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Monkeypox — A danger approaching Asia

Xiaoning Liu'*®, Zheng Zhu***, Qiqi Miao', Jia Wen Lim’, Hongzhou Lu"*
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People's Hospital of Shenzhen , Shenzhen, Guangdong, China;

*National Heart & Lung Institute, Faculty of Medicine, Imperial College London, London, United Kingdom;
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SUMMARY

Since the end of June 2022, there has been a dramatic increase in the number of monkeypox cases
worldwide. Given the potential spread of this epidemic, WHO has declared the monkeypox epidemic
a global public health emergency. In the face of the changing epidemiology during this monkeypox
outbreak, vaccines and preventive measures are being researched around the world in response to this
emerging disease. Recently, confirmed cases were reported in South Korea and Japan; as connections
between countries around the world resume, imported cases may be inevitable. China is also concerned
and prepared for the danger approaching Asia. In response to this risk, China issued the "Monkeypox
Diagnosis and Treatment Guidelines" and the General Administration of Customs of China announced
that travelers from countries reporting monkeypox cases and with suspected symptoms should be
identified to customs upon entry. Chinese researchers have recently generated two pseudovirus
reference materials for the monkeypox viral wild-type B6R gene and mutant F3L gene. Moreover,
monkeypox as a communicable disease can be added to the current COVID-19 tracking system for

better surveillance and management.

Keywords

Monkeypox, a zoonotic disease, was first identified in
humans in the Democratic Republic of the Congo in
1970. In the 50 years since its inception, the monkeypox
endemic was concentrated in Central and West Africa.
Sporadic cases reported in Europe and North America
were linked to imported cases (/). On May 7, 2022, a
confirmed case of monkeypox was first reported in the
United Kingdom, and several countries subsequently
reported cases of monkeypox, spanning the globe from
Europe to North America, Africa, and Asia. Since the
end of June 2022, cases have tended to sharply increase
globally (2). Given the risk of this epidemic spreading,
the WHO declared the monkeypox epidemic a global
public health emergency, which is the WHO’s highest
level of public health alert (Figure 1).

The changing epidemiology of monkeypox

During the 2022 monkeypox outbreak, cases were
reported from all five continents in less than three
months. More than 90% of the known cases were in men
who have sex with men (MSM). More importantly, none
of the patients had a clear history of travel to the site of
the epidemic. This aspect is very different from before

monkeypox, Asia, vaccine, preventive measures

and has attracted the attention of researchers globally. An
etiologic and epidemiologic study (3) published in the
New England Journal of Medicine (NEJM) reported that
95% of the patients reported in the current monkeypox
outbreak were infected via sexual contact and that
monkeypox virus DNA was detected in the semen of
95% of patients. However, more clinical evidence needs
to be gathered to corroborate whether monkeypox can be
transmitted sexually.

A systematic review (4) reported that confirmed
and suspected cases of monkeypox have clearly tended
to increase since the 21st century. Over 19,000 cases
were reported from 2000-2019. However, the current
outbreak is spreading even more rapidly, with 80
countries worldwide reporting monkeypox infections
since May 2022 and more than 17,000 cases have been
confirmed as of July 23, 2022 (Figure 2). The number of
confirmed cases in less than 3 months is comparable to
the number over the last 20 years. A key reason for the
rapid increase is the lack of protection from smallpox.
Studies have indicated that the vaccine used for smallpox
provides about 85% protection against monkeypox due
to cross-immunization, which can prevent the occurrence
of monkeypox or reduce the severity of symptoms (J5).

www.biosciencetrends.com
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Figure 1. Timeline of WHO's responses to monkeypox outbreak. Data source: https://ourworldindata.org/monkeypox; https://www.who.int/

news-room/fact-sheets/detail/monkeypox

R o

Total Case 1

Figure 2. Global distribution of monkeypox cases. Data source: https://ourworldindata.org/monkeypox

Since the WHO declared the eradication of smallpox
in 1980, smallpox vaccination has been discontinued
worldwide (6). According to Thornhill et al. (3), the
median age of patients during this outbreak was 38
years, so one can reasonably infer that most of this
population lacks protection from smallpox. In addition,
the relaxation of preventive and control measures for
COVID-19 in many European countries has led to more
frequent movement and travel of people. This is also
one of the possible reasons for the rapid spread of the

epidemic.

Genetic mutation of the monkeypox virus is also a
concern. The general understanding is that monkeypox
viruses are unlikely to undergo sudden mutations that
would cause a substantial increase in human-to-human
transmission because they are DNA viruses and are better
at detecting and repairing mutations than RNA viruses.
However, a study (7) found that MPXV B.1, a post-April
strain of the monkeypox virus, has an APOBEC3 escape
mutation. This strain has mutated more, making the virus

www.biosciencetrends.com
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more adaptable to the human environment compared to
a closely related virus (MPVX A.1.1) identified in 2018-
2019.

Vaccine stockpile and vaccination

To date, there is no specific vaccine for monkeypox
virus. The vaccines that exist for the prevention of
monkeypox in high-risk groups or post-exposure
prophylaxis are still smallpox-specific vaccines. Thus
far, the third generation of smallpox vaccines has been
developed. The effectiveness of the second-generation
vaccine ACAM2000 and the third-generation vaccine
IMVAMUNE at preventing monkeypox infection and for
post-exposure vaccination has been partially corroborated
by the results of preclinical and clinical studies (8,9).

Currently, the use of smallpox vaccine for monkeypox
prevention is still mainly restricted to high-risk groups or
health personnel who treat the disease. Given the risk of
an outbreak, the United Kingdom has begun offering the
smallpox vaccine to some medical personnel or people
at risk of exposure to the monkeypox virus. On July 22,
the European Medicines Agency recommended that the
European Union approve an expanded indication for
smallpox vaccines to prevent monkeypox and interrupt
transmission of the virus. However, mass vaccination
against monkeypox is not required or recommended at
this time.

Immunodeficiency may lead to worse clinical
outcomes of a monkeypox infection (/0). Liu et al. (11)
suggested that an advanced or poorly virally controlled
HIV infection may lead to more severe outcomes after
monkeypox infection. According to Thornhill et al.
(3), there were no differences in clinical manifestation
or outcomes between patients infected or not infected
with HIV, but that study only included (people living
with HIV) PLWH whose viral load was well-controlled.
Therefore, awareness of the potentially serious
outcomes of monkeypox infection is crucial for people
with advanced or poorly virally controlled HIV. Mass
vaccination of MSM, the main at-risk population, is not
recommended at this time but enhanced monitoring of
their HIV infection status is strongly recommended.

Risk of monkeypox outbreaks in mainland China

Confirmed cases of monkeypox in countries neighboring
China such as South Korea and Japan have been reported.
Although most cases during this outbreak involve
MSM, they also include a small number of children
with no known epidemiological link to those cases. This
indicates that close contact, droplets, and aerosols can
still pose a considerable risk of transmission. Non-sexual
close contact transmission still needs to be considered
seriously to prevent and control the epidemic.

With the gradual restoration of connections between
countries around the world, imported cases may be

inevitable in China (/2). In response to this risk, China
issued the "Monkeypox Diagnosis and Treatment
Guidelines" (/3) in June; on July 24, the General
Administration of Customs of China announced that
travelers from countries reporting monkeypox cases or
with suspected symptoms should be reported to customs
upon entry. In fact, monkeypox as a communicable
disease can be added to the current COVID-19 tracking
system for better surveillance and management. Chinese
researchers have recently generated two pseudovirus
reference materials for the monkeypox viral wild-type
B6R gene and mutant F3L gene. These two reference
materials can be used to develop monkeypox virus
detection kits, to verify their performance confirmation,
to validate their methodology, to control quality in
the laboratory, and to provide a "biological scale" for
monkeypox virus diagnostic results, providing technical
support to effectively reduce "false negatives" (/4).

In light of the current strategy of "dynamic zero
COVID-19" in China, the risk of monkeypox spreading
in China is still low. Despite these favorable conditions,
the harm caused to the population and society by the
monkeypox epidemic should not be underestimated.
The average symptomatic period after infection with
monkeypox is three weeks, and the proportion of
asymptomatic patients is low. At least 3 weeks of
isolation are required for people infected with the
monkeypox virus. COVID-19 is still rampant around the
world. The spread of the monkeypox epidemic will have
a negative impact on the labor supply and the provision
of goods and services.

Conclusion

We are now faced with high inflation globally,
which will also have a huge impact on overall social
efficiency. The risk of imported monkeypox cases
should be kept in mind by the government. Public
education about monkeypox prevention and related
knowledge for the general public, including MSM,
can help with early detection and reporting of cases
and reduce transmission. The establishment of a
comprehensive disease surveillance system, and
particularly the establishment of sentinel sites in relevant
institutions such as dermatology and sexual health
clinics, will facilitate the early detection of monkeypox
cases and close contact tracing.
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SUMMARY

Keywords

By far, no revolutionary breakthrough in the treatment of Parkinson's disease (PD) was found. It is
indeed a knotty problem to select a satisfactory strategy for treating some patients with advanced stage
PD. Development of novel therapeutic targets against PD has been an urgent task faced by global PD
researchers. Targets in the tryptophan—kynurenine pathway (KP) were then considered. Metabolites
in the KP are liposoluble. Some neurotoxic metabolites, including 3-hydroxykynurenine and its
downstream 3-hydroxyanthranilic acid and quinolinic acid, are mainly produced peripherally. They
can easily cross the blood—brain barrier (BBB) and exert their neurotoxic effects in the central neuron
system (CNS), which is considered as a potential pathophysiological mechanism of neurodegenerative
diseases. Hence, agents against the targets in the KP have two characteristics: (1) being independent
from the dopaminergic system and (2) being seldom affected by the BBB. Inspiringly, one agent,
namely, the inhibitor of indoleamine 2,3-dioxygenase 1, has been currently reported to present
satisfactory efficacy comparable to levodopa, implying that the KP might be a potential novel target
for PD. This review collected and summarized the updated information regarding the association of the
KP with PD, which is helpful for understanding the clinical value of the KP in the PD scenario.

Tryptophan-kynurenine pathway, Parkinson's disease, Indoleamine 2,3-dioxygenase 1 (IDO1),

Dopaminergic medication, Blood-brain barrier

1. Introduction

Parkinson's disease (PD) is the second most common
neurodegenerative disease (NDD) (/,2). Approximately
10 million people are suffering from PD, and the number
of cases is expected to be more than doubled in the next
20 years (3). PD remarkably affects the patients' activity
of daily living (ADL), particularly for those who are in
the advanced stage, whose daily living has to depend on
the caregiver. This situation reduces the patients' quality
of life (QOL). Moreover, it significantly enhanced the
financial burden not only for the government but also for
each involved family. With the aging of population, PD
has gradually become an important global public health
concern. Hence, development of novel treatments against
PD has been an urgent task faced by global PD clinicians
and scientists. Understanding PD pathogenesis, particularly
elucidating the involved molecular mechanisms, is the key
to explore the potential new therapeutic targets in treating
PD.

Unfortunately, by far, all treatments against PD are

far from satisfactory (4). Dopaminergic medication
is the mainstream therapy, where levodopa (L-dopa)
is the mainstay agent for PD. Dopaminergic agents
combined with non-dopaminergic agents are commonly
prescribed clinically. Nevertheless, only few kinds of
non-dopaminergic drugs are available for clinical use,
such as amantadine (promoting the release of dopamine
and neuroprotective effects), anticholinergic drugs (such
as benzhexol), whose efficacy along with indications
have noticeable limitations. Finding new agents whose
mechanisms are independent from the dopaminergic
system is challenging. Additionally, by far, all the
mainstream agents recommended by the PD guidelines
worldwide are remarkably affected by the blood—brain
barrier (BBB) along with their peripheral metabolism.
In case of an agent, which is seldom affected by the
BBB, it can influence the central neuron system (CNS)
peripherally and will be convenient for clinical use. In
this regard, the keywords "non-dopaminergic" as well as
"seldom affected by the BBB" should be a novel direction
in exploring new agents for PD.

www.biosciencetrends.com
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Our previous study reported that electrical stimulation
of the peripheral tissue may improve the striatal dopamine
levels, indicating that intervention in the peripheral tissue
(other than in the CNS) may affect the dopamine content
in the CNS (5). Meanwhile, our preliminary experiments
found that the plasma tryptophan levels in PD animal
models significantly reduced, whereas the plasma
kynurenine levels increased (Figure 1). These preliminary
data suggest that the tryptophan—kynurenine pathway (KP)
might be involved in the regulation of PD pathogenesis.
Moreover, it is known that indoleamine 2,3-dioxygenase
1 (IDOV1), the key enzyme of the KP, is very lowly
expressed in the CNS. However, it is highly expressed in
the peripheral organs such as the lung, kidney, and liver.
IDOI1 regulation is mainly in the periphery, rather than
in the CNS. Therefore, the KP regulated by IDO1 has
two major characteristics, namely, independent of neural
dopaminergic systems and seldom affected by the BBB,
thereby are considered as a novel therapeutic target for PD.
The elements of the KP, particularly IDO1, are reported to
be closely associated with neurological diseases, including
depression (6-8), Alzheimer's disease (AD) (9), multiple
sclerosis (/0), stroke (/1), and PD (12-14).

Several reviews have discussed the role of the KP in
the CNS disorders. Mazarei et al. reviewed the special
role of the KP in Huntington's disease. They pointed
out that although most of the previous the KP studies
focused on depression, CNS tumors, and multiple
sclerosis, the role of IDO in the NDDs cannot be ignored
(15). Later, Lovelace reviewed the role of the KP and
IDOI1 in multiple sclerosis (/0). Kennedy et al. reported
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Figure 1. Preliminary data of the changes of plasma tryptophan
and kynurenine in PD mice model. (A). Plasma tryptophan levels in
1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP)-induced PD
mouse models significantly reduced (vs. sham group). (B). Plasma
kynurenine levels in MPTP-induced PD mouse models significantly
increased (vs. sham group). n =5 in each group; ‘represents p < 0.05;
“represents p < 0.01.

that the KP metabolism may affect the CNS function
and relate to the CNS disorders via the microbiota—gut—
brain axis (/6). A recent review study discussed the
relationship between PD and the KP from the angles of
microbiota—gut—brain, genetic link, and enzyme. They
believe that the KP might be considered as a promising
biomarker as well as therapeutic target for PD (/7).
Based on the abovementioned information and the
current progress in the experimental studies of IDO1 on
PD, we were motivated to conduct this review, focusing
on the potential therapeutic role of the KP, particularly
IDO1, in treating PD. We believe that this review will
be beneficial in deepening insights regarding the effects
of the KP on PD and helpful for developing novel
therapeutic targets against PD, which are independent
from the dopaminergic system and less affected by the
BBB.

2. Status quo of PD treatment

The etiology and pathogenesis of PD are very complex
and, presently, remain unclear, particularly the
underlying causes of dopaminergic neuron apoptosis
in the nigrostriatal pathway. Indeed, this may delay the
development of efficacious treatments against PD since
therapies focused on PD etiology cannot be created. Since
the emergence of L-dopa in 1967 and the development of
deep brain stimulation (DBS) in 1993, no revolutionary
breakthrough regarding the treatment of PD has been
reported (4). Dopaminergic medication and DBS still
remain the mainstay treatments against PD. However,
these treatments cannot stop dopaminergic neuron
apoptosis, and hence, cannot halt PD progression
either. Due to this, the PD treatments that are available
nowadays are symptomatic. Our previous studies
confirmed that both L-dopa and DBS can significantly
improve PD symptoms in patients (/8-20) and rodent
PD (27-23) and primate PD (24,25) models. However,
these treatments cannot halt the progression of PD and
depletion of dopaminergic neurons. Currently, the first-
line therapies for PD, including L-dopa, dopamine
receptor agonists, monoamine oxidase inhibitors, or
catechol-O-methyltransferase inhibitors, all act on the
dopaminergic system and are collectively associated
with the principle of dopamine replacement. However,
the efficacy of these dopaminergic medications is far
from satisfactory. For example, with PD progression, the
decline of L-dopa efficacy (well known as the "wearing-
off phenomenon") and side effects caused by the drug
itself (such as dyskinesia; "on-off phenomenon") are
becoming predominant problems following the long-term
prescription of L-dopa. Surgical treatment, including
DBS, also exhibits several limitations. For example,
DBS is effective only for those patients who respond
suitably to L-dopa. Additionally, DBS is a symptomatic
treatment, which cannot stop PD progression. As an
invasive surgery, the long-term efficacy of DBS remains
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controversial and its mechanisms have never been
clarified (4,18-20,24,25). Hence, selecting a satisfactory
strategy for treating patients with advanced stage PD,
particularly the selection of appropriate drugs, is indeed
a difficult quandary. For some patients in the end stage,
clinicians might be in a dilemma since no suitable
drugs are available. In other words, the development
of effective therapies against PD is urgently required,
particularly the development of new agents with novel
mechanisms (such as a mechanism of action independent
of the dopaminergic system). This is where the KP
system comes into the picture.

3. Roles of the KP in the CNS

Tryptophan, one of the eight essential amino acids in
humans, plays indispensable roles in maintaining human
growth, metabolism, and positive nitrogen balance.
Approximately, over 95% of tryptophan is metabolized
via the KP, while less than 5% of tryptophan generates
5-hydroxytryptamine (5-HT) (Figure 2). Under normal
physiological conditions, tryptophan is found in almost
all mammalian tissues, but mainly in the liver. The
KP involves a series of steps by which tryptophan is
finally converted to nicotinamide adenine dinucleotide
+ (NAD +) in the liver (Figure 2). The process of the
KP is as follows: first, tryptophan is converted into
n-formyl-kynurenine by two groups of rate-limiting
enzymes, namely, IDO and tryptophan 2,3-dioxygenase
(TDO). IDO is divided into two subtypes: IDO1 and
IDO2. N-formyl-kynurenine is unstable and quickly
converts into kynurenine. Kynurenine is nontoxic and
forms the core of the KP. Kynurenine is then catalyzed
by kynurenine-3-monooxidase (KMO) and converted
into toxic 3-hydroxykynurenine (3-HK). Subsequently,
3-HK is converted into toxic 3-hydroxyanthranilic acid
(3-HAA) catalyzed by kynureninase. Simultaneously,
kynurenine can also be converted into anthranilic acid
under the action of kynureninase. Anthranilic acid is
also further converted into 3-HAA by monohydroxylase.
Then, 3-HAA is converted into toxic quinolinic
acid (QUIN), which is catalyzed by the kynurenine
aminotransferase family. QUIN forms nicotine, which
is converted into the end products (NAD +/NADP +)
under the action of transamination. Additionally, there
is another pathway where kynurenine is converted into
a neuroprotective kynurenic acid (KA) catalyzed by
kynurenic aminotransferase (26-28) (Figure 2).

In this review, the term "kynurenine-ergic substances
(KESs)" was used for the metabolites generated in the
KP, which exhibit multifold biological activities and are
liposoluble. Of these KESs, only KA is neuroprotective.
The remaining substances, including 3-HK, downstream
3-HAA, and further downstream QUIN, are neurotoxic
(Figure 2). The KP mainly activates in the liver and most
of the KESs are derived from the peripheral tissues.
Nevertheless, under certain physiological (aging) or some

pathological (BBB damage) conditions, these liposoluble
substances may cross the BBB and affect the CNS. The
KESs might be important "neurotoxins" that contribute
to neuronal apoptosis in NDDs. Early in 1981, Stone and
Perkins reported the agonistic effects of QUIN on central
N-methyl-D-aspartic acid (NMDA) (29). Subsequently,
Kessler et al. discovered the antagonistic effects of KA
on the NMDA receptor (30). Till date, numerous studies
have elucidated the physiological and pathological
effects of these KESs from multiple dimensions: (1)
IDO1, IDO2, and TDO act as the first rate-limiting
enzymes in the KP. TDO is mainly expressed in the liver,
whereas IDO is widely expressed in several organs,
including the brain, liver, and kidney, and several cells,
including monocytes and dendritic immune cells. IDO is
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Figure 2. Metabolic processes of the tryptophan—kynurenine
pathway and its pathophysiological roles in the CNS. 3-HAA:
3-hydroxyanthranilic acid; 3-HK: 3-hydroxykynurenine; 5-HT:
5-hydroxytryptamine; BBB: blood—brain barrier; CNS: central neuron
system; KA: kynurenic acid; KAT: kynurenic aminotransferase;
KMO: kynurenine-3-monooxidase; KP: tryptophan—kynurenine
pathway; Kyn: kynurenine; IDO: indoleamine 2,3-dioxygenase;
NAD: nicotinamide adenine dinucleotide; TDO: tryptophan
2,3-dioxygenase; QUIN: quinolinic acid.
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commonly considered the predominant catalytic enzyme
produced under inflammatory and/or stressful conditions
(31). IDO1 can activate both anti-inflammatory and
proinflammatory cytokines. Moreover, the activated
T-cells, along with numerous inflammatory signaling
pathways (such as NF-xB and TLR4), play a role in
IDO1 activation (37). Although both peripheral and brain
cytokines can induce IDO activation, IDO regulation
mainly occurs in the peripheral tissues rather than in
the CNS (32). (2) Kynurenine is subsequently regulated
by the second rate-limiting enzyme KMO. KMO
contributes to the regulation of 3-HK expression and
can be stimulated by inflammatory factors, subsequently
increasing the production of downstream 3-HK and
QUIN, which exhibit neurotoxicity (33). KMO displays
functions analogous to IDO. (3) Neurotoxins produced
in the KP include 3-HK, 3-HAA, and QUIN. A large
amount of 3-HK produced by the peripheral tissue may
casily cross the BBB and accumulate in the CNS due to
its high liposolubility. Microglia and astrocytes in the
CNS produce a small amount of indigenous 3-HK. Even
in healthy circumstances, 3-HK and 3-HAA can produce
a number of free radicals, subsequently causing oxidative
stress and mitochondrial damage, which may directly
induce CNS disorders. Moreover, in an inflammatory
circumstance, the overexpression of KMO and 3-HK
enhances downstream QUIN levels and causes more
severe neurological damage (/7). QUIN is an agonist
of the NMDA receptor, which exhibits the same effects
on the NR2A and NR2B subtypes. Although QUIN
may promote the release of glutamate in neurons, it
simultaneously also suppresses glutamate uptake by
glial cells. These effects induce the overactivation
of the NMDA receptor, further inducing excessive
calcium influx (34). In other words, the overactivation
of the NMDA receptor may generate superabundant
reactive oxygen species. These effects finally result in
comprehensive neuronal damage. Additionally, QUIN
plays a role in triggering local CNS inflammation. It
has been reported that QUIN is closely associated with
a series of inflammatory processes in the CNS (/7).
Briefly, the neurotoxic effects of the KP are due to 3-HK,
3-HAA, and QUIN. (4) As the sole neuroprotective
component of the KP, KA acts as an antagonist for three
endogenous glutamate receptors, particularly for the
NMDA receptor. The neuroprotective action of KA is due
to the suppression of the neurotoxicity that is produced
by the activation of the NMDA receptor by QUIN
overactivation (35). Moreover, KA can also antagonize
the noncompetitive a7-nicotinic acetylcholine receptor
(07-nAChR) and reduce the extracellular levels of
glutamate and dopamine in the CNS (36). In this regard,
the QUIN/KA ratio is commonly used as an index of
glutamate receptor activation and neurotoxicity.
Reportedly, KESs, particularly IDO1, are closely
associated with the neurological disease. Some previous
studies reported that IDO1 overexpression enhances

the ratio of kynurenine/tryptophan, thereby inducing
depression-like behaviors in animals (6-8). Conversely,
the suppression of IDO1 expression may alleviate such
depression-like symptoms (6). Leraci et al. revealed that
the activation of the KP induces cognitive impairment
in rats, the mechanisms of which might be related to
the decline in the levels of brain-derived neurotrophic
factor (37). Other studies have reported that the KP is
associated with stroke (//) and multiple sclerosis (/0).
Widner et al. found that the ratios of serum kynurenine/
tryptophan and IDO1 increased and the activation of
IDOL is relevant to the cognitive impairment observed
in patients with AD (9). Duan et al. found that IDO1
inhibitor can alleviate neurotoxicity associated with
amyloid f and tau proteins in animal models of AD (38).
They hypothesized that IDO1 inhibitor might exhibit
neuroprotective effects on PD since PD is also an NDD
with protein depositions (38). Currently, the effects of
the KP on CNS diseases are complicated and remain
unclear. Recently, Park et al. reported that antioxidant
stress might be an essential mechanism underlying this
effect. As a key enzyme in the KP, IDO1 plays a crucial
role in the regulation of the KP. Hence, IDO1 should be
considered a potential therapeutic target for neurological
diseases (39).

4. Association between the KP and PD

Our preliminary data demonstrates that the tryptophan
levels in the animal models of PD decreased, while
the kynurenine levels enhanced, indicating the
involvement of the KP in the pathophysiology of PD.
These data implied that during the PD state, the KP
is activated, which might be associated with a battery
of neurotoxic effects. Early in 1992, Ogawa ef al.
reported that the levels of neurotoxic 3-HK in the
putamen and substantia nigra significantly increased,
while those of neuroprotective KA decreased in patients
with PD (40). Later, Miranda et al. reported that the
enhancement of the KA levels in animal brains resulted
in resistance toward QUIN-mediated neurotoxicity and
the protection of the dopamine neurons (4/). Zadori et
al. reported that the induction of KA production in the
KP serves a neuroprotective function, contributing to
the amelioration of PD symptoms (42). Recently, Perez
Pardo et al. verified that TDO inhibitors can significantly
improve PD symptoms and CNS inflammation in
rotenone-induced PD models. These results provided
further evidence concerning a key link between the
KP and inflammatory mechanisms of PD (/2). The
aforementioned results prove that the KP is closely
associated with the development and progression of PD.
Two factors, namely, aging and gut microbiota,
are involved in the relationship between the KP and
PD. Aging is the most important factor that affects
the development and progression of PD; meanwhile,
aging also plays a key role in the disorders of the KP.

www.biosciencetrends.com



BioScience Trends. 2022, 16(4):249-256.

253

Reportedly, the cerebral IPO activity increases with
aging (43). Sustained stimuli from a low degree of
inflammation and the IDO upregulation may influence
some aging-related disease. For example, aging-
related inflammation might trigger the activation of
the KP and increase the risk of developing NDDs
(44,45). Commonly, due to the existence of the BBB,
inflammatory factors present in the peripheral organs
and tissues have diminished direct influence on the CNS.
However, in terms of the liposoluble nature of the KESs
in the KP, they have the remarkable ability to affect the
CNS by crossing the BBB. Therefore, we believe that
the KP plays a key role in "delivering aging signal" from
the periphery to the CNS, thereby contributing to the
regulation of inflammatory processes in the CNS (46,47).

Another factor involved in the relationship between the
KP and PD is the disturbance of the gut microbiota. From
the viewpoint of the microbiota-gut-brain axis, the KP
acts as a bridge between a-synuclein (a-syn) deposition
and the gut microbiome. It is well established that a-syn
accumulation Lewy body formation in dopaminergic
neurons are the most important neuropathological
characteristics of PD. a-Syn deposition has been reported
to occur not only in the CNS but also in the intestine in
patients with PD, as well as in older individuals without
PD (48). Bu et al. reported a-syn deposition in the enteric
nerves of older people without PD (49). Moreover,
Devos et al. revealed that kynurenine present in the gut
can easily cross the BBB and affect the KP metabolism
in the brain (50). Some gut microbiota can even directly
produce kynurenine and 3-HAA (57), which possibly
cross the BBB and introduce neurotoxic effects in the
CNS. Evidence indicates that the disturbance of the gut
microbiota can affect the plasma concentration of KESs
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(17). Moreover, high QUIN levels in the abnormal KP
under certain pathological conditions has been reported
to be associated with a-syn deposition in the gut (52). A
recent study suggested that a-syn deposition originates
in the digestive tract and affects the brain via the vagus
nerve pathway (53). These aforementioned reports seem
to imply that the microbiota—gut—brain axis affects a-syn
deposition via the KP; however, unfortunately, to the
best of our knowledge, no studies so far have provided
evidence indicating the direct association between the
abnormal KP and a-syn deposition in the CNS and that
the abnormal KP causes PD. Therefore, we speculate that
aging, along with other pathological factors, may induce
gut microbiota disturbance, subsequently activating the
KP and producing a number of toxic KESs, which cross
the BBB, ultimately inducing o-syn deposition (Figure 3).

