would be a sign of defect in the RNA-seq result.
OA treatment modulates cell-cycle related genes to
counteract LPS’s effect
To further clarify involved genes in OA treatment, genes
from the aforementioned four categories were collected
for GO enrichment analysis. Results were illustrated in
Figure 6A, genes that are involved in inflammationrelated biological processes fell into three of four
categories. While in LPS down-regulated and LPS/OA
https://doi.org/10.37175/stemedicine.v2i6.83

up-regulated category (with 716 genes), cell cycle and
mitosis were the most enriched biological processes,
suggesting a close relationship between these genes and
cell cycle control. More importantly, as depicted in Figure
6B, 70 out of 119 genes that were related with any of three
processes including cell cycle, cell division and mitotic
nuclear division, fell into the cross point, suggesting that
OA treatment indeed affected the cell cycle control of
Raw264.7 cells. Some of the genes and their expression
levels were shown in Figure 6C, and among them aurora
kinase a (aurka, mitotic serine/threonine kinase), cyclin
A2 (ccna2, controls both checkpoint at the G1/S and the
G2/M transition), cyclin B2 (ccnb2, essential for G2/M
transition) and cyclin-dependent kinase 1 (cdk1, promotes
G1/S and G2/M transition) were known key modulators
of the cell cycle.
OA treatment affects cell cycle control via p21 but not
p16 in Raw264.7 cells
To confirm our observations in the RNA-seq analysis,
cell cycle states of Raw264.7 cells were monitored by flow
cytometry. As demonstrated in Figure 7A and B, LPS
treatment significantly decreased the G2 phase population
while increased the G0/G1 phase population of Raw264.7
cells. However, OA treatment restored these changes,
suggesting that OA treatment indeed recovered the phase
population. Further Western blot results demonstrated that
p21, instead of p16, were the potential upstream regulator
of cell cycle control in the effect of OA on LPS treatment,
as shown in Figure 7C. This further strengthened the
5
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Figure 4. RNA-seq analysis reveals different gene expression profiles in the control, LPS, and LPS/OA groups. (A) Correlation
analysis of RNA-seq results. The color of the block indicated the correlation co-efficient. (B) Principle component analysis of the RNAseq results. (C) Volcano plot of the RNA-seq results. Blue dots indicated expression of down-regulated genes while red dots indicated
expression of up-regulated genes. The correlation co-efficient (r) between compared groups was indicated in each image.

notion that OA could restore LPS-induced inflammatory
effect via cell cycle control in Raw264.7 cells.

Discussion

In this study, cellular and molecular as well as
bioinformatic methods including flow cytometry,
qPCR and Western blot were used to verify the detailed
mechanism of OA’s inhibitory effect on LPS-activated
Raw264.7 cells. But before any conclusion could be
drawn, several points need to be discussed. Firstly,
Raw264.7 cells are a well-established cell model for
macrophages. Hence our results here might possess
the potential to be extrapolated into other types of
macrophages, for instance, microglia in the central
nervous system, sinus histiocytes at lymph nodes,
pulmonary alveolus, and intestine macrophages in the
gastrointestinal tract, which could widen the potential
application of OA, or even other fatty acids, in our body,
as being proposed previously (16). However, as mentioned
https://doi.org/10.37175/stemedicine.v2i6.83

previously (17), the polymorphic feature of Raw264.7
cells, which contain more than one phenotype individually
within this cell linage, would probably compromise the
significance of the current study. Meanwhile, the low
apoptotic rate by LPS treatment revealed in Figures 1
and 2, and the low inhibitory rate of cell cycle in Figure
7 might be explained largely by this specific feature of
Raw264.7 cells as well. Therefore, more investigations
on other in vitro and in vivo systems and/or on other
types of fatty acids should be conducted to confirm the
phenomenon uncovered in the current study.
Secondly, it has been shown that OA is abundant in
olive oil (809.53–1045.52 μg/g), which is available and
recommended for everyday life (18). Hence, it would be
quite meaningful to study the potential pharmacological
usage of OA. Various proteins and signaling pathways,
including matrix metalloproteinase-9 (19), focal adhesion
kinase (20), free fatty acid receptor 1 and free fatty
acid receptor 4 (21), mTOR signaling (22), PI3K/AKT
6
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Figure 5. OA treatment partly recovers altered gene expression induced by LPS. (A) Averaged expressions of inflammation-related
genes in the RNA-seq analysis. (B) Venn diagram of the RNA-seq results. Red rectangles indicated place of interests. The percentage of
gene enclosed in each catalog was enclosed in the bracket. (C) Ordered expression profiles of genes involved in the red rectangles in B.
The color of the block indicated expression level of the sample in the form of log2(TPM+1).

signaling (23), etc., have been implicated to be modulated
upon the treatment of OA in many different cells and
tissues. Meanwhile, as stated in the introduction,
investigations also implicated the efficacy of fatty acid
treatment on the inhibitory effect in the immune system
or in macrophages in particular. However, investigation
at the whole transcriptional scale was still insufficient in
this very topic. In our study here, RNA-seq analysis was
performed in the attempt to acquire more information,
and results showed that OA restored the expressions of
a large quantities of genes altered by LPS treatment,
leaving only a small portion unchanged. Moreover, by
combining the results in the LPS group and the LPS/
OA group, we successfully narrowed down the target of
change into cell cycle process. It was also interesting to
note that the mitosis process was also altered and restored
by LPS and OA, respectively. This piece of evidence
further strengthened the notion that OA was capable
https://doi.org/10.37175/stemedicine.v2i6.83

of overturning the pro-inflammatory effect of LPS in
macrophages.
Thirdly, p21, sometimes named as p21Cip1/Waf1, is
also known as CDK-interacting protein 1, which not only
participates in the control of cell cycle process but also is
involved in tumor suppression (24). In addition, p21 has
been proposed to be a biomarker for cancer stem cells
due to their associations. As shown in the current study,
OA could reduce the expression of p21 evoked by LPS
treatment, which would further highlight the therapeutic
potential of OA in cancer treatment. Multiple recent
studies illustrated the anti-cancer ability of OA or other
fatty acids (25-27), which were quite consistent with the
current investigation. However, whether p21 was involved
or modulated in this anti-cancer ability still needed to be
illustrated. Furthermore, p21 has been shown to be one of
the downstream factor of p53 signaling. Here in this study,
we observed no significant change in the expression of
7
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Figure 6. Cell cycle related process is the most obvious in GO analysis of the RNA-seq results. (A) List of top 5 enriched
processes in the GO analysis. Red color highlighted processes with the most p value in the analysis. (B) Venn diagram of genes related
with the three most enriched processes including cell cycle, cell division, mitotic nuclear division. The percentage of gene enclosed in
each catalog was enclosed in the bracket. (C) Expression profiles of checkpoint and/or mitosis related genes.

