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Monkeypox – A danger approaching Asia

Xiaoning Liu1,2,§, Zheng Zhu3,4,§, Qiqi Miao1, Jia Wen Lim2, Hongzhou Lu1,*

1 Department of Infectious Diseases and Nursing research institution, National Clinical Research Center for Infectious Diseases, The Third 
People's Hospital of Shenzhen , Shenzhen, Guangdong, China; 

2 National Heart & Lung Institute, Faculty of Medicine, Imperial College London, London, United Kingdom;
3 School of Nursing, Fudan University, Shanghai, China;
4 NYU Rory Meyers College of Nursing, New York University, NY, USA.

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 (1). 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 

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 (5). 

DOI: 10.5582/bst.2022.01343

SUMMARY

Keywords monkeypox, Asia, vaccine, preventive measures

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.

Editorial
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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 

246

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

Figure 2. Global distribution of monkeypox cases. Data source: https://ourworldindata.org/monkeypox
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inevitable in China (12). In response to this risk, China 
issued the "Monkeypox Diagnosis and Treatment 
Guidelines" (13) 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" (14).
 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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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 (10). 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 
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1. Introduction

Parkinson's disease (PD) is the second most common 
neurodegenerative disease (NDD) (1,2). 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.

DOI: 10.5582/bst.2022.01352

SUMMARY

Keywords Tryptophan-kynurenine pathway, Parkinson's disease, Indoleamine 2,3-dioxygenase 1 (IDO1), 
Dopaminergic medication, Blood-brain barrier

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.

Review
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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 (IDO1), 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. 
IDO1 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 (10), stroke (11), 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 
IDO1 in multiple sclerosis (10). Kennedy et al. reported 

that the KP metabolism may affect the CNS function 
and relate to the CNS disorders via the microbiota–gut–
brain axis (16). 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 (17). 
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 (18-20) and rodent 
PD (21-23) 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 

250

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.
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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 

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 

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-κB and TLR4), play a role in 
IDO1 activation (31). 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 
easily 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 (17). 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 (17). 
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 α7-nicotinic acetylcholine receptor 
(α7-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 (11) and multiple sclerosis (10). 
Widner et al. found that the ratios of serum kynurenine/
tryptophan and IDO1 increased and the activation of 
IDO1 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 β 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 et 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 (41). 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 (12). 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. 
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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 α-synuclein (α-syn) deposition 
and the gut microbiome. It is well established that α-syn 
accumulation Lewy body formation in dopaminergic 
neurons are the most important neuropathological 
characteristics of PD. α-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 α-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 (51), 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 

(17). Moreover, high QUIN levels in the abnormal KP 
under certain pathological conditions has been reported 
to be associated with α-syn deposition in the gut (52). A 
recent study suggested that α-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 α-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 α-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 α-syn deposition (Figure 3).

5. IDO1 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 IDO1 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-α (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 

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 IDO1 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 IDO1 inhibitor significantly improved the motor 
symptoms in PD animals, and its efficacy is comparable 
to L-dopa (13). Sodhi et al. directly administrated an 
IDO1 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 α-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 IDO1 
suppression are indispensable, for example, effects 
of IDO1 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 (13) 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 α-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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1. Introduction

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 

patients progress to NASH (3). While at the initial stage 
of NAFLD, modification of lifestyles such as exercise 
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 s tudies  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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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 
1c (SREBP1c) and elongase of very-long-chain fatty acids 6 (ELOVL6), 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 (CYP3A) 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.
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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 (9,10). 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 (3,11-14). 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 (15), phosphoinositide 
3-kinases (PI3Ks) (16,17), and protein kinase B (AKT) 
(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 (13,20). 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 (21). 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 SREBP1c 
and ELOVL6. Furthermore, the CYPs, PCK1, 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 μm 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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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 
1μg 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 q-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.

hepatocytes. After counting, 8 × 105 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 μM 
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-
1(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 μM dexamethasone and 0.002 μM 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

CYP2E1

CYP1A2

CYP3A

G6pase

PDK4

PCK1

Fads2

FASN

Dgat2

ACC2

SCD1

SREBP1

ELOVL6

ChREBP

GAPDH

                                        Sequences

F: 5'-TGTTTCTGCTCCTGTCTGCTATTCTG-3'
R: 5'- TGGGATACTGCCAAAGCCAACTG-3'
F: 5'- ACCATCTAATCAGCAAGTTCCAGAAGC-3'
R: 5'- CCGATGACATTAGCCACCGATTCC-3'
F: 5'- CCGATGACATTAGCCACCGATTCC-3'
R: 5'- TCCTCGTGCTCCTGTATCTGTATGG-3'
F: 5'- AGGTGGTGGCTGGAGTCTTGTC-3'
R: 5'- CTCTGGAGGCTGGCATTGTAGATG-3'
F: 5'- GTTCTGAGGCTGATGACTGGTGTATC-3'
R: 5'- GCACTGCCGTAGACCCACTTTG-3'
F: 5'- GTGGAAAGTTGAATGTGTGGGTGATG -3'
R: 5'- GTCTTAATGGCGTTCGGATTTGTCTTC -3'
F: 5'- GAAGAAGACTGCTGAGGACATGAACC -3'
R: 5'- CCATTGCCGAAGTACGAGAGGATG -3'
F: 5'- GTGTGGTAGGCTTGGTGAACTGTC-3'
R: 5'- GTGAGATGTGCTGCTGAGGTTGG-3'
F: 5'- ACTCCTCTTCTCCAATCTGAGCCTAC-3'
R: 5'- TGTGTTCACGATGCCAATCTCCAG-3'
F: 5'- GAGTCCATCTTCCTGTCAGCCATTG -3'
R: 5'- CGCCATACAGACGACCTTGTTAGC -3'
F: 5'- TGTCAAAGAGAAGGGCGGAAAGC -3'
R: 5'- CAGGATGAAGCACATGAGCAGGAG -3'
F: 5'- GCCTCATCTGATTGCCATCCTTCC-3'
R: 5'- TCAACATACCGCACAAGGCAGAAG-3'
F: 5'- CTTCCTCTTCCTCAACTTCTACACTCG-3'
R: 5'- TTCTCTGACTTGTTCACACCGTTCG-3'
F: 5'- GCTGAACAACGCCATCTGGAGAG-3'
R: 5'- GCAGAGGAGTTACGAAGCCACATAC-3'
F: 5'- TCTCTGCTCCTCCCTGTTCT -3'
R: 5'- CCGATACGGCCAAATCCGTT -3'

F, Forward, R, Reverse.
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3. Results

3.1. rHPCs 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 

can significantly promote rHPCs intracellular lipid 
droplets accumulation.