5. IDOL1 is a key target for regulation of the KP and
PD

Compared with TDO, IDO is more widely distributed.
IDO1 is widely expressed in the peripheral organs and
tissues including the lung, blood vessels, and fat. IDO1
expression is upregulating with age. Moreover, the
expression level of IDOI is also positively correlated
with the expression of aging markers, including p16
and p21 (54), as well as the expression of aging-related
secretory phenotypes, including IL-6 and TNF-a (55). In
the aging animal models, the expression level of IDO1
is also significantly upregulated, which accelerated the
aging processes in these animals (56). Evidence shows
that stimuli of low-degree sustained inflammation
can induce IDO1 upregulation, which activate the KP
and further increase the risk of NDDs (44,45). These
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Figure 3. Potential mechanisms involved in the interactions between the KP and PD. Red represents the pathological changes induced by the
KP, and green represents the protective effects conducted by the intervention of the KP with an IDOI inhibitor.
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studies confirmed that IDO1 is highly correlated with
inflammation. However, presently, there is only direct
evidence concerning increased IDO1 expression in AD
(17), but not reported in PD. In terms of the indirect
evidence, currently, Ning et al. employed a co-inhibitor
of IDO1 and TDO to treat the rat PD models. They
found that IDO1 suppression reduced the levels of
inflammatory factors, increased the neuroprotective
KA level, and alleviated the depletion of dopamine
neurons in the rats' brain. Importantly, administration
of IDOI inhibitor significantly improved the motor
symptoms in PD animals, and its efficacy is comparable
to L-dopa (/3). Sodhi et al. directly administrated an
IDOL1 inhibitor in the traditional 6-hydroxydopamine-
induced PD rat models. They found that the behavioral
performance in PD animals was significantly improved.
The degrees of oxidative stress, inflammation, and
mitochondrial damage in the CNS were also improved
(14). These investigations suggest that IDO1 can be
considered as a potential key target in the KP, which is
closely involved in the development of PD. Hence, we
hypothesize that the peripheral IDO1 activity increased
with aging or under certain pathological conditions (like
inflammation). Such activated IDO1 may stimulate the
KP metabolism, resulting in the production of more toxic
KESs, which might cross the BBB and cause neuronal
damage in the CNS (43) (Figure 3). However, so far,
several evidences in this hypothesis remain absent: (1)
No direct evidence has elucidated that upregulation of
IDO1 will affect cerebral a-syn deposition and dopamine
neuron apoptosis in the PD subjects. (2) With respect to
efficacy, only two studies verified the efficacy of IDO1
suppression against PD symptoms. However, these
studies employed the simplest behavioral assessments
in rodent PD animal. Investigations with more rigorous
experimental design to verify the efficacy of IDOI
suppression are indispensable, for example, effects
of IDOI inhibitor on different stage of PD model, on
nonmotor symptoms, and on different sorts of PD model
(mouse, rat, and nonhuman primates). (3) What are the
interactions between IDO1 suppression and conventional
dopaminergic therapeutics; synergistic effects or canceling
effects? To uncover the roles of the KP, particularly IDO1,
in PD, several further investigations are expected to clarify
these issues.

6. Concluding remarks

In this review, updated information regarding the roles
of the KP in PD was provided. The results of Ning's
study (/3) got an inspiring result, that is, IDO1 inhibitor
might achieve a "comparable" efficacy versus L-dopa,
which is now still regarded as the golden standard
medication for PD. We believe the KESs, particularly
IDO1, are promising novel targets against PD, which
are independent from the dopaminergic system and are
seldom affected by the BBB. Once these novel targets

are successfully verified and developed, they are the
next-generation medications in treating PD. Clinicians
can have more options other than the dopaminergic
medications. Moreover, administration and regulation
of such medicines will be very convenient, since they
mainly act in the periphery and are seldom influenced by
the BBB. Hence, the effects of the KP, KESs, particularly
IDO1, on PD warrant further notice and investigation
since it might bring a revolutionary progress in the PD
treatment.

However, to uncover the secrets of the KP on PD,
panoramic understanding and insights are indispensable.
The following concerns should be fully addressed:

i) Expression and distribution of all the KP members,
including KESs in the peripheral organs, and the CNS
should be thoroughly clarified, particularly under the PD
pathological conditions.

ii) Can KESs affect a-syn expression and deposition
and further affect the apoptosis of dopamine neurons?

iii) Clinically, can intervention of KESs achieve
amelioration of the PD symptoms, including motor
and nonmotor symptoms? Finally, can it stop the PD
progression?

iv) What are the interactions between intervention
of KESs and conventional dopaminergic therapy? Can
patients benefit from combining these two different
medications, for example, achieve improvement of QOL
and ADL?

Undoubtedly, at present, researches clarifying the
effects of the KP on PD remain in the exploratory stage.
Verifying the effects of the KP will still take a long time,
even though the first light has risen.
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SUMMARY The evidence shows that there is an associated relationship between hepatosteatosis and insulin
resistance. While some existing genetic induction animal and patient models challenge this
relationship, indicating that hepatosteatosis is dissociated from insulin resistance. However, the
molecular mechanisms of this dissociation remain poorly understood due to a lack of available,
reliable, and simplistic setup models. Currently, we used primary rat hepatocytes (rHPCs), co-
cultured with rat hepatic stellate cells (HSC-T6) or human foreskin fibroblast cells (HFF-1) in
stimulation with high insulin and glucose, to develop a model of steatosis charactered as dissociated
lipid accumulation from insulin resistance. Oil-Red staining significantly showed intracellular lipid
accumulated in the developed model. Gene expression of sterol regulatory element-binding protein
lc (SREBPIc) and elongase of very-long-chain fatty acids 6 (ELOVLG6), key genes responsible for
lipogenesis, were detected and obviously increased in this model. Inversely, the insulin resistance
related genes expression included phosphoenolpyruvate carboxykinase 1 (PCK1), pyruvate
dehydrogenase lipoamide kinase isozyme 4 (PDK4), and glucose-6-phosphatase (G6pase) were
decreased, suggesting a dissociation relationship between steatosis and insulin resistance in the
developed model. As well, the drug metabolism of this developed model was investigated and
showed up-regulation of cytochrome P450 3A (CYP34) and down-regulation of cytochrome P450
2E1 (CYP2E1) and cytochrome P450 1A2 (CYP1A2). Taken together, those results demonstrate that
the in vitro model of dissociated steatosis from insulin resistance was successfully created by our co-
cultured cells in high insulin and glucose medium, which will be a potential model for investigating
the mechanism of insulin resistance dissociated steatosis, and discovering a novel drug for its
treatment.

Keywords hepatic steatosis, in vitro model, co-culture, dissociation, insulin resistance

1. Introduction patients progress to NASH (3). While at the initial stage

of NAFLD, modification of lifestyles such as exercise

Nonalcoholic fatty liver disease (NAFLD) is a chronic
liver disease, with a worldwide prevalence of 25%
(1,2), which is the spectrum from hepatic steatosis to
nonalcoholic steatohepatitis (NASH), which eventually
leads to liver cirrhosis and hepatocellular carcinoma
(HCC) (3). Hepatic steatosis, the initial and benign
reversible event of NAFLD, is characterized by the
accumulation of fat in at least 5% of hepatocytes and
becomes the main feature of all stages of NAFLD
from Nonalcoholic fatty liver (NAFL) progressing
to NASH (4). Importantly, previously accumulated
evidence showed that 10-25% of hepatic steatosis

and diet can effectively reverse hepatic steatosis,
subsequently protecting hepatic steatosis progress to
NASH (5). In conclusion, hepatic steatosis is a major
concern stage of NAFLD, and dealing with it as early as
possible can effectively protect its progress to NASH.
Insulin resistance is a basically pathogenic
mechanism of NAFLD, obesity, and type 2 diabetes.
Many epidemiology studies have shown that
hepatosteatosis is strongly associated with obesity and
type 2 diabetes mellitus, indicating that there is a mutual
cause-and-effect relationship between hepatosteatosis
and insulin resistance (3,6,7). For instance, existing
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insulin resistance may drive hepatic lipogenesis and
subsequently cause steatosis (8). Also, the accumulation
of lipid species in intracellular hepatocytes can
disrupt insulin signaling, leading to cause insulin
resistance (9,70). In addition, all this cause-and-
effect relationship between hepatosteatosis and insulin
resistance was evidently confirmed by various genetic
or environmental induction animal or in vitro models
of hepatic steatosis (3,//-14). However, there were
several genetic or environmental induction animal
models challenging this association of hepatosteatosis
with insulin resistance. For instance, liver-specific
knock out of insulin receptor (/5), phosphoinositide
3-kinases (PI3Ks) (16,17), and protein kinase B (4KT)
(18) or liver-specific deletion of phosphatase and tensin
homolog (PTEN) (19) mice clearly display dissociation
of hepatosteatosis from insulin resistance. Although
the dissociation relationship is apparently displayed by
those genetic animal models, the exact mechanism of
this dissociation is still largely unknown. Therefore,
for clearly elucidating the molecular mechanism of this
dissociation relationship between hepatosteatosis and
insulin resistance, a new experimental approach, animal
model, or even an in vitro cell model will be urgently
needed to explore or develop.

In general, for understanding the mechanism of
NAFLD, animal models were first considered to
be used and became the most common application
experiment method in laboratory research. However, it
is currently acknowledged that NAFLD is a complex
multiple hit disease, and the developed in vivo animal
models could not fully recapitulate the complexity
of disease characteristics, thus hindering elucidation
of the disease mechanism. In addition, the complex
environment in vivo obstructs exploration of the exact
disease mechanism. Therefore, in vitro models of fatty
liver disease have been considered and continuously
developed during the last few decades. For instance,
immortalized cell lines or primary hepatocytes were
cultured to develop models and well-established to be
used for NAFLD research (/3,20). Unfortunately, the
above models developed from single cell cultures still
failed to model the complex NAFLD pathogenesis
because in vivo NAFLD pathogenesis is caused by
numerous cellular communications between hepatocytes
and nonparenchymal cells including HSCs, endothelial
cells, or Kupffer cells. Hence, co-culture of two or
more different cells is an interesting method to model
continuous NAFLD pathogenesis, and it succeeded by
culture of hepatocytes and HSC, which further found
that co-culture with HSC can promote differentiation
of the hepatocyte to maintain liver-specific functions
and structure (27). Moreover, contrary to animal
models developed in a hyperglycemic-hyperinsulinemic
environment, there are rare and unsuccessful high
concentration insulin-glucose induced in vitro cell
culture models of hepatic steatosis. Consequently,

for mimicking the pathogenesis of animal or human
NAFLD, developing an in vitro hepatosteatosis model
by co-culturing cells with a high concentration of
insulin-glucose should be further explored, thus helping
to investigate the exact molecular mechanisms involved
in pathogenesis of NAFLD.

Therefore, in this study, we used rHPCs, co-
cultured with HSC-T6 or HFF-1 cells under a high
concentration of insulin-glucose conditions to develop
an in vitro model of hepatic steatosis, which dissociated
from insulin resistance for potentially investigating
the dissociation mechanism. The developed model
displayed obvious intracytoplasmatic lipid droplet
accumulation and gradual growth into macrovesicular
lipid vacuoles. Notably, the analysis of genes of de
novo lipogenesis (DNL) significantly showed that the
infiltrated fatty was caused by up-regulating SREBPIc
and ELOVLG6. Furthermore, the CYPs, PCKI, PDK4,
and G6pase gene analysis suggested that rHPCs'
drug-metabolism function was altered in the co-
culture system, and the developed hepatosteatosis
was dissociated from insulin resistance. Together,
the results indicate that the co-culture system used is
an effective approach to develop an in vitro insulin
resistance dissociated hepatic steatosis model, which
will potentially be used to investigate the dissociation
mechanism and develop a novel drug for its treatment.

2. Materials and Methods
2.1. Isolation of primary rat hepatocytes

A two-step collagenase perfusion method was used to
isolate primary hepatocytes from Wister rats. Briefly,
after anesthetizing and sterilizing, the abdominal
cavity of rats was opened to expose the portal vein
and the inferior vena cava. Sequentially, the catheter
was placed into the portal vein, and continuously pre-
warmed Hank's Balanced Salt Solution (Gibco, New
York, USA) containing EGTA (Coolaber, Beijing,
China) and Digestion Medium including Type IV
collagenase (Coolaber, Beijing, China) were perfused at
25-30 mL/min. After perfusion, the liver was carefully
and integrally gathered and transferred to a culture
dish containing Digestion Medium. Then, the liver
capsule was torn by ophthalmic forceps and constantly
shaked to dissociate liver cells into the medium. After
dissociation, the hepatocyte suspension was filtered
through a 70 pum filter and separated by centrifugation
at a speed of 50 g for 2 min. Finally, Percoll gradient
centrifugation was performed to purify the isolated
hepatocytes.

2.2. Cells cultures

Isolated hepatocytes were stained with trypan blue and
subsequently counted to calculate the number of alive
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hepatocytes. After counting, 8 x 10° hepatocytes were
seeded on a culture dish and cultured in an adherent
medium, which contained DMEM (Gibco, New York,
USA), 10% fetal bovine serum (FBS, Gibco, New
York, USA), 1% penicillin-streptomycin (Gibco,
New York, USA), 1% ITS (Insulin, Transferrin, and
Selenium) (Cyagen, Guangzhou, China), 15mM
HEPES (1M, Gibco, New York, USA) and 1 uM
dexamethasone (Solarbio, Beijing, China). After 4h
adhesion, the rat hepatic primary cells (rHPCs) were
washed with PBS twice to remove non adhering
rHPCs. Then the adhering rHPCs were subsequently
cultured for another 20h with an adherent medium. For
co-culture with rHPCs, HSC-T6 (rat hepatic stellate
cells, purchased from Conservation Genetics CAS
Kunming Cell Bank, Kunming, China) and HFF-
I(human foreskin fibroblasts, purchased from Stem
Cell Bank, Chinese Academy of Sciences, Shanghai,
China) were previously cultured in DMEM (Gibco,
New York, USA) containing 10% or 15% fetal bovine
serum and 1% penicillin-streptomycin. Then HSC-T6
or HFF-1 cells were added into the cultured rHPCs
while the medium was switched to steatosis-inducing
medium containing DMEM, 10% fetal bovine serum,
1% penicillin-streptomycin, 1% ITS, 15 mM HEPEs,
1 uM dexamethasone and 0.002 pM glucagon (Yuanye
Biotechnology, Shanghai, China) for 10d to induce fat
accumulation in hepatocytes.

2.3. Hepatocyte Function assessment

To evaluate the function of hepatocytes in the co-culture
system, the enzyme-linked immunosorbent assay kit
(Ruixin Biotech, Fujian, China) and a biochemical
assay kit (Jiancheng bioengineering, Nanjing, China)
were used to detect and measure albumin and urea
nitrogen. First, the cultured supernatant was collected
and centrifuged at 4,000 rpm for 20 min. Then the
centrifuged supernatant was used to detect albumin and
urea nitrogen following the assay kits manufacturer's
recommendations. Finally, the concentration of albumin
and urea nitrogen were calculated according to a
standard curve and established regression equation.

2.4. Oil Red O staning

For detecting accumulated lipid in intrahepatocytes,
the Oil Red O stain kit (Solarbio, Beijing, China) was
chosen. Following the kit manufacturer's instructions,
the co-cultured cell models were washed twice with
PBS, fixed in ORO Fixative solution for 30 min, washed
twice again with PBS and 60% isopropanol, stained
with ORO stain for 20 min and counterstained with
Mayer hematoxylin for 2 min, and then washed with
ORO buffer for 1 min. Finally, the images were captured
using a light microscope (Leica Microsystems, Wetzlar,
Germany). Representative photomicrographs are shown.

Table 1. Primer sequences used for PCR

Genes Sequences
CYP2EI F: 5“TGTTTCTGCTCCTGTCTGCTATTCTG-3'

R: 5'- TGGGATACTGCCAAAGCCAACTG-3'
CYPIA2 F: 5'- ACCATCTAATCAGCAAGTTCCAGAAGC-3'

R: 5'- CCGATGACATTAGCCACCGATTCC-3'
CYP34 F: 5'- CCGATGACATTAGCCACCGATTCC-3'

R: 5'- TCCTCGTGCTCCTGTATCTGTATGG-3'
Gobpase F: 5'- AGGTGGTGGCTGGAGTCTTGTC-3'

R: 5'- CTCTGGAGGCTGGCATTGTAGATG-3'
PDK4 F: 5'- GTTCTGAGGCTGATGACTGGTGTATC-3'

R: 5'- GCACTGCCGTAGACCCACTTTG-3'
PCK1 F: 5'- GTGGAAAGTTGAATGTGTGGGTGATG -3'

R: 5'- GTCTTAATGGCGTTCGGATTTGTCTTC -3'
Fads2 F: 5'- GAAGAAGACTGCTGAGGACATGAACC -3'

R: 5'- CCATTGCCGAAGTACGAGAGGATG -3'
FASN F: 5'- GTGTGGTAGGCTTGGTGAACTGTC-3'

R: 5'- GTGAGATGTGCTGCTGAGGTTGG-3'
Dgat?2 F: 5'- ACTCCTCTTCTCCAATCTGAGCCTAC-3'

R: 5- TGTGTTCACGATGCCAATCTCCAG-3'
ACC2 F: 5'- GAGTCCATCTTCCTGTCAGCCATTG -3'

R: 5'- CGCCATACAGACGACCTTGTTAGC -3'
SCD1 F: 5'- TGTCAAAGAGAAGGGCGGAAAGC -3'

R: 5'- CAGGATGAAGCACATGAGCAGGAG -3'
SREBPI F: 5'- GCCTCATCTGATTGCCATCCTTCC-3'

R: 5'- TCAACATACCGCACAAGGCAGAAG-3'
ELOVL6  F:5-CTTCCTCTTCCTCAACTTCTACACTCG-3'

R: 5'- TTCTCTGACTTGTTCACACCGTTCG-3'
ChREBP  F:5'- GCTGAACAACGCCATCTGGAGAG-3'

R: 5'- GCAGAGGAGTTACGAAGCCACATAC-3'
GAPDH F: 5- TCTCTGCTCCTCCCTGTTCT -3'

R: 5'- CCGATACGGCCAAATCCGTT -3'

F, Forward, R, Reverse.

2.5. RNA isolation and qRT-PCR

Total RNAs of cell models were extracted using
TRIZOL reagent (Invitrogen, California, USA)
according to the manufacturer's instructions. Then
Iug of extracted RNA was reverse transcribed into
cDNA following the manufacturer's instructions of
RevertAid First Stand cDNA Synthesis Kit (Thermo
Scientific, Massachusetts, USA). Then, the cDNAs
were quantified by performing quantitative real-time
PCR using SYBR Green Master Mix (Genstar, Beijing,
China) on ABI StepOnePlus real-time PCR system
(Applied Biosystems, Waltham Mass, USA). All sense
and antisense primers used for the PCR assays are
provided in Table 1. All g-PCR data was collected and
calculated as described previously (22).

2.6. Statistical analysis

SPSS ver. 20.0 (IBM, Armonk, New York, USA)
software was used to perform One-way ANOVA Test
for multiple comparisons. Statistical analysis data
is displayed as bar graph using GraphPad prism5
(GraphPad Software, California, USA). Also, the data
is shown as mean =+ standard deviation. Meanwhile,
statistically significant values of all the data were set as
P <0.05.
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3. Results

3.1. rtHPCs and HSC-T6 or HFF-1 cells (5:1 ratio) co-
culture promotes lipid droplets accumulation

For optimizing co-culture system to develop hepatocyte
steatosis, different ratios of rHPCs and HSC-T6 or HFF-
1 cells were co-cultured. As shown in Figure 1, the
intracellular rHPCs appeared with fat deposition on day
3 and significantly increased with time. However, the
proportion of accumulation lipid droplets in a ratio of 3:1
and 4:1 was obviously lower than 5:1 and 6:1 groups,
which means that greater hepatocyte numbers in the co-
culture system will promote lipid droplets accumulation
in hepatocytes. Meanwhile, the optical microscope
results showed that the micro lipid droplets gradually
grew into macro lipid droplets with increased co-culture
time, especially in the ratio 5:1 group. (Figure 1) In line
with optical microscope results, Oil Red O staining also
showed that the fat deposition gradually increased in
intracellular rHPCs (Figure 2A) and continuedly grew
into a macro lipid droplet, particularly in the ratio 5:1
group. (Figure 2B) Together, the results indicate that the
rHPCs and HSC-T6 or HFF-1 cells (5:1 ratio) co-culture

HFF-1
4:1

5:1

6:1

HSC-T6

0d 3d 5d ~7d 10d

can significantly promote rHPCs intracellular lipid
droplets accumulation.

3.2. tHPCs and HSC-T6 or HFF-1 cells co-culture
protects hepatocellular functions and alters cytochrome
P450s genes expression

Maintaining hepatocellular functions in vitro plays
a pivotal role in developing liver disease models.
Therefore, in order to confirm that the functions of the
isolated rHPCs were kept in this developed steatosis
model, the secreted albumin, urea nitrogen and gene
expression of CYP34 were measured. The results
showed that the albumin was stably secreted until day 7
in the rHPCs and HSC-T6 cells co-culture model, and
then it was significantly decreased on day 10 compared
to day 0. (Figure 3A) Similarly, in the tHPCs and HFF-
1 cells co-culture model, the secreted albumin did
not show a significant decline on days 3, 5, 7 or even
10 when compared to day 0. (Figure 3B) Contrary to
albumin, the secretion of urea nitrogen was significantly
increased on days 3, 5, 7 and 10 when compared to
normal hepatocytes (day 0) (Figure 4) In line with urea
nitrogen secretion, the gene expression of CYP34,
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quantitatively the most abundant component of human above results suggest that HSC-T6 or HFF-1 cells co-

P-450, was also increased. The result showed that it cultured with rHPCs can maintain or even enhance
was significantly up-regulated with intracellular lipid hepatocellular functions in vitro.

accumulation, and reached the highest level on day 3, Furthermore, in humans, CYPs, which function
after which its expression was decreased but higher as powerful detox enzymes play a vital role in drug
than normal hepatocytes (day 0). (Figure SA) However, metabolism and bioactivation. Therefore, in addition to

in the HFF-1 co-culture system, although the CYP34 CYP3A, other CYPs genes expression such as CYP1A2,
mRNA expression level was also increased, its highest which constitutes approximately 15% of total hepatic
level s appeared on day 5, then began to decrease and CYP enzymes, and CYP2EI, a major hepatic CYP
significantly was down-regulated compared to normal enzyme involved in the metabolism and bioactivation of
hepatocytes on day 10. (Figure 5B) In conclusion, the several drugs and toxicants, were also analyzed in this
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study developed models. Hence the results showed that
they were continually and obviously decreased in all
HSC-T6 or HFF-1 developed models. (Figure SA and B)
Thus the results suggest that although the hepatocellular
functions were protected in developed models, the related
drug metabolism CYPs genes expression was altered.

3.3. The lipogenesis gene of SREBPIc and ELOVL6
contributes to hepatosteatosis

Previous studies have reported that liver fat accumulation
was linked to DNL (23). Therefore, in our developed
model, we observed whether the DNL affects contributes
to develop hepatosteatosis. To better understand
that, the lipogenesis genes expression in the steatotic
rHPCs were analyzed, and the results showed that only
SREBPIc, generally recognized as master activator of
lipid synthesis, and ELOVLG6, an enzyme catalyzing the
clongation of palmitate to stearate, were up-regulated.
(Figure 6A, B) The up-regulation of SREBPIc was
basically consistent between the HSC-T6 co-culture
system and the HFF-1 system, while the ELOVL6 up-
regulation state was distinctly different between the two
cells co-culture system. Because in the HSC-T6 system,
ELOVL6 was sustainably up-regulated from the initial to
the day of 10, but in the HFF-1 system, ELOVL6 genes
expression was decreased on days of 3 and 5, and then it
continued to increase. On the contrary, other DNL genes
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including carbohydrate responsive element binding
protein (CAREBP), diacylglycerol acetyltransferase 2
(Dgat2), stearyl CoA desaturase 1 (SCDI), sstearyl CoA
carboxylase 2 (ACC2), fatty acid synthase (FASN), and
fatty acid desaturase 2 (Fads2) were down-regulation
in all rHPCs and HSC-T6 or HFF-1 co-culture system.
(Figure 6C) Consequently, expression of the above
genes demonstrates that SREBP1c¢ and ELOVL6 were
correlated with rHPCs steatosis development in the
HSC-T6 or HFF-1 co-culture system.

3.4. The hepatosteatosis is dissociated from insulin
resistance

Steatosis is strongly associated with insulin resistance
and there is a mutual cause-and-effect relationship
between hepatosteatosis and insulin resistance (24).
Therefore, to better understand the relationship
between hepatosteatosis and insulin resistance in our
co-culture model, we examined the level of genes
of PCK1, encoding the main checkpoint enzyme for
the control of gluconeogenesis, PDK4, and Gé6pase,
encoding an important enzyme for glycogenolysis and
glucose production. The analysis results showed that
gene expression of PCK/, PDK4, and G6pase were
significantly decreased compared to normal hepatocytes
in all tHPCs and HSC-T6 or HFF-1 co-culture systems,
(Figure 7) suggesting that in those developed models, the
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quantified by qRT-PCR, in hepatocytes. C: the other genes expression, including ChREBP, Dgat2, FASN, Fads2, SCDI and ACC2, in hepatocytes.
All values are shown as mean + standard deviation. (P < 0.05, “P < 0.01).
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hepatosteatosis is dissociated from insulin resistance.
4. Discussion

Epidemiology studies have reported that there is a mutual
cause-and-effect relationship between hepatosteatosis
and insulin resistance (3,//-74). However, this
relationship in NAFLD was challenged by some genetic
animal models and clinical patients (/5-19,25,206),
and the exact mechanistic basis of this dissociation
relationship is still incompletely understood due to the
lack of an ideal and simplistic setup model to elucidate
this dissociation mechanism. Therefore, in this study, we
used a co-culture system to develop an in vitro hepatic
steatosis cell culture model. We found that the rHPCs
and HSC-T6 or HFF-1 cells (5:1 ratio) co-culture can
protect hepatocytes function and significantly promote
rHPCs intracellular lipid droplets accumulation. Also,
the developed hepetasteatosis was correlated with gene
expression of SREBPI1c¢ and ELOVELG and, importantly,
was dissociated from insulin resistance due to the down-
regulation of gene expression of PCK/, PDK4 and
Go6pase. All results suggest that our approach used would
be an ideal and simplistic method to develop an insulin
resistance dissociated hepatosteatosis model, which will
be a suitable in vitro model to elucidate the dissociation
mechanism.

Generally, the disease of NAFLD happening and
progression is a complex and multicellular event,
because the liver fat accumulation, and inflammation
or fibrosis is a result of the interaction between two or
more cells (/3). Therefore, in this study, we cultured
rHPCs and HSC-T6 to develop steatosis and explore
this interaction. As well to declare that the induced
results such as the gene expression of DNL, PCK]/,
PDK4, Go6pase, and CYPs were not coming from
HSC-T6 cells, the heterogenous HFF-1cells were
cultured with rHPCs and set as a control for HSC-T6
developed models. Then the results showed that the
co-culture can prolong rHPCs culture in vitro to 15d
compared to rHPCs culture alone (data not shown).
In addition, the co-culture can protect hepatocyte
functions, which may be due to cell contact and soluble
factors production from HSC-T6 or HFF-1. Previous
studies have proved that co-culture hepatocytes with
HSC can maintain hepatocyte liver-specific functions
and structure through cell contact and soluble factors
(21,27). Similarly, previous study also showed that
HFF-1 was a feeder cell that can maintain stem cell
features (i.e., pluripotency, immortality, and unlimited
undifferentiated proliferation capability) when they
were cultured with stem cells (28). Moreover, in this
study we used high insulin and glucose medium, not
free fatty acid (/3,29,30), to develop steatosis, which
was enlightened by developing animal NAFLD models
through dieting low fat/high carbohydrate to mimic
clinical patients hyperglycemic-hyperinsulinemic

pathogenicity environment, and also to avoid free
fatty acid to cause a negative effect on hepatocytes
by generating cytotoxicity and caspase-dependent
apoptosis (31,32).

