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Abstract. Acute respiratory distress syndrome (ARDS)
induced by sepsis contributes remarkably to the high mortality
rate observed in intensive care units, largely due to a lack of
effective drug therapies. Histone deacetylase 6 (HDAC6) is
a class‑IIb deacetylase that modulates non‑nuclear protein
functions via deacetylation and ubiquitination. Importantly,
HDAC6 has been shown to exert anti‑cancer, anti‑neurode‑
generation, and immunological effects, and several HDAC6
inhibitors have now entered clinical trials. It has also been
recently shown to modulate inflammation, and HDAC6 inhibi‑
tion has been demonstrated to markedly suppress experimental
sepsis. The present review summarizes the role of HDAC6 in
sepsis‑induced inflammation and endothelial barrier dysfunc‑
tion in recent years. It is proposed that HDAC6 inhibition
predominantly ameliorates sepsis‑induced ARDS by directly
attenuating inflammation, which modulates the innate and
adaptive immunity, transcription of pro‑inflammatory genes,
and protects endothelial barrier function. HDAC6 inhibi‑
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tion protects against sepsis‑induced ARDS, thereby making
HDAC6 a promising therapeutic target. However, HDAC inhi‑
bition may be associated with adverse effects on the embryo
sac and oocyte, necessitating further studies.
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1. Introduction
Acute respiratory distress syndrome (ARDS) was first
described in 1967 by Ashbaugh et al (1) in a patient suffering
from sudden onset of dyspnea that was resistant to standard
oxygen therapy, accompanied by a loss of lung compliance and
diffuse alveolar infiltrates. The original definition of ARDS
has since been updated, and the disease is now commonly
defined according to the ‘Berlin’ definition proposed by the
European Society of Intensive Care Medicine ARDS Definition
Task Force in 2012 (2). ARDS is considered a significant
health and economic burden. The incidence of ARDS in
the intensive care units (ICUs) of 50 countries was 10.4%.
Furthermore, the incidence per ICU bed for four weeks in
Europe was 0.48; North America, 0.46; South America, 0.31;
Asia, 0.27; Africa, 0.32; and Oceania, 0.57 cases, accounting
for 23.4% of all patients who need mechanical ventilation.
Despite advances in supportive treatment, the mortality
of ARDS is still high. As the severity of ARDS increases,
40% of patients with ARDS died in hospitals (3). In China,
the prevalence of ARDS among patients in ICUs can be as
high as 4.5%, with a mortality rate of 52% (4,5). Moreover,
the long‑term prognosis for ARDS survivors is poor; in
fact, a previous study showed that at 5 years, up to 28% of
survivors exhibited a decreased capacity for self‑care, as well
as various physiological and psychological sequelae, thereby
requiring continuous treatment (4). Clinical ARDS treatment
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mainly comprises mechanical ventilation in a prone position
and/or extracorporeal membrane oxygenation (6). Ventilator
management varies with the severity of ARDS:35.1%
of patients generally have tidal volumes above 8 ml/kg
predicted body weight, whereas 82.6% received positive and
end‑expiratory pressure (PEEP) of <12 cm H 2O. However,
from mild to moderate to severe cases, the decrease in tidal
volume and the increase in PEEP could be beneficial, and the
data were statistically significant. A recent study also showed
that, compared with a low PEEP strategy, higher PEEP did
not significantly decrease baro trauma, new organ failure, or
ventilator‑free days (medium‑level evidence) (7). Compared
with control ventilation, maximal lung recruitment did not
reduce the number of days without ventilation or mortality,
which was associated with the increase in cardiovascular
adverse events (8). Venous extracorporeal membrane
oxygenation can be considered as a strategy for patients
with ARDS at the early stages to receive lung protective
ventilation. However, effective drug treatments are not
available for ARDS, and ARDS‑associated mortality and
disability have not significantly decreased in recent years.