3.2. rHPCs 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 CYP3A 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 rHPCs 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 CYP3A, 

Figure 1. Optical microscope 
observation of fat deposition 
on different hepatocytes: 
HSC-T6 / HFF groups. All 
values are shown as mean ± 
standard deviation. (*P < 0.05, 
**P < 0.01). Bar = 50μm.
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quantitatively the most abundant component of human 
P-450, was also increased. The result showed that it 
was significantly up-regulated with intracellular lipid 
accumulation, and reached the highest level on day 3, 
after which its expression was decreased but higher 
than normal hepatocytes (day 0). (Figure 5A) However, 
in the HFF-1 co-culture system, although the CYP3A 
mRNA expression level was also increased, its highest 
level s appeared on day 5, then began to decrease and 
significantly was down-regulated compared to normal 
hepatocytes on day 10. (Figure 5B) In conclusion, the 

above results suggest that HSC-T6 or HFF-1 cells co-
cultured with rHPCs can maintain or even enhance 
hepatocellular functions in vitro.
 Furthermore, in humans, CYPs, which function 
as powerful detox enzymes play a vital role in drug 
metabolism and bioactivation. Therefore, in addition to 
CYP3A, other CYPs genes expression such as CYP1A2, 
which constitutes approximately 15% of total hepatic 
CYP enzymes, and CYP2E1, a major hepatic CYP 
enzyme involved in the metabolism and bioactivation of 
several drugs and toxicants, were also analyzed in this 

Figure 2. Oil Red O staining for developed steatosis model. A: 
Effect of hepatocytes ratio on fat deposition. B: Oil Red O staining 
detects the fat deposition and the change in lipid droplet size in ratio 
of 5:1 group (hepatocytes: HSC-T6 / HFF). Bar = 50μm.

Figure 3. The secretion of albumin from hepatocytes in the 
developed steatosis model. All values are shown as mean ± standard 
deviation. (*P < 0.05, **P < 0.01).

Figure 4. The secretion of urea nitrogen from hepatocytes in 
developed steatosis model. All values are shown as mean ± standard 
deviation. (*P < 0.05, **P < 0.01).

Figure 5. The genes expression of CYP3A, CYP1A2 and CYP1E in developed steatosis model. All values are shown as mean ± standard 
deviation. (*P < 0.05, **P < 0.01).
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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 5A 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 SREBP1c 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 
SREBP1c, generally recognized as master activator of 
lipid synthesis, and ELOVL6, an enzyme catalyzing the 
elongation of palmitate to stearate, were up-regulated. 
(Figure 6A, B) The up-regulation of SREBP1c 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 

including carbohydrate responsive element binding 
protein (ChREBP), diacylglycerol acetyltransferase 2 
(Dgat2), stearyl CoA desaturase 1 (SCD1), 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 G6pase, 
encoding an important enzyme for glycogenolysis and 
glucose production. The analysis results showed that 
gene expression of PCK1, PDK4, and G6pase were 
significantly decreased compared to normal hepatocytes 
in all rHPCs and HSC-T6 or HFF-1 co-culture systems, 
(Figure 7) suggesting that in those developed models, the 

Figure 6. The de novo lipogenesis genes expression in developed steatosis model. A, B: the mRNA levels of SREBP1c and ELOVL6 gene, as 
quantified by qRT-PCR, in hepatocytes. C: the other genes expression, including ChREBP, Dgat2, FASN, Fads2, SCD1 and ACC2, in hepatocytes. 
All values are shown as mean ± standard deviation. (*P < 0.05, **P < 0.01).

Figure 7. The genes expression of PCK1, PDK4 and G6pase in developed steatosis model. 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 (3,11-14). However, this 
relationship in NAFLD was challenged by some genetic 
animal models and clinical patients (15-19,25,26), 
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 SREBP1c and ELOVEL6 and, importantly, 
was dissociated from insulin resistance due to the down-
regulation of gene expression of PCK1, PDK4 and 
G6pase. 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 (13). 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, PCK1, 
PDK4, G6pase, 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 (13,29,30), 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 SREBP1c and ELOVL6, which 
is in line with previous reports, which showed that 
SREBP1c 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 ELOVL6 (35,36). While in our model, 
we only found the ELOVL6 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 Dgat2 may be regulated 
by ChREBP. Because previous studies have reported 
that ChREBP is also the upstream regulator of ACC, 
FASN, SCD1 and Fasd (35,36). Therefore, in our 
model, hepatosteatosis development may be regulated 
through SREBP1c and ELOVL6 gene expression, not 
ChREBP, ACC, FASN, SCD1 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 (15-19,25,26), 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 SREBP1c, ELOVEL6, 
PCK1, 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 IκB kinase beta (IKKβ) 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-
1s 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 CYP3A, CYP1A2, 
and CYP2E1. 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 CYP3A was 
caused by up-regulating of NR1I2 (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 
CYP3A 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 CYP3A, CYP1A2 and CYP2E1 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 SREBP1c, ELOVL6, PCK1, 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.

Funding: This study was supported by Guangdong 
Basic and Applied Basic Research Foundation 
(2020A1515110054), Guangdong Academy of Sciences 
(Grant No. 2020GDASYL-20200102005; Grant No. 
2021GDASYL-20210102004), China Postdoctoral 
Science Foundation (Grant No.2021M690746) and 
President Fund of Nanfang Hospital (2021C024; 
2021C040).