Hepatic DNL plays a vital role in contributing to
steatosis. As well, in this successful developed model,
we proved that its steatosis development was regulated
by gene expression of SREBPIc and ELOVL6, which
is in line with previous reports, which showed that
SREBPIc is a key transcription factor regulating lipid
metabolism (33,34). However, those studies have
shown that its regulation is through increasing its
downstream fatty acid synthesis genes including ACC,
FASN, SCD1 and ELOVLG6 (35,36). While in our model,
we only found the ELOVLG6 gene was up-regulated, and
the other lipogenesis genes such as ACC, FASN, SCD1,
Fasd and Dgat2 were not increased. Consistent with
those gene expressions, ChREBP, another major factor
that regulates fatty acid synthesis, also showed down-
regulation, which means that the down-regulation of
ACC, FASN, SCD1, Fasd and Dgat? may be regulated
by ChREBP. Because previous studies have reported
that ChREBP is also the upstream regulator of ACC,
FASN, SCD1I and Fasd (35,36). Therefore, in our
model, hepatosteatosis development may be regulated
through SREBPIc and ELOVL6 gene expression, not
ChREBP, ACC, FASN, SCDI and Fasd. While its exact
mechanism needs to be further explored.

Insulin resistance has been characterized as
the crucial pathophysiological factor and tightly
associated with every stage of NAFLD (3,6-8).
However, this association was challenged by clinical
and genetic animal studies (/5-19,25,26), showing
that hepatosteatosis is dissociated from insulin
resistance. As well, in this study, we used the co-
culture system successfully to develop hepatosteatosis,
and further gene detection of SREBPIc, ELOVEL®G,
PCKI1, PDK4 and G6pase evidence confirmed that
hepatosteatosis was dissociated from insulin resistance.
The dissociation in this model was strongly confirmed
by down-regulation of DGAT2. Because in previous
studies, they found overexpression of DGAT2 can
cause hepatic insulin resistance in mice models of
severe hepatic steatosis (37,38). Moreover, in insulin
resistance obesity, the study also found that mice with
deletion of X-box-binding protein-1(XBP-1) can lead
to develop insulin resistance in HFD-dieted conditions
(39), and the other study further found that the up-
regulation of IxB kinase beta (IKKp) activity in the
liver of obese mice can increase XBP1s activity and
reduce ER stress, resulting in a significant improvement
in insulin sensitivity (40). In line with the above
results, we also found that the gene expression of XBP-
Is was up-regulated and the other ER stress-related
genes were down-regulated in our developed model
(data not shown). Therefore, we hypothesize that the
mechanism of this insulin resistance dissociated from
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hepatosteatosis might be caused by up-regulated XBP-1
or even by XBP-1 regulating its downstream pathways.
Hence, the exact mechanism of this developed model
should be further investigated in subsequent studies.
Cytochrome P450, mainly in families CYP1,
CYP2, and CYP3, is the majority of enzymes in the
liver to metabolize hepatically cleared drugs (41).
Noteworthily, 75% of enzymatic reactions that occur
in the metabolism of drugs are related to cytochrome
P450s. As well, five genes of P450 are involved
in the metabolism of more than 90% of the small-
molecule drugs in use today (42), which suggests that
P450s play a crucial role in considering new drug
development. Therefore, in this study, we detected the
genes expression of P450 including CYP3A4, CYPIA2,
and CYP2E]. The results showed that the expression
of CYP3A was up-regulated, which was in line with
the Onni Niemela et. al. clinical study results (43).
However, this result is contrary to other recent clinical
studies (44), leading to this opposite finding which
may potentially be due to the two cells co-culture or
insulin used in the culture system. Because previous
studies have reported that co-cultured hepatocytes with
endothelial cells can provide an optimal trophic support
for the hepatocytes, which can improve functionality
of hepatocytes such as cytochrome P450 activity and
albumin secretion (45,46). As well, the other studies
also have reported that the increase of CYP34 was
caused by up-regulating of NR/I2 (nuclear receptor
subfamily 1, group I, member 2, also known as
pregnane X receptor or PXR) transcript which could be
overexpressed by induced insulin (47,48). Hence, the
CYP34 increased in our developed model may be due
to HSC-T6 of HFF-1 cells support or overexpression of
PXR by induced insulin. On the contrary to expression
of CYP3A4, CYP1A2 and CYP2E] were significantly
down-regulated, and this result is in line with in vitro
and clinical studies which showed that mRNA levels of
CYP1A2 and CYP2E1 were decreased in hepatocytes or
humans with progressive stages of NAFLD (29,30,49).
Therefore, the expression characteristics of P450 in
this developed model could guide development of
novel therapeutic drugs for treating NAFLD, which is
dissociated fatty accumulation from insulin resistance.

5. Conclusion

This study describes a co-culture approach to develop
an in vitro model of steatosis, and validates that the
hepatosteatosis was dissociated from insulin resistance.
By co-culture rHPCs with HSC-T6 or HFF-1 in high
insulin and glucose medium, we developed a simplistic
set up of an in vitro hepatosteatosis model, and genes
expression of SREBPIc, ELOVL6, PCKI, PDK4
and G6pase validated that the model is successful
and deeply shows that the steatosis is dissociated
from insulin resistance. Taken together, these studies

evidence that a high insulin and glucose stimulated co-
culture system is a valuable approach for developing
an in vitro hepatosteatosis model, which is dissociated
from insulin resistance. In addition, this developed
model will be a potential tool for investigating the
molecular mechanism of the case of NAFLD, which
dissociated from insulin resistance, thereby finding an
effective and accurate therapeutic target for treatment.
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SUMMARY Recently, the emerging role of circular RNAs (circRNAs) in tumor development and progression
has been a topic of great interest. Nevertheless, the effects of hepatic stellate cell (HSC)-derived
exosomes in hepatocellular carcinoma (HCC) remain unclear. Here, we aim to explore the potential
effect of HSC exosome-derived circWDR25 on the aggressiveness of HCC. Firstly, a microarray
analysis of circRNAs was performed to profile and identify the differentially expressed circRNAs
derived from HSC exosomes activated by HCC cells. Subsequently, the roles of circtWDR25 in HCC
tumor growth and aggressiveness were confirmed through in vitro and in vivo functional experiments.
Moreover, RNA pull-down, dual-luciferase reporter assays, and fluorescent in situ hybridization
(FISH) were performed to determine interactions in the circWDR25-miR-4474-3p-ALOX15 loop.
Immunohistochemical analysis was also performed on a microarray of HCC tissues and peritumoral
tissues. We found that overexpressed peritumoral circWDR25 was associated with survival and
recurrence in patients with HCC and promoted the progression of HCC cells both in vitro and in vivo.
Mechanistically, both exogenous and HSC exosomal-derived circWDR25 regulated the expression of
ALOX15 by sponging miR-4474-3p and ultimately inducing an epithelial-to-mesenchymal transition
(EMT) in HCC cells. Moreover, exogenous and HSC exosomal-derived circ WDR25 promoted the
expression of CTLA-4 in HSCs and PD-L1 in HCC cells. In conclusion, circWDR25 facilitated HCC
cell proliferation and invasion via the circWDR25/miR-4474-3p/ALOX15 and EMT axes and it
promoted the expression of CTLA-4 in HSCs and PD-L1 in HCC cells, thus providing insights into the
mechanism of tumor aggressiveness mediated by HSC-derived exosomal circWDR25.

Keywords liver cancer, mesenchymal cells, extracellular vesicles, circular RNA, prognosis

1. Introduction

Hepatocellular carcinoma (HCC) is one of the most
malignant tumors, accounting for approximately 90%
of all cases of primary liver cancer, and it is gradually
becoming the second deadliest tumor globally (/-
3). Although rational approaches to the diagnosis and
treatment of HCC have been developed, the long-
term outcomes are unfortunately still generally poor
due to its high metastatic ability as well as its high
recurrence rate (4-6). Thus, understanding the molecular
mechanisms of HCC, and especially the inflammatory/
immune response or genetic regulatory networks in HCC
microenvironments, is of paramount importance.

During HCC progression, activated hepatic
stellate cells (HSCs) are thought to accelerate hepato-
carcinogenesis by producing extracellular matrix proteins
and inflammatory cytokines (7). Current studies have
revealed the potential mechanisms involving activated
HSCs driving hepatocarcinogenesis by affecting cell
autophagy (8), proliferation (9), migration and invasion
(10), and tumor angiogenesis (/7). The current authors
previously reported that the secretion of HSCs, such as
IF-6-, TNF-a-, and TREM-1-mediated crosstalk with
hepatoma cells, induces a fertile environment favoring
HCC (12-14). That said, the current authors also found
that the balancing relationship between HSCs and
different infiltrating lymphocytes (e.g., Th17 cells (15)
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and yOT cells (/6)) contributes to the aggressiveness and
recurrence of HCC. However, the crucial role of HSCs
in dictating the immunologic reaction to the tumor in an
immunosuppressive network is still unclear.

Exosomes, a subset of small extracellular vesicles
(EVs) with an average size of 100 nm (range: 40-160
nm), are important media for intercellular communication
(17). Recently, a vast array of studies have suggested that
in various tumor types, tumor-derived exosomes play
an important role in information transmission between
tumor cells and the corresponding microenvironment
during tumor progression (/8,79). In addition, exosomes
derived from other different types of cells, such as
macrophages (20), mast cells (27), fibroblasts (22), and
mesenchymal stem cells (23), mediate bidirectional
crosstalk with tumor cells. In HCC, tumor-derived
exosomes have the power to activate HSCs by triggering
Hedgehog (24) and PDK1/AKT signalling (25) to
promote tumor progression. However, the roles of HSC-
derived exosomes in tumor cells and the molecular
mechanisms of exosomal HSCs in the oncogenesis and
development of HCC are still unknown.

Circular RNAs (circRNAs) are newly classified
endogenously expressed regulatory noncoding RNA
(ncRNA) members with a single-stranded circular
structure that contribute to cell growth, angiogenesis,
unlimited replicative potential, and cancer development
by sponging different miRNA sequesters (26). Mounting
evidence corroborates the fact that circRNAs induce
aberrant functions in the HCC tumor microenvironment
and mediate tumor biology. For instance, circPABPC1
can inhibit tumor cell adhesion and migration by
downregulating ITGB1 (B, integrin) in HCC (27).
Intriguingly, a recent study revealed that circPSD3
inhibited the activation and proliferation of HSCs
and subsequently alleviated hepatic fibrogenesis (28).
However, the underlying function and mechanism of
HSC exosome-derived circRNAs in cancer remain
elusive.

Based on a microarray analysis of circRNA, the
current study identified an HSC-derived exosomal
oncogenic circRNA, termed circWDR25. Moreover,
the current authors found that a high level of expression
of peritumoral circWDR25 was associated with a
poor prognosis for patients with HCC. Moreover,
circWDR25 sponges miR-4474-3p to upregulate
ALOX15 expression. Exogenous circWDR25 or HSC-
derived exosomal circWDR25 promoted hepatoma cell
proliferation, migration, and invasion and it induced
EMT in hepatoma cells. Significantly, the current
authors found that HSC-derived exosomal circWDR25
participated in the immune response in HCC
microenvironments by increasing PD-L1 expression
in hepatoma cells and CTLA-4 expression in activated
HSCs. To the extent known, this study is the first to
demonstrate that HSC-derived exosomal circWDR25
and its downstream target gene miR-4474-3p/ALOX15

play a considerable role in HCC progression and to
provide novel potential targets and approaches for
treating HCC.

2. Materials and Methods
2.1. Patients and specimens

All archival specimens were obtained from 348 patients
who were pathologically confirmed to have HCC
after RO curative hepatectomy from January 2011 to
December 2014. None of the patients had received prior
anticancer therapy or had other malignancies. All patients
were followed up until June 2021. This study was
specifically approved by the Ethics Review Committee
of the First Hospital Affiliated with Chongqging Medical
University, and written informed consent was obtained
from all participants.

2.2. Tissue microarray design, immunohistochemistry,
and H&E staining

A tissue microarray (TMA) was constructed as described
previously (/4). Immunohistochemistry (IHC) was
performed according to the manufacturer's instructions
(Invitrogen, Zymed Polymer Detection System).
Positively stained cells were observed under high-power
magnification (400%).

2.3. Survival and correlation analysis

Recurrence-free survival (RFS) and overall survival
(OS) in patients with HCC were analyzed using Kaplan-
Meier's method and the log-rank test. A multivariate
Cox proportional hazards regression model was used
to identify independent prognostic factors. Correlations
between circWDR25, miR-4474-3p, and ALOX15
expression and various clinicopathological or serological
variables were analyzed using the Mann-Whitney U test.

2.4. Cell lines and transfection of lentiviral vectors

The human HCC cell lines SMMC-7721, hep3B
(Academy of Life Sciences of Chongqing Medical
University) and HCCLM3 (Liver Cancer Institute,
Zhongshan Hospital) were cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with
10% foetal bovine serum and 1% penicillin/streptomycin.
In some experiments, to detect the effects of ALOX15
on the expression of PD-L1 in HCC cells, HCC cells
were cultured in the presence of 1 umol/mL or 10 umol/
mL ALOX15 inhibitors (PD146176, MedChemExpress,
USA) for 24 h. In some experiments, to assess the
expression of CTLA-4 in HSCs, HSCs were cultured 10
ng/mL or 100 ng/mL LPS (L2880, Sigma-Aldrich) for 24
h.

A lentiviral vector for circWDR25-overexpression
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(circWDR250E) or a lentiviral vector containing
shRNA-circWDR25 to knockdown circWDR25
(circWDR25KD), and miR-44474-3p mimics were
synthesized (Shanghai Genechem Co. Ltd., Shanghai,
China). Stable transfectants were characterized using a
quantitative real-time polymerase chain reaction (qRT—
PCR).

2.5. Isolation and identification of exosomes

The culture medium of HSCs was collected. Isolation of
exosomes from HSCs in all experiments was performed
by ultracentrifugation as described previously with minor
modifications (29). Briefly, supernatant fractions were
collected from HSC cell cultures by centrifugation at 500
g for 5 min. The supernatant was centrifuged at 2,000 g
for 10 min, and then the supernatant was collected and
centrifuged at 10,000 g for 30 min again. Exosomes
were then centrifuged at 100,000 g for 70 min to remove
shed microvesicles. The supernatant was filtered with
a 0.22-pm membrane filter (Merck Millipore). Finally,
the exosome pellet was resuspended in 10 ml of PBS
and collected by ultracentrifugation at 100,000 g for
70 min. Then, the exosome size and particle number
were analyzed and verified using a DS500 nanoparticle
characterization system (NanoSight) and electron
microscopy.

In some experiments, before isolation of exosomes,
HSCs were transfected with circWDR25KD
or circWDR250E lentivirus or a blank vector
(circWDR25NC) in order to obtain HSC exosome-
derived circWDR25KD or circ WDR250E.

2.6. Microarray analysis of circRNA

Total RNA was extracted from HSC-derived exosomes
for microarray analysis (untreated HSC-derived
exosomes and HSC-derived exosomes cocultured with
three HCC cell lines). The labelled circRNAs were
hybridized onto an Arraystar Human circRNA Array
V2 (8 x 15K, Arraystar) based on the manufacturer's
standard protocol. circRNAs that were significantly
differentially expressed in two samples were identified
through fold-change filtering > 2.0 and a p value of <
0.05.

2.7. In situ hybridization and fluorescence in situ
hybridization (FISH) testing

TMAs were dewaxed and rehydrated. Then, 3%
hydrogen peroxide was used to treat the slices for 10
minutes to inactivate endogenous enzymes. Proteinase
K was applied to the slices to expose nucleic acid
segments at 37°C for 30 minutes. After prehybridization
at 37°C for 2 h, TMAs were hybridized with specific
DIG-labelled probes at 37°C overnight. After blocking,
biotinylated anti-digoxin was added to the slices for

reaction at 37°C for 1 h. After washing, the slides were
reacted with streptavidin-biotin complex peroxidase
at 37°C for 30 minutes and stained with DAB and
hematoxylin. The method for counting positive cells
was the same as that for IHC. The procedures for the
FISH assay were similar to those for the ISH assay
except that specific FAM-labelled circWDR2S5 probes
and Cy3-labelled miR-4474-3p probes were used and
stained with DAPI. Slides were photographed under
a fluorescence microscope. The probe sequences are
shown in Table S1 (http.//www.biosciencetrends.com/
action/getSupplementalData.php?ID=107).

2.8. Dual-luciferase reporter gene detection assay

A luciferase reporter plasmid was generated using a
Mutagenesis Kit (QIAGEN, California, USA). The
targeted sequence (wild type) of ALOX15 or circWDR25
was added downstream of firefly luciferase; Renilla
luciferase was used as an internal reference. The mutant
reporter was also used as a control. After cotransfection
with the reporter plasmid and miR-4474-3p mimics or an
inhibitor or NC oligos, 293T cells were cultured in 96-
well plates for 48 h. Finally, the cells were extracted, and
firefly and Renilla luciferase activity was quantified with
a dual-luciferase reporter assay (Promega, USA).

2.9. RNA pull-down assay

A circWDR25 probe was designed and synthesized
(Shanghai Genechem Co. Ltd., Shanghai, China). Hep3B
cells were harvested and lysed. M280 streptavidin
Dynabeads (Invitrogen) were incubated with the
circWDR2S5 probe to generate probe-coated beads, which
were incubated with the cell lysates at 4°C overnight.
Then, the RNA complexes bound to the beads were
eluted and extracted with a RNeasy Mini Kit (Qiagen)
for qRT-PCR analysis.

2.10. qRT-PCR

Total RNA was isolated using TRIzol Reagent (Life
Technologies, Carlsbad, CA, USA) according to the
manufacturer's instructions. The qRT-PCR primer
sequences are provided in Table S1 (http://www.

biosciencetrends.com/action/getSupplementalData.
php?ID=107).

2.11. Western blotting

The proteins were electrophoresed using SDS-containing
polyacrylamide gels, transferred onto polyvinylidene
fluoride (PVDF) membranes (Millipore Corp., Billerica,
MA, USA), and blocked with 5% nonfat dry milk in 0.1%
Tween (TBST) buffer at room temperature for 2 h. The
membranes were incubated at 4°C overnight with the
appropriate primary antibody. Antibodies were detected
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using HRP-conjugated secondary antibody (Abcam) for
2 h at room temperature. All of the antibodies used in this
study are listed in Table S2 (Attp://www.biosciencetrends.
com/action/getSupplementalData.php?ID=107).

2.12. Cell proliferation, migration, and Matrigel invasion
assays

Cell proliferation was measured using the Cell Counting
Kit 8 (CCK-8, Dojindo, Japan) assay as described
previously (30). A total of 5 x 10’ cells were maintained
in 96-well plates. At 0, 24, 48 and 72 h after treatment,
cell viability was measured.

As described previously (/3), for transwell migration
assays, HCC cells were prestarved for 24 h prior to
running the assay, and HCC cells (1 x 10°/well) in serum-
free medium were placed in an 8-pum pore upper chamber
(24-well insert, Millipore, USA). Complete medium was
added to the lower chambers. For invasion assays, HCC
cells (1 x 10°/well) were placed in the upper chamber
with a Matrigel-coated membrane (BD, USA). After 24 h
of incubation, cells were fixed with methanol and stained
with crystal violet.

2.13. Wound healing assay

After incubation for 24 h, HCC cells were seeded
and cultured in 6-well plates (1 x 10%well) to 90%
confluence. Cell monolayers were scratched with a sterile
200-pL pipette tip to form a wound. Cell migration was
quantified by measuring the relative area of the wound
at 0, 24 and 48 h using inversion microscopy (Olympus,
Japan).

2.14. Xenograft model

Balb/c-nude mice were purchased from the National
Laboratory Animal Center (6-8 weeks old, Shanghai,
China). As described previously (37,32), six mice per
group were used for xenograft experiments, and cell
suspensions in 100 pL phosphate-buffered saline (PBS)
containing 1 x 10" HCC cells (SMMC-7721 and Hep3B)
were injected subcutaneously into the right flank.
Tumor growth was monitored and measured weekly,
and tumor volume was calculated. Tumor bulk was
calculated according to the following formula: volume =
(width® x length)/2. When the tumors reached a volume
of approximately 100 mm”’, the mice were randomly
assigned to three groups, and mice with tumors were
injected weekly with 100 pL of PBS at 5 ug per dose of
HSC-derived exosomes with circWDR25 knockdown or
blank vector for 4 weeks. Afterward, the animals were
sacrificed. All animal care and experimental protocols
were performed in line with the guidelines of the Animal
Ethics Committee of Chongqing Medical University.

2.15. Statistical analysis

Values are expressed as the mean + standard deviation
(SD). Student's ¢ test was used for comparisons
between groups. Categorical data were analyzed using
a chi-squared test and Fisher's exact probability test.
Correlations between circWDR25, miR-4474-3p, and
ALOX15 expression and various clinicopathological
or serological variables were analyzed using the Mann-
Whitney U test. RFS and OS in patients with HCC were
analyzed using Kaplan-Meier's method and the log-rank
test. A multivariate Cox proportional hazards regression
model was used to identify independent prognostic
factors. The "minimum p value" approach (33) was used
to obtain an optimal cut-off for RFS.

3. Results

3.1. CircWDR2S5 is highly expressed in activated HSC
exosomes induced by hepatoma cells

After coculturing with HCC cells (Figure 1A), HSC-
derived exosomes were successfully isolated and
identified using electron microscopy, a nanoparticle
characterization system, and exosomal biomarkers
(Figure 1B-D). According to circRNA microarray
analysis, the levels of expression of various exosomal
circRNAs from activated HSCs changed (Table S3, http://
www.biosciencetrends.com/action/getSupplementalData.
php?ID=108). Among the circRNAs that changed
significantly ( > 2-fold change and p < 0.05), 152, 145,
and 124 circRNAs were upregulated and 144, 213, and
75 circRNAs were downregulated in HSC exosomes after
stimulation with SMMC-7721, Hep3B, or HCCLM3
compared to untreated HCC cells (Figure 1E). Notably,
hsa _circRNA 004310 (GeneSymbol: WDR25) was the
most significantly and consistently upregulated exosomal
circRNA in the HSC-derived exosomes cocultured with
the three HCC cell lines (Figure 1F).

3.2. High levels of peritumoral circWDR25 and a-SMA
expression correlate with a poor prognosis for patients
with HCC

To further investigate the clinical relevance of
circWDR25 and activated HSCs in patients with HCC,
in situ hybridization (Figure 2A) was used to analyze
the expression of circWDR25 and a-SMA (an activated
HSC marker) in a TMA consisting of 348 HCC tissues.
Interestingly, the levels of circWDR25 and a-SMA
expression decreased significantly in peritumoral liver
tissues compared to paired intratumoral tissues from the
same patient (Figure S1, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=106), and
the expression was mainly localized in the cytoplasm.
Kaplan-Meier survival analysis revealed that both
intratumoral circWDR25 and intratumoral a-SMA
could not predict outcomes for patients with HCC.
However, levels of both peritumoral circWDR25 and
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Figure 1. Identification of circWDR2S5 in hepatic stellated cell (HSC)-derived exosomes. A: Diagram showing the procedure to obtain HSC-
derived exosomes for circRNA gene chip analyses. B: Transmission electron microscopy image of exosomes from HSCs indicated with red arrows.
C: Nanoparticle tracking analysis of HSC-derived exosomes, confirming that more than 95% of the detected particles ranged in size from 30-200 nm
in diameter. D: Exosome markers (CD63 and TSG101) in HSC-derived exosomes detected with Western blot analysis. E: Each panel of 2 separate
LX-2 exosomes per group (LX-2 vs. LX-2 cocultured with the three HCC cell lines, respectively) displayed hierarchical clustering based on differential
expression of circRNA genes represented as a heat map. F: Diagram of the genomic location of circWDR2S5 and the circularization of WDR25 exon 2

forming circWDR25.

peritumoral a-SMA expression were associated with OS
and RFS. Patients with high levels of expression of both
peritumoral circWDR25 and peritumoral a-SMA had
a poorer prognosis (Figure 2B). Multivariate analysis
indicated that both circWDR25 and a-SMA were
independent predictors for OS and RFS in patients with
HCC (Table S4, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=107). Together, these
results corroborated the circRNA microarray data, which
revealed increased exosomal circWDR25 expression in
tumor-activated HSCs. Moreover, these data indicated
that elevated circWDR25 expression in HSC-derived
exosomes may contribute to the progression of HCC.
Furthermore, a high level of expression of
peritumoral circWDR25 was only significantly
correlated with total bilirubin (p = 0.038). Patients with
HCC and a-SMA overexpression had larger tumors (p

= 0.030, Table S5, http://www.biosciencetrends.com/
action/getSupplementalData.php?ID=107). The level
of expression of peritumoral circWDR25 was positively
correlated with that of peritumoral a-SMA (r = 0.212, p
<0.001; Figure 2C).

3.3. HSC exosome-derived circWDR25 promotes HCC
tumor growth in vivo and in vitro

To investigate the biological functions of HSC exosome-
derived circWDR25 in HCC, a lentiviral vector for
circWDR250E or a lentiviral vector containing
circWDR25KD was successfully constructed to transfect
HSCs (Figure 2D), and a xenograft mouse model was
created (Figure 2E-F). The two HCC cell-induced tumors
indicated that tumors implanted with HSC-derived
exosomes had a larger tumor burden and grew faster than
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Figure 2. The expression and characterization of circWDR25 in HCC tissues from patients and xenograft mice. A: Consecutive sections were
used to detect the expression of circWDR25 and a-SMA via in situ hybridization in 348 pairs of peritumoral and matched intratumoral HCC tissues (400x
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of peritumoral 0-SMA. D: A lentiviral vector for circ WDR250E or circWDR25KD was successfully constructed to transfect HSCs. E: Diagram of the
procedure to establish a xenograft mouse model affected by HSC-derived exosomal circWDR25. F: Representative images of subcutaneous xenograft
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those injected

derived exosomes or a blank vector without exosomes
(Figure 2G-H).

In in vitro experiments, exosomes were isolated
from HSCs with circWDR250E or circWDR25KD
or with a blank lentiviral vector (circWDR25NC).

with circ WDR25KD transported by HSC- After coculturing with HSC-derived exosomes, the
efficiency and specificity of circWDR25 overexpression
and knockdown in HCC cells (SMMC-7721 and
Hep3B) were verified using qRT-PCR (Figure 3A).
Subsequent CCK-8 assays, transwell assays, and wound

healing assays were performed to assess proliferation,

www.biosciencetrends.com



BioScience Trends.