Steroids may be the most widely studied and discussed drugs
for ARDS treatment, with the results still being considered
controversial. Previous studies (9,10) have confirmed that
patients with ARDS taking methylprednisolone did not
result in decreased mortality, and prolonged steroid use
was associated with an increased mortality compared with
that in the placebo group. However, other studies provide
contradicting evidence, demonstrating that patients receiving
steroids (methylprednisolone or hydrocortisone) had a higher
rate of spontaneous breathing on day 28 and lower in‑hospital
mortality, and early administration of dexamethasone as
one can decrease the duration of mechanical ventilation and
total mortality in patients with confirmed moderate to severe
ARDS (11). Although it is possible that subgroups of patients
with ARDS will benefit from steroids, it is unknown who these
patients are. In addition, given the underlying pathological
heterogeneity of patients with confirmed ARDS, those who
respond may, in fact, have undiagnosed inflammatory lung
disease, such as tissue pneumonia. The most common adverse
effect of steroid use was hyperglycemia, while other potential
side effects of therapeutic steroids include neuromuscular
weakness, immunosuppression, severe infections, as well
as sodium retention, which is associated with adverse
outcomes (11). Thus, presently, steroids are not recommended
for routine treatment of ARDS and further studies regarding
their benefits in patients with ARDS are needed.
Of the various identified infectious and non‑infectious
factors, severe sepsis remains a primary cause of ARDS (12).
Acute lung injury (ALI) is commonly used in experiments to
study ARDS.
Histone acetyltransferases (HAT) and deacetylases
(HDACs) are widely expressed in the airways, and they modu‑
late histone acetylation and deacetylation, respectively (13).
HDAC6 is a class‑IIb HDAC that, uniquely, contains two
independent catalytic domains (14‑18). While both catalytic
domains must remain intact to facilitate HDAC6‑driven
deacetylation, each selectively recognizes and interacts with
specific HDAC6 substrates (17), including α‑tubulin, heat
shock protein 90 (HSP90), and cortactin (19‑22).

Notably, HDAC6 deregulation has been shown to mediate
disease processes including carcinogenesis, neurodegen‑
eration and autoimmunity (14,15,23). Accordingly, several
HDAC6 and pan‑HDAC inhibitors have been approved for
anti‑neoplastic clinical trials (24‑26). Recent studies have
focused on the potential role of HDAC6 in inflammation, after
Halili et al (27) first demonstrated that HDAC6 inhibition
represses macrophage inflammatory responses to lipopolysac‑
charide (LPS). Several research groups have since revealed
a role for HDAC6 in sepsis pathogenesis and have shown
that its inhibition protects against both inflammation and
sepsis‑induced endothelial barrier dysfunction. These findings
support further investigation of HDAC6 inhibition as a prom‑
ising potential therapeutic strategy targeting HDAC6, thereby
attenuating sepsis‑induced ARDS.
2. Sepsis‑induced ARDS and HDAC6
Sepsis is a systemic disease induced by an overwhelming infec‑
tion, resulting in multiple organ system dysfunction, including
ARDS. Inflammation and endothelial barrier dysfunction are
important pathophysiological changes that promote the inci‑
dence and development of sepsis‑induced ARDS.
ARDS/ALI is a group of clinically and biologically
heterogeneous diseases. Various pathogenic factors induce
increased pulmonary capillary permeability and cause
pneumonia edema, leading to acute respiratory failure. The
characteristic change associated with ARDS/ALI is refrac‑
tory hypoxemia, which is difficult to be corrected through
oxygen inhalation and whose common inducements are sepsis,
aspiration pneumonia, shock and trauma, among others.
Treatments include ventilator support, prone position ventila‑
tion, treatment of primary disease, and restriction of liquid
intake. Despite these, ARDS/ALI still show high mortality
with a lack of effective drug treatment (28). Furthermore, the
pathogenesis of ALI is complex, involving a series of cyto‑
kines and inflammatory factors, which can cause vascular
endothelial and alveolar epithelial cell damage, alveolar
collapse, and pulmonary edema. At present, research on
the mechanism of ALI induced by sepsis mainly includes
inflammatory pathways, oxidative stress, apoptosis and
endothelial barrier dysfunction. Inflammation is the protec‑
tive native immune response of an organism to a pathogen
or tissue injury, which can act as a double‑edged sword;
when overactivated or not activated properly, it can lead to
some immune disorders, septic shock, rheumatoid arthritis
and neurodegenerative diseases. Pathogenic factors induce
inflammation by modulating signaling pathways such as the
HMGB‑RAGE‑NF‑κ B and MAPK pathways to produce a
large number of pro‑inflammatory factors and mediators that
can eventually cause sepsis. Oxidative stress is an important
cause of multiple organ damage in sepsis (29), and plays
an important role in ALI caused by various inducements.