p53 mRNA in RNA-seq analysis. However, transcriptional
change was not the only way for p53 to perform its
physiological or pathological functions. Changes in
other stages such as post-translational modification and
subcellular localization might as well be important for
the function of p53. Therefore, it would be plausible to
anticipate changes of p53 function after the treatment of
OA.
Last but not least, no obvious effect was seen in cells
under the OA alone treatment. This suggested that the
modulation of cell cycle by OA treatment was limited
in the LPS treatment condition. This could be explained
partly by the relative low expression levels of p21 before
LPS treatment. Alternatively, the internalization and
accumulation rate of OA in different states of cells might
also be a contributing factor for the ineffectiveness of OA
towards unstimulated macrophages.

https://doi.org/10.37175/stemedicine.v2i6.83

Conclusion

In a word, in murine macrophage Raw264.7 cells,
we have demonstrated that OA could alleviate LPSstimulated inflammatory effect, via the inhibition of p21
and modulation of the cell cycle.
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Figure 7. p21 but not p16 controls the alteration of cell cycle process in Raw264.7 cells under LPS or OA treatments. (A) Flow
cytometry analysis revealed the increase of G0/G1 phase and the reduction of G2 phase. (B) Summary of A. (C) Western blot analysis
revealed that the expression of p16 remained steady while the expression of p21 changed significantly. The molecular weight of each
protein was indicated at the left side of the blot.
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ABSTRACT
Background: MicroRNA (miR) has been suggested in the development of several types of cancer; yet,
the exact function of miR-4284 in colon cancer remains elusive.
Methods: MiR-4284 expression was assessed in normal colon cell line CCD-18Co, and HT-29 and
SW480 cell lines representing human colon cancer. Potential target gene of miR-4284 was predicted
using TargetScanHuman, and experimentally verified using luciferase report assay. Wound-healing, cell
invasion and attachment were evaluated to determine the effect of miR-4284 on the migration, invasion,
and metastatic properties of colon cancer cell lines. Expression of epithelial-mesenchymal transition (EMT)
phenotypic protein hallmarks, including N-cadherin, E-cadherin, as well as Vimentin, was also evaluated.
Results: MiR-4284 was significantly decreased in colon cancer cell lines, and Perilipin 5 (PLIN5)
was found to be directly targeted by miR-4284. Ectopic expression of miR-4284 significantly reduced
endogenous expression level of PLIN5 in colon cancer cell lines, suppressing migration, invasion, and
metastatic phenotypes. In addition, re-introducing miR-4284 reversed the expression profile of EMT
markers.
Conclusion: Our findings for the first time identify miR-4284 as an anti-tumor miRNA in colon cancer,
which acts to reduce PLIN5 and inhibit EMT, leading to inhibited colon cancer tumorigenesis. These
results highlight the potential of miR-4284 as a therapeutic target in metastatic colon cancer.
Keywords: MicroRNA-4284 · Colon cancer · Perilipin 5 · Tumorigenesis · Epithelial-mesenchymal transition

Introduction

Owing to its lethality, colon cancer causes a significant
number of human deaths across the globe. In 2017,
approximately 0.1 million new colon cancer cases
were reported in US alone (1). Generally, colon cancer
treatment includes surgery, chemotherapy and/or
radiotherapy (2). However, due to severe side effects of
colon cancer chemotherapy, the life quality of the patients
is badly impaired (3). Hence, identification of safer drugs
and potent therapeutic targets may help to resolve the
Received: Mar 2, 2021; Accepted: Mar 16, 2021.
© The Author(s). 2020 This is an Open Access article distributed under the terms of the
Creative Commons License (http://creativecommons.org/licenses/by/4.0/) which permits
unrestricted use, distribution, and reproduction in any medium or format, provided the
original work is properly cited.

problem and enable the efficient management of colon
cancer.
MicroRNAs (miRNAs, miRs), a subset of non-coding
RNAs that can target mRNAs with complementary
sequences and result in translational degradation and/
or inhibition (4), are vital players in the proliferation,
differentiation, and survival of cells. In 1993, a small
RNA was discovered as the first miRNA, transcribed from
the lin‑4 locus of Caenorhabditis elegans (5). Seven years
later, let‑7, the first mammalian miRNA, was identified
(6). Those two key findings sparked a number of genomic
studies, which demonstrated extensive transcription of
non-coding RNAs, including miRNAs (7, 8).
The capacity of certain miRNAs to target several
mRNAs critically modulated in disease states inspires
promising therapeutic candidates (miRNA mimics) or
1
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targets (anti-miRs) (1, 9-11). In the context of colon
cancer, one novel mature microRNA, miR-4284, has been
seldom studied. While in other types of human cancers,
miR-4284 is frequently involved. For instance, in gastric
cancer, miR‑4284 was found to promote tumorigenicity
by targeting ten-eleven translocation 1 (12). Up-regulating
miR-4284 in human glioblastoma could inhibit the viability
and induce apoptosis of cancer stem-like cells (13). In clear
cell papillary renal cell carcinoma, miR-4284 was shown
to be one of the down-regulated miRNAs in a miRNA
profiling study (14). Of interest to our study, recently in a
similar miRNA profiling investigation among a panel of
radioresistant prostate cancer cells, miR-4284 was among
the most significantly dysregulated miRNAs (15).
In the present study, we sought to uncover the function
of miR-4284 in human colon cancer and elucidate its
potential molecular target, as well as the signaling
pathway(s) involved in its action.

Materials and Methods

Cell lines
HT-29 and SW480 cells (both human colon cancer cell
lines), and CCD-18Co cells (a human normal colon cell
line) were acquired from the American Type Culture
Collection (ATCC). Cells were maintained in complete
RPMI-1640 medium (Hyclone; GE Healthcare) with 10%
fetal bovine serum (FBS; Gibco), 100 U/ml penicillin
and 100 μg/ml streptomycin, at 37 °C in a humidified
atmosphere containing 5% CO2.
MicroRNA assays
mirVana miRNA negative control (4464061) and hsamiR-4284 mirVana miRNA mimic (MC17194) were both
purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Transfection of cells was conducted according to
the provided protocols. Following transfection, cultures
were kept for another 48 h before any further experiment.
Luciferase reporter assay
The potential miR-4284 binding site at the 3’-untranslated
region (3’-UTR) of Perilipin 5 (PLIN5) was inserted at the
downstream of the firefly luciferase open reading frame
(ORF) driven by a CMV promoter in a pCMV-Firefly
Luc vector (16156; Thermo Fisher Scientific). Luciferase
construct containing mutated 3’-UTR was prepared with
a standard overlap-extension protocol. To determine the
luciferase activity, HT-29 or SW480 cells in a 24-well
plate (5 × 104 per well) were co-transfected with 200 ng