2022, 16(4):267-281. 273

SMMC-7721 Hep 3B

gk = 3
£ 2
2230 2825
-1 =5 &%k
=) &32
sz |
Pt e £
i 82
23 3 °
& &

0

NC KD OE

>¢

Exotlm Exoclrc

Invasion

O pPBS

3 circeWDR25KD
Invasive ability @ circWDR25NC
150 B circWDR250E

Migrative cell number

Hep 3B

Z 5
=
>
=

E SMMC-7721

OD value (450nm)
o

SMMC-7721
Oh
Hep 3B
24h

SMMC-7721
Oh
Hep 3B
24h

Migrative ability - Circ(WDR250E

SMMC-7721

= Hep 3B+Exofre VPRI OF
 Hep 3B+ExofirVPRINC
= Hep 3B+ExofreVPRIS KD
- PBS

)
g

PBS ExonircWDRZQKD ExoclrcWDRZSNC

= SMMC-7721+Exo¢i*<WPR2S OF
“+ SMMC-7721+Exofire W PR2SNC
= SMMCT72 Exgt VR KD

=

w

OD value (450nm)
4 = "= | nd
5 = o E

ExonircWDR250E

SMMC-7721

Hep 3B

O PBS

@ circWDR25KD

@ circWDR25NC

O PBS

3 circWDR25KD
@ circWDR25NC
@ circWDR250E

Relative wound area
in 24h (%)
2

Hep 3B

SMMC-7721

Hep 3B

=

Figure 3. HSC exosome-derived circWDR25 promotes proliferation, migration, and invasion by HCC cells in vitro. A: Relative circWDR25
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wase performed to assess cell migration. E: Numbers of invading and migrating cells according to a transwell assay. F: Relative wound area based on the
wound healing assay. All data are expressed as the mean =+ SD of three independent experiments. “p < 0.05, “*p < 0.01, *"p < 0.001.

migration, and invasion by HCC cells as were affected
by HSC-derived exosomes (Figure 3B-D). The CCK-
8 assay indicated that HSC-derived exosomes with
circWDR250E markedly increased the proliferation
of HCC cells, while HSC-derived exosomes with
circWDR25KD inhibited cell growth compared to the
NC and PBS groups (Figure 3B). The results of the
transwell and wound healing assays demonstrated that
HSC-derived exosomes with high circWDR25 levels
dramatically enhanced invasion by HCC cells compared
to exosomes with low circWDR25 levels (Figure 3E-
F). Collectively, these findings indicate that circ WDR25
derived from HSC exosomes plays an oncogenic role in
HCC cells.

3.4. CircWDR25 acts as a sponge for miR-4474-3p

Based on a cross-analysis of microRNA target prediction
databases (TargetScan and miRanda), 298 miRNAs with
potential binding sites for circWDR25 were identified
(Table S6, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=109). For instance, miR-

4474-3p, miR-6856-5p, miR-889-5p, miR-210-5p, and
miR-6763-5p were the most likely potential binding
sites for circWDR25 (Figure 4A). Of note, circ WDR25
had four binding sites with miR4474-3p (Figure 4B),
and miR4474-3p was the most highly enriched miRNA
in sponge complexes with circWDR25, a finding that
was confirmed by pull-down assays with a biotin-
labelled circWDR25 probe. In addition, FISH analysis
of HEK293T cells indicated that circWDR25 was
colocalized with miR-4474-3p in the cytoplasm (Figure
4C). Moreover, after a pull-down assay was performed
with a biotinylated miR-4474-3p mimic, qRT-PCR
revealed significant enrichment of circWDR25 compared
to negative controls. Moreover, miR-4474-3p was the
most highly enriched miRNA in the sponge complexes
for hepatoma cells (Figure 4D). To further verify the
specific binding region between circWDR25 and miR-
4474-3p, a dual-luciferase reporter assay was performed
in HEK293T cells. After cotransfecting HEK293T
cells with miR-4474-3p mimics and a circWDR25-
WT reporter gene, a miR-4474-3p mimic significantly
reduced the luciferase activity of the circWDR25-WT

www.biosciencetrends.com



274 BioScience Trends. 2022; 16(4):267-281.
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hsa-miR-889-5p hsa_circRNA 004310 3 0414 058 442 538
hsa-miR-210-5p hsa_circRNA 004310 3 0842 0478 439 -62.36
hsa-miR-6763-5p hsa_circRNA 004310 3 0016 425 1299

SV40 Promoter poly A

Luciferase hsa_circ_0004310

3'....AAUCGGAGUACUGGUCGGUGUU...5'
[ENRRNA!

hsa_circ_0004310-wt 5'....GCCAUGUUCCAGCCAGCCACAU... 3'

hsa_circ_0004310-mu 5'...GCCAUGUUCCAGCCUGACUCUU...

hsa-miR-4474-3p

«

hsa-miR-4474-3p 3'....AAUCGGAGUACUGGUCGGUGUU...5'
[NNRRNR!
hsa_circ_0004310-wt 5'....GGGTAAAGACGTGGAGCCACAG...

hsa_circ_0004310-mu 5'....GGGTAAAGACGTGGUGACUCUG... 3'

L W

hsa-miR-4474-3p 3'....AAUCGGAGUACUGGUCGGUGUU...5'

SRS
hsa_circ_0004310-wt 5'....UUUUCCACCUGAGAGGCCACAG...
hsa_circ_0004310-mu 5'....UUUUCCACCUGAGAGUCAAAAG... 3'

“w

hsa-miR-4474-3p

I i hsa_circ_0004310-wt
hsa_circ_0004310-mu

3'....AAUCGGAGUACUGGUCGGUGUU...5'
[NRARAA

'....CAGUCCUUUCUAAGAGCCACAU... 3'

...CAGUCCUUUCUAAGUGACUCUU... 3

v v

Local AU
371 7mer-m8 395

5'-cgAGCCATGTTCCAGCCAGCCACAE-3" UTR

L | SLLVLLLVLL |III|AGCCACA"|||

3'-2aUCGGAGUA- - - CUGGUCGGUGUU-5" miRNA
3'pairing Seed
596 7mer-m8 @15
5" -gtaaagaCTOC: - AGCCACAR-3' UTR |
a »aau<ggaghAcUGGug§§chﬁu»s- miRNA il AGCQA%A""
3'pairing Seed
731 6mer 752
5 - ttttCCACCTGAGAGGCCACAE-3' UTR | I
[N RN . illsccacallln,
3'-2aucGGAGUACUGGUCGGUGU-5" miRNA 6mer
3'pairing  Seed
781 7 803
5" -CCASTCCTTTCTAAGAGCCACAL-3' UTR
3' - 2aUC- GGAGUACUGGUCGGUGU-5" miRNA ul AGCQAQAHH'
3'pairing Seed
*kk
I bl g, 005
H £
2.8 0010 igam
3z 2
2 20 0s £ 5 o00s
£ 5 00 E<
23 3 °
g o [ X
. " N circWDR25 Control probe
cireWDR25  Cell lysis ‘robe P
probe
*kk
il S L 005
g L 005 22"
S o 0.5 Z = —
7~ £ T 004
27 004 £
£ =< 003
2 = .
S 0.03 v Z
v Z @ & 0.02
o Z 002 ZE
€ E = o 001
S o 0.01 RS
jl:) 2 ° oo I~ .00
GireWDR25  Cell Iysis ¢ireWDR25 _ Control probe
probe probe

3 NC mimics+hsa_circ_0004310-wt
3 hsa-miR-4474-3p+hsa_circ_0004310-wt

<@
S
= 1.59 @@ NC mimics+hsa_circ_0004310-mu
3 E@ hsa-miR-4474-3p+hsa_circ_0004310-mu
— *kk
&~
>, 1.0
=
2
N
23
K 0.51
D
2
-
=
@ 0.
F 2 o

Figure 4. CircWDR25 functions as a sponge for miR-4474-3p. A: The top five target miRNAs with potential binding sites for circWDR25 as
predicted by TargetScan and miRanda. B: The putative binding sites of miR-4474-3p in circWDR25. C: The colocalization of circWDR25 and
miR-4474-3p in HEK293T cells was determined using a FISH assay. D: After a pull-down assay was performed with a biotinylated miR-4474-3p
mimic, qRT-PCR indicated significant enrichment of circWDR25 compared to negative controls. E-F: The luciferase activity of the circ WDR25
dual-luciferase reporter vector (WT or MUT) in HEK293T cells cotransfected with miR-4474-3p. All data are expressed as the mean + SD of

three independent experiments. “*p < 0.001.

reporter but not the mutant circWDR25 reporter (Figure
4E-F). Thus, circWDR25 acts as a sponge of miR-4474-
3p and suppresses its expression.

3.5. MiR-4474-3p reverses the oncogenic effects of
circWDR25 in HCC cells

MiR-4474-3p mimics were successfully transfected into
HCC cells (Figure S2A, http.//www.biosciencetrends.
com/action/getSupplementalData.php?ID=106). The
levels of miR-4474-3p expression in the two HCC cell
lines decreased or increased after transfection with
lentivirus carrying circWDR250E or circWDR25KD,
respectively (Figure S2B, http.//www.biosciencetrends.
com/action/getSupplementalData.php?ID=106). After
transfecting miR-4474-3p mimics in HCC cells (Figures
S2C and S3A, http.//www.biosciencetrends.com/action/

getSupplementalData.php?ID=106), CCK-8 assays,
transwell assays, and wound healing assays indicated
that cell proliferation, invasion, and migration decreased
significantly (Figures SA-B and S3A-D, http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=106). To further elucidate the functions of
miR-4474-3p in circWDR25-induced signalling, rescue
experiments were performed with cotransfection of miR-
4474-3p mimics or miR-4474-3pNC with circWDR250E
or circWDR25NC. Promotion of the migration and
invasion by HCC cells induced by circWDR250E was
reversed by miR-4474-3p mimics in transwell assays
(Figures 5B and S3D, http.://www.biosciencetrends.
com/action/getSupplementalData.php?ID=106). These
results suggest that miR-4474-3p has an anti-oncogenic
effect on HCC cells and that it has an important function
downstream of circWDR25.

www.biosciencetrends.com



BioScience Trends. 2022, 16(4):267-281.

275

miR-4474-3p NC miR-4474-3p mimics miR-4474-3p NC miR-4474-3p mimics

miR-4474-3p NC miR-4474-3p mimics +

circWDR25 NC

SMMC-7721

Hep 3B

SMMC-7721

Invation
Invasion

= =
< 2]
é‘n Hep3B ib-b
© © p—(
= =
A B
SMMC-7721 Hep 3B

[ miR-4474-3p NC
3 miR-4474-3p mimics
Fk

-
in

[ miR-4474-3p NC
[ miR-4474-3p mimics
Fekk

in

Relative expression
of ALOX15
= o
n >
Relative expression
of ALOX15
s -
n B

C 0.0 0.0 i
SMMC-7721 Hep 3B
sk 4 _ .
H 8 E CireWDR25 NC g hudiid El °‘"¥§Bﬁ§§ I:(u
Z reWDR2SKD 2 circWDR2S
g4 B circWDR25 OF g B circWDR25 OE
% EX
H S 3 dededk H S Hekk
Bl g3t
£%s %
<
& 2
0 0

=
;>
=
“5‘40
»
<=
Jon

'S
n

Overall Survival
e o =
AR

R~
Ll

- ALOX15227 (n=252)
0.0{ + ALOX15>27 (n=96)

0.0 200 400 600 80.0
Time after surgery (month)

=

- ALOX15<27 n=252)
- ALOX15>27 (n=96)

Intratumoral

I [ I | T
0.0 200 400 60.0 80.0
Time after surgery (month)

m Peritumoral

Jo

+ + +
circWDR25 NC  circtWDR25 OE  circWDR25 OE

S - -

g - -

8 - -
5 - -

Hep 3B SMMC-7721

. + +

miR-4474-3p mimics mimics
ALOXIS [@il s st s | 75KD2
GAPDH |quwr e e s | 36 kD2

D

Hep 3B SMMC-7721
. + o+ + +
circWDR25 KD OE KD OE

ALOXIS | ot 0 & 4 .J75kDa
GAPDH |-..-..| 36 kDa

F

miR-4474-3

mimics P + + -
circtWDR25  _

OE + +

Hep 3B ALOX15 [W% s S ai | 75 kDa
SMMC7721 ALOX15 [@iiases e @S| 75 KDa

G GAPDH |« s s | 36 kDa

¢ Peritumoral ALOX15
o Intratumoral ALOX15

1204 *%

o} 1
s

2 § 1001 s

[<3 000
£ 2 80
S5 °&3000
=9 0000090
B ® 607
28 3580
SE 404 88050
3g 000000009990 000
o R4
=g aStesncnna Sasanant

T E 204 S0 00agepeesee’

o P

Figure 5. MiR-4474-3p reverses the oncogenic effects of circWDR25, which indirectly regulates ALOX15. A: Invasion and migration by HCC
cells as were affected by the miR-4474-3p mimics were analyzed using a transwell assay. B: Transwell assays indicated that miR-4474-3p reversed the
oncogenic effects of circWDR2S in four groups of HCC cells. C-D: qRT-PCR and western blot analyses of the relative levels of ALOX15 expression in
HCC cells after transfection with the miR-432-5p mimics. E-F: The relative levels of ALOX15 mRNA and protein in HCC cells after transfection with
the circWDR25KD or circWDR250E. G: Western blot analyses of the relative levels of ALOX15 expression in HCC cells after transfection with the
miR-432-5p mimics or/and circWDR250E. H: THC staining of intratumoral and peritumoral ALOX1S5 in patients with HCC (400 magnification). I:
Kaplan-Meier survival curves showing the OS and RFS for peritumoral ALOX15 expression based on a tissue microarray including 348 patients with
HCC. J: The scatter diagram showed that there were higher levels of ALOX15 expression in peritumoral liver tissues than in paired intratumoral tissues.
All data are expressed as the mean + SD of three independent experiments. “p < 0.01, *"p < 0.001.
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3.6. ALOX-15 is a downstream target of miR-4474-3p
and is indirectly regulated by circWDR25

To further investigate the potential gene targets of miR-
4474-3p and their underlying mechanism in HCC,
the online programs TargetScan and miRDB were
used to perform a bioinformatic analysis. According
to the two databases, 435 and 3,851 predicted genes
were possibly targeted by miR-4474-3p (Tables S7
and S8, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=107; http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=110). Both of these databases indicated that
ALOX15 had the highest prediction score and could be a
downstream target of miR-4474-3p. The dual-luciferase
reporter assay also demonstrated that a miR-4474-3p
mimic significantly reduced the luciferase activity of
the ALOX15 3'-UTR WT reporter but not the mutant
ALOX15 3'-UTR reporter (Figure S4A-B, http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=106). Moreover, qRT-PCR and a Western blot
analysis suggested that miR-4474-3p mimics negatively
regulated the expression of ALOXI15 in both cell lines
(Figures 5C-D and S4C, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=106). In
addition, the levels of mRNA and protein expression
for ALOX15 were positively regulated by circWDR25
(Figures 5E-F and S4D, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=106). The
effect of circWDR250E was fully rescued by miR-
4474-5p mimics (Figures 5G and S4E, http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=106). These results identified ALOX-15 as a
downstream target of miR-4474-3p that was potentially
indirectly regulated by circWDR25. Elucidation of the
regulatory mechanism involved in this signal pathway
depends partially on further investigation of the
interaction between miR-4474-3p and ALOX15.

3.7. ALOX15 is associated with the prognosis for HCC

Clinically, since the current results indicated that
circWDR25 acts as a predictor of the outcomes of
HCC and to regulate the levels of ALOX15 expression,
whether ALOX15 was associated with HCC progression
was also assessed (Figure 5H-I). Inconsistent with
the expression of circWDR25, the levels of ALOX15
expression were higher in peritumoral liver tissues
than in paired intratumoral tissues (Figure SH and 5J).
However, similar to peritumoral circWDR25, both
univariate analysis and multivariate analysis revealed that
peritumoral ALOX15 could predict the OS and RFS for
patients with HCC (Figure 51). There was no correlation
between ALOX15 and characteristics of patients with
HCC (Table S9, http://www.biosciencetrends.com/
action/getSupplementalData.php?ID=107). Together,
the aforementioned results verify that the circWDR25-

miR4474-3p-ALOX15 axis may contribute to the
tumorigenesis and progression of HCC.

3.8. Exogenous and HSC exosome-derived circWDR25
induces an EMT

A previous study by the current authors found that
activated HSC secretions facilitated the aggressiveness
of HCC via an EMT (/3). Here, whether the expression
of EMT markers was regulated by the circWDR25-
miR4474-3p pathway in vitro was further investigated.
Exogenous circWDR25KD or miR-4474-3p mimics
were found to increase the expression of E-cadherin but
decrease the expression of vimentin in both HCC cell
lines. CircWDR250E was completely rescued by miR-
4474-5p mimics (Figures 6C and S5E-F, http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=106). In addition, the EMT induced by
HSC exosome-derived circWDR25 was examined in
HCC cells. Similarly, in vitro HSC exosome-derived
circWDR25KD or circWDR250E had the same effects
on the EMT pathways in both cell lines and positively
regulated the level of expression of the downstream
gene ALOX15 (Figures 6D and S5G-J, http://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=1006). in vivo xenograft mouse experiments
indicated that exosomal circWDR25KD from HSCs
promoted EMT in tumors induced by the two HCC
cell lines, which downregulated the expression of
E-cadherin, increased the expression of N-cadherin
and vimentin, and upregulated ALOX15 expression
(Figures 6E and SS5K-N, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=106). IHC
staining for EMT markers in the subcutaneous tumor
yielded the same results as Western blotting in vivo
(Figures 6F and S50, http://www.biosciencetrends.
com/action/getSupplementalData.php?ID=106) and
further confirmed the critical effects of exosomal
circWDR25KD from HSCs on the EMT pathway.

3.9. CircWDR25 and ALOX15 synergistically regulate
the expression of PD-L1 in hepatoma cells and CTLA-4
in HSCs

A previous study indicated that ALOX15 was
upregulated in tumor-associated macrophages
(TAMs) and that it promoted CTLA-4 expression in T
lymphocytes (34). Moreover, the PD-L1 pathway that
was involved in inducing tolerance was regulated by
ALOX15 (35). Here, the ALOX-15 inhibitor PD146176
exhibited a dose-independent inhibitory effect on
the expression of PD-L1 protein in HCC cells and it
extenuated the influence of circWDR250E transported
by HSC exosomes (Figure 7A-C). After stimulation
with LPS and coculturing with HSC-derived exosomal
circWDR250E, there was a significant increase in
CTLA-4 expression in activated HSCs (Figure 7 D-F).
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These data indicated that circWDR25 and ALOX-15
played potential synergistic roles in the immune response
of the HCC microenvironment and that they might be
therapeutic targets. Moreover, a daunting challenge
would be to examine the immunotherapy effect of related
drugs on HCC via this pathway.

4. Discussion

Emerging evidence indicates that in the tumor milieu
of HCC, activated HSCs may accelerate the neoplastic
transformation of hepatocytes after interactions with
hepatocytes. The current study used RNA sequencing
to profile circRNA expression in HSCs (LX-2) after
stimulation with 3 different HCC cell lines (Hep3B,
SMMC-7721, and HCCLM3), resulting in the
identification of differentially expressed circRNAs.
This study is the first to identify the circRNA hsa
circ_004310, designated circWDR25, as a significantly
upregulated circRNA in tumor-activated HSCs and HCC
tissues. Moreover, results indicated that HSC-secreted
exosomal circWDR25 was delivered to HCC cells, it
upregulated ALOX15 expression by sponging miR-
4474-3p, and it in turn induced EMT. Moreover, loss-
and gain-of-function experiments revealed that HSC-
derived exosomal circtWDR25 enhanced the proliferation
and aggressiveness of HCC cells and facilitated the
transmission of tumor information. The oncogenic role
of circWDR25 was also corroborated by its potential
prognostic value in patients with HCC. More importantly,
results indicated that circWDR25-overexpressing HSCs
and exosomal circWDR25-stimulating HCC cells were
characterized by increased expression of CTLA-4 and
PD-L1, respectively. All of the above results suggest
that exosomal circWDR25 may provide a potential
immunotherapy-related antitumor target for patients with
HCC.

The current results indicated that circWDR25 was a
critical signal transducer in the cellular network of the
tumor microenvironment when preferentially exposed to
cancer cells via the transport of HSC-derived exosomes.
Many studies have confirmed that HCC development
and progression are greatly influenced by dozens of
circRNAs, which are enriched and stable in exosomes
and can act in cellular networks. However, few studies
have reported the role of HSC-derived exosomes in
HCC. Most recently, Xia et al. (24) confirmed that
HCC cell-derived exosomal smoothing promoted HCC
progression after activating HSCs via the hedgehog
pathway. Another recent study revealed that exosomes
derived from HSCs stimulated cytokine synthesis-release
and cell migration of macrophages and subsequently
modulated the inflammatory response and fibrosis (36).
The current study indicated that both HSC exosomal
circWDR25 and also endogenous circWDR25 enhanced
the proliferation of and invasion by HCC cells. Hence,
circWDR2S5 acts as a bridging cytokine between HSC-

to-HCC cell communications. In addition, these studies
suggested its functional properties and triggering of
hepatocarcinogenesis during the development of HCC.

Cytoplasmic exon circRNAs primarily function
through miRNA sponging. Multiple-sequence alignment
analyses have already revealed that miR-4474-3p is a
microRNA target site of some exon and intron enhancers
and silencers and transcription factors, some of which
are cancer related (37). Cross-analysis of miRanda and
TargetScan in the current study revealed that 4 miRNAs
harbored potential binding sites for circWDR25. Of
note, miR4474-3p was the most highly enriched miRNA
in the sponge complexes with circWDR25, which was
confirmed by pull-down assays with a circt WDR25 probe.
Dual-luciferase assays also verified the binding between
circWDR25 and miR-4474-3p. The above results
indicated that circWDR25 could directly bind to the seed
region of miR-4474-3p in the cytoplasm of HCC cells. A
rescue experiment to elucidate the biological function of
this complex indicated that the circWDR250E-induced
enhancement of tumor proliferation and migration
was reversed by treatment with miR-4474-3p mimics.
Therefore, this study has demonstrated that circWDR25
functions as a miR-4474-3p sponge and that it has an
effect on the proliferation of and invasion by HCC, and
especially via transportation of HSC-derived exosomes.

As a target of miR-4474-3p, ALOX15 is upregulated
in HCC cells and peritumoral tissues. Notably, ALOX1S5,
an enzyme for lipid metabolism, has been widely
reported to play important roles in a variety of human
diseases, and especially oxidative stress, immune/
inflammatory responses, and cancer (38). In HCC, Ma et
al. found that ALOX15 prevented cancer cell apoptosis
and promoted cancer cell growth and metastasis via
the interaction of the Akt/heat shock protein (HSP)-
90 pathway (39). The current study also indicated
that circWDR25 promoted HCC progression via the
circWDR25/miR-4474-3p/ALOX15 axis. Another
important finding was that peritumoral ALOX1S5 serves
as an unfavorable prognostic predictor in HCC. Given
its involvement in inflammatory responses and the
roles of the peritumoral inflammatory environment as
the principal target of intrahepatic metastasis (/4,16),
ALOX15 may facilitate intrahepatic metastases, probably
through the conversion of the proinflammatory response
to tumor development.

Recently, EMT programs, a process involving a
loss of epithelial cell polarity, extracellular matrix
remodelling, and premetastatic niche formation, have
garnered attention again due to emerging concepts and
evidence related to cancer heterogeneity and metastasis
(40). Oncogenic exosomal miRNAs (e.g., miR-23a,
miR-193a-3p, miR-210-3p, and miR-5100 (4/)) and
circRNAs (e.g., circ-0004277 (42)) are also involved in
the regulation of EMT. Similarly, the current findings
suggest that HSC exosomal circWDR25 induces
EMT in HCC via the miR4474-3p-ALOX15 axis. In
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vitro experiments also verified that HSC exosomal
and endogenous circWDR25 promoted migration and
invasion by HCC cells. Taken together, these results
provide evidence that circWDR25 can indirectly (HSC-
derived exosomes) or directly (endogenously) enhance
the progression of HCC metastasis via the EMT process.

Currently, the combination of immune checkpoint
inhibitors (ICIs), such as PD-1 and CTLA-4, has
efficacious synergistic antitumor activity and therefore
has emerged as an anticancer strategy in HCC associated
with high levels of their expression in tumor cells
and immune cells, inducing T cell inhibition and
tumor immune escape (43) . Interestingly, the current
findings indicated that circWDR25 and ALOX15
can synergistically regulate the levels of CTLA-4
expression in HSCs or PD-L1 in HCC cells, possibly
suggesting that the circWDR25-ALOX-15 signalling
pathway is involved in immunomodulatory activity
between activated HSCs and HCC cells. To date, tumor
mutational burden (TMB) and PD-L1 expression are
the most extensively studied predictive biomarkers of
immunotherapy efficacy. The results for circWDR25
and ALOX15 in the current study indicated that they
synergistically provoked the activation of the PD-
L1 and CTLA-4 pathways and may have distinct but

HCC

complementary effects in negatively regulating immune
activity and as predictive biomarkers of the efficacy of
immunotherapy. However, further studies need to explore
the in-depth mechanisms.

The current study had several limitations. (i). Given
the role of circWDR25 as an upstream gene in this
signalling pathway, its regulatory mechanism involved
miR-4474-3p-ALOXI15. A regulatory relationship
between miR-4474-3p and ALOX15 was identified, but
the specific regulatory mechanism of miR-4474-3p on
ALOX15 should be explored in the future. (i7) Further
studies need to validate the immunotherapy efficacy of
related drugs via this pathway, taking into consideration
the complexity of signalling networks, the target drug
combined with PD-1 or CTLA-4, medication dosage
and duration of administration, and even the possibility
of clinical trials. (iii) If gene knockout mice were
available, more accurate and detailed evidence regarding
drug treatment and the malignant capacity for invasion
and metastasis induced by these oncogenes could be
obtained.

In conclusion, circWDR25 was identified as a novel
circRNA that is involved in the progression of HCC.
To the extent known, few studies have examined the
mechanism of exosomal circRNAs from HSCs in HCC.
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Figure 8. Diagram of the mechanistic findings. Exogenous and HSC exosome-derived circWDR25 promotes HCC cell proliferation, migration,
and invasion through the circWDR25/miR-4474-3p/ALOX15 and epithelial-to-mesenchymal transition (EMT) axes. In addition, circWDR2S5 also

increased the expression of PD-L1 in HCC and CTLA-4 in HSCs.
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A valuable contribution of this study is the identification
of the important role of HSC-derived exosomal circRNA
(circWDR25) in cell-to-cell communications, which
may be responsible for tumor aggressiveness via the
downstream miR4474-3p/ALOX15 regulatory loop and
EMT pathway in HCC. Importantly, both circWDR25
and ALOX15 were able to predict the outcomes of
HCC and stimulate the expression of CTLA-4 and PD-
L1 (Figure 8). In this regard, both may be promising
predictive biomarkers of the prognosis for HCC and the
efficacy of immunotherapy.
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SUMMARY

Keywords

Methylenetetrahydrofolate reductase (MTHFR) genetic polymorphism rs1801133 (677C>T)
will decrease the utilization of folate. Folate deficiency and its resulting homocysteine (HCY)
accumulation can impair female fertility. Folic acid (FA) supplementation is necessary in pregnant
women who are undergoing in-vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI)
- embryo transfer (ET), and especially in women with MTHFR rs1801133 C-to-T mutations. At
present, affordable and accessible synthetic FA is mainly used. However, some studies have suggested
that 5-methylenetetrahydrofolate (5-MTHF), a type of active FA, may be more suitable for women
with the MTHFR 677C>T polymorphism, since it is safer and more effective. This retrospective study
aimed to evaluate whether the MTHFR rs1801133 gene polymorphism is related to the pregnancy
outcomes of IVF/ICSI-ET recipients after sufficient supplementation with FA instead of 5-MTHF.
Data on 692 women undergoing IVF/ICSI-ET and taking adequate FA were collected. Participant
characteristics were compared using the Kruskal-Wallis test and Pearson chi-square test. Logistic
regressions were used to calculate the odds ratio (OR) and 95% confidence interval (95% CI), after
adjusting for age, BMI, method of fertilization, method of embryo transfer and number of embryos
transferred. An additive model (T/T vs. C/C), dominant model (C/T + T/T vs. C/C), and recessive
model (T/T vs. C/T + C/C) were evaluated. Analysis revealed that MTHFR rs1801133 in IVF/ICSI-
ET women with adequate FA supplementation was not associated with the pregnancy rate but with
age (OR =0.91, 95% CI = 0.88, 0.94, P < 0.001) and BMI (OR = 0.95, 95% CI = 0.90, 0.997, P =
0.037). In 349 clinically pregnant women, no association of the MTHFR 677C>T with pregnancy
outcomes was found in the additive model, dominant model, or recessive model. Of the 273 women
with positive pregnancy outcomes, 34 had a preterm delivery. MTHFR 677C>T was not associated
with a preterm delivery after adjusting for age and BMI. The current results indicated that MTHFR
polymorphism rs1801133 was not related to the pregnancy rate or pregnancy outcomes of women
undergoing IVF/ICSI-ET with adequate synthetic FA supplementation, suggesting that simple
supplementation with less expensive and readily available FA, rather than expensive 5-MTHEF,
appeared to be appropriate.

methylenetetrahydrofolate reductase, IVF/ICSI-ET, folic acid supplementation, active folic acid,
5-MTHE, adverse pregnancy, preterm delivery

1. Introduction

Folic acid (FA) is an important type of vitamin B,
which is involved in various biological transmethylation
reactions that include many physiological and
pathological processes. Folate deficiency elevates
the frequency of uracil misincorporation into DNA,
disrupts nucleic acid integrity, slows DNA replication,

and increases the risk of chromosomal breakage,
thereby negatively affecting female fertility and fetal
viability (/). Severe folate deficiency before and during
pregnancy can lead to oocyte and follicle development
disorder, reduced endometrial receptivity, and impair
the implantation process and fetal development (2). In
addition, folate deficiency can lead to the accumulation
of homocysteine (HCY), which may damage the
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vascular endothelium and disrupt the coagulation
and fibrinolytic system, subsequently causing
hypercoagulability and eventually leading to recurrent
abortion, fetal growth restriction, and stillbirth (3-5).