It can increase lung water content, damage the integrity of
pulmonary endothelial barrier function, and lead to lung
injury. At present, it is generally believed that decreasing
oxidative stress can likewise lower lung injury (30‑32). The
important factors involved in oxidative stress include nitrous
oxide, PGE2, iNOS, COX‑2, SPD and other factors that cause
damage to alveolar capillaries. Apoptosis is also an important
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Figure 1. HDAC6 inhibition ameliorates sepsis‑induced ARDS. The inhibition occurs mainly by two ways: i) Modulation of innate and adaptive immune
cells, and the transcription of pro‑inflammatory genes, via the TLR4‑MAPK/NF‑κ B pathway, which directly attenuates inflammation; and ii) protection of
endothelial barrier function via HSP90, α‑tubulin, β‑catenin and caspase‑3, thereby enhancing adherents and strengthening the cytoskeleton. HDAC6, histone
deacetylase 6; ARDS, acute respiratory distress syndrome; TLR, Τoll‑like receptor; NF‑κ B, nuclear factor‑κ B; HSP90, heat shock protein 90.

factor in the progression of sepsis‑induced ARDS/ALI. On
one hand, it directly destroys the integrity of the endothelial
barrier through endothelial cell apoptosis, and on the other,
it has been reported that the activity of apoptosis‑associated
proteins such as caspase‑3 can lead to the rearrangement of
cell junction proteins (such as VE‑cadherin and claudin‑5).
Lastly, in recent years, research on the function of endothe‑
lial cell barrier in ALI has gradually increased. At present,
one of the main signaling pathways found to be involved in
endothelial cell barrier function is the S1P‑SIP1 signaling
pathway; with the activation of Gi protein‑combined SIP1
receptor and downstream small GTPase Rac molecule, S1P
induces cortactin transfer and peripheral myosin long chain
(MLC) phosphorylation, which can strengthen the rearrange‑
ment of cytoskeleton structure and form a cortical actin ring,
and strengthen the adhesion connection, tight connection,
and local adhesion complex on the cell surface, thereby
decreasing pulmonary edema induced by LPS in ALI (33).
In addition, the following are some pathways and systems
that are also involved: Ang‑2‑Tie‑2‑MLC, renin‑angiotensin
system (34), Rho‑ROCK‑LIMK1‑MLC, eNOS‑Cav1‑MLC2
signaling (35), PAR1 moesin (36), HDAC6‑Hsp90 and
α‑tubulin‑β‑catenin (37‑39).
HDAC6 is extensively expressed in normal airways, where
it promotes microtubule destabilization and endothelial barrier
hyper‑permeability (40). Accordingly, HDAC6 inhibition has
been shown to improve survival in murine sepsis models,
either by blocking endothelial barrier hyper‑permeability or
by attenuating airway inflammation (41‑46), as will be further
discussed (Fig. 1).

3. HDAC6 inhibition protects against inflammation
Halili et al (27) first demonstrated that the HDAC6 inhibitor
17a effectively inhibits LPS‑induced pro‑inflammatory endo‑
thelin (Edn)‑1 and interleukin (IL)‑12p40 RNA expression in
macrophages. Various studies have since shown that HDAC6
directly mediates inflammation and both the innate (i.e.,
pathogen sensing and destruction) and adaptive immunity, as
well as the modulation of the transcription of pro‑inflamma‑
tory genes (47,48).
Role of HDAC6 in innate and adaptive immunity cells.
Inflammation is a protective innate immune response to
invading pathogens and helps to prevent tissue damage. It
acts like a ‘double‑edged sword’ and, upon overactivation
or improper activation, causes serious immune disorders,
systemic inflammatory response syndrome, compensatory
anti‑inflammatory response syndrome, innate immune and
adaptive immune disorders, and subsequently leads to multiple
organ dysfunction such as ARDS. The process of inflammation
begins with the influx of neutrophils, followed by the recruit‑
ment of monocytes, which then differentiate into inflammatory
macrophages or dendritic cells. These cells are the key effector
cells in the inflammatory site, recognizing and phagocytizing
pathogens and necrotic cells to help eliminate infection. In
addition, they activate the adaptive immune response through
communication and coordination with other immune cells.
Macrophages are the main effector cells in the inflammatory
response and play a key role in initiation, regression, tissue
repair, and regeneration of the inflammatory response (49).