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

References

1. Luci C, Bourinet M, Leclere PS, Anty R, Gual P. Chronic 
Inflammation in Non-Alcoholic Steatohepatitis: Molecular 
Mechanisms and Therapeutic Strategies. Front Endocrinol 
(Lausanne). 2020; 11:597648.

2. Younossi ZM, Golabi P, de Avila L, Paik JM, Srishord M, 
Fukui N, Qiu Y, Burns L, Afendy A, Nader F. The global 
epidemiology of NAFLD and NASH in patients with 
type 2 diabetes: A systematic review and meta-analysis. J 
Hepatol. 2019; 71:793-801.

3. Willebrords J, Pereira IV, Maes M, Crespo Yanguas S, 
Colle I, Van Den Bossche B, Da Silva TC, de Oliveira CP, 
Andraus W, Alves VA, Cogliati B, Vinken M. Strategies, 
models and biomarkers in experimental non-alcoholic 
fatty liver disease research. Prog Lipid Res. 2015; 59:106-
125.

4. Wang XJ, Malhi H. Nonalcoholic Fatty Liver Disease. 
Ann Intern Med. 2018; 169:ITC65-ITC80.

5. Thyfault JP, Rector RS. Exercise Combats Hepatic 
Steatosis: Potential Mechanisms and Clinical Implications. 
Diabetes. 2020; 69:517-524.

6. Sun Z, Lazar MA. Dissociating fatty liver and diabetes. 
Trends in endocrinology and metabolism: Trends 
Endocrinol Metab. 2013; 24:4-12.

7. Watt MJ, Miotto PM, De Nardo W, Montgomery MK. The 
Liver as an Endocrine Organ-Linking NAFLD and Insulin 
Resistance. Endocr Rev. 2019; 40:1367-1393.

8. Moore DD. Nuclear receptors reverse McGarry's vicious 
cycle to insulin resistance. Cell Metab. 2012; 15:615-622.

9. Samuel VT, Shulman GI. Mechanisms for insulin 
resistance: common threads and missing links. Cell. 2012; 
148:852-871.

10. Chavez JA, Summers SA. A ceramide-centric view of 
insulin resistance. Cell Metab. 2012; 15:585-594.

11. Kumashiro N, Erion DM, Zhang D, Kahn M, Beddow SA, 
Chu X, Still CD, Gerhard GS, Han X, Dziura J, Petersen 
KF, Samuel VT, Shulman GI. Cellular mechanism of 
insulin resistance in nonalcoholic fatty liver disease. Proc 
Natl Acad Sci U S A. 2011; 108:16381-16385.



www.biosciencetrends.com

BioScience Trends. 2022; 16(4):257-266.BioScience Trends. 2022; 16(4):257-266.

12. Samuel VT, Petersen KF, Shulman GI. Lipid-induced 
insulin resistance: unravelling the mechanism. Lancet. 
2010; 375:2267-2277.

13. Gomez-Lechon MJ, Donato MT, Martinez-Romero 
A, Jimenez N, Castell JV, O'Connor JE. A human 
hepatocellular in vitro model to investigate steatosis. 
Chem Biol Interact. 2007; 165:106-116.

14. Peng C, Stewart AG, Woodman OL, Ritchie RH, Qin 
CX. Non-Alcoholic Steatohepatitis: A Review of Its 
Mechanism, Models and Medical Treatments. Front 
Pharmacol. 2020; 11:603926.

15. Biddinger SB, Hernandez-Ono A, Rask-Madsen C, Haas 
JT, Aleman JO, Suzuki R, Scapa EF, Agarwal C, Carey 
MC, Stephanopoulos G, Cohen DE, King GL, Ginsberg 
HN, Kahn CR. Hepatic insulin resistance is sufficient to 
produce dyslipidemia and susceptibility to atherosclerosis. 
Cell Metab. 2008; 7:125-134.

16. Taniguchi CM, Kondo T, Sajan M, Luo J, Bronson R, 
Asano T, Farese R, Cantley LC, Kahn CR. Divergent 
regulation of hepatic glucose and lipid metabolism by 
phosphoinositide 3-kinase via Akt and PKClambda/zeta. 
Cell Metab. 2006; 3:343-353.

17. Sopasakis VR, Liu P, Suzuki R, Kondo T, Winnay J, 
Tran TT, Asano T, Smyth G, Sajan MP, Farese RV, Kahn 
CR, Zhao JJ. Specific roles of the p110alpha isoform of 
phosphatidylinsositol 3-kinase in hepatic insulin signaling 
and metabolic regulation. Cell Metab. 2010; 11:220-230.

18. Leavens KF, Easton RM, Shulman GI, Previs SF, 
Birnbaum MJ. Akt2 is required for hepatic lipid 
accumulation in models of insulin resistance. Cell Metab. 
2009; 10:405-418.

19. Stiles B, Wang Y, Stahl A, Bassilian S, Lee WP, Kim YJ, 
Sherwin R, Devaskar S, Lesche R, Magnuson MA, Wu H. 
Liver-specific deletion of negative regulator Pten results 
in fatty liver and insulin hypersensitivity [corrected]. Natl 
Acad Sci U S A. 2004; 101:2082-2087.

20. Gori M, Simonelli MC, Giannitelli SM, Businaro L, 
Trombetta M, Rainer A. Investigating Nonalcoholic Fatty 
Liver Disease in a Liver-on-a-Chip Microfluidic Device. 
PloS One. 2016; 11:e0159729.

21. Krause P, Saghatolislam F, Koenig S, Unthan-Fechner K, 
Probst I. Maintaining hepatocyte differentiation in vitro 
through co-culture with hepatic stellate cells. In Vitro Cell 
Dev Biol Anim. 2009; 45:205-212.

22. Gu R, Huang T, Xiao J, Liao Z, Li J, Lan H, Ouyang J, Hu 
J, Liao H. The IRE1alpha Arm of UPR Regulates Muscle 
Cells Immune Characters by Restraining p38 MAPK 
Activation. Front Physiol. 2019; 10:1198.