The methylenetetrahydrofolate reductase
(MTHFR) gene is located at the end of the short arm of
chromosome 1 (chr1:11796321), and is 2.2 kb long. One
of the most common single nucleotide polymorphisms
(SNPs) in the MTHFR gene is rs1801133 (677C>T). A
systematic review and meta-analysis indicated that the
overall T allele frequency of MTHFR rs1801133 was
36.9% in Chinese (6), and 78.4% of Chinese people
have homozygous or heterozygous mutations (7);
this figure exceeds that in many other countries. The
C-to-T transition results in a missense mutation that
changes alanine (Ala) to valine (Val), which reduces
the thermal stability and activity of MTHFR (§). The
enzyme activity of individuals with homozygous TT
mutation was about 30% of that in individuals with
the wild-type (CC) genotype, whereas individuals
with the heterozygous genotype (CT) had about 65%
of the wild-type enzyme activity (9). Subsequently,
the mutated genotype reduced the capacity to convert
5,10-methylenetetrahydrofolate (5,10-MTHF)
to 5-methylenetetrahydrofolate (5-MTHF), the
predominant circulating form of folate, thus decreasing
the utilization of folate (/0) (Figure 1). Several studies
have suggested that the MTHFR gene is a major genetic
factor for adverse pregnancy outcomes (APOs) (/1-
14). Moreover, intake of FA from supplements has been
found to reduce the risk of spontaneous abortion and
pregnancy complications (/5-17).

In-vitro fertilization (IVF), intracytoplasmic sperm
injection (ICSI), and embryo transfer (ET) are assisted
reproductive techniques (ARTs). Several studies have
indicated that women after IVF/ICSI-ET have a higher
spontaneous miscarriage rate than those after natural
conception (/8,19). In addition, IVF/ICSI-ET was found
to be associated with preterm delivery (20). With the
implementation of the three-child policy and the increase
in women of advanced maternal age in China, the need
for and use of ART is also estimated to be increasing.

FA supplementation is necessary in pregnant women
who are undergoing ART, and especially in women
with MTHFR rs1801133 C-to-T mutations. Therefore,
the choice of the type of FA supplementation is not
only a family-related but also a social issue that needs
to be addressed. At present, synthetic FA is mainly
used. Synthetic FA is a form of FA extracted and
synthesized from the chemical raw material L-N-p-
aminophenylmethylcool glutamic acid or 2,4,5- triamino
-6- hydroxypyrimidine sulfate, and it has the advantages
of good stability and affordability. China has been
implementing a folate fortification policy since 2009,
providing free supplements of synthetic FA to women of
childbearing age.

Nevertheless, studies have pointed out that the

Missense mutation
Ala — Val
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Figure 1. Possible mechanism of MTHFR rs1801133 affecting
folic acid and pregnancy outcomes. MTHFR rs1801133 will lead
to a missense mutation that changes Ala to Val, which can decrease
the thermal stability and reduce the activity of MTHFR. The enzyme
activity of individuals with homozygous TT mutation is about 30%
of that in individuals with the wild-type (CC) genotype, whereas
individuals with the heterozygous genotype (CT) have about
65% of the wild-type enzyme activity. Subsequently, the mutated
genotype reduces the capacity to convert 5,10-MTHF to 5-MTHFE,
the predominant circulating form of folic acid, thus decreasing the
utilization of folic acid.

conversion of synthetic FA to 5-MTHF is limited in
women with the MTHFR rs1801133 CT or TT genotype
(21,22), and FA is inactive until reduced into the bioactive
folate derivative, 5S-MTHF (23). Active FA, 5-MTHF, is
the main circulating form of folate in the body, and it can
bypass the MTHFR block. However, whether active FA
is better than synthetic FA in preventing APOs remains a
subject of controversy (24,25).

Folate levels in women are still low even in countries
with mandatory folate fortification (27). Since China is
a developing country with a large population, affordable
and accessible synthetic FA is more readily available
than 5-MTHF, which is more expensive. Therefore,
the aim of the current study was to evaluate whether
MTHFR 151801133 gene polymorphism was related to
the pregnancy outcomes of IVF/ICSI-ET subjects after
taking sufficient synthetic FA supplements.

2. Materials and Methods
2.1. Study population

The study population was 692 women who underwent
IVF/ICSI-ET at Zhoushan Women's and Children's
Health Hospital from 2016 to 2020. All of the women
had adequate synthetic FA supplementation depending
on their genotype, and they sought the treatment due to
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fallopian tube or ovulation disorders or rare, weak, or
abnormal sperm of their husbands.

2.2. Genotype determination

The extraction of whole-genome DNA from blood
samples was performed using QIAquick PCR
purification kits (QIAGEN, Germany). The MTHFR
rs1801133 genotype was determined using a fluorescence
PCR detection kit (PCR-fluorescence probe) designed
by Osama Medicine (Shenzhen, Guangdong, China).
Genotyping was performed under the following
conditions: a 25-puL. whole blood sample, a 16-uL. PCR
reaction system, reaction conditions of 45 cycles, 95°C
denaturation for 15 s, and 60°C annealing/extension for
1 min, as recommended by the manufacturer. After the
reaction was completed, the end point fluorescence in
sample wells was read on the ABI 7900 fluorescence
quantitative PCR instrument (Applied Biosystems, Foster
City, CA), and the genotyping results for each sample
were determined using the ABI 3730 Genetic Analyzer
(Applied Biosystems, Foster City, CA).

2.3. Ovarian stimulation and oocyte retrieval

A controlled ovarian hyperstimulation protocol was
tailored to the individual. According to comprehensive
factors such as age of the woman, ovarian preparation,
and outcomes of previous ovulation induction
protocols, a long luteal phase protocol, a long early
follicular phase protocol, an overlength protocol, a
short protocol, an antagonist protocol, a natural cycle
protocol, or a microstimulation protocol was adopted.
When the diameter of two dominant follicles was >
18 mm and that of three follicles > 16mm, human
chorionic gonadotropin (HCG) (a recombinant HCG
alfa solution for injection, Merck Serono Sweden;
chorionic gonadotrophin for injection, Livzon China,
6500/8500 IU) was injected at 9 PM on the same
night. If the follicle diameter was > 14 mm and urine
luteinizing hormone (LH) was positive or blood LH
> 10 mIU/ml, the oocyte was retrieved 24 hours after
the immediate injection of HCG. Oocyte retrieval was
performed under ultrasound guidance using a K-OPSD
oocyte retrieval needle (Cook, Australia).

2.4.IVF/ICSI-ET

The oocytes and sperm are then fertilized using IVF or
ICSI and cultured in vitro on cleavage stage/blastocyst
culture medium (Vitrolife Sweden). Embryo transfer
was performed using a K-JETS catheter (Cook,
Australia) 3-5 days after oocyte retrieval. Women
younger than 35 years of age or who had received IVF/
ICSI-ET for the first time underwent single embryo
transfer, while women older than 35 or who had failed
IVF/ICSI-ET several times received 2-3 embryos.

2.5. Determination of pregnancy

Twelve days after transplantation, a urine pregnancy
test or a blood HCG quantitative test was conducted.
For HCG-positive patients, the first vaginal ultrasound
was performed 21 days after transplantation to exclude
ectopic pregnancy. Ultrasound was performed again
after 28 days to determine the number of embryos and
their development.

2.6. FA supplementation

Patients were encouraged to take FA (Silian, China),
instead of 5-MTHF, depending on their genotype. For
the CC genotype: 400 pg/day FA was taken three months
before pregnancy, 400 pg/day FA was taken in early
pregnancy (0-12 weeks), and food supplementation was
considered in middle/late pregnancy (13-40 weeks),
but no extra supplementation was needed. For the CT
genotype: FA was supplemented 400 pg/day three months
before pregnancy, 800 pg/day in early pregnancy (0-12
weeks), and 400 pg/day in middle/late pregnancy (13-40
weeks). For the TT genotype: FA was supplemented 800
pg/day three months before pregnancy, 800 pg/day in the
early pregnancy (0-12 weeks), and 400 pg/day in middle/
late pregnancy (13-40 weeks).

2.7. Statistical analysis

Characteristics of participants with different genotypes
were compared using the Kruskal-Wallis test for
continuous variables and the chi-square test or Fisher’s
exact test for discrete variables. Genotype and allele
frequencies were calculated. Observed genotype
frequencies in different genotypes were separately tested
for deviation from the Hardy—Weinberg equilibrium
(HWE) using the exact test. Logistic regressions
were used to calculate the odds ratio (OR) and 95%
confidence interval (95% CI), after adjusting for
age, body mass index (BMI), method of fertilization,
method of embryo transfer and number of embryos
transferred. An additive model (T/T vs. C/C), dominant
model (C/T + T/T vs. C/C), and recessive model (T/T
vs. C/T + C/C) were evaluated to assess the strength of
association between MTHFR polymorphism rs1801133
and pregnancy outcomes. All significance tests were
two-sided; a P value of < 0.05 was considered to be
statistically significant. Data analyses were performed
using the software platform SPSS v.26.0 (IBM, Armonk,
NY, USA).

3. Results
3.1. Participant characteristics

The age range of the 692 women was between 22
and 49 years of age, and the range of their BMI was
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Table 1. Participant characteristics

MTHFR rs1801133 genotype

Characteristics P
CC (n=316) CT (n=226) TT (n=150)
Age, years (mean + SD) 33.13+4.64 32.51+£4.65 3291 +4.33 0.34°
BMI, kg/m* (mean + SD) 22.11+2.95 22.32+3.01 2247 +3.17 0.53"
Method of fertilization (n, %)
IVF 235 (74.37) 173 (76.55) 114 (76.00) 0.83
ICSI 81 (25.63) 53 (23.45) 36 (24.00)
Method of embryo transfer (n, %)
FET 251 (79.43) 171 (75.66) 121 (80.67) 0.44°
ET 65 (20.57) 55(24.34) 29 (19.33)
Number of embryos transferred (n, %)
1 99 (31.33) 71 (31.42) 43 (28.67) 0.82"
>2 217 (68.67) 155 (68.58) 107 (71.33)

BMI: body mass index; ET: fresh embryo transfer; FET: frozen embryo transfer; ICSI: intracytoplasmic sperm injection; IVF: in-vitro

fertilization; “Kruskal-Wallis test. "Pearson chi-square test.

Table 2. Pregnancy outcomes

MTHFR rs1801133 genotype

Pregnancy outcome 14
CC (n=1316) CT (n=226) TT (n=150)
Not pregnant (1, %) 149 (47.15) 89 (39.38) 69 (46.00) 0.18"
Pregnancy 167 (52.85) 137 (60.62) 81 (54.00)
Biochemical pregnancy (1, %) 21 (12.57) 12 (8.76) 3(3.70)
Positive pregnancy outcome (7, %) 114 (68.26) 95 (69.34) 64 (79.01)
Adverse pregnancy (n, %) 32 (19.16) 30 (21.90) 14 (17.28)
Miscarriage (1, %) 22 (68.75) 21 (7.00) 9 (64.29)
Ectopic pregnancy (n, %) 9(28.13) 6(2.00) 4(28.57)
Preterm delivery (n, %) 13 (11.40) 10 (10.53) 11 (17.19) 0.42°

“Pearson chi-square test. ‘Between pregnant patients and non-pregnant patients.

between 32.66 kg/m’® and 16.02 kg/m’. Based on the
genotype of MTHFR rs1801133, 316 (45.66%) women
were classified as wildtype homozygotes (CC), 226
(32.66%) women were classified as heterozygotes (CT),
and 150 (21.68%) women were classified as mutated
homozygotes (TT). There were no differences found
regarding age (P = 0.34), BMI (P = 0.53), method of
fertilization (P = 0.83), method of embryo transfer (P
= 0.44), or number of embryos transferred (P = 0.82)
among the three genotypes (Table 1).

3.2. Pregnancy outcomes

The pregnancy outcomes were compared among the
different genotypes. Results revealed no significant
differences in pregnancy rates of wildtype homozygotes
(CC, 47.15%), heterozygotes (CT, 39.38%), or mutated
homozygotes (TT, 46.00%). Among pregnant women,
12.75% of wildtype homozygotes (CC), 8.76% of
heterozygotes (CT) and 3.7% of mutated homozygotes

(TT) had a biochemical pregnancy. One hundred
and fourteen pregnant women with the CC genotype
(114/167, 68.26%), 95 with the CT genotype (95/137,
69.34%), and 64 with the TT genotype (64/81, 79.01%)
had a positive pregnancy outcome (live birth > 1), while
32 with the CC genotype (32/167, 19.16%), 30 with
the CT genotype (30/137, 21.90%), and 14 with the
TT genotype (14/81, 17.28%) had adverse pregnancy
outcomes including miscarriage, ectopic pregnancy, and
other pathological pregnancies (Table 2). The proportion
of preterm deliveries by women with a positive
pregnancy outcome is also shown in Table 2.

3.3. Association of the MTHFR rs1801133 genotype with
a successful pregnancy

All DNA samples were successfully genotyped for
rs1801133, and this SNP deviated from HWE (P < 0.01)
in women receiving [VF/ICSI-ET. The proportions
of each genotype among 385 pregnant and 307 non-
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Table 3. Association of MTHFR rs1801133 with pregnancy or no pregnancy

N (%)
Variables OR (95% CI) P
Pregnancy (n = 385) No pregnancy (n = 307)

Genotype/Allele

CcC 167 (43.38) 167 (43.38) reference

CT 137 (35.58) 137 (35.58) 1.35(0.94, 1.95) 0.10

TT 81(21.04) 81 (21.04) 1.03 (0.68, 1.55) 0.89
Age 0.91 (0.88, 0.94) <0.001
BMI 0.95 (0.90, 0.997) 0.04
Additive model

cC 167 (43.38) 167 (43.38) reference

TT 81(21.04) 81(21.04) 1.02 (0.68, 1.54) 0.92
Dominant model

CcC 167 (43.38) 167 (43.38) reference

CT+TT 218 (56.62) 218 (56.62) 1.21 (0.88, 1.66) 0.23
Recessive model

TT 81 (21.04) 81 (21.04) reference

CT+CC 304 (78.96) 304 (78.96) 1.11 (0.76, 1.62) 0.60

pregnant women are shown in Table 3. Logistic
regression was used to analyze the association between
the MTHFR rs1801133 genotype and a successful
pregnancy, after adjusting for age, BMI, method of
fertilization, method of embryo transfer, and number
of embryos transferred. An additive model, dominant
model, and recessive model were all assessed (Table 3).
Results indicated that MTHFR genetic polymorphism
rs1801133 was not associated with a successful
pregnancy but with age (OR =0.91, 95% CI = 0.88-0.94,
P <0.001) and BMI (OR = 0.95, 95% CI = 0.90, 0.997,
P =0.04) (Table 3) (Figure 2).

3.4. Association of the MTHFR rs1801133 genotype with
pregnancy outcomes

Of 385 pregnant women, 349 were clinically pregnant,
and 36 were biochemically pregnant. The proportions of
genotypes in positive and adverse pregnancy outcomes
are shown in Table 4. Results indicated that after
adjusting for covariates, MTHFR rs1801133 was not
associated with pregnancy outcomes in the additive
model, dominant model, or recessive model. However, a
younger age (OR =0.92, 95% CI = 0.86-0.98, P = 0.01)
was positively associated with pregnancy outcomes
(Table 4) (Figure 2).

3.5. Association of the MTHFR rs1801133 genotype with
preterm delivery

The association of MTHFR rs1801133 with a preterm
delivery was further analyzed in 273 women with
positive pregnancy outcomes. The genotype proportions

at Zhoushan Women's and Children's

692 women who underwent IVF/ICSI-ET
Health Hospital from 2016 to 2020

I
Genotype determination: MTHFR rs1801133 (677C>T)‘

Ovarian stimulation and oocyte retrieval
IVF/ICSI-ET

Pregnancy (n=385)
CC (43.38%)
CT (35.58%)
TT(21.04%)

MTHFR rs1801133
was not associated

with successful
pregnancy

|
|

i

CT (28.99%) !
| TT (22.48%) |
|

i

MTHFR rs1801133
was not associated
with pregnancy

outcomes

Positive pregnancy (n=273) || Adverse pregnancy (n=76)
<] CC (41.76%) CC (42.11%)

CT (34.80%) CT (39.47%)
TT(23.44%) TT (18.42%)

Preterm birth (n=34)
<::| CC (39.24%)

MTHFR rs1801133

Normal birth (n=239)
was not associated o

CC (42.26%)

CT (29.41Y CT (35.56
with preterm birth TT(32.35°/:)) TT ((22A1300))

Figure 2. Flow diagram of the study population and results. A
total of 692 women were included. They all received sufficient folic
acid supplementation, and their genotype of MTHFR rs1801133
was determined. These participants were divided into two groups
depending on whether they were pregnant or not. Then, the
participants who were pregnant were divided into two groups, those
with a positive pregnancy and those with an adverse pregnancy. The
participants with a positive pregnancy were divided into two groups,
those with a preterm delivery and those with a normal delivery.

in preterm deliveries and normal deliveries are shown in
Table 5. MTHFR rs1801133 was not associated with a
preterm delivery after adjusting for age and BMI (Table 5)

(Figure 2).
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Table 4. Association of the MTHFR rs1801133 genotype with pregnancy outcomes

N (%)
Variables OR (95% CI) P
Positive pregnancy (n =273)  Adverse pregnancy (n = 76)

Genotype/Allele

CC 114 (41.76) 32 (42.11) reference

CT 95 (34.80) 30 (39.47) 0.85(0.47, 1.51) 0.57

TT 64 (23.44) 14 (18.42) 1.29 (0.63, 2.61) 0.49
Age 0.92 (0.86, 0.98) 0.01
BMI 0.99 (0.90, 1.07) 0.73
Additive model

CcC 114 (41.76) 32 (42.11) reference

TT 64 (23.44) 14 (18.42) 1.28 (0.62, 2.65) 0.50
Dominant model

CcC 114 (41.76) 32 (42.11) reference

CT+TT 159 (58.24) 44 (57.89) 0.99 (0.59, 1.67) 0.96
Recessive model

TT 64 (23.44) 14 (18.42) reference

CT+CC 209 (76.56) 62 (81.58) 0.72 (0.37, 1.39) 0.33
Table 5. Association of the MTHFR rs1801133 genotype with a preterm delivery

N (%)
Variables OR (95% CI) P
Preterm delivery (n = 34) Normal delivery (n = 239)

Genotype/Allele

CcC 13 (38.24) 101 (42.26) reference

CT 10 (29.41) 85 (35.56) 0.89 (0.37,2.16) 0.80

TT 11 (32.35) 53 (22.18) 1.63 (0.68, 3.94) 0.28
Age 0.93 (0.84, 1.03) 0.15
BMI 0.97 (0.86, 1.10) 0.66
Additive model

CC 13 (38.24) 101 (42.26) reference

TT 11 (32.35) 53 (22.18) 1.65 (0.68, 3.98) 0.27
Dominant model

CC 13 (38.24) 101 (42.26) reference

CT+TT 21 (61.76) 138 (57.74) 1.16 (0.55, 2.45) 0.70
Recessive model

TT 11 (32.35) 53 (22.18) reference

CT+CC 23 (67.65) 186 (77.82) 0.58 (0.26, 1.29) 0.18

4. Discussion

This study found no association between MTHFR
polymorphism rs1801133 and pregnancy outcomes
of women undergoing IVF/ICSI-ET with adequate
synthetic FA supplementation. MTHFR rs1801133 fits
the additive model, but results were also analyzed in a
dominant model and a recessive model. Age was found
to be related to the pregnancy rate (OR = 0.91, 95%
CI = 0.88-0.94, P < 0.001) and pregnancy outcome

(OR =0.92, 95% CI =0.86-0.98, P = 0.01), which was
consistent with the results of previous studies (/8,26).
Older women may have an increased risk of impaired
oocyte quality and chromosomal abnormalities and
decreased endometrial receptivity (27-29). In addition,
BMI also had an impact on the pregnancy rate (OR =
0.95, 95% CI = 0.90, 0.997, P = 0.04). Obese women
often have impaired folliculogenesis, ovulation,
and conception, resulting in decreased reproductive
potential (30).
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The conversion of 5,10-MTHF to 5-MTHEF, a co-
substrate for the re-methylation of HCY to methionine,
requires the protein encoded by the MTHFR gene. The
T allele of rs1801133 will lead to decreased activity of
MTHFR, thus affecting the conversion of 5,10-MTHFR
to 5-MTHEF, and reduce the amount of folate circulating
in the blood. In addition, the T allele of rs1801133
can also reduce the rate of FA utilization (8). Studies
have been conducted to evaluate the association
between MTHFR genetic polymorphism rs1801133 and
pregnancy outcomes. Some have found that the mutated
T allele of MTHFR rs1801133 was associated with a
higher risk of adverse outcomes, including spontaneous
abortion, premature birth, and stillbirth (2,7/,31-33).

Folate deficiency and its resulting HCY accumulation
can impair female fertility; possible mechanisms for
this include reduced cell division, increased apoptosis,
overproduction of inflammatory cytokines, impaired
nitric oxide (NO) metabolism, oxidative stress, and
defective methylation reaction (34). Moreover, maternal
demand for folate increases during pregnancy, and a
maternal folate deficiency often leads to APOs (35).
Previous in vivo experiments have found that in the
absence of maternal folate, placental mTOR signaling
and amino acid transporter activity are inhibited (36)
as well as the uterine decidualization (37) and decidual
angiogenesis in pregnant mice (38), subsequently causing
placental dysplasia and dysfunction and ultimately
resulting in fetal growth restriction. A case-control study
in Venezuela confirmed the association between maternal
folate deficiency and an increased risk of a preterm
delivery at the end of the third trimester and in labor (39).
Another case-control study in Sweden suggested that the
increased risk of early spontaneous abortion was also
associated with low plasma folate levels (40).

Taking high doses of FA can prevent developmental
delay and placental abnormalities (4/) that may reduce
the risk of low birth weight and premature birth (36).
FA supplementation is especially necessary in patients
undergoing IVF/ICSI-ET because of the inherent risk of
an adverse pregnancy. Patients taking FA supplements
were found to have significantly reduced HCY levels
in follicle fluid, indicating that the recovered oocytes
would be more mature and of better embryo quality (42).

However, studies in recent years have indicated that
5-MTHEF is safer than FA. 5-MTHF is comparable to
FA in reducing HCY, and it is comparable to or more
effective than FA in maintaining serum and plasma
folate levels (43). Compared to FA, 5-MTHF is less
likely to cause unmetabolized folic acid (UMFA)
syndrome or mask a B12 deficiency (43).

A Chinese study analyzed MTHFR polymorphism
in normal pregnant patients and found that active FA
(5-MTHF) had a significant therapeutic effect for
patients with MTHFR rs1801133 C-to-T mutations.
In patients without such a mutation, the therapeutic
effect of 5S-MTHF did not differ significantly from

that of FA (25). A possible explanation for this is that
5-MTHF does not require the already reduced activity
of MTHFR in individuals with the MTHFR 677C>T
polymorphism to convert 5,10-MTHFR to 5-MTHF to
become effective, but it can function directly.

5-MTHF appears to be more advantageous in
women with the MTHFR 677C>T polymorphism than
FA. However, a randomized, double-blind, placebo-
controlled trial found that there was no difference
in the abortion rate between women with MTHFR
677C>T polymorphism taking 5-MTHF and those
taking FA; that is, there was no beneficial effect of
5-MTHF compared to FA supplementation (44). The
current study also found that for women undergoing
IVF/ICSI-ET, taking a sufficient amount of FA, rather
than 5-MTHEF, starting 3 months before conception can
lead to a result where the MTHFR 677C>T genotype is
irrelevant to the pregnancy outcome.

Although 5-MTHF has a slight advantage in
increasing serum folate levels for the population with
the MTHFR 677C>T polymorphism, previous studies
found no difference in the effect on HCY in groups
taking FA or 5-MTHF (44,45). Pharmacokinetic studies
have also attempted to explain the possible reason why
5-MTHF did not appear superior to FA in improving
pregnancy outcomes. On each of the four mornings
following the start of dosing (7.5 mg/day), the serum
total folate level of 5-MTHF was 23 to 55% higher
than that of FA. Interestingly, 12 days later, when
both groups continued to take a dose of 0.4 mg/day,
serum total folate levels in the S-MTHF and FA groups
were indistinguishable (27). One of the advantages of
5-MTHEF is that it can replenish the body's reserves
more quickly in women with a folate deficiency.
However, the quick replenishment for women
undergoing IVF/ICSI-ET seems unnecessary since they
usually start taking a full, genotypic dose of FA three
months before conception.

For developing countries like China, affordable and
more accessible synthetic FA seems to be cost-effective
for most women than expensive 5S-MTHF at the current
stage. Because, according to the current results, the
use of synthetic FA alone, in a sufficient amount
and with enough time, can nullify the association
between the MTHFR 677C>T genotype and pregnancy
outcomes in IVF/ICSI-ET recipients. However, the
related mechanism and whether FA alone is enough
to eliminate the effects of the MTHFR 677C>T
polymorphism still needs to be investigated further.

In summary, the current study did not find that
MTHFR polymorphism rs1801133 was related
to the pregnancy rate or pregnancy outcomes of
women undergoing IVF/ICSI-ET with adequate
synthetic FA supplementation, suggesting that simple
supplementation with less expensive and readily
available synthetic FA, rather than expensive 5-MTHE,
appeared to be appropriate.

www.biosciencetrends.com



BioScience Trends. 2022; 16(4):282-290.

289

Acknowledgements

The authors wish to sincerely thank Peng Li and Suna
Tian for their assistance in preparing the figures in this
manuscript.

Funding: This work was supported by grants for
a project under the Scientific and Technological
Innovation Action Plan of the Shanghai Natural Science
Fund (grant no. 20ZR1409100 to L Wang), a project of
the Chinese Association of Integration of Traditional
and Western Medicine special foundation for Obstetrics
and Gynecology-PuZheng Pharmaceutical Foundation
(grant no. FCK-PZ-08 to L Wang), a project for
hospital management of the Shanghai Hospital
Association (grant no. X2021046 to L Wang), and
a clinical trial project of the Special Foundation for
Healthcare Research of the Shanghai Municipal Health
Commission (Grant No. 202150042 to L Wang).

Contflict of Interest: The authors have no conflicts of
interest to disclose.

References

1. Enciso M, Sarasa J, Xanthopoulou L, Bristow S, Bowles
M, Fragouli E, Delhanty J, Wells D. Polymorphisms in
the MTHFR gene influence embryo viability and the
incidence of aneuploidy. Hum Genet. 2016; 135:555-568.