of wild-type or mutant luciferase constructs, and 400 ng
of hsa-miR-4284 or negative control, using Lipofectamine
2000 (Invitrogen). After 48 h, cells were harvested and
assessed using the Luc-Screen Extended-Glow Luciferase
Reporter Gene Assay System (Thermo Fisher Scientific),
following provided protocols.
RNA extraction and quantitative real time polymerase
chain reaction (qRT-PCR)
Extraction of total mRNA was performed with mirVana
miRNA Isolation Kit (Thermo Fisher Scientific). The miR4284 expression level was assessed by miRNA-specific
TaqMan Pri-miRNA Assay (Hs04227316_pri; Thermo
Fisher Scientific) and normalized by RNU48 Control
miRNA Assay (001006; Thermo Fisher Scientific). 1 μg
of total RNA was prepared for reverse-transcription using
Superscript II First-Strand Synthesis kit (Thermo Fisher
Scientific) at the manufacturer’s recommendation. Levels
of GAPDH mRNA were used for normalization. Primers
used in the current study are presented in Table 1.
Western blot
Cells were plated in 6-well plates at 1×106 cells/well
density with 2 ml completed RPMI-1640 medium. 24 h
following transfection with hsa-miR-4284 or negative
control, total protein was prepared with RIPA buffer (150
mM NaCl, 50 mM Tris-HCl pH 7.4, 1 mM EDTA, 1%
sodium deoxycholate, 1% Triton X-100, 0.1% sodium
dodecyl sulfate (SDS), and protease inhibitors). Protein
quantity was assessed by the BCA assay. Proteins of
equal amounts were resolved using SDS-PAGE and then
transferred onto a nitrocellulose membrane with the
semi-dry transfer unit (Bio-Rad Laboratories). Next, the
membrane was incubated in blocking buffer (phosphate
buffer saline (PBS) plus 0.1% Tween-20) with 5% nonfat
milk for 20 min, followed by hybridization with primary
antibodies at 4 °C overnight. Primary antibody against
PLIN5 was purchased from Proteintech (#26951-1-AP;
Wuhan, China), antibodies against N-cadherin (ab18203),
E-cadherin (ab76055), Vimentin (ab92547), and GAPDH
(ab181602) were all commercially available from Abcam
(Cambridge, MA, USA). After washes in blocking buffer,
membranes were hybridized with HRP-conjugated
secondary antibody (Thermo Fisher Scientific) for 1 h at
ambient temperature before visualization with Luminata
Forte Western HRP Substrate (EMD Millipore).
Wound-healing assay
Cells (1×105) transfected with hsa-miR-4284 or miRNA

Table 1. Primers used for RT-PCR.

Gene

Sense (5’ to 3’)

Antisense (5’ to 3’)

PLIN5

AAGGCCCTGAAGTGGGTTC

GCATGTGGTCTATCAGCTCCA

TGF-β

GGCGATACCTCAGCAACCG

CTAAGGCGAAAGCCCTCAAT

GAPDH

CAGCCTCAAGATCATCAGCA

TGTGGTCATGAGTCCTTCCA

https://doi.org/10.37175/stemedicine.v2i6.85
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Figure 1. MiR-4284 expression is reduced in colon cancer cells, and directly targets 3’-UTR of PLIN5. (A) MiR-4284 levels in
normal human colon cell line CCD-18Co compared with HT-29 and SW480 cells. (B) Sequences of putative miR-4284 binding sites
on the 3’-UTR of PLIN5. (C) Schematics of luciferase reporter constructs: top, wild type (WT) luciferase construct (WT-Luci) contains
original putative binding site from PLIN5 3’-UTR; bottom, mutated version (MT-Luci). (D) WT and mutated luciferase constructs along
with either miR-4284 or miRNA negative control were transfected into HT-29 and SW480 cells. Luciferase activity was presented as
relative to respective negative control. Values were mean ± SD of 3 independent biological replicates; ** P < 0.01, * P < 0.05, compared
to respective control.

negative control were seeded into 6-well plate post
transfection. A linear cut was generated cautiously
across the confluent monolayer cells with the tip of a
100 μl sterile pipette, after which gentle washes of PBS
were performed to remove the debris. Migration was
quantitated as the distance the growing edge moved on the
wounded monolayer after 36 h, and migration rates were
calculated as the percentages relative to the appropriate
control.

for counting. The attachment rate was calculated as the
percentage of attached cells in total cells and normalized to
the appropriate control. To assess detachment, cells were
cultured for 24 h and then treated with 0.05% trypsin for 3
min to be detached and counted. The remaining cells still
attached were further trypsinized with 0.25% trypsin for
counting. The percentage of detached cells in total cells
was defined as the detachment rate, normalized to the
appropriate control.

Cell invasion assay
Cell invasion assay was conducted using a 24-well plate
with chamber inserts (pore size: 8 μm, BD Biosciences).
The hsa-miR-4284- or miRNA negative controltransfected cells (1×105 per well, diluted with serumfree culture medium) were fed into the upper chambers
with membranes coated with Matrigel. The lower
compartments received 500 μl complete medium per
well to attract cells. The cultures were maintained in the
incubator at 37 °C for 24 h, and afterwards treated with 20
μM 5-ethynyl-2’-deoxyuridine (EdU) at 37 °C for another
4 h. Membrane inserts were then detached for staining
with the EdU kit (Invitrogen). For each well, six random
microscopic fields were counted, and the percentage
of cell numbers relative to the appropriate control was
calculated as the invasion rate.

Statistical analysis
All values were expressed as means ± standard deviations
(SDs). Two-tailed student’s t-test was employed to
examine statistical differences between treatment groups.
Differences were regarded as statistically significant with
p less than 0.05.

Cell attachment and detachment assay
The cells (1×105 cells per well) were plated in a 24-well
plate. In brief, to assess cell attachment, non-attached cells
were removed by two washes with PBS after incubation for
1 h, and the cells that remained attached were trypsinized
https://doi.org/10.37175/stemedicine.v2i6.85

Results
MiR-4284 is down-regulated in colon cancer cell lines
First, with qRT-PCR evaluation of miR-4284 expression
in human colon cancer cell lines HT-29 and SW480, we
discovered that miR-4284 is markedly lower compared to
its levels in the normal colon cell line CCD-18Co (Figure
1A). Next, using the TargenScanHuman webtool (16), we
identified that the 3’-UTR of PLIN5 mRNA harbored a
putative binding site complementary to miR-4284 (Figure
1B). These findings indicated that miR-4284, which may
target PLIN5, was substantially suppressed in colon cancer
cells in comparison with normal human colon cells.
3
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Figure 2. MiR-4284 mimic elevates miR-4284 expression in colon cancer cells. (A) PLIN5 mRNA levels in normal human colon cell
line CCD-18Co compared with HT-29 and SW480 cells. (B) Relative miR-4284 levels in HT-29 and SW480 cells after transfection with
either miR-4284 mimic or miRNA negative control. Values were mean ± SD of 3 independent biological replicates; ** P < 0.01, * P < 0.05,
compared to negative control.