23. Lambert JE, Ramos-Roman MA, Browning JD, Parks EJ. 
Increased de novo lipogenesis is a distinct characteristic 
of individuals with nonalcoholic fatty liver disease. 
Gastroenterology. 2014; 146:726-735.

24. Khan RS, Bril F, Cusi K, Newsome PN. Modulation of 
Insulin Resistance in Nonalcoholic Fatty Liver Disease. 
Hepatology. 2019; 70:711-724.

25. Kantartzis K, Peter A, Machicao F, Machann J, Wagner 
S, Konigsrainer I, Konigsrainer A, Schick F, Fritsche A, 
Haring HU, Stefan N. Dissociation between fatty liver 
and insulin resistance in humans carrying a variant of 
the patatin-like phospholipase 3 gene. Diabetes. 2009; 
58:2616-2623.

26. Peter A, Kovarova M, Nadalin S, Cermak T, Konigsrainer 
A, Machicao F, Stefan N, Haring HU, Schleicher E. 
PNPLA3 variant I148M is associated with altered 
hepatic lipid composition in humans. Diabetologia. 2014; 

57:2103-2107.
27. Thomas RJ, Bhandari R, Barrett DA, Bennett AJ, Fry 

JR, Powe D, Thomson BJ, Shakesheff KM. The effect of 
three-dimensional co-culture of hepatocytes and hepatic 
stellate cells on key hepatocyte functions in vitro. Cells 
Tissues Organs. 2005; 181:67-79.

28. Amit M, Margulets V, Segev H, Shariki K, Laevsky I, 
Coleman R, Itskovitz-Eldor J. Human feeder layers for 
human embryonic stem cells. Biol Reprod. 2003; 68:2150-
2156.

29. Donato MT, Jimenez N, Serralta A, Mir J, Castell 
JV, Gomez-Lechon MJ. Effects of steatosis on drug-
metabolizing capability of primary human hepatocytes. 
Toxicol In Vitro. 2007; 21:271-276.

30. Donato MT, Lahoz A, Jimenez N, Perez G, Serralta A, 
Mir J, Castell JV, Gomez-Lechon MJ. Potential impact 
of steatosis on cytochrome P450 enzymes of human 
hepatocytes isolated from fatty liver grafts. Drug Metab 
Dispos. 2006; 34:1556-1562.

31. Malhi H, Bronk SF, Werneburg NW, Gores GJ. Free fatty 
acids induce JNK-dependent hepatocyte lipoapoptosis. J 
Biol Chem. 2006; 281:12093-12101.

32. Gentile CL, Pagliassotti MJ. The role of fatty acids in the 
development and progression of nonalcoholic fatty liver 
disease. J Nutr Biochem. 2008; 19:567-576.

33. Goldstein JL, DeBose-Boyd RA, Brown MS. Protein 
sensors for membrane sterols. Cell. 2006; 124:35-46.

34. Han Y, Hu Z, Cui A, et al. Post-translational regulation 
of lipogenesis via AMPK-dependent phosphorylation of 
insulin-induced gene. Nat Commun. 2019; 10:623.

35. Hodson L, Gunn PJ. The regulation of hepatic fatty acid 
synthesis and partitioning: the effect of nutritional state. 
Nat Rev Endocrinol. 2019; 15:689-700.

36. Sanders FW, Griffin JL. De novo lipogenesis in the liver 
in health and disease: more than just a shunting yard for 
glucose. Biol Rev Camb Philos Soc. 2016; 91:452-468.

37. Zhang Q, Huang Y, Li X, Liu H, He B, Wang B, Ma Y, 
Zhou X, Liu Y, Wu S. Tangduqing Granules Attenuate 
Insulin Resistance and Abnormal Lipid Metabolism 
through the Coordinated Regulation of PPARgamma and 
DGAT2 in Type 2 Diabetic Rats. J Diabetes Res. 2019; 
2019:7403978.

38. Jornayvaz FR, Birkenfeld AL, Jurczak MJ, Kanda S, 
Guigni BA, Jiang DC, Zhang D, Lee HY, Samuel VT, 
Shulman GI. Hepatic insulin resistance in mice with 
hepatic overexpression of diacylglycerol acyltransferase 2. 
Natl Acad Sci U S A. 2011; 108:5748-5752.

39. Ozcan U, Cao Q, Yilmaz E, Lee AH, Iwakoshi NN, 
Ozdelen E, Tuncman G, Gorgun C, Glimcher LH, 
Hotamisligil GS. Endoplasmic reticulum stress links 
obesity, insulin action, and type 2 diabetes. Science. 2004; 
306:457-461.

40. Liu J, Ibi D, Taniguchi K, Lee J, Herrema H, Akosman 
B, Mucka P, Salazar Hernandez MA, Uyar MF, Park 
SW, Karin M, Ozcan U. Inflammation Improves Glucose 
Homeostasis through IKKbeta-XBP1s Interaction. Cell. 
2016; 167:1052-1066 e1018.

41. To r n i o A , B a c k m a n J T. C y t o c h r o m e P 4 5 0 i n 
Pharmacogenetics: An Update. Adv Pharmacol. 2018; 
83:3-32.

42. Guengerich FP, Waterman MR, Egli M. Recent Structural 
Insights into Cytochrome P450 Function. Trends 
Pharmacol Sci. 2016; 37:625-640.

43. Niemela O, Parkkila S, Juvonen RO, Viitala K, Gelboin 
HV, Pasanen M. Cytochromes P450 2A6, 2E1, and 3A 

265



www.biosciencetrends.com

BioScience Trends. 2022; 16(4):257-266.BioScience Trends. 2022; 16(4):257-266.

and production of protein-aldehyde adducts in the liver of 
patients with alcoholic and non-alcoholic liver diseases. J 
Hepatol. 2000; 33:893-901.

44. Jamwal R, de la Monte SM, Ogasawara K, Adusumalli 
S, Barlock BB, Akhlaghi F. Nonalcoholic Fatty Liver 
Disease and Diabetes Are Associated with Decreased 
CYP3A4 Protein Expression and Activity in Human Liver. 
Mol Pharm. 2018; 15:2621-2632.