2. Zhang Y, He X, Xiong X, Chuan J, Zhong L,
Chen G, Yu D. The association between maternal
methylenetetrahydrofolate reductase C677T and A1298C
polymorphism and birth defects and adverse pregnancy
outcomes. Prenat Diagn. 2019; 39:3-9.

3. Nair RR, Khanna A, Singh R, Singh K. Association of
maternal and fetal MTHFR A1298C polymorphism with
the risk of pregnancy loss: A study of an Indian population
and a meta-analysis. Fertil Steril. 2013; 99:1311-1318
el314.

4. ZhouJ, Huang Z, Pan X, Leung WT, Li C, Chen L, Zhang
Y, Wang L, Sima Y, Zhang N, Qiu X, Li L, Wang L. New
thoughts in exploring the pathogenesis, diagnosis, and
treatment of threatened abortion. Biosci Trends. 2019;
13:284-285.

5. Qian J, Zhang N, Lin J, Wang C, Pan X, Chen L, Li
D, Wang L. Distinct pattern of Th17/Treg cells in
pregnant women with a history of unexplained recurrent
spontaneous abortion. Biosci Trends. 2018; 12:157-167.

6. Yang B, Fan S, Zhi X, Xia R, Wang Y, Zheng Q, Sun G.
Geographical and ethnic distribution of MTHFR gene
polymorphisms and their associations with diseases
among Chinese population. Clin Genet. 2017; 92:243-
258.

7. YangB,LiuY, LiY, Fan S, Zhi X, Lu X, Wang D, Zheng
Q, Wang Y, Wang Y, Sun G. Geographical distribution
of MTHFR C677T, A1298C and MTRR A66G gene
polymorphisms in China: Findings from 15357 adults of
Han nationality. PLoS One. 2013; 8:¢57917.

8. Mo H, Rao M, Wang G, Long YX, Wang HW, Tang L.
Polymorphism of MTHFR 1298 A>C in relation to adverse
pregnancy outcomes in Chinese populations. Mol Genet

11.

12.

13.

14.

17.

18.

20.

21.

22.

23.

Genomic Med. 2019; 7:¢642.

Ulrich CM, Kampman E, Bigler J, Schwartz SM, Chen
C, Bostick R, Fosdick L, Beresford SA, Yasui Y, Potter
JD. Lack of association between the C677T MTHFR
polymorphism and colorectal hyperplastic polyps. Cancer
Epidemiol Biomarkers Prev. 2000; 9:427-433.
Mazokopakis EE, Papadomanolaki MG. Methylene
tetrahydrofolate reductase (MTHFR) gene polymorphisms
among Greek women with medical history of recurrent
pregnancy loss. Arch Gynecol Obstet. 2020; 302:1555-
1556.

Kos BJP, Leemaqz SY, McCormack CD, Andraweera PH,
Furness DL, Roberts CT, Dekker GA. The association
of parental methylenetetrahydrofolate reductase
polymorphisms (MTHFR 677C>T and 1298A>C) and
fetal loss: A case-control study in South Australia. J
Matern Fetal Neonatal Med. 2020; 33:752-757.

Du B, Shi X, Yin C, Feng X. Polymorphisms of
methalenetetrahydrofolate reductase in recurrent
pregnancy loss: An overview of systematic reviews and
meta-analyses. J Assist Reprod Genet. 2019; 36:1315-
1328.

Al-Achkar W, Wafa A, Ammar S, Moassass F, Jarjour
RA. Association of methylenetetrahydrofolate reductase
C677T and A1298C gene polymorphisms with recurrent
pregnancy loss in Syrian women. Reprod Sci. 2017;
24:1275-1279.

Chen L, Li D, Wang L. Research progress on genetics
related factors of recurrent spontaneous abortion. J Reprod
Med. 2017; 26:1158-1162.

Serapinas D, Boreikaite E, Bartkeviciute A, Bandzeviciene
R, Silkunas M, Bartkeviciene D. The importance of folate,
vitamins B6 and B12 for the lowering of homocysteine
concentrations for patients with recurrent pregnancy loss
and MTHFR mutations. Reprod Toxicol. 2017; 72:159-
163.

Haider BA, Bhutta ZA. Multiple-micronutrient
supplementation for women during pregnancy. Cochrane
Database Syst Rev. 2017; 4:CD004905.

Mao YY, Yang L, Li M, Liu J, Zhu QX, He Y, Zhou W1J.
Periconceptional folic acid supplementation and the risk
of spontaneous abortion among women who prepared to
conceive: Impact of supplementation initiation timing.
Nutrients. 2020; 12:2264.

BuZ,HuL, SuY, Guo Y, Zhai J, Sun YP. Factors related
to early spontaneous miscarriage during IVF/ICSI
treatment: an analysis of 21,485 clinical pregnancies.
Reprod Biomed Online. 2020; 40:201-206.

Basirat Z, Kashifard M, Golsorkhtabaramiri M, Mirabi P.
Factors associated with spontaneous abortion following
intracytoplasmic sperm injection (ICSI). JBRA Assist
Reprod. 2019; 23:230-234.

Jancar N, Mihevc Ponikvar B, Tomsic S, Vrtacnik Bokal
E, Korosec S. Is IVF/ICSI an independent risk factor for
spontaneous preterm birth in singletons? A population-
based cohort study. Biomed Res Int. 2018; 2018:7124362.
Bailey SW, Ayling JE. The pharmacokinetic advantage of
5-methyltetrahydrofolate for minimization of the risk for
birth defects. Sci Rep. 2018; 8:4096.

Servy EJ, Jacquesson-Fournols L, Cohen M, Menezo
YJR. MTHFR isoform carriers. S-MTHF (5-methyl
tetrahydrofolate) vs folic acid: A key to pregnancy
outcome: A case series. J Assist Reprod Genet. 2018;
35:1431-1435.

Pannia E, Hammoud R, Kubant R, Sa JY, Simonian R,

www.biosciencetrends.com



290

BioScience Trends. 2022; 16(4):282-290.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Wasek B, Ashcraft P, Bottiglieri T, Pausova Z, Anderson
GH. High intakes of [6S]-5-methyltetrahydrofolic acid
compared with folic acid during pregnancy programs
central and peripheral mechanisms favouring increased
food intake and body weight of mature female offspring.
Nutrients. 2021; 13.

Cirillo M, Fucci R, Rubini S, Coccia ME, Fatini
C. 5-methyltetrahydrofolate and vitamin B12
supplementation is associated with clinical pregnancy
and live birth in women undergoing assisted reproductive
technology. Int J Environ Res Public Health. 2021; 18.
Mei J, Wang H, Lu S, Zhang YZ, Chen YM, Zhang W, Yin
YX, Mao AF. Treatment effect of active folate on adverse
pregnancy. Chin J Woman Child Health Res. 2017; 28.
Zhou L, Gao X, Wu Y, Zhang Z. Analysis of pregnancy
outcomes for survivors of the vanishing twin syndrome
after in vitro fertilization and embryo transfer. Eur J Obstet
Gynecol Reprod Biol. 2016; 203:35-39.

Sacha CR, Basnet K, Lee AM, James K, Roberts DJ.
Advanced maternal age may impact placental morphology
in IVF pregnancies. Fertil Steril. 2018; 109:E48.

Dong Y, Wang L, Lu Y, Fu Z, Du Y, Wang L. Factors
affecting mode of delivery in women of advanced
maternal age. Biosci Trends. 2021; 15:61-63.

Liu N, Hu Q, Liao H, Wang X, Yu H. Vasa previa:
Perinatal outcomes in singleton and multiple pregnancies.
Biosci Trends. 2021; 15:118-125.

Zaadstra BM, Seidell JC, Van Noord PA, te Velde ER,
Habbema JD, Vrieswijk B, Karbaat J. Fat and female
fecundity: Prospective study of effect of body fat
distribution on conception rates. BMJ. 1993; 306:484-487.
Zhu L. Polymorphisms in the methylene tetrahydrofolate
reductase and methionine synthase reductase genes and
their correlation with unexplained recurrent spontaneous
abortion susceptibility. Genet Mol Res. 2015; 14:8500-
8508.

Yang Y, Luo Y, Yuan J, Tang Y, Xiong L, Xu M, Rao X,
Liu H. Association between maternal, fetal and paternal
MTHFR gene C677T and A1298C polymorphisms
and risk of recurrent pregnancy loss: A comprehensive
evaluation. Arch Gynecol Obstet. 2016; 293:1197-1211.
Hwang IW, Kang YD, Kwon BN, Hong JH, Han SH, Kim
JS, Park JW, Jin HJ. Genetic variations of MTHFR gene
and their association with preterm birth in Korean women.
Medicina (Kaunas). 2017; 53:380-385.

Forges T, Monnier-Barbarino P, Alberto JM, Guéant-
Rodriguez RM, Daval JL, Guéant JL. Impact of folate and
homocysteine metabolism on human reproductive health.
Hum Reprod Update. 2007; 13:225-238.

Mishra J, Tomar A, Puri M, Jain A, Saraswathy KN.
Trends of folate, vitamin B12, and homocysteine levels in
different trimesters of pregnancy and pregnancy outcomes.
Am J Hum Biol. 2020; 32:¢23388.

Rosario FJ, Nathanielsz PW, Powell TL, Jansson T.
Maternal folate deficiency causes inhibition of mTOR
signaling, down-regulation of placental amino acid
transporters and fetal growth restriction in mice. Sci Rep.

37.

38.

39.

40.

41.

42.

43.

44.

45.

2017; 7:3982.

Ahmed T, Fellus I, Gaudet J, MacFarlane AJ, Fontaine-
Bisson B, Bainbridge SA. Effect of folic acid on human
trophoblast health and function in vitro. Placenta. 2016;
37:7-15.

Li Y, Gao R, Liu X, Chen X, Liao X, Geng Y, Ding Y,
Wang Y, He J. Folate deficiency could restrain decidual
angiogenesis in pregnant mice. Nutrients. 2015; 7:6425-
6445.

Marti-Carvajal A, Pefia-Marti G, Comunian-Carrasco
G, Muiioz-Navarro S, Luco M, Marti-Pena A, Medina-
Laurentin C. Prematurity and maternal folate deficiency:
Anemia during pregnancy study group results in Valencia,
Venezuela. Arch Latinoam Nutr. 2004; 54:45-49.

George L, Mills JL, Johansson AL, Nordmark A, Olander
B, Granath F, Cnattingius S. Plasma folate levels and risk
of spontaneous abortion. Jama. 2002; 288:1867-1873.
Ferrazzi E, Tiso G, Di Martino D. Folic acid versus 5-
methyl tetrahydrofolate supplementation in pregnancy.
Eur J Obstet Gynecol Reprod Biol. 2020; 253:312-319.
Kaye AD, Jeha GM, Pham AD, Fuller MC, Lerner ZI,
Sibley GT, Cornett EM, Urits I, Viswanath O, Kevil CG.
Folic acid supplementation in patients with elevated
homocysteine levels. Adv Ther. 2020; 37:4149-4164.
Obeid R, Holzgreve W, Pietrzik K. Is
5-methyltetrahydrofolate an alternative to folic acid for the
prevention of neural tube defects? J Perinat Med. 2013;
41:469-483.

Hekmatdoost A, Vahid F, Yari Z, Sadeghi M, Eini-Zinab H,
Lakpour N, Arefi S. Methyltetrahydrofolate vs folic acid
supplementation in idiopathic recurrent miscarriage with
respect to methylenetetrahydrofolate reductase C677T and
A1298C polymorphisms: A randomized controlled trial.
PLoS One. 2015; 10:¢0143569.

Lamers Y, Prinz-Langenohl R, Moser R, Pietrzik K.
Supplementation with [6S]-5-methyltetrahydrofolate or
folic acid equally reduces plasma total homocysteine
concentrations in healthy women. Am J Clin Nutr. 2004;
79:473-478.

Received July 25, 2021; Revised April 18, 2022; Accepted
May 31, 2022.

$These authors contributed equally to this work.

*Address correspondence to:

Ling Wang, Laboratory for Reproductive Immunology,
Obstetrics and Gynecology Hospital of Fudan University, 419
Fangxie Road, Shanghai 200011, China.

E-mail: Dr.wangling@fudan.edu.cn

Yan Du, Laboratory for Reproductive Immunology, Obstetrics
and Gynecology Hospital of Fudan University, 419 Fangxie
Road, Shanghai 200011, China.
E-mail: sophiedu 61@163.com

Released online in J-STAGE as advance publication June 10,
2022.

www.biosciencetrends.com



BioScience Trends. 2022, 16(4):291-300. 291

Original Article

DOI: 10.5582/bst.2022.01116

The preventive effect of loganin on oxidative stress-induced cellular
damage in human Kkeratinocyte HaCaT cells

Cheol Park’, Hyesook Lee’, Soojung Jin’, Jung-Ha Park™, Min Ho Han’, Jin-Woo Jeongﬁ,
Hyun Ju Kwon™, Byung Woo Kim**, Shin-Hyung Park’, Su Hyun Hong*’, Gi-Young Kim"’,

Yung Hyun Choi

+3,8,9,%

' Division of Basic Sciences, College of Liberal Studies, Dong-eui University, Busan, Korea;

2 Department of Convergence Medicine, Pusan National University School of Medicine, Yangsan, Korea;

* Core-Facility Center for Tissue Regeneration, Dong-eui University, Busan, Korea;

*Biopharmaceutical Engineering Major, Division of Applied Bioengineering, College of Engineering, Dong-eui University, Busan, Korea;
*National Marine Biodiversity Institute of Korea, Seocheon, Korea;

Nakdonggang National Institute of Biological Resources, Sangju, Korea;

"Department of Pathology, Dong-eui University College of Korean Medicine, Busan, Korea;

¥ Anti-Aging Research Center, Dong-eui University, Busan, Korea;

° Department of Biochemistry, Dong-eui University College of Korean Medicine, Busan, Korea;

" Department of Marine Life Science, Jeju National University, Jeju, Korea.

SUMMARY

Keywords

Loganin is a type of iridoid glycosides isolated from Corni fructus and is known to have various
pharmacological properties, but studies on its antioxidant activity are still lacking. Therefore, in
this study, the preventive effect of loganin on oxidative stress-mediated cellular damage in human
keratinocyte HaCaT cells was investigated. Our results show that loganin pretreatment in a non-
toxic concentration range significantly improved cell survival in hydrogen peroxide (H,O,)-treated
HaCaT cells, which was associated with inhibition of cell cycle arrest at the G2/M phase and
induction of apoptosis. H,0,-induced DNA damage and reactive oxygen species (ROS) generation
were also greatly reduced in the presence of loganin. Moreover, H,O, treatment enhanced the
cytoplasmic release of cytochrome ¢, upregulation of the Bax/Bcl-2 ratio and degradation of
cleavage of poly (ADP-ribose) polymerase, whereas loganin remarkably suppressed these changes.
In addition, loganin obviously attenuated H,0O,-induced autophagy while inhibiting the increased
accumulation of autophagosome proteins, including as microtubule-associated protein 1 light chain
3-II and Beclin-1, and p62, an autophagy substrate protein, in H,O,-treated cells. In conclusion, our
current results suggests that loganin could protect HaCaT keratinocytes from H,0O,-induced cellular
injury by inhibiting mitochondrial dysfunction, autophagy and apoptosis. This finding indicates
the applicability of loganin in the prevention and treatment of skin diseases caused by oxidative
damage.

Loganin, ROS, DNA damage, apoptosis, autophagy

1. Introduction

Corni fructus, a fruit of Cornus officinalis Sieb. et Zucc.
belonging to the Cornaceae family, has been widely used
in East Asia including Korea for the purpose of tonifying
the kidneys and liver (/-3). Secondary metabolites,
including iridoids, are abundantly present in Corni
fructus, and studies on the various pharmacological
effects of these substances are increasing (3-5). Among
them, loganin is an iridoid glycoside compound found
and has been reported to have various beneficial effects,
including anti-inflammatory, neuroprotective, inhibiting

cartilage degeneration and osteoarthritis, renal protection
and improving intestinal function (6-7/2). These
pharmacological activities of loganin are believed to be
at least related to its antioxidant effect. For example,
loganin protected against hydrogen peroxide (H,0,) and
amyloid-B-induced neurotoxicity while inhibiting the
production of reactive oxygen species (ROS) (/3,14),
suggesting that its antioxidant effect was closely
associated with ROS scavenging activity. In addition,
this compound suppressed diabetes mellitus-induced
reproductive damage by restoring glutathione level
and superoxide dismutase activity, as well as reducing
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ROS level (15). Recently, Wen et al. (9) reported that
loganin reduced burn-induced intestinal inflammation
and oxidative stress, and Cheng et al. (16) found that
inhibition of NLRP3 inflammasome activation by
the antioxidant activity of loganin contributed to the
blockade of Schwann cell pyroptosis. Moreover, Xu et
al. (12) have been reported that the antioxidant activity
of loganin contributes to neuronal survival by inhibiting
autophagy and mitochondrial division. Similar to these
results, we also demonstrated that loganin may be a
substance capable of preventing inflammatory and
oxidative damage in lipopolysaccharide-stimulated
macrophages (/7).

Although ROS play an important role as a second
messenger during normal cellular metabolism, excessive
production of ROS results in progressive oxidative
damage to organelles [18, 19]. In particular, ROS act
as regulators of body homeostasis, including epidermal
keratinocyte proliferation, exacerbating skin aging and
has been implicated in various skin diseases (20,21).
As in other tissues, oxidative stress caused by excessive
accumulation of ROS in keratinocytes ultimately induces
depolarization of the mitochondrial membrane potential
(MMP, Aym), a hallmark of mitochondrial dysfunction.
Subsequently, cytochrome ¢ is released from the
mitochondria into the cytoplasm, which activates the
caspase cascade and ultimately induces apoptosis (22,23).
More recently, Liu et al. (24) suggested that catalpol, a
type of natural iridoid glucoside, may have therapeutic
properties for psoriasis by ameliorating oxidative stress
in tumor necrosis factor-a-stimulated keratinocytes.
In addition, natural iridoid glucoside derivatives such
as geniposide and aucubin have been reported to
have protective effects on oxidative stress induced by
ultraviolet-B irradiation in human skin fibroblasts (25,26).
However, since the beneficial effect of loganin on
epidermal keratinocytes has not been clearly elucidated,
in this study, the protective potential of loganin against
H,0,-induced oxidative stress in human keratinocyte
HaCaT cells was investigated.

2. Materials and Methods
2.1. Cell culture and treatment

HaCaT keratinocytes purchased from the American Type
Culture Collection (CRL-1458™, Manassas, VA, USA)
were cultured in Dulbecco's modified Eagle's medium
containing 10% fetal bovine serum and 1% antibiotics at
37°C and 5% CO,. All materials needed for cell culture
were obtained from WelGENE Inc. (Gyungsan, Korea).
Loganin and H,0, (Sigma-Aldrich Chemical Co., St.
Louis, MO, USA) were dissolved in dimethyl sulfoxide
(Thermo Fisher Scientific, Waltham, MA, USA) and
distilled water to prepare stock solutions of 100 mM
each. The stock solutions were diluted in the medium
before utilization.

2.2. Cell viability

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay is used to measure cell viability,
as previously described (27). Briefly, HaCaT cells were
stimulated with the different concentrations of loganin
or H,0, alone for 24 h, or exposed to loganin for 1 h and
then treated with H,O, for 24 h. At the end time, the MTT
reaction was run and absorbance was measured with
a microplate reader (Beckman Coulter Inc., Brea, CA,
USA) at the Core Facility Center for Tissue Regeneration
(Dong-eui University, Busan, Korea). Images of cell
morphological changes were captured using an inverted
microscope (Carl Zeiss, Oberkochen, Germany).

2.3. Cell cycle analysis

For cell cycle analysis of H,0O,-treated or untreated cells
with and without loganin for 24 h, both adherent and
detached cells were washed with phosphate-buffered
saline (PBS) and then fixed by ethanol, as previously
described (28). After that, cells were exposed with
RNAase and propidium iodide (PI) (Thermo Fisher
Scientific, Waltham, MA, USA) for 20 min at 4 C. Cell
cycle distributions were calculated after appropriate
gating of cell populations using flow cytometry (Becton
Dickinson, San Jose, CA, USA).

2.4. Apoptosis analysis

To observe whether apoptosis was induced, flow
cytometry was performed according to a published
method (29). Briefly, cells were stimulated with H,O,
for 24 h with or without loganin, washed with PBS
and then fixed with 4% paraformaldehyde solution for
15 min. Subsequently, cells were stained with annexin
V-fluorescein isothiocyanate (FITC)/propidium iodide
(PI) (Becton Dickinson), and annexin V-positive cells
were quantified as cells induced by apoptosis using a
flow cytometer.

2.5. Analysis of intracellular ROS

To measure the levels of ROS, the collected cells were
stained with 2',7'-dichlorofluorescein diacetate (DCF-
DA) dye (Sigma-Aldrich Chemical Co.). In brief, treated
cells were collected and preloaded with 10 uM DCF-
DA for 20 min at 37°C in the dark. The fluorescence
intensity was observed under a fluorescence microscope
as previously described (30). In parallel, ROS generation
was quantified using flow cytometry (3/). N-acetyl-L-
cysteine (NAC, Sigma-Aldrich Chemical Co.) was used
as a positive control as a scavenger of ROS.

2.6. Comet assay

A comet assay"” kit obtained from Trevigen, Inc.
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(Gaithersburg, MD, USA) was used to evaluate DNA
damage according to the manufacturer's kit protocols
(32). The localized green fluorescence of apoptotic
cells was detected using fluorescent microscope (Leica,
Wetzlar, Germany). The stained cells were imaged using
a fluorescence microscope.

2.7. Immunofluorescence assay for detection of phospho
(p)-yH2AX

To observe intracellular expression of p-yH2AX, a
marker of DNA strand breakage (30), cells grown on
4-well chamber slide were stimulated with or without
loganin for 1 h and then treated with H,O, for additional
24 h. After fixing with 4% paraformaldehyde solution at
room temperature (RT) for 20 min, cells were incubated
with ice-cold PBS containing 1% bovine serum albumin
(Sigma-Aldrich Chemical Co.) and 1% Triton X-100
(Sigma-Aldrich Chemical Co.) for 1 h. Subsequently,
immunostaining was performed using an antibody
against p-yH2AX (Abcam, Inc., Cambridge, UK) at
4°C overnight and then reacted with Alexa Fluor”
647-conjugated secondary antibody (Abcam, Inc.) for
1 h at RT. Additionally, nuclei were also stained with
4',6'-diamidino-2-phenylindole (DAPI) solution (Thermo
Fisher Scientific) for 20 min at RT. The cells were
immediately observed under a fluorescence microscope
(Carl Zeiss).

2.8. Western blotting for protein expression analysis

Whole cell lysates for immunoblotting were prepared
according to a previous method (33). To isolate
the cytoplasmic and mitochondrial fractions, a
mitochondrial/cytoplasmic fractionation kit (Active
Motif, Inc., Carlsbad, CA, USA) was used. For
Western blot analysis, the same amount of protein
for each treatment group was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride membranes,
and then the primary antibodies purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA),
Abcam, Inc.), Thermo Fisher Scientific and Cell
Signaling Technology (Danvers, MA, USA) were
probed, as previously described (34). Subsequently,
the membranes that had finished reacting with
the primary antibodies reacted with the correlated
secondary antibodies (Santa Cruz Biotechnology,
Inc.). The membranes were then exposed enhanced
chemiluminescence solution (Thermo Fisher Scientific)
and visualized using a Fusion FX Imaging System
(Vilber Lourmat, Torcy, France). Band intensities were
quantified and normalized to a loading control by
densitometry using ImageJ” software (v1.48, National
Institutes of Health, Bethesda, MD, USA).

2.9. MMP assay

To measure MMP, the cells were stained with
5,5',6,6'-tetrachloro-1,1',3,3'-tetracthylimidacarbocyanine
iodide (JC-1, Thermo Fisher Scientific) reagent according
to the previous methods (35,36), and quantitative analysis
was performed using a flow cytometer, and fluorescence
images were taken with a fluorescence microscope.

2.10. Autophagic activity detection

To evaluate the occurrence of autophagy, the Cyto-
ID" Autophagy Detection Kit (Enzo Life Sciences Inc,
Farmingdale, NY, USA) was employed according to
the manufacturer's instructions. In brief, the treated
cells were collected, suspended, stained with the
Cyto-ID staining solution provided in the kit at RT
temperature in the dark, and then autophagy-induced
cells were quantitatively analyzed using flow cytometry
(36). In parallel with this, DAPI staining was used to
counterstain the nuclei, and localized green fluorescence
of autophagic cells was detected under a fluorescence
microscope (30).

2.11. Statistical analysis

All experiments were independently repeated at least 3
times to determine significance. Results were presented
as mean and standard deviation (SD) using SPSS 25.0
(SPSS Inc., Chicago, IL, USA), and differences (p < 0.05)
were considered statistically using ANOVA-Tukey's
post-hoc test.

3. Results

3.1. Loganin prevented the loss of HaCaT cell viability
caused by H,0, treatment

As indicated in Figure 1A, loganin has been no
cytotoxicity up to 12.5 puM of concentration in HaCaT
cells. However, cells exposed to 15 uM loganin showed
a slight inhibition in cell viability. Therefore, 12.5 uM
was selected the maximum concentration of loganin to
establish its efficacy, we performed further experiments.
The cell viability in HaCaT cells treated with 500 uM
H,0, was significantly reduced to approximately 60%
compared that in the untreated control cells (Figure
1B). However, pretreatment of loganin significantly
inhibited H,0,-induced reduction of cell viability in a
concentration-dependent manner (Figure 1C). Especially,
exposure to NAC as a positive control restored cell
viability that could control the level of H,0O,-stimulated
cells. In addition, morphological alterations such as cell
shrinkage and cytoplasm vacuolization were observed
in H,0O,-treated cells, but not in the presence of loganin
(Figure 1D).

3.2. Loganin restored cell cycle arrest and apoptotic cell
death in H,0O,-treated HaCaT cells
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As shown in Figure 2A, the population of cells belonging
to the G2/M phase in H,0,-treated HaCaT cells was
significantly increased compared to the untreated control
group, which was attenuated by loganin pretreatment.
The proportion of cells with sub-G1 DNA content,
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Figure 1. Inhibitory effects of loganin on H,0,-mediated
cytotoxicity in HaCaT cells. Cells were treated with different
concentrations of loganin (LGN) or H,O, for 24 h (A and B) or
treated the indicated concentrations of loganin or NAC (10 mM) for
1 h, and then stimulated with H,0, for 24 h (C and D). (A-C) The
results of quantitative analysis of cell viability according to MTT
assay were presented. The data were represented as mean + SD of
three independent experiments. Significant differences compared
to the control cells ('p < 0.05, “p < 0.01 and ~"p < 0.001) or
H,0,-treated cells (*p < 0.001) were shown. (D) Representative cell
morphologies observed under an inverted microscope are presented.
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which indicates the frequency of apoptosis, also greatly
increased after H,O, treatment compared with control
cells, which significantly diminished by pretreatment of
loganin (Figure 2A and 2B). In addition, the population of
annexin V-positive cells was also significantly increased
in H,O,-treated HaCaT cells (Figure 2C and 2D), which
was markedly suppressed by loganin pretreatment. The
results indicate that, similar to the NAC pretreatment
group, loganin substantially attenuated cell cycle arrest
and apoptotic cell death following by H,O,, thereby
restoring cell viability.

3.3. Loganin inhibited ROS production in H,O,-
stimulated HaCaT cells

The results of flow cytometry after DCF-DA staining
showed that the level of intracellular ROS production
was markedly increased in H,0,-expoused HaCaT cells
(Figure 3A and 3B). Consistent with this result, the DCF-
fluorescence image in H,O,-treated cells was markedly
increased compared to that of control cells (Figure
3C). However, similar to NAC pretreatment, loganin
significantly decreased H,0,-induced ROS generation,
indicating that the inhibitory effect of loganin on the
cytotoxicity of H,O, in HaCaT cells was related to its
antioxidant activity.