MiR-4284 directly binds to the 3’-UTR of PLIN5
Next, we carried out validation of the putative miR4284binding motif on the 3’-UTR of PLIN5, employing
the luciferase reporter assay. As demonstrated in Figure
1C, sequence from wild-type (WT-Luci) 3’-UTR of
PLIN5 mRNA was constructed to the downstream of
luciferase ORF, as well as its mutated version (mut-Luci).
Then, these two constructs were transfected separately
into both HT-29 and SW480 cells, along with miR-4284
mimic or miRNA negative control. The activity of the
luciferase reporter was examined. It was consistently
observed that activity of WT-Luci was dramatically
reduced by miR-4284 to ~ 30% of the control, in both
HT-29 and SW480 cells (Figure 1D). Whereas activity
of mut-Luci remained mostly unaffected in miR-4284
transfected cells when compared to the control. Therefore,
the complementary sequence within PLIN5 3’-UTR was

indeed directly targeted by miR-4284.
MiR-4284 inhibits PLIN5 expression in colon cancer cells
Next, we tested whether miR-4284 indeed targets PLIN5
in vivo. Endogenous PLIN5 mRNA level in normal human
colon cell line CCD-18Co was found to be up-regulated
compared with that in HT-29 and SW480 cells (Figure
2A). Next, both HT-29 and SW480 cells were transfected
with miR-4284 as well as negative control, followed
by qRT-PCR to assess the transcript level of PLIN5.
Levels of miR-4284 in HT-29 and SW480 cells were, as
expected, highly up-regulated upon transfection (Figure
2B). In comparison with the control, miR-4284 greatly
reduced PLIN5 mRNA levels in both lines of colon cancer
cells (Figure 3A), evidently demonstrating that PLIN5
was a bona fide target of miR-4284. With antibody against
PLIN5, we verified that PLIN5 protein was drastically

Figure 3. PLIN5 is down-regulated by miR-4284 expression in colon cancer cell lines. Levels of PLIN5 mRNA (A) and protein
(B) in HT-29 and SW480 cells transfected with either miR-4284 or miRNA negative control. Values were mean ± SD of 3 independent
biological replicates; * P < 0.05, compared to negative control.
https://doi.org/10.37175/stemedicine.v2i6.85
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Figure 4. MiR-4284 expression suppresses migration and invasion of colon cancer cells. (A) Wound-healing assay for HT-29 and
SW480 cells, transfected with either miR-4284 or negative control. (B) The migrated distances relative to respective controls at 36 h
after the wound being generated were measured. (C) Cell invasion assay for HT-29 and SW480 cells, transfected with either miR-4284
or miRNA negative control. (D) The amounts of invaded cells relative to the respective control were calculated 24 h after seeding. Values
were mean ± SD of 3 independent biological replicates; ** P < 0.01, * P < 0.05, compared with negative control.

decreased as well in cells transfected with miR-4284, but
not the negative control (Figure 3B).
MiR-4284 inhibits migration and invasion of colon
cancer cells
In order to elucidate the role of miR-4284 in colon
cancer tumorigenesis, we evaluated the wound-healing
capacity and the invasive properties of miR-4284 or
control miRNA transfected HT-29 and SW480 cells.
Indeed, the migration rates of both cell lines were greatly
reduced after miR-4284 transfection in comparison to
control experiments (Figure 4A and 4B). Further, miR4284 transfection also lowered the invasion rates of both
HT-29 and SW480 cells (Figure 4C and 4D). Altogether,
these data strongly indicated the anti-tumor property of
miR-4284 in colon cancer.
MiR-4284 reverses the epithelial-mesenchymal
transition (EMT) of colon cancer cells
As we were performing the aforementioned assays,
we frequently observed morphological changes in cells
when they were transfected with miR-4284. Both HT29 and SW480 cells originally displayed an elongated
fibroblastoid morphology; however, upon miR-4284
transfection both lines of cells assumed a rounded cell
shape (data not shown), which suggested a loss of EMT
https://doi.org/10.37175/stemedicine.v2i6.85

phenotype. To examine this possibility, we assessed
attachment and detachment capacities of both lines of
colon cancer cells following transfection with miR4284 or the negative control. We found that miR-4284
dramatically lowered both attachment and detachment
rates of HT-29 and SW480 cells (Figure 5A and
5B). These findings indicated an inhibition of EMT
characteristics at the level of cell morphology. We further
assessed if the same trend still held at the molecular
level. In this context, we examined the transcript levels of
E-cadherin (epithelial marker), N-cadherin and Vimentin
(both mesenchymal markers). Consistently, miR-4284
reduced E-cadherin, while up-regulated N-cadherin and
Vimentin, in comparison with control transfected cells
(Figure 5C), suggesting reversed EMT phenotype at the
protein level.

Discussion

In our current study, we showed that miR-4284 was
suppressed in HT-29 and SW480 cells, both human colon
cancer cell lines, with CCD-18Co cells (normal colon
cell line) as the control. Interestingly, through in silico
analysis, we found a putative binding site of miR-4284 on
the 3’-UTR of PLIN5 mRNA. Through luciferase reporter
assay, we determined that the 3’-UTR sequence was
directly targeted by miR-4284. Moreover, introduction of
5
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Figure 5. MiR-4284 inhibits epithelial-mesenchymal transition (EMT) of colon cancer cells. (A) Cell attachment and (B) detachment
assays were conducted in HT-29 and SW480 cells transfected with either miR-4284 or miRNA negative control. Values were mean ± SD
of 3 independent biological replicates; ** P < 0.01, * P < 0.05, compared to negative control. (C) Expression of EMT phenotypic proteins
was assessed in HT-29 and SW480 cells transfected with either miR-4284 or miRNA negative control.

miR-4284 into HT-29 and SW480 cells down-regulated
PLIN5 at both transcript and protein levels, indicating that
PLIN5 was repressed by miR-4284 in vivo. Further, miR4284 expression dramatically inhibited the migratory and
invasive activities of colon cancer cells, likely through
reverse of EMT, as indicated by a substantial reduction in
E-cadherin expression (epithelial marker) and an elevation
in the expression of N-cadherin as well as Vimentin (both
mesenchymal markers).
EMT refers to the vital process for differentiated
epithelial cells to change status, acquiring the capacity to
invade, resist apoptosis, and disseminate, which eventually
leads to metastasis formation (17, 18). MiRNAs are
frequently associated with the EMT of multiple human
cancers, colon cancer included, by altered expression of
tumor suppressor genes or oncogenes (19). For instance,
in lung cancer, miR-134/487b/665 cluster affects EMT
mediated by transforming growth factor-β (TGF-β)
via membrane associated guanylate kinase inverted 2
(MAGI2) (20). In addition, in breast cancer miR-125b/489
reportedly regulates EMT (21, 22). Down-regulated miR200c contributes to epidermal growth factor receptor
(EGFR) inhibitor resistance through manifestation of EMT
features (23). Further, miR-216a/217 was demonstrated to
target SMAD7 and PTEN to induce EMT in liver cancer
(24).
A recent study has identified co-regulated miRNAs with
the potential to cooperate during the EMT process, by
combined computational and experimental approaches
(25). This study reported that miRNAs could serve as a
secondary regulatory layer post transcription, enhancing
transcriptional modulations on EMT-associated processes
(i.e., cell-adhesion or organization of extracellular matrix)
while at the same time dampening transcriptional impacts
on irrelevant genes. This discovery raises significant
concern over the function of miRNAs in the metastasis of
cancer. In line with this recent discovery, we hereby report
that a novel miR-4284 is significantly down-regulated
and directly targets PLIN5 to inhibit the EMT process
in colon cancer cells. Ectopic expression of miR-4284
dramatically reduced endogenous PLIN5 mRNA and
protein. In addition, miR-4284 also functioned to suppress
https://doi.org/10.37175/stemedicine.v2i6.85