45. Lasli S, Kim HJ, Lee K, Suurmond CE, Goudie M, 
Bandaru P, Sun W, Zhang S, Zhang N, Ahadian S, 
Dokmeci MR, Lee J, Khademhosseini A. A Human Liver-
on-a-Chip Platform for Modeling Nonalcoholic Fatty 
Liver Disease. Adv Biosyst. 2019; 3:e1900104.

46. Beckwitt CH, Clark AM, Wheeler S, Taylor DL, Stolz 
DB, Griffith L, Wells A. Liver 'organ on a chip'. Exp Cell 
Res. 2018; 363:15-25.

 47. Davidson MD, Ballinger KR, Khetani SR. Long-
term exposure to abnormal glucose levels alters drug 
metabolism pathways and insulin sensitivity in primary 
human hepatocytes. Sci Rep. 2016; 6:28178.

48. Yang X, Zhang X, Liu Y, Xi T, Xiong J. Insulin 
transcriptionally down-regulates carboxylesterases 
through pregnane X receptor in an Akt-dependent manner. 

Toxicology. 2019; 422:60-68.
49. Fisher CD, Lickteig AJ, Augustine LM, Ranger-Moore 

J, Jackson JP, Ferguson SS, Cherrington NJ. Hepatic 
cytochrome P450 enzyme alterations in humans with 
progressive stages of nonalcoholic fatty liver disease. 
Drug Metab Dispos. 2009; 37:2087-2094.

Received June 1, 2022; Revised July 25, 2022; Accepted 
August 5, 2022.

§These authors contributed equally to this work. 
*Address correspondence to:
Botao Gao, Institute of Biological and Medical Engineering, 
Guangdong Academy of Sciences, Guangzhou 510632, China.
E-mail: gaobotao1984@outlook.com

Lingjian Zhuo, Department of Emergency Medicine, Nanfang 
Hospital, Southern Medical University, Guangzhou 510515, 
China.
E-mail: 277682948@qq.com

Released online in J-STAGE as advance publication August 
13, 2022.

266



www.biosciencetrends.com

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

Hepatic stellate cell exosome-derived circWDR25 promotes the 
progression of hepatocellular carcinoma via the miRNA-4474-3P-
ALOX-15 and EMT axes

Lei Liu1,2,§, Rui Liao1,§,*, Zhongjun Wu1,§, Chengyou Du1,§, Yu You3,4,§, Keting Que3,4, 
Yuxin Duan1, Kunli Yin1, Wentao Ye1

1 Department of Hepatobiliary Surgery, the First Affiliated Hospital of Chongqing Medical University, Chongqing, China; 
2 Department of Hepatobiliary Surgery, the People's Hospital of Yubei District of Chongqing City, Chongqing, China;
3 Chongqing Key Laboratory of Hepatobiliary Surgery, The Second Affiliated Hospital of Chongqing Medical University, Chongqing, China;
4 Department of Hepatobiliary Surgery, the Second Affiliated Hospital of Chongqing Medical University, Chongqing, China.

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 (1-
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 (11). The current authors 
previously reported that the secretion of HSCs, such as 
IF-6-, TNF-α-, 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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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 circWDR25 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 circWDR25 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.
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and γδT cells (16)) 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 (18,19). In addition, exosomes 
derived from other different types of cells, such as 
macrophages (20), mast cells (21), 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 (β1 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 
part ic ipated 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 R0 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 Chongqing 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 (14). 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 μmol/mL or 10 μmol/
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 

268



www.biosciencetrends.com

BioScience Trends. 2022; 16(4):267-281.BioScience Trends. 2022; 16(4):267-281. 269

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 circWDR25 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 
circWDR25 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 

(circWDR25OE) 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-μm 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  t r ans fec ted  wi th  c i r cWDR25KD 
or circWDR25OE lentivirus or a blank vector 
(circWDR25NC) in order to obtain HSC exosome-
derived circWDR25KD or circWDR25OE.

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 × 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 
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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 (http://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 × 103 cells were maintained 
in 96-well plates. At 0, 24, 48 and 72 h after treatment, 
cell viability was measured.
 As described previously (13), for transwell migration 
assays, HCC cells were prestarved for 24 h prior to 
running the assay, and HCC cells (1 × 105/well) in serum-
free medium were placed in an 8-μm pore upper chamber 
(24-well insert, Millipore, USA). Complete medium was 
added to the lower chambers. For invasion assays, HCC 
cells (1 × 105/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 × 106/well) to 90% 
confluence. Cell monolayers were scratched with a sterile 
200-μL 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 (31,32), six mice per 
group were used for xenograft experiments, and cell 
suspensions in 100 μL phosphate-buffered saline (PBS) 
containing 1 × 107 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 = 
(width2 × length)/2. When the tumors reached a volume 
of approximately 100 mm3, the mice were randomly 
assigned to three groups, and mice with tumors were 
injected weekly with 100 μL of PBS at 5 μg 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 t 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. CircWDR25 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 α-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 α-SMA (an activated 
HSC marker) in a TMA consisting of 348 HCC tissues. 
Interestingly, the levels of circWDR25 and α-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 α-SMA 
could not predict outcomes for patients with HCC. 
However, levels of both peritumoral circWDR25 and 
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peritumoral α-SMA expression were associated with OS 
and RFS. Patients with high levels of expression of both 
peritumoral circWDR25 and peritumoral α-SMA had 
a poorer prognosis (Figure 2B). Multivariate analysis 
indicated that both circWDR25 and α-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 α-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 α-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 
circWDR25OE 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 

Figure 1. Identification of circWDR25 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 circWDR25 and the circularization of WDR25 exon 2 
forming circWDR25.
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those injected with circWDR25KD transported by HSC-
derived exosomes or a blank vector without exosomes 
(Figure 2G-H).
 In in vitro experiments, exosomes were isolated 
from HSCs with circWDR25OE or circWDR25KD 
or with a blank lentiviral vector (circWDR25NC). 