3.4. Loganin suppressed DNA damage in H,O,-treated
HaCaT cells
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Figure 2. Attenuation of cell cycle arrest and apoptosis by loganin in H,0,-treated HaCaT cells. Cells were incubated in medium containing
loganin (12.5 pM) or NAC (10 mM) for 1 h, and then exposed to H,O, (500 uM) for 24 h. (A and B) Cells were collected and analysis of cell
cycle distribution was performed. (A) Representative flow histograms were presented. (B) The frequency of sub-G1 cells were presented. (C and D)
Cells were stained with annexin V-FITC/PL, and analyzed by flow cytometry. (C) The population of apoptotic cells were shown in the upper right
panel of representative histograms. (D) The averages of the frequencies of apoptotic cells were presented. (B and D) The data were represented as
mean + SD of three independent experiments. Significant differences compared to the control cells ("'p < 0.001) or H,0,-treated cells (“/p < 0.001)

were shown.
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fluorescence microscope (C). (B) Significant differences compared to
the control cells ("p < 0.001) or H,O,-treated cells (**p < 0.001) were
shown.
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Next, we investigated the inhibitory effect of loganin on
DNA damage induced by H,O,-treatment. According to
the comet assay results, DNA tails caused by damaged
DNA fragments were markedly enhanced in H,O,-
treated HaCaT cells (Figure 4A). However, these tails
were markedly reduced in cells pretreated with loganin
and NAC. Immunofluorescence indicated that H,O,
significantly increased the number of p-yH2AX positive-
stained nuclei compared to control cells (Figure 4B).
In addition, the expression of p-yH2A.X protein was
strongly enhanced in H,O,-treated cells (Figure 4C and
4D). However, its expression was attenuated by loganin
pretreatment, indicating that the inhibitory effect of
loganin against H,0,-induced DNA damage was related
to inhibition of ROS generation.

3.5. Loganin alleviated the change of apoptosis regulators
expression in H,O,-treated HaCaT cells

As indicated in Figure 5A and 5B, the protein level
of Bax was up-regulated in H,O,-treated HaCaT
cells, while that of Bcl-2 was down-regulated. In
addition, H,0, enhanced the degradation of poly (ADP-
ribose) polymerase (PARP). Furthermore, the level of
cytochrome ¢ expression in the mitochondria of cells
treated with H,O, was decreased, but its expression
in the cytoplasm was increased (Figure 5C and 5D),
which was associated with loss of MMP (Figure 5E
and 5F). However, H,0,-induced these alterations were
remarkably suppressed with loganin pretreatment,
indicating that loganin protected HaCaT cells from
apoptosis by blocking mitochondrial damage caused by
H,0,.
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Figure 4. Inhibition of DNA damage by loganin in H,0,-treated HaCaT cells. Cells were stimulated with loganin (12.5 uM) or NAC (10 mM)
for 1 h, and then exposed to H,0, (500 uM) for 24 h. (A) Representative images of comet assay were shown. (B) Cells exposed to the indicated
treatments were labeled for p-yH2AX (red) and DAPI (blue), and representative immunofluorescence images are presented. (C) The protein
expression of p-yH2AX was investigated using Western blotting. Actin was used as the reference. (D) The relative expression levels of p-yH2AX
protein were quantified by densitometry. Significant differences compared to the control cells ("p < 0.01) or H,0,-treated cells (“/p < 0.001) were

shown.
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Figure 5. Inhibitory effect of loganin on changes of mitochondria-mediated apoptosis regulatory factors in H,O,-treated HaCaT cells.
Cells were pretreated with loganin (12.5 pM) for 1 h, and then incubated with H,O, (500 pM) for additional 24 h. (A) Protein expression of
apoptosis-related mediators was investigated using total proteins. Actin was used as an internal standard. (C) Expression of cytochrome ¢ in
mitochondrial and cytoplasmic fractions was investigated. Actin and cytochrome ¢ oxidase subunit IV (COX IV) were used as the reference
genes for cytosolic and mitochondrial fractions (M.F., mitochondrial fraction; C.F., cytoplasmic fraction). (B and D) The relative expression
levels of Bax, Bcl-2, c-PARP and cytochrome c¢ protein were quantified by densitometry. (E and F) MMPs were examined by flow cytometry
after JC-1 staining. (E) Representative profiles of flow cytometry analysis were presented. (F) Ratios of JC-1 aggregates to monomers were
presented as mean + SD of triplicate independent experiments. Significant differences compared to the control cells ("p < 0.01 and ~'p < 0.001)

or H,0,-treated cells ("p < 0.05, “p < 0.01 and *p < 0.001) were shown.

3.6. Loganin attenuates H,0,-induced autophagy in
HaCaT cells

Since the formation of autophagic vacuoles, which is
typical of autophagy induction, was increased in H,O,-
treated HaCaT cells (Figure 1D), we investigated whether
autophagy was induced by H,0O, and whether loganin
could inhibit it. The results of flow cytometry using
Cyto-ID staining showed that autophagy was definitely
induced in the cells treated with H,O,, as shown in Figure
6A and 6B, which was greatly reduced in the presence of
loganin, and the same results were observed in the results
of fluorescence microscopy (Figure 6C). Subsequently
we detected autophagy biomarkers using Western blot
analysis to confirm H,O,-induced autophagy, and found
that H,O, increased the accumulation of proteins such
as microtubule-associated protein 1 light chain 3 (LC3)-
II, beclin-1 and p62 (Figure 6D and 6E). However, their
expression was obviously attenuated when loganin and
H,O, were treated together, suggesting that autophagy
inhibition was implicated in the protection of HaCaT
cells by loganin from oxidative damage caused by H,O,.

4. Discussion

In this study, we examined the efficacy of loganin
on oxidative damage in H,O,-stimulated HaCaT
keratinocytes. Our finding indicated that loganin
significantly inhibited H,0,-induced cellular
dysfunctions, including cell cycle arrest at the G2/M
phase, DNA damage and apoptotic cell death, which was
caused by blocking of ROS accumulation. Furthermore,
we showed that the antioxidant potential of loganin was
accompanied by inhibition of autophagy H,O,-treated
HaCaT cells.

As is well known, H,0,, as oxidative stressor,
induce cell cycle arrest at the G2/M phase in most cells,
including keratinocytes, causing to DNA damage as
well as cell death (37-39). In this study, reduction of cell
survival in H,0O,-treated HaCaT cells was accompanied
by inhibition of cell cycle progression at the G2/M phase,
which was in good agreement with the previous findings
(38,40). However, these effects were significantly
inhibited by loganin pretreatment. We also demonstrated
that, in good agreement with previous studies (9,13-17),

www.biosciencetrends.com



BioScience Trends. 2022, 16(4):291-300.

297

A)
- + - LGN (12.5 uM)
- - + NAC (10 mM)
4.7% 67.5% 2.1%

H V| T

o

e

¢ 1=}

22.3% 14.9% 6.4% S

i

Counts

2
. . . o+ PERERCX R AW el

. T
v

FL1-A

+ +

B)

w
o
I

*kk

N
o
1

i

i

Cyto ID-positive cells (%)
9 3 @

o
T

- LGN (12.5 pM)
+ H,0, (500 pM)
+ NAC (10 mM)

H,0, (500 uM) D)
LGN (12.5 uM)

0 125 0 7.5 125 LGN (mM)
: - - T T L
[]
= I = -|<— LC3-
© ‘ - “ LC3-
g ‘ — ‘4— Beclin-1
(=]
’ '5: L4 o |« pe2
(]
§ |
Q
s
E)
LC3I/M Beclin-1 p62
> 20 S 8- > 31
@ = G~ B =
o c 3 * €0
g "E 1.59 g % 6- i % g 24 *kk
T 0o T 0 T o
g9 1.04 € 0 4l €o
=% 8% 2%
T [ 3] ¢
> —
= O . 20 21 £
sg 09 227 £9
T s s
& 0.0- € 0- ¢ 0-
LGN (M) 0 125 0 7.512.5 LGN (uM) 0 125 0 7.5125 LGN (uM) 0 125 0 7.5125

+ H202

+H,0, +H,0,

Figure 6. Protection of H,0,-induced autophagy by loganin in HaCaT cells. Cells were incubated with loganin (12.5 uM) or NAC (10 mM)
for 1 h, and then incubated with H,O, (500 uM) for additional 24 h. (A and B) Cells were stained with Cyto-ID, and analyzed by flow cytometry.
(A) The frequency of autophagic cells were shown in the upper right panel of representative histograms. (B) The averages of the frequencies of
autophagic cells were presented. (C) Cells were labeled for Cyto-ID (green) and DAPI (blue), and representative immunofluorescence images are
presented. (D) Protein expression of autophagy-regulatory proteins was determined using total proteins. Actin was used as an internal standard. (E)
The relative expres@ion levels of LC3, Beclin-1 and p62 protein were quantified by densitometry. Significant differences compared to the control

i

cells ("p <0.01 and p < 0.001) or H,0,-treated cells (*p < 0.05, *p < 0.01 and “*p < 0.001) were shown.

loganin had potent antioxidant activity by significantly
inhibiting H,0,-induced ROS generation. Oxidative
stress induces damage to intracellular macromolecules
such as nucleic acids, contributing to DNA damage
and apoptosis (47,42). The results of the comet assay, a
commonly used method to measure DNA strand breaks
(43), showed that loganin largely blocked H,0,-induced
comet tail formation. Additionally, in the immunoblotting
results for analyzing the phosphorylation level of YH2AX
(p-yH2AX), which indicates that the DNA double-strand
is broken by oxidative stress (33), enhanced expression
of p-yH2AX by H,O, was effectively suppressed in the
presence of loganin. These findings demonstrated that
loganin has a remarkable ameliorating effect for H,O,-
triggered DNA damage in HaCaT keratinocytes.
According to the results of previous studies,
H,0,-induced apoptosis in HaCaT cells was strongly
correlated with the cytosolic release of apoptogenic
factors, including cytochrome ¢, which is initiates the
mitochondria-mediated intrinsic apoptosis pathway

(40,44,45). Cytochrome ¢ released into the cytoplasm
following the loss of MMP activates effector caspases
such as caspase-3 and -7 through the activation of
caspase-9, which induce degradation of matrix proteins
including PARP to terminate apoptosis (46,47). In this
study, the expression of cytochrome ¢ was up-regulated
in the cytoplasm and the loss of MMP was increased
in H,O,-treated cells, consistent with previous studies
(40,44). However, the expression of cytochrome c¢ in the
cytoplasm and mitochondria and the level of MMP were
maintained at control levels in loganin-pretreated cells,
suggesting that mitochondrial integrity in H,O,-treated
HaCaT cells was maintained in the presence of loganin.
Subsequently, the increase of Bax/Bcl-2 ratio by H,0,
was also counteracted by loganin pretreatment, which
was correlated with to suppressing the cleavage of PARP.
Bcl-2 family members control the release of apoptogenic
factors through regulation of mitochondrial membrane
permeability (46,47). Therefore, it is presumed that the
reduction of the Bax/Bcl-2 expression ratio by loganin
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plays a critical role in attenuating H,O,-induced HaCaT
cell apoptosis. Based on this finding, we considered that
loganin might be a potential antioxidant that prevents
mitochondrial-dependent apoptosis as a scavenger of
ROS. Our results agree very well with the results of
Kwon et al. (14) on the blocking effect of loganin on the
induction of apoptosis by H,O, in SH-SY5Y neuronal
cells.

Cellular damage, including DNA damage and
apoptosis due to oxidative stress, is often accompanied
by autophagy (48,49). In keratinocytes, it has also been
reported that autophagy is involved in DNA damage and
apoptosis caused by oxidative stress inducers (50,51),
suggesting that ROS are potent and effective triggers of
autophagy. Autophagy is a highly conserved self-digestion
process for recycling cytoplasmic components such as
unwanted protein aggregates and damaged organelles,
which are sequestered into newly generated double-
membraned structures called autophagosomes (52,53).
Autophagosomes fuse sequentially with lysosomes
and are eliminated through lysosomal degradation
(54,55). Several important proteins are involved in this
process, including LC3-II, Beclin-1 and p62. LC-3, an
autophagosome membrane protein, controls key steps in
the autophagic pathway, such as autophagic membrane
growth and lysosome fusing, and the ratio LC3-II/LC3-1
is commonly used to reflect autophagosome formation
(52,56). Beclin-1 is involved in the initiation of autophagy
by mediating the localization of autophagy proteins into
the pre-autophagosomal membrane. In addition, Beclin-1
may be importantly involved in the regulation of apoptosis
as well as autophagy because pro-autophagy properties
may be reduced by Bcl-2 (57,58). p62 is another
autophagosome-lysosomal membrane-associated protein
that serves as an autophagic substrate (59,60). Therefore,
these proteins are important markers of autophagy flux
and critical regulators of autophagy regulation. The flow

S — e = = = = = = = = = = = = = = = = = = = =

Figure 7. Schematic diagram representing the
protective mechanism of loganin against oxidative
damage in HaCaT cells.

7"

cytometry results of this study showed that the frequency
of autophagosomes increased in H,O,-treated HaCaT
cells, and the accumulation of LC-3, Beclin-1 and p62
was enhanced after H,O, treatment, as determined
by Western blotting. These observations support that
autophagy as well as apoptosis are important mechanisms
of H,0,-mediated cytotoxicity in HaCaT cells. And, in
the presence of loganin, these autophagy markers were
remarkably reversed compared to cells treated with H,O,
alone, showing that H,0,-induced HaCaT cell autophagy
was clearly reduced by loganin supplementation.
However, since autophagy has dual roles of pro-survival
and pro-death depending on ¢ circumstances, additional
mechanistic studies are required on how the alleviated
effect of loganin on H,0O,-induced autophagy affects the
survival of HaCaT cells.

In the current study, we evaluated the efficacy of
loganin on H,0,-mediated oxidative damage in HaCaT
keratinocytes. Our results revealed that loganin visibly
diminished cell cycle arrest at the G2/M phase, DNA
damage, autophagy and apoptosis in H,O,-stimulated
HaCaT cells, which was linked to its ability to suppress
ROS accumulation. Additionally, the anti-apoptotic effect
by loganin was a result of blockade of mitochondrial
dysfunction, which correlated with inhibition of
cytoplasmic release of cytochrome ¢ due to inhibition of
increased Bax/Bcl-2 ratio (Figure 7). This study provides
a theoretical basis for the inhibitory mechanism of
oxidative stress-mediated cellular damage of loganin and
its application as a novel therapeutic agent to counteract
oxidative stress-mediated skin diseases.
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SUMMARY

Keywords

Identification and localization of parathyroid glands (PGs) remains a challenge for surgeons. The aim
of this study was to evaluate the efficiency of intraoperative near-infrared autofluorescence (NIRAF)
imaging to detect PGs in thyroid and parathyroid diseases. Seventy-six patients undergoing surgery
for thyroid or parathyroid diseases between July 9, 2020 and August 20, 2021 were retrospectively
analyzed. Intraoperative carbon nanoparticle (CN) negative imaging and handheld NIRAF imaging
were successively performed for each patient. Of 206 PGs that needed to be identified for surgery,
162 were identified by NIRAF imaging, with a theoretical rate of identification of 78.64%. This was
higher than the rate of identification with CN negative imaging, which was 75.73%. The number
of PGs identified by NIRAF imaging and CN negative imaging did not differ significantly in
either total thyroidectomy or thyroid lobectomy. In addition, the autofluorescence (AF) intensity of
secondary parathyroid adenoma was weaker than that of normal PGs. NIRAF imaging is potentially
a more efficient tool for identification of PGs than CN negative imaging, with a shorter learning
curve and lower risk. It may not be well-suited to secondary hyperthyroidism or adenoma, but it was
more efficient at identifying excised specimens than visual identification by a surgeon.

parathyroid glands (PGs), near-infrared autofluorescence (NIRAF) imaging, carbon nanoparticles

(CNs), identification, localization.

1. Introduction

With the increasing incidence of thyroid cancer
(THCA) worldwide, thyroidectomy has become one of
the most common endocrine surgeries (/). However,
hypoparathyroidism caused by surgical injury remains
a challenge for surgeons. The reported incidence of
permanent hypoparathyroidism after total thyroidectomy
is 0.5-6.6% and that of temporary hypoparathyroidism
after thyroid surgery is 6.9-46% (2,3). Moreover, the
risk of iatrogenic injury and inadvertent removal of
parathyroid glands (PGs) increases with the extent
of dissection or the complexity of the surgery (4).
Tufano et al. reported that the incidence of permanent
hypoparathyroidism following reoperative central
compartment neck dissection can reach 9.5% (95).
Currently, conventional measures to reduce the
risk of postoperative hypoparathyroidism mainly rely
on visual recognition by a surgeon and preservation
of PGs and their vascular pedicles, which are highly
dependent on the surgeon's experience (6). However,

PGs are very small and similar in color to adipose or
connective tissue and even lymph nodes (LNs), and they
are usually embedded within the surrounding tissue or
behind the thyroid gland, so even experienced surgeons
can unintentionally remove them at a rate as high as
9.1-15% (1,7). For surgeons with less experience or
beginners in thyroid surgery, the incidence will be higher.
Intraoperative frozen biopsy is the "gold standard" to
confirm that the specimen removed is indeed a PG, but
it involves considerable time and cost and may cause
damage to the blood supply of PGs (8). Early studies
suggested that injections of fluorescent agents such as
methylene blue or indocyanine green (ICG) could aid
in the intraoperative detection of PGs, but they have not
been widely adopted (9). Moreover, these exogenous
fluorophores were considered likely to lead to adverse
reactions to the dye or injection (/0).

In 2011, Paras et al. first reported that PGs emit
autofluorescence (AF) when stimulated with a 785-
nm wavelength laser (/7). The fluorescence intensity
of PGs is reported to be much greater than that of the
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thyroid and all other surrounding tissue, with peak
fluorescence occurring at 820 to 830 nm (/7). Moreover,
this technique does not rely on any exogenous drugs and
dyes, thus avoiding possible adverse reactions. Since
then, intraoperative near-infrared autofluorescence
(NIRAF) imaging has been increasingly used to detect
PGs. In addition, carbon nanoparticles (CNs) with an
average diameter of 150 nm have also been found to be
useful in identifying PGs, thanks to their high degree of
lymphatic system tropism, tracing speed, rate of dyeing
black, and a high color contrast with the surrounding
tissue (/2). However, the available data to evaluate
and compare the effectiveness of the two methods in
identifying PGs are still insufficient. The aim of the
present study was to compare NIRAF imaging and CN
negative imaging to evaluate the efficiency of NIRAF
imaging in detecting PGs in thyroid and parathyroid
diseases.

2. Patients and Methods
2.1. Study design

Subjects were 76 patients seen at the Thyroid and Breast
Disease Center at Wuhan Union Hospital between July 9,
2020 and August 20, 2021. The inclusion criteria were:
(1) age > 18 years; (2) no serious systemic disease; (3)
patients underwent surgery; and (4) informed consent
was provided. Patients who met any of the following
criteria were excluded: (1) missing baseline information;
(2) age < 18 years; (3) having a severe systemic
disease; or (4) lateral cervical LN metastasis. The data
collected in this study included: patient ID, gender,
age, the number of PGs that were detected by the two
methods, the procedure undergone, and the postoperative
histopathological diagnosis. Surgical procedures included
total thyroidectomy with bilateral central lymph node
dissection (CLND) and unilateral thyroid lobectomy with
CLND or parathyroidectomy. Intraoperative CN negative
imaging and handheld NIRAF imaging was successively
performed for each patient.

2.2. Operative and imaging procedures

All of the surgeries were performed independently
by two experienced thyroid surgeons. For the thyroid
surgery, an incision parallel to a horizontal skin crease
was made. The skin, subcutaneous tissue, adipose tissue,
and platysma muscle were successively incised. A skin
flap down to the superficial surface of the sternohyoid
muscle was dissected upward to the thyroid cartilage and
downward to the sternal notches, with the anterior jugular
veins left in place (/3). The midline raphe was identified
and incised, and the sternohyoid and sternothyroid
muscles were pulled laterally until the thyroid capsule
was clearly identified. Care should be taken to keep the
fibrous capsule of the thyroid gland intact, otherwise the

injected CNs may leak out, contaminate the surgical field,
and even cause infection. The lower third of the thyroid
gland was exposed and 0.1 mL of CNs (in the form of
an injected suspension at a concentration of about 50 mg
per ml) were injected into the gland with a fine needle
to a depth of about one third of the gland. Excessively
dissected glands may cause damage to the surrounding
lymphatic network, affecting the action of CNs after
injection (/2). The injected gland was gently massaged
with gauze for about 1 minute and the surgeon waited
for the gland to completely blacken. The thyroid gland
was then mobilized to expose the central neck area. PGs
were carefully identified by negative visualization while
the LNs and thyroid gland were stained black, indicating
positive visualization, and photographed intraoperatively.
The operating room lights were subsequently turned
off, and an infrared camera probe (Micro-intelligence
Technology, Hunan, China) encapsulated in a sterile
envelope was placed 20 cm away from the surgical field
for near-infrared fluorescence imaging (NIFI) to detect
the possible location of PGs (Figure 1). The numbers
of PGs detected by the two approaches were recorded
separately. The thyroid gland was subsequently removed
and a rapid intraoperative pathological examination was
performed. Based on the pathology results, the decision
was made whether to perform a preventive CLND. For
parathyroid surgery, thyroid exposure was achieved as
described above. PGs were successively imaged with
CN negative imaging and NIRAF imaging as described
above. The diseased PGs were then removed and sent for
a rapid intraoperative pathological examination.

2.3. Statistical analysis

Continuous variables with a normal distribution were
expressed as the mean =+ standard deviation (SD) or as
the median and interquartile range (IQR). Categorical
variables were expressed in terms of frequency and

In vivo detection

Figure 1. Diagram of NIRAF detection of parathyroid glands in
vivo and in vitro.
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percentages. A chi-square test was used to analyze
categorical variables, while a #-test was used to compare
continuous variables. Statistical significance was a two-
sided P < 0.05. All statistical analyses were performed
using R Studio version 4.0.3 (http://www.r-project.org).

2.4. Ethical approval and informed consent

The study was conducted in accordance with the ethical
standards of the Declaration of Helsinki as well as
national and international guidelines and approved by
the Ethical Committee of the Union Hospital, Tongji
Medical College of Huazhong University of Science and
Technology (0304-01). Written consent for publication of
patient data was obtained from the patients themselves.

3. Results and Discussion
3.1. Demographic characteristics and clinical features

During the period between July 9, 2020 and August
20, 2021, a total of 76 patients were identified and
included in the present study. Table 1 summarizes
the clinicopathological characteristics and treatment
information of the patients. The mean age of all patients
was 41.5 years (IQR: 32.8-50.5, range: 22-63). Twenty-
seven patients (35.5%) were male and 49 (64.5%) were
female. The final histopathological diagnosis for patients
was THCA in 66 (86.8%), benign nodular goiter in 9
(11.8%) and parathyroid adenoma in 1 (1.3%). Of all
patients, 25 (32.9%) underwent a total thyroidectomy
plus CLND, 3 (3.9%) underwent a total thyroidectomy,
41 (53.9%) underwent a thyroid lobectomy plus CLND,
6 (7.9%) underwent a thyroid lobectomy, and 1 (1.3%)
underwent a parathyroidectomy.

3.2. Rate of identification of PGs by the two approaches

According to the theoretical calculation of four PGs per

Table 1. Demographics and clinicopathological characteristics
of all patients

Parameters All patients (n = 76)

Age, years (median [IQR])
Gender, n (%)
Male 27 (35.5%)
Female 49 (64.5%)
Histopathological diagnosis

41.5 (IQR: 32.8-50.5)

Thyroid cancer 66 (86.8%)
Benign nodular goiter 9 (11.8%)
Parathyroid adenoma 1(1.3%)

Procedure, n (%)

Total thyroidectomy plus CLND 25 (32.9%)

Total thyroidectomy 3(3.9%)
Thyroid lobectomy plus CLND 41 (53.9%)
Thyroid lobectomy 6 (7.9%)
Parathyroidectomy 1(1.3%)

IQR: interquartile range; CLND: central lymph node dissection.

patient, a total of 206 PGs (this number was calculated
by procedure) were potentially identifiable in this study.
However, 162 PGs were identified by NIRAF imaging,
with a theoretical rate of identification of 78.64%. CN
negative imaging identified 156 PGs, with a rate of
75.73%. Intraoperative images are shown in Figure
2. NIRAF imaging had a higher rate of identification
than CN negative imaging, although the difference was
not significant (P = 0.481). For total thyroidectomy,
NIRAF imaging identified 3.2 PGs on average, while
CN negative imaging identified 3.0 PGs. There were no
significant differences in the number of PGs identified
(P = 0.457). For thyroid lobectomy, an average of 1.6
PGs were identified by NIRAF imaging and 1.5 PGs
were identified by CN negative imaging. There were no
significant differences in the number of PGs identified
(P=0.843). Table 2 shows the results of a statistical
analysis. Interestingly, the AF intensity of a secondary
parathyroid adenoma was weaker than that of a normal
PG (Figure 3).

3.3. Discussion

To the extent known, this is the first study to provide data
on evaluating the feasibility and efficiency of NIRAF
imaging to detect PGs in real time during thyroid and
parathyroid surgeries by comparing that modality to CN
negative imaging. Results indicated that both NIRAF
imaging and CN negative imaging identified PGs at an
acceptable rate. The rate of PG identification did not
differ significantly between NIRAF imaging and CN
negative imaging in either total thyroidectomy or thyroid
lobectomy, but NIRAF imaging was considered to have
greater clinical value and potential for widespread use
because of its convenience, safety, and reproducibility.
Because of its simplicity and speed, NIRAF imaging
had a shorter learning curve for beginners and less

Figure 2. NIRAF imaging and CN negative imaging of the
parathyroid glands during a thyroidectomy; the parathyroid
glands are circled in red or yellow. (A) CN negative imaging of the
upper right parathyroid gland; (B) CN negative imaging of the lower
right parathyroid gland; (C) Visible light images of the isolated right
central lymph node specimen; (D) NIRAF imaging of the upper right
parathyroid gland; (E) NIRAF imaging of the lower right parathyroid
gland; (F) NIRAF imaging of the isolated right central lymph node
specimen.
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Table 2. Accuracy of identification of 206 parathyroid glands by NIRAF imaging and CN negative imaging

Parameters NIRAF CN negative imaging P value
Number identified/total 162/206 156/206 -
Rate of identification 78.64% 75.73% 0.481
Mean number identified for total thyroidectomy 3.19 3.00 0.457
Mean number identified for thyroid lobectomy 1.55 1.53 0.843

NIRAF: near-infrared autofluorescence imaging; CNs: carbon nanoparticles.

Figure 3. NIRAF imaging and CN negative imaging of a parathyroid
adenoma during a parathyroidectomy; the parathyroid glands are
circled in red or yellow. (A) CN negative imaging of an upper right
parathyroid adenoma; (B) Visible light images of the isolated upper
right parathyroid adenoma; (C) NIRAF imaging of the upper right
parathyroid adenoma; (D) NIRAF imaging of the isolated upper right
parathyroid adenoma.

experienced thyroid surgeons. Moreover, there was no
need to use any exogenous dyes or colorant, so NIRAF
imaging posed a lower risk during surgery. In addition,
the AF intensity of a secondary parathyroid adenoma
was weaker than that of a normal PG. The AF intensity
did not differ significantly compared to that of the
surrounding tissue in the central neck.