the migration, invasion and EMT of colon cancer cells.
PLIN5 belongs to the PAT (perilipin, adipophilin and
TIP47) family of amphiphilic proteins, the main structural
proteins associated with lipid droplet fractions (26). To
date, the major function of PLIN5 is mainly to maintain
lipid homeostasis by inhibiting lipolysis (27), and report
on the involvement of PLIN5 in human cancer is limited.
A recent investigation found that PLIN5 was robustly
expressed in tumors of human patients with hepatocellular
carcinoma (28). Results of our current study have brought
this discovery one step further, by identifying its upstream
regulator, miR-4284, whose expression directly suppresses
PLIN5 in colon cancer cells. Our future study will focus
on verifying the involvement of PLIN5 in colon cancer
using an animal model in vivo.
In summary, this study presented the first data involving
miR-4284 and PLIN5 in colon cancer EMT. EMT is
commonly believed to correlate with the aggressiveness
of cancer cells, for instance capacities to migrate and
invade, hence reverse or inhibition of such transition may
inspire new therapeutic strategies for cancer treatments.
To this end, we discovered that miR-4284 reversed the
EMT of colon cancer cell lines HT-29 and SW480, which
was likely the reason miR-4284 could potently inhibit
the migratory and invasive activities of colon cancer
cells. Hence, our results highlight the potential of miR4284 as a promising target in colon cancer treatment, via
inhibiting the expression of PLIN5 and EMT process of
colon cancer cells.
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ABSTRACT
Background: Nerol was reported as a natural anti-oxidant product and its protective effects against
cardiovascular diseases have been documented. Our current study was designed to explore the
cardioprotective effect of Nerol on hypoxia/reoxygenation (H/R)-induced production of reactive oxygen
species (ROS) and cell apoptosis in H9c2 cells. The potential molecular mechanisms were further
investigated.
Methods: The cells were treated with 2.5 or 5 µM Nerol before or after H/R. Lactate dehydrogenase (LDH)
release, cell viability, oxidative stress markers, and apoptotic proteins were assessed by cell counting
kit-8, LDH release assay, commercial kits, and Western blot, respectively. To explore the underlying
mechanism, the phosphorylation of p85 and p38, regulatory subunits of phosphoinositide-3-kinase (PI3K)/
protein kinase B (AKT) and mitogen-activated protein kinase (MAPK), was evaluated by Western blot. To
further confirm that the PI3K/AKT signaling pathway participated in the cardiomyocyte protection, H9c2
cells were treated with 5 µM Nerol in the presence or absence of 5 µM BEZ235 or LY294002 followed by
H/R treatment.
Results: H/R remarkably induced apoptosis, LDH release and ROS production. The cell viability was
suppressed via inhibiting the PI3K/AKT signaling pathway activation. By contrast, pretreatment with Nerol
can neutralize these effects by activating the PI3K/AKT signaling pathway. With the addition of BEZ235 or
LY294002, the inhibitory effects of Nerol were abolished.
Conclusion: Nerol provided promising cardioprotective effect against H/R-induced injuries in H9c2 cells
by activating the PI3K/AKT pathway.
Keywords: Nerol · Oxidative stress · Hypoxia/reoxygenation · Apoptosis · PI3K/AKT signaling

Introduction

The heart is a high oxygen consumption organ and the
cardiomyocytes are very sensitive to oxygen deprivation
(1). The reoxygenation following hypoxia normally causes
massive production of reactive oxygen species (ROS),
which results in oxidative damage in the pathophysiology
of hypoxia/reoxygenation (H/R) injury (2). Overwhelming
ROS production results in remarkable damage to
Received: Mar 12, 2021; Accepted: Mar 25, 2021.
© The Author(s). 2020 This is an Open Access article distributed under the terms of the
Creative Commons License (http://creativecommons.org/licenses/by/4.0/) which permits
unrestricted use, distribution, and reproduction in any medium or format, provided the
original work is properly cited.

cardiomyocytes and impairs the balance between
oxidation and antioxidation (3). Oxidative stress is one of
the main contributions to apoptosis, thus alleviating and
inhibiting ROS production may be a potential therapeutic
approach to promote survival and inhibit apoptosis of
cardiomyocytes (4).
Discovering and developing a novel natural product
to prevent and treat cardiovascular diseases resulted
from oxidative stress is very meaningful (5-7). The
cardioprotective effects of grape seed proanthocyanidin
extract against cardiomyocyte apoptosis, DNA damages
and histopathological changes have been attributed to its
superior antioxidant efficacy (6). Quercetin, a flavonoid
anti-oxidant present in vegetables and fruits, also shows
1
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cardioprotective effects through its anti-oxidative stress
property (7). Previous study has revealed the cardioprotective
effects of Rosa Damascene petals against myocardial
infarction in rats by restoring the cardiac marker enzymes
and increasing myocardial anti-oxidants (8). Nerol, one of
the main chemical compositions in Rosa damascene,
is known as a common constituent of several essential
oils (9). It has been demonstrated that Nerol in the
essential oils promotes the superoxide scavenging
activities (10). The anti-oxidant potential of Nerol
attracts widespread interest (9). Nerol shows a promising
anti-oxidant property in hydroperoxide-stressed rat
alveolar macrophages, which promotes cell viability and
inhibits ROS generation (11). After being pretreated with
Nerol, the arrhythmia severity index can be significantly
attenuated by reducing Ca2+ influx in guinea pig hearts
(12). However, it is largely unknown concerning the
cardioprotective effects of Nerol against H/R-induced
injuries in cardiomyocytes.