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, 

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 α-SMA via in situ hybridization in 348 pairs of peritumoral and matched intratumoral HCC tissues (400× 
magnification). B: Peritumoral circWDR25, α-SMA, and a combination of the two were related to overall survival (OS) and recurrence-free survival (RFS) 
of patients with HCC after curative resection. C: The scatter diagram indicated that the expression of peritumoral circWDR25 is positively related to that 
of peritumoral α-SMA. D: A lentiviral vector for circWDR25OE 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 
tumors treated or not treated with HSC-derived exosomal circWDR25 (n = 6 for each group). G: Growth curves for tumor volume, which was measured 
every week after injection of HSC-derived exosomes into the tumors. H: Representative H.E staining images of mouse tumors (100× magnification). All 
data are expressed as the mean ± SD of three independent experiments, ***p < 0.001.
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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 
circWDR25OE 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 circWDR25 
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, circWDR25 
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 

Figure 3. HSC exosome-derived circWDR25 promotes proliferation, migration, and invasion by HCC cells in vitro. A: Relative circWDR25 
expression in HCC cell lines was determined with qRT-PCR after coculturing with HSC exosome-derived circWDR25KD, circWDR25OE, or 
circWDR25NC. B: The growth curves for HCC cells were assessed using CCK-8 assays after coculturing with HSC exosome-derived circWDR25KD, 
circWDR25OE, or circWDR25NC. C: Transwell assays were performed to evaluate migration and invasion by HCC cells. D: A wound healing assay 
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.



www.biosciencetrends.com

BioScience Trends. 2022; 16(4):267-281.BioScience Trends. 2022; 16(4):267-281.274

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 circWDR25OE 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 5A-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 circWDR25OE 
or circWDR25NC. Promotion of the migration and 
invasion by HCC cells induced by circWDR25OE 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.

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 circWDR25 
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.
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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 circWDR25 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 circWDR25OE. G: Western blot analyses of the relative levels of ALOX15 expression in HCC cells after transfection with the 
miR-432-5p mimics or/and circWDR25OE. H: IHC staining of intratumoral and peritumoral ALOX15 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 ALOX15 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 circWDR25OE 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 5H 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 5I). 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 (13). 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. CircWDR25OE 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 circWDR25OE 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=106). 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 S5K-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 S5O, 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 circWDR25OE transported 
by HSC exosomes (Figure 7A-C). After stimulation 
with LPS and coculturing with HSC-derived exosomal 
circWDR25OE, there was a significant increase in 
CTLA-4 expression in activated HSCs (Figure 7 D-F). 
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Figure 7. ALOX15 regulates the expression of PD-
L1 in HCC cells and CTLA-4 in HSCs. A-B: Western 
blot analyses of the relative levels of expression of PD-
L1 protein in HCC cells after treatment with exosome-
derived circWDR25OE or circWDR25NC and 
different doses of the ALOX-15 inhibitor PD146176. 
C: qRT-PCR analyses of the relative levels of PD-
L1 mRNA expression in HCC cells with the same 
treatments. D-E: Western blot analyses of the relative 
levels of expression of CTLA-4 protein in HSCs after 
stimulation with circWDR25OE or circWDR25NC 
and different doses of LPS. F: qRT-PCR analyses of 
the relative levels of CTLA-1 mRNA expression in 
HSCs with the same treatments. All data are expressed 
as the mean ± SD of three independent experiments. 
***p < 0.001. 

Figure 6. Exogenous and HSC exosome-derived circWDR25 induce epithelial-to-mesenchymal transition (EMT). A-B: The levels of 
expression of EMT marker proteins in HCC cells as were affected by circWDR25KD, circWDR25OE, or miR-4474-3p mimics were determined 
using Western blot analysis. C: The relative expression of EMT marker proteins in HCC cells as was affected by circWDR25KD, miR-4474-3p 
mimics, or a combination of the two. D: The levels of expression of EMT marker and ALOX15 proteins in HCC cells cultured with HSC-derived 
exosome circWDR25KD or circWDR25OE. E: The levels of expression of EMT marker and ALOX15 proteins in tumors of xenograft mice 
injected with HSC-derived exosomal circWDR25KD. F: Representative images of IHC staining of mouse tumors revealed the effects of exosomal 
circWDR25KD from HSCs on the EMT markers and ALOX15 (400× magnification).
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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), result ing 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 circWDR25 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, 
circWDR25 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 circWDR25 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 circWDR25OE-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, ALOX15, 
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 ALOX15 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 (14,16), 
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 (41)) 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 

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-ALOX15. 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. (ii) 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, circWDR25 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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Association of MTHFR 677C>T polymorphism with pregnancy 
outcomes in IVF/ICSI-ET recipients with adequate synthetic 
folic acid supplementation
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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 (1). 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 

DOI: 10.5582/bst.2021.01306Original Article

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

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-MTHF, 
appeared to be appropriate.

SUMMARY
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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  methy lene te t rahydrofo la te  r educ tase 
(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 (8). 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 (10) (Figure 1). Several studies 
have suggested that the MTHFR gene is a major genetic 
factor for adverse pregnancy outcomes (APOs) (11-
14). Moreover, intake of FA from supplements has been 
found to reduce the risk of spontaneous abortion and 
pregnancy complications (15-17).
 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 (18,19). 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 

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, 5-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 (21). 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 rs1801133 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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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-MTHF, 
the predominant circulating form of folic acid, thus decreasing the 
utilization of folic acid.
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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 μg/day FA was taken three months 
before pregnancy, 400 μg/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 μg/day three months 
before pregnancy, 800 μg/day in early pregnancy (0-12 
weeks), and 400 μg/day in middle/late pregnancy (13-40 
weeks). For the TT genotype: FA was supplemented 800 
μg/day three months before pregnancy, 800 μg/day in the 
early pregnancy (0-12 weeks), and 400 μg/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 