The identification and location of PGs is a well-
known challenge of thyroid or parathyroid surgery
(14). Accidental injury or resection may lead to
hypoparathyroidism, which means temporary or
permanent hypocalcemia and other accompanying
symptoms (/5). Many early intraoperative methods of
identifying PGs have been reported, such as intravenous
injection of methylene blue(/0) or ICG (/6) or
99m-Technetium sestamibi (MIBI) (/7), CN negative
imaging (/8), measurement of parathyroid hormone
levels from needle aspirates of tissue specimens (/9)
and aspartate aminotransferase to lactate dehydrogenase
ratios from suspended tissue specimens (20). However,
few of these methods have been widely adopted and
promoted in clinical practice (27). Although a frozen
section was the gold standard to confirm that a specimen
was a PG, obtaining it could damage the integrity of PGs
and involve considerable time and cost (&8). However,
the discovery of the intrinsic fluorescence of PGs at
NIR wavelengths has allowed the identification of

PGs in real time during surgery. Although the detailed
mechanism of AF is not yet clear, the mainstream view
is that AF was derived from the calcium-sensing receptor
protein, which was most concentrated in the chief
cells of PGs, less concentrated in the thyroid, and not
present in other tissues of the neck (22). In patients with
secondary hyperparathyroidism, the down-regulation
of calcium-sensing receptors leads to a decrease in
fluorescence intensity compared to that of normal PGs
(23). In addition, Squires et al. noted significantly
lower quantified absolute values of parathyroid AF in
situ and ex vivo and significantly lower parathyroid-
to-background AF ratios for patients with vs. without
multiple endocrine neoplasia type 1 (MEN1) (24).

In the present study, 78.64% of PGs were detected
with NIRAF imaging prior to the dissection, which was
consistent with previous reports (25). This is because
AF was difficult to detect when PGs were buried in
surrounding tissue of a certain thickness. Early studies
confirmed that about 77-100% of PGs were detectable
by NIRAF imaging (6). Moreover, Benmiloud et al.
studied parathyroid AF in 93 patients and found that
68% PGs were identified via NIRAF imaging before
they were visualized by the surgeon (26). A definite
advantage of NIRAF imaging is that it can detect PGs
in excised specimens more quickly and efficiently
than visual identification by a surgeon (Figure 1).
This contention was corroborated by Takahashi et
al., who emphasized that the sensitivity of NIRAF
imaging (82.9%) at detecting PGs from thyroidectomy
specimens was significantly higher than that of visual
inspection by a surgeon (61.0%) (27). NIRAF imaging
did not significantly improve the rate of parathyroid
identification compared to CN negative imaging (78.64%
vs. 75.73%), but the former is preferred by surgeons
because it has a shorter learning curve and involves
lower risk. Different studies have reached conflicting
conclusions regarding postoperative hypoparathyroidism
or hypocalcemia. A multicenter randomized clinical
trial involving 241 patients found that NIRAF-assisted
thyroidectomy significantly decreased the rate of early
postoperative hypocalcemia compared to a conventional
thyroidectomy (9.1% vs. 21.7%) with no significant
differences in the rate of permanent hypocalcemia (0%
vs. 1.6%) (28). However, Papavramidis ef al. concluded
that the use or lack of NIRAF imaging had no effect
on temporary postoperative hypoparathyroidism
or hypocalcemia, while NIRAF could drastically
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Figure 4. NIRAF imaging of the parathyroid glands under
different conditions; the parathyroid glands are circled in red. (A)
Ipsilateral upper and lower parathyroid glands in the surgical field; (B)
A parathyroid gland embedded in an isolated lymph node specimen;
(C) A parathyroid gland embedded in the thymus; (D) A single normal
parathyroid gland placed on gauze.

decrease the incidence of permanent postoperative
hypoparathyroidism or hypocalcemia (6).

Although the fluorescence intensity in this study
was not quantified to distinguish PGs from surrounding
tissues as in previous studies, PGs emitted significantly
stronger fluorescence than surrounding tissues (Figures
2 and 4). Kin et al. found that the average fluorescence
intensity of PGs calculated by the software Image J was
1.95-5.2 times that of surrounding tissues (/). However,
McWade et al. reported emission intensity from PGs 2.4-
8.5 times higher than that from surrounding tissue (29).
Berber et al. found that the optimal tissue/background
AF intensity thresholds to predict PGs ranged between
1.46 and 1.72 for different backgrounds (8). Moreover,
the fluorescence ratio of PGs to surrounding tissues
increased with an increase in PG volume and weight (30).
Even an hour after excision or formalin fixation, the AF
of PGs remained stable (22). The equipment was set up
before surgery and intraoperative imaging took only 2-3
minutes, so the total operating time was not delayed.

However, as a tool for intraoperative real-time
identification and localization of PGs, NIRAF imaging
still has the following deficiencies: (1) when NIRAF
imaging detection equipment was in operation, the
ambient light in the operating room had to be completely
turned off to eliminate the interference of white light as
much as possible; (2) Due to the weak penetration of
near-infrared rays, AF may be difficult to detect when
the surface tissue of the PG covers more than several
millimeters; (3) NIRAF imaging could not evaluate the
activity and blood perfusion status of PGs and thus failed
to provide guidance for timely intraoperative autologous
transplantation or in-situ preservation; (4) Patients
with secondary hyperparathyroidism or parathyroid
adenoma may exhibit lower intrinsic AF than those with
primary hyperparathyroidism or normal PGs; and (5)
The equipment needs to be more compact and easier
to operate to facilitate real-time intraoperative use. In
summary, NIRAF imaging cannot completely replace

frozen sections in the short term, but the former could
be used as a complement to visual recognition by a
surgeon and to minimize unnecessary frozen biopsies in
some cases. The above limitations would also provide a
direction for the future development and improvement of
this technology.

There were certain limitations that should be
acknowledged. Firstly, the findings were limited by the
insufficient sample size and single-institution nature of
this study. Prospective multicenter randomized controlled
studies with large sample sizes need to be conducted
to further confirm the current results. Secondly, more
postoperative indicators such as short- and long-term
parathyroidism and serum calcium levels need to be
included to better evaluate the effectiveness of NIRAF
imaging in preventing hypoparathyroidism. Thirdly,
although AF could distinguish PGs from non-PG tissue,
histopathological verification may be necessary to
confirm that certain samples were indeed PGs.

In conclusion, NIRAF imaging is a potentially more
efficient tool for identification of PGs than CN negative
imaging, with a shorter learning curve and lower risk. It
may not be well-suited to secondary hyperthyroidism or
adenoma, but it is more efficient at identifying excised
specimens than visual identification by a surgeon.
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SUMMARY

Coronavirus disease 2019 (COVID-19) is associated with increases in abnormal coagulation, and
particularly D-dimer (D-D) levels. Heparin therapy has been recommended as pharmacologic
thromboprophylaxis in patients hospitalized with COVID-19; however, data on its efficacy are lacking.
The current study retrospectively analyzed changes in blood coagulation and the impact of heparin
therapy. Medical records of 593 patients with confirmed COVID-19 were collected. On admission,
elevated fibrinogen (Fg) levels were noted in with 42.2% (250/593) of patients, followed by increases
in D-D (28.5%) and a prolonged prothrombin time (PT) (23.9%). Patients with severe/critical
COVID-19 had a higher proportion of abnormal coagulation parameters than patients with mild/
ordinary COVID-19. Dynamic changes in coagulation parameters were plotted on timeline charts for
97 patients with COVID-19 after heparin treatment. These changes, when combined with Fg, PT, D-D,
and other indicators, may provide a relatively comprehensive description of coagulation abnormalities.
Heparin seems to be important in the treatment of patients with COVID-19 based on the current
findings. The efficacy of heparin in the treatment of COVID-19 should be confirmed by randomized
controlled trials (RCTs) as soon as possible.

Keywords

Coronavirus disease 2019 (COVID-19) has been reported
in Wuhan since December 2019 and has since spread
throughout China and around the world (7,2). Despite
this immense global burden, no pharmacologic therapies
have definitively proven beneficial. Around the world,
researchers have been trying to understand the disease
manifestations in order to develop both prognostic and
therapeutic tools.

Abnormal coagulation has been noted clinically in
patients with COVID-19. A severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection might
lead to an increased risk of both arterial and venous
thrombosis, which may be attributed to the widespread
endothelial cell damage caused either directly by the
virus itself or indirectly by the burst of proinflammatory
cytokines (3-7). Monitoring coagulation parameters
in patients with COVID-19 is crucial to analyzing the
overall severity of the disease. D-dimer (D-D) levels in
particular are prognostically significant for mortality
in COVID-19 (6,7). The degree of increased fibrin
degradation products (FDP) and D-D in severe/critical
ill patients is significantly higher than in patients with
milder disease and who did not die (8,9). However,

coronavirus infection, COVID-19, blood coagulation, heparin, fibrin degradation products

there is no consensus on the difference in coagulation
in patients with COVID-19 of varying degrees of
severity. Increased attention is being paid to the impact
of heparin treatment on patients with COVID-19.
Several studies have reported the use of higher doses of
heparin to decrease mortality in patients with COVID-19
and additional risk factors. However, anticoagulant
therapy mainly with low molecular weight heparin
did not appear to improve clinical outcomes in several
patients with severe COVID-19 (/0-14) (Supplemental
Table S1, http://www.biosciencetrends.com/action/
getSupplementalData.php?ID=105). The American
Society of Hematology recommended pharmacologic
thromboprophylaxis in patients hospitalized with
COVID-19 (unless contraindicated) and suggested the
administration of therapeutic doses when thrombosis is
proven or highly suspected based on clinical findings
(13). Nonetheless, the optimal preventive strategy in
terms of the intensity of anticoagulation for patients with
COVID-19 remains to be determined.

In order to answer these questions, the current
authors conducted a retrospective study to analyze the
relationship between coagulation parameters in 593
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patients with COVID-19 of varying severity. Moreover,
the dynamic profile of coagulation parameters was
determined in patients with COVID-19 receiving heparin
therapy. Those parameters may have prognostic value
and may indicate important therapeutic targets.

This study collected the medical records of patients
(non-pregnant women, over the age of 18) with
COVID-19 confirmed by RT-PCR seen at the Shanghai
Public Health Clinical Center in Shanghai from January
20, 2020 to May 20, 2020. Patients were categorized
into two groups according to disease severity: a group
with mild/ordinary COVID-19 and a group with severe/
critical COVID-19. The categorization of COVID-19
was according to the World Health Organization's interim
guidance (/5). This study was approved by the Ethics
Committee of the Shanghai Public Health Clinical Center
(approval no. YJ-2020-S131-01). Informed consent was
obtained from all participants.

Patients with COVID-19 were treated with
prophylactic doses of heparin depending on their D-D
or FDP levels. Patients with D-D > 0.5 mg/L and FDP
> 5 mg/L were given 3,000 — 5,000 U of low-molecular
weight heparin by subcutaneous injections to prevent
thrombosis. Patients with D-D > 5 mg/L were given 6,000
— 8,000 U of low-molecular weight heparin. Patients with
D-D > 5 mg/L and FDP > 10 mg/L were given 12,500
— 20,000 U of unfractionated heparin daily by syringe
pumps to alleviate abnormal coagulation. The heparin
was administered daily for three to five days.

Demographic data, the medical history, clinical
characteristics, and laboratory coagulation parameters of
the patients on admission were obtained. The coagulation
profile was assessed using the following parameters:
fibrinogen (Fg), activated partial thromboplastin time
(APTT), prothrombin time (PT), thrombin time (TT),

D-D, and FDP. For patients who received heparin
after admission, data on coagulation parameters (PT,
APTT, FDP, D-D) were collected on the day that
heparin treatment started to provide a baseline for
comparison, and that point was designated Measuring
Point 0 (MP 0). In addition, the endpoints at MP 3 were
the measurements following heparin treatment. The
two measuring points (MP 1 and MP2) were chosen
in accordance with time and were evenly distributed
between the two points above when blood was collected.

The study included 593 patients with confirmed
COVID-19. Demographic characteristics of and
coagulation parameters in the sample population are
shown in Table 1. More than half of the patients were
male (55,5%), and 103 (17.4%) received heparin. Mean
age was 42.6-years old (£ 16.9). In the 593 patients,
increased Fg levels were noted in 42.2% (250/593),
increased D-D levels were noted in 28.5%, and
prolongation of PT was noted in 23.9%. A decreased
platelet count was noted in only 3.2% (19/593) of
patients. The APTT was prolonged in 108 patients
(18.2%), and it was longer than 10 seconds in 10 of those
patients.

Also shown in Table 1 are the differences in
parameters between patients with severe/critical
COVID-19 and those with mild/ordinary COVID-19.
All of the median values for PLT, PT, APTT, FDP, D-D,
and TT in the two groups were within the normal range.
Coagulation parameters (APTT, Fg, FDP, D-D) except
for TT differed significantly in the group with severe/
critical COVID-19 and the group with mild/ordinary
COVID-19 (P < 0.05). Patients with severe/critical
COVID-19 had more abnormal coagulation parameters
than patients with mild/ordinary COVID-19, including
prolonged PT, prolonged APTT, Fg > 4g/L, FDP > 5 mg/

Table 1. Demographic characteristics of and coagulation parameters in patients with COVID-19 on admission

Parameters Normal range Total (n=1593) Severe/Critical (n = 32) Mild/Ordinary (n = 561) P
Age (years) 42.6+£16.9 62.3+15.7 414+163 <0.001
Sex (male/female) 329/264 25/7 304/257 0.008
Heparin treatment 103 29 68 <0.001
On admission 125-350
PLT 11-13.7 202 (157-251) 167.5 (130.5-203.3) 206 (160.5-253.0) 0.002
PT 31.5-42.5 13.3 (12.9-13.7) 13.7 (12.9-14.4) 13.3 (12.9-13.7) 0.036
APTT 2.0-4 38.2(35.4-41.3) 42.1 (36.8-48.7) 38.1(35.4-40.9) <0.001
Fg 0-5 3.7 (3.0-4.6) 4.62 (4.03-5.27) 3.68 (3.00-4.57) <0.001
FDP 0-0.5 0.65 (0.22-1.36) 1.96 (1.02-4.04) 0.62 (0.22-1.33) <0.001
D-D 14-21 0.35(0.23-0.55) 0.87 (0.45-1.50) 0.33(0.23-0.53) <0.001
TT 16.4 (15.7-17.1) 16.5 (15.9-18.1) 16.4 (15.7-17.1) 0.089
Coagulation
PLT <100 x 10°/L 19 (3.2) 2(6.2) 17 (3.0) 0.270
PT Increased 142 (23.9) 15 (46.9) 127 (22.6) 0.002
APTT Increased 110 (18.5) 15 (46.9) 95(16.9) <0.001
Fg>4g/L 250 (42.2) 25 (78.1) 225 (40.1) <0.001
FDP > 5 mg/L 18 (3.0) 5(15.6) 13(2.3) 0.002
DD > 0.5 mg/L 169 (28.5) 22 (68.8) 147 (26.2) <0.001

PLT, platelet count; PT, prothrombin time; APTT, activated partial thromboplastin time; Fg, fibrinogen; FDP, fibrin degradation products; D-D,

D-dimer; TT, thrombin time;

www.biosciencetrends.com



BioScience Trends. 2022, 16(4):307-311.

309

I SevereCrttical
I midOrdinary
50 00
45 00
T ‘ T
Z wood ' l J T J
=
% 1 . _
35 0071 4L 1 [
N
2 e d
o 2
a
3000
25.00° T T T T
MPO MP1 MP2 MP3
3000
2500
. 2000
E
°
=l
o
o 15007
10001
500 4
— ==
000 T T T ?
MPO MP1 MP2 MP3

D-dimer(pg/ml)

PT(S)

10007
8.001
6.001

4.007

I

SEE S
0.0 T T T T
MPO MP1 MP2 MP3
16001
15004
1400 ' '
T ‘ 6
— |
1300 2 { 1
2 — —
a a
1200 T T T T
MPO MP1 MP2 MP3

Figure 1. Dynamic profile of coagulation parameters in patients with COVID-19. Timeline charts illustrate changes in coagulation parameters
in 97 patients with COVID-19 (29 patients with severe/critical COVID-19 and 68 patients with mild/ordinary COVID-19) after heparin treatment.
The error bars indicate medians and 25% and 75% percentiles. The horizontal lines indicate the upper normal limits of PT, APTT, D-D, and FDP.

P < 0.05 for severe/critical versus mild/ordinary COVID-19.

L, and D-D > 0.5 mg/L.

A total of 103 patients (17.3%) received heparin
therapy; 29 had severe/critical COVID-19 and 68 had
mild/ordinary COVID-19. Timeline charts illustrate
the dynamic changes in coagulation parameters in the
97 patients with COVID-19 after heparin treatment, as
determined at 4 measuring points (MP 0, MP 1, MP 2,
and MP 3) (Figure 1). As a result of heparin therapy,
the coagulation parameters (D-D, FDP, PT, and APTT)
decreased rapidly in both groups, including patients with
severe/critical and those with mild/ordinary COVID-19,
which indicated the effect of heparin therapy, despite
increased coagulation parameters in patients with severe/
critical COVID-19.

Patients with COVID-19 are prone to venous,
cerebrovascular, and coronary thrombi, and this is
particularly true in those with severe disease (3,16).
Abnormalities in a given coagulation parameter might
have limited ability to predict venous thrombosis in
people infected with SARS-CoV-2. The complete

coagulation parameters in patients with COVID-19 cases
might have prognostic value and indicate important
therapeutic targets.

An acute phase reactant protein, Fg is an important
component of the coagulation cascade that can lead
to hypercoagulability and thrombosis if increased.
Moreover, it can significantly increase in patients with
early-stage mild or critical COVID-19 and significantly
decrease in patients with late-stage critical COVID-19
(17). In the patients in the current study, 42.2% had
increased Fg levels upon admission. This was the most
common abnormality. In line with previous studies,
abnormal Fg levels were significantly higher in patients
with severe/critical COVID-19 than in those with mild/
ordinary COVID-19 (4,17).

In 28.5% of patients, levels of D-D were elevated on
admission, suggesting that the fibrinolytic system and
thrombogenesis were active. D-D levels are elevated in
patients who are likely to have COVID-19, so clinicians
need to be aware of the potential for thrombosis in these
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patients. In addition, D-D levels were slightly elevated
in most patients, and that level was over 5 mg/L in just
1.85%, suggesting that the likelihood of thrombosis
formation is limited and that disseminated intravascular
coagulation (DIC) did not develop. Alternatively, this
complication might be self-limited by a timely diagnosis
and treatment or by the body's own resistance. D-D levels
differed significantly in patients with critical COVID-19
and patients with mild COVID-19; this indicated that
conventional coagulation parameters during the course
of COVID-19 were significantly associated with disease
prognosis. Some patients with critical COVID-19
deteriorated suddenly during treatment, suggesting they
may be at greater risk of thrombosis (3,4).Combining PT,
APTT, and other indicators can provide a comprehensive
description of coagulation abnormalities. Therefore, these
factors closely need to be monitored closely. If a serious
situation arises, medical personnel can immediately take
appropriate measures.

Several studies have indicated that a therapeutic
dose of heparin improves clinical outcomes in patients
with mild or ordinary COVID-19 on hospital admission
(10,11,17). However, use of anti-thrombotics to
improve outcomes in patients with severe COVID-19
is controversial (/0,11,16). In the current study, the
four coagulation indicators (D-D, FDP, PT, and APTT)
were significantly higher in patients with severe/
critical COVID-19 than in patients with mild/ordinary
COVID-19 at the same measuring point, possibly
because tissue damage has already occurred. Patients
with severe/critical COVID-19 were not able to
recover to the same degree as those with mild/ordinary
COVID-19 by the end of heparin treatment. To some
extent, this finding reflects the importance of heparin in
the early treatment of patients with COVID-19. Notably,
the coagulation parameters in most patients returned to
normal - D-D, FDP, PT, and APTT in particular - after the
intervention with heparin. These parameters might have
the potential to guide treatment and evaluate prognosis.
Heparin treatment should be initiated as soon as possible
in patients with COVID-19 who meet the corresponding
criteria for receiving heparin. A limitation of the current
retrospective study is that it was unable to establish a
direct causal connection. Randomized controlled trials
(RCTs) should be conducted as soon as possible to
confirm the efficacy of heparin in treating COVID-19
and to explore its appropriate timing and dose.
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SUMMARY

Two cases of the deadly Marburgvirus were reported in Ghana, which might be a new global virus

alert following COVID-19 and novel monkeypox. Thus far, there is no vaccine or treatment for
Marburg virus disease, which is a disease with a mortality rate as high as that of Ebola. Although
now human infections with Marburgvirus occurred mainly in Africa, outbreaks were twice reported
in Europe over the past 55 years. A concern is that globalization might promote its global viral
transmission, just like what happened with COVID-19. The current study has briefly summarized the
etiology, epidemiology, and clinical symptoms of the Marburgvirus as well as vaccine development
and experimental treatments in order to prevent and control this virus.

Keywords

On July 17, 2022, the World Health Organization
(WHO) declared outbreaks of Marburg virus disease
(MVD) in Ghana. The world must be on alert
regarding deadly MVD following COVID-19 and the
novel monkeypox. The Marburg virus (MARV), a
deadly cousin of the Ebola virus, is a member of the
Filoviridae family (filovirus), which causes severe viral
hemorrhagic fever (VHF) in humans. MARV is one
of the most fatal viruses ever known, with a morbidity
rate of approximately 50%. During the largest reported
MARYV outbreak in Angola in 2005, more than 250
people were infected and 90% died (/). Facing such
a fatal virus, many scientists and clinicians have
expressed their concerns about its potential threat to
public health. Here, the key characteristics of MVD are
highlighted to help prevent and control MVD before it
spreads globally.

Pathogenetic characteristics: MARV 1is an
enveloped, single-stranded, negative-sense RNA virus.
Morphologically, it resembles silk, with a length
ranging from 800 to 14,000 nm. It is most infectious
when its length is about 790 nm. MARYV consists
of seven structural proteins. Although the MARV is
almost identical to the Ebola virus in structure, it may
induce different antibodies in infectious individuals (2).
MARUV is believed to be the first filovirus discovered
by humans (3).

Epidemiological characteristics: MVD was first
reported in 1967 after outbreaks occurred simultaneously
in three cities: Marburg, Frankfurt, and Belgrade (4).
The source of the outbreak was ultimately traced to a

Marburgvirus (MARYV), Marburg virus disease (MVD), emerging infectious disease, public health

laboratory using African green monkeys imported from
Uganda. Henceforward, most human infections were
reported in Angola, the Congo, Kenya, South Africa,
Uganda and Zimbabwe, along with a laboratory accident
in Russia (9).

In 2009, scientists successfully isolated MARV
from healthy Egyptian fruit bats caught in a Uganda
mine, which strongly suggested that the fruit bat is
the viral reservoir and natural host of MARV (6).
MVD outbreaks occurred widely across central Africa,
suggesting that MVD is present in chronically infected
bats (7). In addition, African green monkeys and pigs are
susceptible to filoviruses, so they play a role as potential
amplifier hosts.

MARYV can be transmitted animal-to-human
or human-to-human via direct contact with blood,
secretions, organs, or bodily fluids of infected people
or via surfaces contaminated with these fluids through
broken skin or mucous membranes. MARV can persist
in the eyes and testes of convalescent patients. It is
also found in the placenta, amniotic fluid, and breast
milk of pregnant women. Put simply, once the virus is
found in the blood, the individual remains infectious.
However, there is no evidence that MARV can be
transmitted among humans by mosquitoes or other
biting arthropods.

Clinical manifestations: The incubation period for
MVD commonly ranges from 2 to 21 days (average: 5-6
days), though some studies have extended the maximum
period to 26 days (8). Three stages of the clinical course
can be distinguished. Symptoms of illness start abruptly
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Table 2. Chronology of major Marburg virus disease outbreaks

Year Country Suspected origin Cases Deaths (mortality rate) Notes

2022 Ghana Under investigation 2 2 (100%)

2021 Guinea Guinea 1 1 (100%)

2017 Uganda Uganda 4 3 (75%)

2014 Uganda Uganda 1 1 (100%)

2012 Uganda Uganda 15 4 (27%)

2008 Netherlands Uganda 1 1 (100%) Imported

2008 USA Uganda 1 0(0) Imported

2007 Uganda Uganda 4 1(25%)

2004-2005  Angola Angola 252 227 (90%)

1998-2000  Democratic Republic of the Congo (DRC) DRC 154 128 (83%)

1990 Russia Russia 1 1 (100%) Laboratory accident
1987 Kenya Kenya 1 1 (100%)

1980 Kenya Kenya 2 1 (50%)

1975 South Africa Zimbabwe 3 1(33%) Imported

1967 Germany and Yugoslavia Uganda 31 7(23%) Imported & lab leak
Table adapted from the WHO Marburg Virus Disease Factsheet (August 7, 2021).

with a high fever, and severe myalgia and headaches tested against MARV.

are also reported in the early stage, often followed by
vomiting, diarrhea, and abdominal pain on the third
day. Watery diarrhea may last for a week, along with
severe exhaustion and lethargy. A severe hemorrhagic
rash may develop between 5 and 7 days. Patients who
die commonly have fresh blood in their vomit and feces
and they may also have bleeding from the nose, gums,
or vagina. Patients who die commonly do so from shock
and multi-organ failure 8-9 days after infection.

Considerations regarding diagnosis: An appropriate
clinical diagnosis of MVD may be difficult because
its signs and symptoms are quite analogous to those
of other infectious diseases, such as malaria, typhoid
fever, meningitis, and the other viral hemorrhagic
fevers. Diagnosis can be confirmed using the following
diagnostic approaches: i) an antibody-capture enzyme-
linked immunosorbent assay (ELISA); ii) an antigen-
capture ELISA test; iii) a serum neutralization test; iv)
a reverse transcription-polymerase chain reaction (RT-
PCR) assay; v) electron microscopy; or vi) virus isolation
by cell culture. Laboratory staff must implement stringent
protective measures because MARYV is classified as a
Risk Group 4 pathogen (RG-4).

Treatment and prevention: Thus far, there is no
approved vaccine or antiviral treatment for MVD.
However, supportive care including balancing fluid and
electrolyte levels, maintaining oxygen levels and blood
pressure, and replacing lost blood and clotting factors
might be helpful.

Several potential MARV vaccines are under
investigation. For example, a recombinant vesicular
stomatitis virus (VSV)-based vaccine expressing the
MARYV glycoprotein (VSV-MARYV) rapidly protected
hosts from MVD in animal models (9). Another vaccine
candidate, MVA-BN-Filo, containing both Marburg and
Ebola virus antigens was also reported to potentially
protect against both hemorrhagic viruses (/0). A phase 3
trial is currently underway, and it seems to trigger good
immunity against the Ebola virus, but it has not yet been

Besides prophylactic vaccines, researchers are now
attempting to develop effective postexposure therapies
for MVD, including MARV-specific monoclonal
antibodies (mAbs) and small-molecule antivirals.
Researchers combined a monoclonal antibody (MR 186-
YTE) and an antiviral (remdesivir) against MVD
in a non-human primate model (/7). Data indicated
that this particular combination was highly effective
in eliminating the virus. The progress of vaccine
development and experimental treatments for MVD are
summarized in Table 1.

Public health measures: Emerging infectious
diseases, and particularly those caused by bat-borne
viruses (e.g., Coronaviruses and the Ebola virus),
markedly affect public health and the global economy.
Like the Ebola virus, MARV is a highly contagious
and deadly virus. Once an MVD outbreak is out of
hand, it will expand rapidly and cause severe social and
health problems. Key protective measures should be
immediately taken to prevent this situation.

The main goal of controlling an MVD outbreak is
to interrupt direct human-to-human transmission. The
control strategy is analogous to that for other infectious
disorders, including early identification and rapid
isolation of cases, timely tracing, close monitoring of
people at risk, proper personal protection, and safe
burial. In addition, avoiding the handling and eating
of bush meat is also critical to avoiding any potential
infection from animals. The spread of MARV outside
Africa is primarily due to international travel (/2,13).
Rapid diagnostics are therefore indispensable to identify
the infected before they can carry the virus to other
countries.

In conclusion, there have been 15 MARV outbreaks
reported around the world thus far (Table 2). Because
of its potent infectivity and high fatality rate, MARV
is a major public health concern in Africa. Nowadays,
however, its impact might be global because of frequent
migration and travel. Due to the rapid growth of trade
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with African countries, Guangzhou, the biggest city in
South China, has become the largest African settlement
in Asia. Thousands of people from Africa enter this city
every day, and the same thing happens in many parts of
the world as well. There is a risk of imported MARV in
every country. Hence, international cooperation seems
to be crucial to preventing and controlling MARV.
Scientists should continue study MARYV in the field of
vaccine and antiviral medicine to stop this deadly illness
as quickly as possible.
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