Materials and Methods

Cell culture and treatment
H9c2 cells (a rat embryonic heart cardiomyocyte cell
line) was acquired from the American Type Culture
Collection (ATCC, Manassas, VA). The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen), 10% fetal bovine serum (FBS, Gibco), and
1% penicillin/streptomycin (1%) at 37 ℃ in a humidified
culture incubator (5% CO2 and 95% air).
H/R model
To evaluate the H/R-induced injury, H9c2 cells with
or without Nerol treatment were cultured in serumand glucose-free medium and incubated under hypoxic
conditions (94% N2, 1% O2 and 5% CO2) for 12 h at 37
℃, and then cultured under reoxygenation conditions
(5% CO2 and 95% air) in complete medium for another
12 h at 37 ℃. The cells cultured under normoxic
conditions were used as the control group. To determine
the effects of Nerol on H/R-induced injuries, H9c2 cells
were pretreated with 2.5 or 5 µM Nerol (Figure 1A,
Selleckchem, Houston, TX), followed by hypoxia (12
h) and reoxygenation (12 h). To determine the potential
therapeutic role of Nerol in pathological cardiac patients,
the H9c2 cells were treated with Nerol after hypoxia/
reoxygenation-induced injury. The corresponding lactate
dehydrogenase (LDH) release and cell viability were
determined. To evaluate the effects of Nerol on H9c2
cells following the treatment of phosphoinositide-3kinase (PI3K) inhibitors, H9c2 cells were incubated
with the serum- and glucose-free medium supplemented
with Nerol (5 µM) with or without BEZ235 (5 µM, a
https://doi.org/10.37175/stemedicine.v2i6.87
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dual PI3K/mTOR inhibitor, Sigma) or LY294002 (a
strong PI3K inhibitor, Sigma), before H/R induction as
aforementioned.
Cell viability determination
Cell counting kit-8 (CCK-8) assay was used to evaluate
cell viability. Briefly, H9c2 cells were seeded to 96-well
plates with 5 × 104 cells per well and treated with Nerol,
followed by incubating with the CCK-8 reagent at 37 ℃
with 5% CO2 for another 2 h. A microplate reader was
used to read the absorbance at a wavelength of 450 nm.
LDH release assay
The LDH level was determined to evaluate the H/
R-induced cell necrosis according to the manufacture’s
instruction (Takara, Dalian, China). The cells were
subjected distinct treatments as mentioned before. The
supernatant was carefully collected after the microplate
was centrifuged at 250 g for 10 min. The supernatants
were incubated with the reaction mixture for 30 min at
room temperature. A microplate reader was used to read
the absorbance at a wavelength of 490 nm.
Oxidative stress marker analysis
The levels of glutathione peroxidase (GSP-Px), catalase
(CAT), superoxide dismutase (SOD) and malondialdehyde
(MDA) were measured by commercial assay kits
(Beyotime, Shanghai, China). In brief, the cells were lysed
and homogenized by 1% Nonidet P-40 (NP-40, SigmaAldrich) lysis buffer containing 20 mM Tris, 137 mM
NaCl, 20% glycerol, 10 mM NaF, 1 mM Na3VO4, 10 mM
phenylmethylsulfonyl fluoride, and 1 × proteinase inhibitor
cocktail, pH 7.4. The activity of CAT, GSH-Px and MDA in
the homogenates was determined. To determine the activity
of SOD, the cells were washed by ice-cold phosphatebuffered saline (PBS) and lysed by provided lysis buffer.
The homogenate was centrifuged at 12,000 g for 5 min
at 4 ℃. The supernatant was collected to determine the
concentration of SOD.
Cell apoptosis analysis
A commercial Annexin V-FITC/propidium iodide
(PI) apoptosis detection kit (Sigma-Aldrich) was used
to analyze the H9c2 cells with different treatments
as described above. The cells were trypsinized and
washed with cold PBS, followed by resuspending in 1 ×
binding buffer. H9c2 cells were further incubated with
PI and FITC Annexin V for 13-15 min in the dark. The
apoptotic cells were quantified by flow cytometry using a
FACScan flow cytometry and CellQuestTM software (BD
Biosciences, San Jose, CA, US).
2
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Figure 1. Nerol alleviated H/R-induced injuries in cardiomyocytes. (A) Chemical structure of Nerol. (B) H9c2 cardiomyocytes were
treated with 2.5 μM or 5 μM Nerol, followed by H/R treatment for 12/12 h, followed by CCK-8 assay. (C) H9c2 cardiomyocytes were treated with
2.5 μM or 5 μM Nerol, followed by H/R treatment for 12/12 h, followed by LDH release assay. (D) H9c2 cardiomyocytes were pre-treated with H/
R treatment for 12 h, followed by 2.5 μM or 5 μM Nerol for 12 h, followed by CCK-8 assay. E. H9c2 cardiomyocytes were pre-treated with H/R
treatment for 12 h, followed by 2.5 μM or 5 μM Nerol for 12 h, followed by LDH release assay. n=8. p<0.05 (*), p<0.01 (**).

Western blot analysis
The total protein concentrations in the whole cell lysate
were measured by using the Bicinchoninic Acid (BCA)
Protein Assay Kit (Thermo Scientific, Rockford, IL) and
20-30 µg protein aliquots were denatured by heating
at 95oC for 10 min in sodium dodecyl sulfate (SDS)
loading buffer. Protein was separated on a 12% SDSpolyacrylamide gel electrophoresis (PAGE) gel and then
transferred to polyvinylidene difluoride membranes.
The following primary antibody were used: poly (ADPribose) polymerase (PARP); cleaved PARP; MCL-1;
Bim; phosphor-p85 (p-p85); PI3K p85; phosphor-AKT
(p-AKT); total-AKT; phosphor-p38 (p-p38); mitogenactivated protein kinase (MAPK) p38; and glyceraldehyde
3-phosphate dehydrogenase (GAPDH). Antibodies
were provided by Cell Signaling. The relative protein
expression levels were normalized to GAPDH by ImageJ
software.
Caspase-3 activity assay
To evaluate the activity of caspase-3 in H9c2 cells
with different treatments, a colorimetric caspase-3
https://doi.org/10.37175/stemedicine.v2i6.87

activity assay kit (Beyotime) was used according to the
manufacture’s instruction. A microplate reader was used
to read the absorbance at a wavelength of 485 nm.
Statistical analysis
The data were presented as mean ± standard deviation
(SD), which was confirmed by at least three independent
experiments. One-way analysis of variance (ANOVA)
models with Tukey’s post-hoc tests were used. P value
less than 0.05 was considered statistically significant.

Results

Nerol ameliorated H/R-induced injury in H9c2 cells in
a dose-dependent manner
Comparing to the cells cultured in normoxic conditions,
H2c9 cells had significantly lower cell viability and
higher LDH release after H/R induction (Figure 1B &
C). In contrast, the cell viability was promoted while
LDH release was inhibited by the treatment with Nerol,
respectively (Figure 1B & C). Additionally, the cell
3
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Figure 2. Nerol suppresses H/R-induced oxidative stress in cardiomyocytes. H9c2 cardiomyocytes were treated with 2.5 μM or 5
μM Nerol, followed by H/R treatment for 12/12 h. The activities of SOD (A), CAT (B), GSH-Px (C) and MDA content (D) were measured
in H9c2 cardiomyocytes. n=8. p<0.05 (*), p<0.01 (**).

viability increased and LDH release decreased with
increasing Nerol concentration (Figure 1B & C),
indicating the effects of Nerol on cell viability and LDH
release exhibited a dose-dependent manner. The above
results showed that Nerol displayed protective effects
against H/R injury. Moreover, we also examined the
inhibitory effects of Nerol by treating the cells after
H/R-induced injury, and found that cell viability and
LDH release were significantly promoted and inhibited,
respectively (Figure 1D & E). These results revealed the
protective and inhibitory effects of Nerol against pre- and
post-H/R-induced injuries, respectively.

GSH-Px were markely decreased compared to the cells
cultured under normoxic conditions; however, the levels
of these markers in the cells with Nerol treatments were
notably higher than the H/R stimulation (Figure 2A, B,
& C). With Nerol concentration increased, the activities
of Nerol on the anti-oxidant enzyme also increased.
Interestingly, H/R stimulation remarkably promoted MDA
content, which could be inhibited by the application of
Nerol regardless of concentrations (Figure 2D). The
effect of Nerol on MDA production also exhibited a dosedependent manner and MDA content decreased with
increasing Nerol concentration (Figure 2D).