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-μL whole blood sample, a 16-μL PCR 
reaction system, reaction conditions of 45 cycles, 95℃ 
denaturation for 15 s, and 60℃ 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.
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between 32.66 kg/m2 and 16.02 kg/m2. 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 IVF/ICSI-ET. The proportions 
of each genotype among 385 pregnant and 307 non-

Table 1. Participant characteristics

Characteristics

Age, years (mean ± SD)

BMI, kg/m2 (mean ± SD)

Method of fertilization (n, %)
    IVF
    ICSI

Method of embryo transfer (n, %)
    FET
    ET

Number of embryos transferred (n, %)
       1
    ≥ 2

CC (n = 316)

33.13 ± 4.64

22.11 ± 2.95

235 (74.37)
  81 (25.63)

251 (79.43)
  65 (20.57)

  99 (31.33)
217 (68.67)

BMI: body mass index; ET: fresh embryo transfer; FET: frozen embryo transfer; ICSI: intracytoplasmic sperm injection; IVF: in-vitro 
fertilization; aKruskal-Wallis test. bPearson chi-square test.

TT (n = 150) 

32.91 ± 4.33

22.47 ± 3.17

114 (76.00)
  36 (24.00)

121 (80.67)
  29 (19.33)

  43 (28.67)
107 (71.33)

p

0.34a

0.53a

0.83b

0.44b 

0.82b 

CT (n = 226)

32.51 ± 4.65

22.32 ± 3.01

173 (76.55)
  53 (23.45)

171 (75.66)
  55 (24.34)

  71 (31.42)
155 (68.58)

MTHFR rs1801133 genotype

Table 2. Pregnancy outcomes

Pregnancy outcome

Not pregnant (n, %)

Pregnancy

    Biochemical pregnancy (n, %)

    Positive pregnancy outcome (n, %)

    Adverse pregnancy (n, %)

        Miscarriage (n, %)

        Ectopic pregnancy (n, %)

    Preterm delivery (n, %)

CC (n = 316)

149 (47.15)

167 (52.85)

  21 (12.57)

114 (68.26)

  32 (19.16)

  22 (68.75)

   9 (28.13)

 13 (11.40)

aPearson chi-square test. *Between pregnant patients and non-pregnant patients.

TT (n = 150) 

69 (46.00)

81 (54.00)

3 (3.70)

64 (79.01)

14 (17.28)

  9 (64.29)

  4 (28.57)

11 (17.19)

p

0.18a*

0.42a

CT (n = 226)

  89 (39.38)

137 (60.62)

12 (8.76)

  95 (69.34)

  30 (21.90)

21 (7.00)

 6 (2.00)

 10 (10.53)

MTHFR rs1801133 genotype
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pregnant women are shown in Table 3. Logistic 
regression was used to analyze the association between 
theMTHFR 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 

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).

Table 3. Association of MTHFR rs1801133 with pregnancy or no pregnancy

Variables

Genotype/Allele

    CC

    CT 

   TT

Age

BMI

Additive model

    CC

    TT

Dominant model

    CC

    CT+TT

Recessive model

    TT

    CT+CC

Pregnancy (n = 385)

167 (43.38)

137 (35.58)

81 (21.04)

167 (43.38)

81 (21.04)

167 (43.38)

218 (56.62)

81 (21.04)

304 (78.96)

OR (95% CI)

reference

1.35 (0.94, 1.95)

1.03 (0.68, 1.55)

0.91 (0.88, 0.94)

0.95 (0.90, 0.997)

reference

1.02 (0.68, 1.54)

reference

1.21 (0.88, 1.66)

reference

1.11 (0.76, 1.62)

p

 0.10

 0.89

< 0.001

 0.04

 0.92

 0.23

 0.60

N (%)

No pregnancy (n = 307)

167 (43.38)

137 (35.58)

81 (21.04)

167 (43.38)

81 (21.04)

167 (43.38)

218 (56.62)

81 (21.04)

304 (78.96)

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.
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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 (18,26). 
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).

Table 4. Association of the MTHFR rs1801133 genotype with pregnancy outcomes

Variables

Genotype/Allele

    CC

    CT 

   TT

Age

BMI

Additive model

    CC

    TT

Dominant model

    CC

    CT+TT

Recessive model

    TT

    CT+CC

Positive pregnancy (n = 273)

114 (41.76)

  95 (34.80)

  64 (23.44)

114 (41.76)

  64 (23.44)

114 (41.76)

159 (58.24)

  64 (23.44)

209 (76.56)

OR (95% CI)

reference

0.85 (0.47, 1.51)

1.29 (0.63, 2.61)

0.92 (0.86, 0.98)

0.99 (0.90, 1.07)

reference

1.28 (0.62, 2.65)

reference

0.99 (0.59, 1.67)

reference

0.72 (0.37, 1.39)

p

0.57

0.49

0.01

0.73

0.50

0.96

0.33

N (%)

Adverse pregnancy (n = 76)

32 (42.11)

30 (39.47)

14 (18.42)

32 (42.11)

14 (18.42)

32 (42.11)

44 (57.89)

14 (18.42)

62 (81.58)

Table 5. Association of the MTHFR rs1801133 genotype with a preterm delivery

Variables

Genotype/Allele

    CC

    CT 

   TT

Age

BMI

Additive model

    CC

    TT

Dominant model

    CC

    CT+TT

Recessive model

    TT

    CT+CC

Preterm delivery (n = 34)

13 (38.24)

10 (29.41)

11 (32.35)

13 (38.24)

11 (32.35)

13 (38.24)

21 (61.76)

11 (32.35)

23 (67.65)

OR (95% CI)

reference

0.89 (0.37, 2.16)

1.63 (0.68, 3.94)

0.93 (0.84, 1.03)

0.97 (0.86, 1.10)

reference

1.65 (0.68, 3.98)

reference

1.16 (0.55, 2.45)

reference

0.58 (0.26, 1.29)

p

0.80

0.28

0.15

0.66

0.27

0.70

0.18

N (%)

Normal delivery (n = 239)

101 (42.26)

  85 (35.56)

  53 (22.18)

101 (42.26)

  53 (22.18)

101 (42.26)

138 (57.74)