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Monocytes and macrophages, as the most efficient pathogen
scavengers and the main source of inflammatory cytokines,
are the key effector cells that modulate the innate immune
response of the body. However, the progressive dysfunction of
monocytes and macrophages also leads to immune dysfunc‑
tion during severe sepsis and septic shock. Thus, HDAC6
inhibition attenuates macrophage‑induced inflammation by
inhibiting the overproduction of reactive oxygen species (ROS)
and modulating the expression of pro‑inflammatory cytokines
induced by LPS (50). A study has also shown that HDAC6
deficiency impairs macrophage recruitment to the inflamma‑
tion site in a murine model of acute peritonitis, which may
suppress the phagocytic capacity of macrophages, but at the
same time serves as a promising therapeutic strategy for the
treatment of macrophage‑associated immune diseases (49);
nonetheless, further research is still needed. The increased
preoperative neutrophil lymphocyte ratio and high and middle
ratio of neutrophils can have poor prognosis in patients with
cancer. In addition, the proportion of neutrophils are found
to be significantly higher, with the lymphocyte count signifi‑
cantly lower, in critical patients with severe sepsis or septic
shock. According to the sequential organ failure assessment
(SOFA) and acute physiological and chronic health assessment
II (APACHE II) scores, the severity of the clinical course is
associated with the difference in the percentage of neutro‑
phils and lymphocytes in leukocytes. A selective HDAC6
inhibitor, tubastatinA (TubA) has been demonstrated to alter
the composition of blood cells, restore the lymphocyte popu‑
lation, and decrease the granulocyte‑to‑lymphocyte ratio by
improving the monocyte and granulocyte count in a murine
model of cecal ligation and puncture (CLP), providing another
explanation for the increase insurvival outcome in septic death
model. Furthermore, selective HDAC6 inhibition is needed to
restore innate immune cells in the bone marrow, lower stress
responses, immune organ atrophy and apoptosis (43,48,51,52).
HDAC6 modulates pro‑inflammatory gene transcrip‑
tion. Cytokines, chemokines and adhesion molecules are
important pro‑inflammatory mediators, and HDAC6 overex‑
pression increases the production of pro‑inflammatory factors
in macrophages. Conversely, HDAC6 inhibition suppresses
their expression and circulation, such as tumor necrosis
factor (TNF)‑ α and IL‑6 in peritoneal fluids, decreases
myeloperoxidase (MPO) production, and increases IL‑10
production (45,50,53). HDAC6 inhibition has also been
reported to decrease the expression of adhesion molecules
and chemokines, including C‑C motif ligand 2 (CCL‑2),
C‑X‑C motif (CXC)L‑8 and CXCL‑10. Additionally, HDAC6
represses extracellular signal‑regulated kinase (ERK), c‑Jun
N‑terminal kinase (JNK), p38 and nuclear factor (NF)‑κ B.
HDAC6 also represses activator protein (AP)‑1 activation in
astrocytes responding to the human immunodeficiency virus
(HIV)‑1 transactivator of transcription (Tat) protein, by modu‑
lating ROS homeostasis, mitogen‑activated protein kinase
(MAPK), NF‑κ B and AP‑1 signaling (54,55). In summary,
HDAC6 mediates HIV‑1 Tat‑induced pro‑inflammatory
response by regulating the MAPK, NF‑κ B and AP‑1 signaling
pathways in astrocytes. Studies showed that hindsiipropane B
inhibits the expression of HDAC6 induced by HIV‑1 Tat, and
subsequently inhibiting the expression of CCL2, CXCL8 and

CXCL10 mediated by the former. Another study confirmed
that hindsiipropane B inhibits the expression of CCL2,
CXCL8 and CXCL10 by inhibiting the HDAC6‑NADPH
oxidase‑ROS‑MAPK‑NF‑κ B‑AP‑1 axis in astrocytes (56).
Zhang et al (50,57) similarly found that selective HDAC6
inhibition decreases TNF‑ α, IL‑1β and IL‑6 expression in
both LPS‑activated RAW264.7 cells and a murine model of
acute liver failure by modulating oxidative stress and toll‑like
receptor 4(TLR4)‑MAPK‑NF‑κ B signaling. Liu et al (58) and
Wang et al (59) have since confirmed that HDAC6 inhibition
protects against LPS‑induced inflammation by suppressing
NF‑κ B signaling. It also decreases IL‑1β expression, as well as
caspase‑1 cleavage and activation.