Nerol ameliorated H/R-induced oxidative stress injury in
H9c2 cells in a dose-dependent manner
To investigate the effect of Nerol on H/R induced
oxidative in H9c2 cells, the activities of oxidative stress
markers were measured. The levels of SOD, CAT and

Nerol inhibited cell apoptosis in a dose-dependent manner
To evaluate the effects of Nerol on H9c2 cell apoptosis
after processed H/R treatment, flow cytometry analysis
was used. Compared to the control, the H/R-treated cells
showed a significantly higher apoptotic rate; however,

https://doi.org/10.37175/stemedicine.v2i6.87
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Figure 3. Nerol inhibited H/R-induced apoptosis in cardiomyocytes. (A & B) H9c2 cardiomyocytes were treated with 2.5 μM or 5
μM Nerol, followed by H/R treatment for 12/12 h. And then cells were stained with Annexin V-FITC and PI, followed by cell apoptosis
analysis on a flow cytometer (A). Percentages of annexin V+ are indicated (B). (C) H9c2 cardiomyocytes were treated with 2.5 μM or 5
μM Nerol, followed by H/R treatment for 12/12 h. Then, cells were lysed for western blot against PARP, a biomarker of cell apoptosis.
(D) The above cells were also lysed for western blot against MCL-1 and Bim. GAPDH was used as a loading control. E. The activity of
caspase-3 in treated H9c2 cardiomyocytes was examined by caspase-3 activity assays. n=8. p<0.01 (**).

Nerol decreased apoptotic rate regardless of its
concentrations (Figure 3A & B). Meanwhile, the
expression of cleaved PARP and Bim was enhanced due
to H/R induction; while the expression of full-length
PARP and MCL-1 was abolished (Figure 3C & D). By
contrast, the application of Nerol significantly suppressed
the protein levels of cleaved PARP and Bim, and
promoted the expression of full-length PARP and MCL-1
in a dose-dependent manner (Figure 3C & D), suggesting
Nerol alleviated the H/R-induced apoptotic protein
expression and inhibited the cleavage of PARP. To further
confirm the inhibitory effect of Nerol on H/R-induced
apoptosis in H9c2 cells, the activity of caspase-3 was
quantified. The results showed that the H/R stimulation
significantly promoted the caspase-3 activity, which
could be suppressed by Nerol (Figure 3E). Collectively,
with the Nerol concentration increased, the cell apoptosis
rate, the apoptotic protein expression (cleaved PARP and
Bim), and the caspase-3 activity also decreased. These
results indicated that Nerol ameliorated H/R-induced cell
apoptosis in H9c2 cells in a dose-dependent manner.
Nerol upregulated PI3k/AKT and MAPK signaling
pathways in H9c2 cells
Compared to the control cells, H/R stimulation
https://doi.org/10.37175/stemedicine.v2i6.87

significantly inhibited PI3K p85, AKT and MAPK p38
phosphorylation (Figure 4A-F). As shown in Figure 4, the
phosphorylation of PI3K p85, AKT and MAPK p38 was
remarkably upregulated in response to Nerol treatment
regardless of the concentrations. These above results
indicated that Nerol upregulated PI3K/AKT and MAPK
signaling pathways in H/R-stimulated H9c2 cells.
Nerol inhibited H/R-induced injury by activation of
PI3K in H9c2 cells
To evaluate whether the cardioprotective effects of Nerol
on H9c2 cells were mediated via the PI3K/AKT signaling
pathway, the cell viability and LDH release were measured
after treatment of PI3K inhibitors (BEZ235 or LY294002).
There was no significant differences between the cells
treated with Nerol and the control in terms of cell viability
and LDH release (Figure 5). In contrast, the cells treated
with both Nerol and BEZ235 displayed significantly lower
cell viability and greater LDH release after H/R stimulation
than the cells treated with Nerol alone (Figure 5A & B).
Besides, the cell viability and LDH release in cells treated
with both Nerol and LY294002 were also restored (Figure
5C & D). Collectively, these results indicated that Nerol
alleviated H/R-induced injury through activating PI3K in
H9c2 cells.
5
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Figure 4. Nerol upregulated PI3K/AKT signaling and MAPK signaling in cardiomyocytes. (A & B) H9c2 cardiomyocytes were
treated with 2.5 μM or 5 μM Nerol, followed by H/R treatment for 12/12 h. Then, cells were lysed for western blot against p-p85 and p85
(A). Optical density analysis for p-p85 was indicated (B). (C & D) H9c2 cardiomyocytes were treated with 2.5 μM or 5 μM Nerol, followed
by H/R treatment for 12/12 h. Then, cells were lysed for western blot against p-AKT and AKT (C). Optical density analysis for p-AKT was
indicated (D). (E & F) H9c2 cardiomyocytes were treated with 2.5 μM or 5 μM Nerol, followed by H/R treatment for 12/12 h. Then, cells
were lysed for western blot against p-p38 and p38 (E). Optical density analysis for p-p38 was indicated (F). n=8. **p<0.01 (**).

Discussion

This study indicated that Nerol protected cardiomyocytes
against H/R-induced injuries, during which the PI3K/AKT
signaling pathway might be involved. This was evidenced
by increased cell viability, oxidative stress marker
activities (SOD, CAT, and GSH-Px) and Bcl-2 family
protein expression. Moreover, the decreased LDH release,
the expression of cell-death proteases, and the increased
caspase-3 activity also confirmed our findings. Finally, we
found that the inhibiting PI3K/AKT activation diminished
the protective effects of Nerol.
The in vitro H/R model has been widely used to mimic
several cardiac pathological situations, and it is easy to
control the physical and chemical environment in the
H/R model (13). Mounting evidence demonstrates that
H/R is sufficient to cause injuries in various cell types
through in vitro experiments. Thus, cellular models
of H/R are useful tools to evaluate the potent cardiac
protective effects of novel agents (14). Both necrosis
and apoptosis are associated with the microenvironment
homeostasis disrupted by cellular hypoxia and linked to
excess intracellular ROS production (14, 15). Herein, we
revealed that cell viability was inhibited, LDH release was
elevated, oxidative stress markers were upregulated, and
caspase-3 activity was enhanced upon H/R stimulation
https://doi.org/10.37175/stemedicine.v2i6.87

in H9c2 cells, suggesting that H/R can indeed induce
myocardial injury in vitro.
Nerol, an acyclic monoterpene alcohol, has been studied
as an anti-oxidant and free radical scavenger (9). Previous
studies reveal that Nerol significantly promoted cell
viability, SOD activity and glutathione content in preoxide stressed rat alveolar macrophages; meanwhile,
the lipid peroxidation, nitrogen oxide release and
ROS generation were suppressed (11). To confirm the
inhibitory effects of Nerol on cell apoptosis and necrosis,
the expression of hallmark apoptotic and necrotic proteins
was analyzed in our present study. The activity of
caspases 3 cleaves PARP in fragments of 89 and 24 kDa
during apoptosis (16). The function of full-length PARP is
to repair DNA damage in response to a variety of cellular
stresses via adding poly (ADP ribose) polymers (17).
Moreover, caspase-3 is considered as one of the executor
caspases in apoptosis and initiates apoptotic DNA
fragmentation (18). In our current study, the activities of
caspase 3 and cleaved PARP were enhanced, indicating
cell apoptosis upon H/R stimulation. In contrast, the
expression of cleaved PARP and the caspase 3 activity
were restored in the Nerol-pretreated cells, indicating
that Nerol may play an important role in protecting DNA
against the oxidative stress-induced damage. The effects
6
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Figure 5. The effects of Nerol were abolished by the addition of PI3K inhibitors in cardiomyocytes. (A & B) H9c2 cardiomyocytes
were treated with 5 μM Nerol in the presence or absence of 5 μM BEZ235, followed by H/R treatment for 12/12 h, or H9c2
cardiomyocytes were only treated with 5 μM Nerol for 24 h. Then, cell viability was evaluated by CCK-8 assay (A), and LDH release was
estimated by LDH release assay (B). (C & D) H9c2 cardiomyocytes were treated with 5 μM Nerol in the presence or absence of 5 μM
LY294002, followed by H/R treatment for 12/12 h, or H9c2 cardiomyocytes were only treated with 5 μM Nerol for 24 h. Then, cell viability
was evaluated by CCK-8 assay (C), and LDH release was estimated by LDH release assay (D). n=8. p<0.01 (**).

of Nerol on the expression of MCL-1, an anti-apoptotic
Bcl-2 family protein, confirmed these findings. In a
cardiomyocyte-specific MCL-1 knockout mouse model,
the progression of heart failure was delayed and the
survival was extended (19). Silencing Bim was also shown
to significantly attenuate oxygen deprivation-induced
apoptosis in H9c2 cardiomyocytes (20). The expression
of Bim in the H9c2 cells with Nerol pretreatment was
diminished, suggesting that Nerol may inhibit cell
apoptosis via negatively regulating Bim degradation.
The findings of our study are consistent with these earlier
reports and may suggest that the pretreatment with Nerol
can significantly protect cardiomyocytes from H/R-induced
apoptosis via mediating apoptotic protein expression.
To explore the potential mechanisms underlying Nerol
mediated H9c2 cell apoptosis, the PI3K/AKT and
https://doi.org/10.37175/stemedicine.v2i6.87

MAPK signaling pathways were evaluated. In various
cell systems, activation of PI3K/AKT stimulates cell
proliferation, growth and survival. In the heart, due to
the limited proliferative capacity, this pathway plays
a critical role in regulating cardiomyocyte growth and
survival (21, 22). PI3K is composed of a catalytic subunit
p110 and a regulatory subunit p85. Increasing evidence
has demonstrated that p85 can mediate PI3K signal
down-regulation via binding to 3-poly-Ptdlns or Scr
homology region 2 domain-containing phosphatase-1
(SHP-1) phosphatase (23). AKT is the key downstream
effector of PI3K in regulating cardiac growth (21). In
our current study, we found that after exposed to Nerol,
the phosphorylation of AKT and p85 was significantly
promoted, indicating that the upregulated phosphorylation
of AKT and p85 is associated with cell apoptosis and
7
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viability. In numerous systems, the activation of PI3K/
AKT can provide pro-survival signals to prevent cell
apoptosis. Constitutively activating PI3K or AKT can
reduce hypoxia-induced apoptosis in vitro and cause
remarkably reduced cardiomyocyte apoptosis and infarct
size in vivo (24) Moreover, the cardiac function and
morphology can be preserved both in vitro and in vivo as a
result of AKT activation (22) Taken together, our findings
suggested that the application of Nerol might be beneficial
in cardiomyocytes in vitro through activating the PI3K/
AKT signaling pathway. Interestingly, we also found
that the phosphorylation of MAPK p38 was enhanced
following Nerol pretreatment compared to the H/R control
without pretreatment, indicating that the MAPK signaling
pathway may also be involved. However, the detailed
interaction between Nerol and the MAPK signaling
pathway and the potential mechanisms are still elusive.
In our further investigation, the effects of Nerol on the
MAPK signaling will be studied.
To confirm the role of PI3K/AKT signaling pathway
on the Nerol-mediated cardiac protection, BEZ235 and
LY294002, two specific PI3K inhibitors, were used in the
current study. The enhanced cell viability and LDH release
in the Nerol pretreated cells were abolished following the
addition of BEZ235 or LY294002. The PI3K/AKT/mTOR
signaling cascade plays a critical role in cell proliferation,
survival and metabolism. The core components of the
PI3K/AKT/mTOR cascade are composed of PI3K
and its downstream mediators AKT and mTOR (25).
BEZ235 is a dual PI3K/mTOR inhibitor and inhibits
both PI3K and mTOR kinase activities via binding to the
adenosine triphosphate (ATP)-binding sites of PI3K and
mTOR (26). Additionally, BEZ235 can inhibit several
downstream effectors, such as AKT, ribosomal protein S6
and translation initiation factor 4E binding protein 1 (27).
To explore the target signaling pathway, LY294002, a
reversible inhibitor of PI3K and mTOR, was used to treat
H9c2 cells. Similarly, the elevated cell viability and LDH
release from the pretreatment of Nerol was abolished,
further confirming that Nerol ameliorated the H/R-induced
injuries via activating the PI3K/AKT signaling pathway.
However, some limitations existed in the current study.
Firstly, previous studies revealed that distinct potassium
channels protected cardiac injuries via interacting with
the PI3K/AKT signaling pathway (22, 28). The genetic
loss of tandem pore domain acid sensitive K+ (TASK1) channel can preserve cardiac function in a pressure
overload model, which is associated with the AKT
phosphorylation augmentation (22). Our current study
demonstrated that both PI3K/AKT and MAPK signaling
pathways were involved in the protective effects of Nerol
on cardiomyocytes. Additionally, selectively inhibiting the
PI3K signaling pathway can reverse the alleviating effects
of Nerol; however, the detailed molecular mechanisms
are elusive. Furthermore, the impact of Nerol on the
MAPK signaling pathway is elusive. Therefore, in our
further investigation, it is necessary to determine the
potential direct targets of Nerol. Secondly, H9c2 cells
were employed in the present study, and the in vitro
https://doi.org/10.37175/stemedicine.v2i6.87
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protective effects were revealed; thus, the potential in
vivo cardio-protective effects of Nerol are warranted
in further investigation. Thirdly, the H9c2 cell line is
a rat embryonic cardiomyocyte cell line, and primary
cardiomyocytes are more relevant as they are closer to
physiological conditions. Therefore, we will use primary
cardiomyocytes for our further investigation to confirm
our current findings. It should also be noted that there was
no positive control in our experiments, which should be
included in future studies.

Conclusion

In summary, we hereby report that Nerol alleviates
H/R-induced injuries in H9c2 cells by promoting cell
viability, attenuating apoptosis and oxidative stress via
activating the PI3K/AKT signaling pathway. Therefore,
our study suggests that Nerol could be used as a potential
therapeutic strategy for H/R-induced injuries.
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