Interferon regulatory factor 3 (IRF‑3) is a transcription
factor that critically mediates interferon (IFN) secretion during
inflammation (60). Interestingly, Nusinzon and Horvath (61)
showed that HDAC6 modulates IRF‑3 activity by deacetylating
its coactivator, β‑catenin. Moreover, Chattopadhyay et al (62)
demonstrated that IRF‑3, β ‑catenin and CBP form a stable
complex in response to viral or bacterial infection‑stimulated
TLR‑3 signaling to induce IFN production. Importantly,
HDAC6 is required for the formation of this complex, since
its inhibition modulates β ‑catenin acetylation, thereby
suppressing the interaction of IRF‑3 with CBP.
4. HDAC6 inhibition
hyper‑permeability

restores

endothelial

barrier

The endothelial barrier is a semi‑permeable membrane that
maintains the intra‑ and extravascular balance of water and
proteins (63). Its composition has previously been reported in
detail; in brief, it comprises the cytoskeleton and adherents
such as adherens junction (AJ) and tight junction (TJ) proteins,
including claudins and occludins, as well as zonula occludens
(ZO) (52) and local gap junction proteins (64). Endothelial
barrier dysfunction plays an important role in the pathogenesis
of sepsis‑induced organ dysfunction; thus, endothelial barrier
protection is a proposed therapeutic modality to treat sepsis.
Nam et al (65) previously demonstrated that Clostridium
difficile toxin A induces microtubule instability in a murine
model of C. Difficile infection by activating HDAC6, which
in turn modulates α‑tubulin deacetylation, thereby inducing
acute inflammation. Moreover, it is now well known that
HDAC6 inhibition promotes endothelial barrier hyper‑perme‑
ability (37‑39,66,67).
HDAC6 modulates HSP90‑dependent Rho‑associated kinase
(Rho‑ROCK) activity. Hsp90 protein is a member of the heat
shock molecular chaperone family that regulates protein
conformation and activity, and regulates a variety of cell
signaling pathways by controlling the abundance and activity
of several important protein kinases and cell cycle‑associated
proteins, such as Rho GTPases and actin, which is a tripartite
framework for effective vesicular transport. Rho GTPase
is a subfamily of small GTP binding proteins in the Ras
super family, composed of Cdc42, Rac1 and RhoA, which
regulates actin dynamics in endothelial cells. For example,
RhoA induces endothelial hyper‑permeability by modulating
actin stress fiber formation and cell contraction (68). ROCK
increases actin filament crosslinking activity of myosin II
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through the phosphorylation‑induced activation of MLC and
inactivation of MLC phosphatase. Inhibition of Rho kinase, the
downstream effector of RhoA, can protect HLMVECS from
LPS‑mediated high permeability and eliminate LPS‑induced
phosphorylation of MLC. Hsp90 plays an important and
special role in regulating Rho activity and Rho‑dependent
actin cytoskeleton remodeling. Hsp90 can indirectly activate
Rho GTPase by protecting functional activators from protea‑
some degradation (69). Consistent with these findings, the
phosphorylation of MLC induced by RhoA is also inhibited
by 17‑AAG, a Hsp90 inhibitor. Studies have demonstrated
that inhibition of Hsp90 can prevent and repair LPS‑induced
pulmonary endothelial barrier dysfunction by inhibiting
RhoA activity and signal transduction (70). It is important to
note that HSP90 is a substrate of HDAC6. A previous study
by Joshi et al (37) proposed that HDAC6 inhibition protects
against pulmonary endothelial barrier dysfunction and ALI
by modulating HSP90; HDAC6 inhibition facilitates the
acetylation of HSP90 at Lys294, which in turn suppresses
HSP90‑dependent Rho‑ROCK activity and blocks MLC
phosphorylation to provide protection against LPS‑induced
endothelial barrier dysfunction. However, more studies are
required to verify this mechanism.
HDAC6 modulates the acetylation of α‑tubulin and β‑catenin.
Vascular endothelial (VE)‑cadherin and β‑catenin are major
AJ components. The majority of β‑catenin molecules localize
to the cytoplasmic side of the membrane, where they contact
VE‑cadherin (71). In parallel, β ‑catenin degradation is
controlled by its N‑terminal phosphorylation and ubiquitina‑
tion; for example, ubiquitination at Lys49 triggers proteasomal
β‑catenin degradation (72). VE‑cadherin contains five extra‑
cellular cadherin repeats, a transmembrane region, and a
highly conserved cytoplasmic tail that has been shown to form
a complex with β ‑catenin to maintain endothelial barrier
integrity (73‑75).
Microtubules and microfilaments are interacting cyto‑
skeletal components (76,77). Microtubules are comprised of
two globular proteins, α‑ and β‑tubulin, which polymerize to
regulate endothelial barrier function. Decreasing α‑tubulin
acetylation has been shown to affect microtubule assembly,
cytoskeletal stability and cell mobility (78). Conversely, tubulin
acetylation prolongs the microtubule half‑life, increases cyto‑
skeletal stability, and renders the cytoskeleton more resistant
to drug‑induced depolymerization and disassembly (79).
Previous studies have suggested that microtubule disassembly
stimulates actin formation and increases MLC phosphoryla‑
tion; in contrast, microtubule depolymerization likely blocks
these effects (80,81).
HDAC6 inhibition has been demonstrated to decrease
sepsis‑induced endothelial barrier hyper‑permeability
by restoring normal α‑tubulin and β ‑catenin acetylation
patterns (39,44). Specifically, HDAC6 inhibition allows
β‑catenin to be acetylated at Lys49, preventing its ubiquitina‑
tion and increasing its accumulation at the cell membrane,
thus promoting the formation of the VE‑cadherin‑β‑catenin
complex (82). Furthermore, HDAC6 inhibition has been
suggested to modulate α‑tubulin and β ‑catenin acetyla‑
tion by decreasing caspase‑3 cleavage (39,44). Decreased
caspase‑3 activation protects endothelial hyper‑permeability,
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as evidenced by the fact that caspase‑3 inhibition restores
endothelial barrier permeability in the lung tissue of septic
mice (83). Increased caspase‑3 activity likely contributes to
endothelial barrier dysfunction by inducing endothelial cell
apoptosis; however, it has also been reported to trigger the
rearrangement of connexins, including VE‑cadherin, ZO‑1and
claudin‑5 (84‑86).
5. A promising and highly selective HDAC6 inhibitor, TubA
In recent years, with an increase in the understanding of
HDAC6 and its roles in different diseases, a large number of
experimental studies on HDAC6 inhibitors have been reported.
There is an increasing number of studies on the role of HDAC6
inhibition in inflammation, one of which involves the following:
Computer‑aided identification of new selective inhibitors of
HDAC6 with anti‑sepsis activity, development of new HDAC
inhibitors after virtual screening based on chemical data‑
bases, compound 9A [(E)‑n‑hydroxy‑4‑(2‑styrylthiazol‑4‑yl]
was identified as a HDAC6 selective inhibitor (IC50 value of
HDAC6 is 0.199 µm; HDAC, 8 µm). Compound 9A signifi‑
cantly increased the survival of mice with sepsis induced by
LPS and inhibited the increase of TNF‑α and IL‑6 mRNA
expression induced by LPS (46).
CAY is also a highly selective HDAC6 inhibitor, which
blocks the activation of NF‑ κ B by inhibiting Iκ B phos‑
phorylation in LPS‑induced ALI, can decrease the activity of
inflammatory corpuscles induced by LPS and decrease the
cleavage and activation of IL‑1β and caspase‑1 (58).
TubA is considered to be a potent and highly selective
HDAC6 inhibitor. Its IC50 value is 15 nm, 1,000 times lower
than that of other subtypes, except HDAC8 (57 times lower).
TubA can improve the survival of mice with septicemic
induced by lethal CLP (42). In a hemorrhagic shock model
combined with CLP, the survival time of mice in HDAC6
group was also prolonged (45). The mechanism included
changing the composition of circulating blood cells in lethal
septicemia model (48). Compared with the CLP Group, the
TubA treatment group recovered B lymphocytes and signifi‑
cantly increased the percentage of innate immune cells and
macrophages. In addition, TubA could significantly decrease
the bacterial load in the spleen and increase the phagocytic
capacity of macrophages in RAW264.7 cells. In this lethal
sepsis model, TubA significantly decreased the stress response
and thymus and bone marrow atrophy (51). The apoptosis of
spleen cells also decreased. WT mice treated with TubA were
partially protected from vascular leakage and inflammation
caused by HKSA or methicillin‑resistant Staphylococcus
aureus (MRSA) (40). Thus, TubA plays an important function
in endothelial cell barrier protection, and the mechanisms
include an increase in the acetylation of α‑tubulin and
β ‑catenin and a decrease in the activation of caspase‑3 as
previously mentioned.
A brief introduction to the role of TubA in ARDS. As mentioned
above, most of the experiments on HDAC6 inhibitors in vitro
and in vivo have been conducted with TubA. Currently, TubA
has been reported to prolong the survival period of septic mice,
decrease the ALI from sepsis, and lower the bacterial load
in spleen. It brings about these effects mainly by decreasing
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the inflammatory response, restoring endothelial cell barrier
dysfunction, and decreasing the oxidative stress response,
as well as pulmonary fibrosis, by inhibiting the apoptosis of
pulmonary vascular endothelial cells (87).
Putative side effects of TubA. As the number of TubA studies
increases, increasingly more attention is being given to its
possible side effects. In one study, a relatively high dose was
used (100 mg/kg body weight of mice) and no significant
adverse effects were observed (88). However, in another study
it was found that TubA exposure significantly decreased
the formation of blastocysts in early embryos of mice, and
confocal microscopy showed that chromosome aggregation
failed to occur in mice embryos treated with HDAC6 inhibi‑
tors. In addition, the inhibition of HDAC6 induced an excessive
production of ROS. An increase in the accumulation of phos‑
phorylated γ‑H2AX was also observed in the embryos after
TubA intervention indicating an increase in DNA damage and
blastocyst cell apoptosis (89). TubA interfered with and halted
mouse oocyte meiosis by regulating several key histones
(H4K16 acetylation and h3t3 and H3S10 phosphorylation)
and messenger RNA (ccnb1, CDK2, Smad3 and YWHAZ
methylation‑associated genes DNMT1 and DNMT3b), and by
interfering with the organization of spindles of chromosomes,
as well as the attachment of mitotic microtubules. The first
polar body of mouse blastocyst oocyte could not be expelled
after TubA treatment. However, it has been proved that homo‑
zygous knockout of HDAC6 (KO) mice are viable and fertile.
Further studies have confirmed that the HDAC6 protein and
mRNA levels in mouse oocytes treated with TubA were signif‑
icantly lower. The SIRT2, HDAC6, SIRT6 and SIRT7 mRNA
levels were also significantly decreased. The mRNA expres‑
sion levels of Cdk1, Cdk2, Cdk4, Cdk6, Cdc25B, and other
cell cycle‑associated kinases decreased significantly. These
abnormalities were associated with meiosis and cell aging.
The abnormal meiotic maturation and cell senescence induced
by TubA may be the result of its interaction with HDAC and
sirtuin (90). It is presumed that TubA can be used in the treat‑
ment of ARDS induced by sepsis, but effects of HDAC6 on the
reproductive function of female should be of caution.
6. Conclusion
Inflammation and endothelial barrier dysfunction are important
processes that contribute to the pathogenesis of sepsis‑induced
ARDS. HDAC6 has been reported to mediate inflammation,
as well as both the innate and adaptive immunity, including
inflammatory cell recruitment and bacterial clearance.
Accordingly, HDAC6 inhibition using an inhibitor such as
TubA increases the survival of septic mice by decreasing the
LPS‑induced macrophage and epithelial cell inflammation. It
is proposed that HDAC6 inhibition predominantly ameliorates
sepsis‑induced ARDS by modulating the innate and adaptive
immunity and the transcription of pro‑inflammatory genes
to directly attenuate inflammation. HDAC6 inhibition also
protects endothelial barrier function via its effects on its target
substrates by inducing α‑tubulin and β ‑catenin acetylation
and increasing membrane localization of β‑catenin, thereby
leading to the stabilization of microtubule and AJs. It also
prevents caspase‑3 activation, maintains lung endothelial

cell‑cell junctions, and inhibits actin stress fiber formation
and decreases MLC phosphorylation via modulating HSP90.
These findings support that HDAC6 inhibition is a promising
potential therapeutic target to treat sepsis‑induced ARDS.
However, the negative effects, if any, of HDAC6 inhibitors on
embryo sac and oocytes need to be taken into account.
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