  53 (22.18)

186 (77.82)
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 The conversion of 5,10-MTHF to 5-MTHF, 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-MTHF, 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 (2,11,31-33).
 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 (41) 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-MTHF 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 5-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-MTHF, 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 5-MTHF and FA groups 
were indistinguishable (21). One of the advantages of 
5-MTHF 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 5-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-MTHF, 
appeared to be appropriate.
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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 (1-3). 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 (6-12). These 
pharmacological activities of loganin are believed to be 
at least related to its antioxidant effect. For example, 
loganin protected against hydrogen peroxide (H2O2) and 
amyloid-β-induced neurotoxicity while inhibiting the 
production of reactive oxygen species (ROS) (13,14), 
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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SUMMARY 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 (H2O2)-treated 
HaCaT cells, which was associated with inhibition of cell cycle arrest at the G2/M phase and 
induction of apoptosis. H2O2-induced DNA damage and reactive oxygen species (ROS) generation 
were also greatly reduced in the presence of loganin. Moreover, H2O2 treatment enhanced the 
cytoplasmic release of cytochrome c, 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 H2O2-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 H2O2-treated cells. In conclusion, our 
current results suggests that loganin could protect HaCaT keratinocytes from H2O2-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.
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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 (17).
 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, Δψm), a hallmark of mitochondrial dysfunction. 
Subsequently, cytochrome c 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-α-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 
H2O2-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% CO2. All materials needed for cell culture 
were obtained from WelGENE Inc. (Gyungsan, Korea). 
Loganin and H2O2 (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 H2O2 alone for 24 h, or exposed to loganin for 1 h and 
then treated with H2O2 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 H2O2-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 H2O2 
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 μM 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 (31). 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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To measure MMP, the cells were stained with 
5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylimidacarbocyanine 
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 H2O2 treatment

As indicated in Figure 1A, loganin has been no 
cytotoxicity up to 12.5 μM of concentration in HaCaT 
cells. However, cells exposed to 15 μM loganin showed 
a slight inhibition in cell viability. Therefore, 12.5 μM 
was selected the maximum concentration of loganin to 
establish its efficacy, we performed further experiments. 
The cell viability in HaCaT cells treated with 500 μM 
H2O2 was significantly reduced to approximately 60% 
compared that in the untreated control cells (Figure 
1B). However, pretreatment of loganin significantly 
inhibited H2O2-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 H2O2-stimulated 
cells. In addition, morphological alterations such as cell 
shrinkage and cytoplasm vacuolization were observed 
in H2O2-treated cells, but not in the presence of loganin 
(Figure 1D).

3.2. Loganin restored cell cycle arrest and apoptotic cell 
death in H2O2-treated HaCaT cells

(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)-γH2AX

To observe intracellular expression of p-γH2AX, 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 H2O2 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-γH2AX (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
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As shown in Figure 2A, the population of cells belonging 
to the G2/M phase in H2O2-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, 

which indicates the frequency of apoptosis, also greatly 
increased after H2O2 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 H2O2-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 H2O2, thereby 
restoring cell viability.

3.3. Loganin inhibited ROS production in H2O2-
stimulated HaCaT cells

The results of flow cytometry after DCF-DA staining 
showed that the level of intracellular ROS production 
was markedly increased in H2O2-expoused HaCaT cells 
(Figure 3A and 3B). Consistent with this result, the DCF-
fluorescence image in H2O2-treated cells was markedly 
increased compared to that of control cells (Figure 
3C). However, similar to NAC pretreatment, loganin 
significantly decreased H2O2-induced ROS generation, 
indicating that the inhibitory effect of loganin on the 
cytotoxicity of H2O2 in HaCaT cells was related to its 
antioxidant activity.

3.4. Loganin suppressed DNA damage in H2O2-treated 
HaCaT cells

Figure 2. Attenuation of cell cycle arrest and apoptosis by loganin in H2O2-treated HaCaT cells. Cells were incubated in medium containing 
loganin (12.5 μM) or NAC (10 mM) for 1 h, and then exposed to H2O2 (500 μM) 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/PI, 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 H2O2-treated cells (###p < 0.001) 
were shown.

Figure 1. Inhibitory effects of loganin on H2O2-mediated 
cytotoxicity in HaCaT cells. Cells were treated with different 
concentrations of loganin (LGN) or H2O2 for 24 h (A and B) or 
treated the indicated concentrations of loganin or NAC (10 mM) for 
1 h, and then stimulated with H2O2 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 
H2O2-treated cells (###p < 0.001) were shown. (D) Representative cell 
morphologies observed under an inverted microscope are presented.
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Next, we investigated the inhibitory effect of loganin on 
DNA damage induced by H2O2-treatment. According to 
the comet assay results, DNA tails caused by damaged 
DNA fragments were markedly enhanced in H2O2-
treated HaCaT cells (Figure 4A). However, these tails 
were markedly reduced in cells pretreated with loganin 
and NAC. Immunofluorescence indicated that H2O2 

significantly increased the number of p-γH2AX positive-
stained nuclei compared to control cells (Figure 4B). 
In addition, the expression of p-γH2A.X protein was 
strongly enhanced in H2O2-treated cells (Figure 4C and 
4D). However, its expression was attenuated by loganin 
pretreatment, indicating that the inhibitory effect of 
loganin against H2O2-induced DNA damage was related 
to inhibition of ROS generation.

3.5. Loganin alleviated the change of apoptosis regulators 
expression in H2O2-treated HaCaT cells

As indicated in Figure 5A and 5B, the protein level 
of Bax was up-regulated in H2O2-treated HaCaT 
cells, while that of Bcl-2 was down-regulated. In 
addition, H2O2 enhanced the degradation of poly (ADP-
ribose) polymerase (PARP). Furthermore, the level of 
cytochrome c expression in the mitochondria of cells 
treated with H2O2 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, H2O2-induced these alterations were 
remarkably suppressed with loganin pretreatment, 
indicating that loganin protected HaCaT cells from 
apoptosis by blocking mitochondrial damage caused by 
H2O2.

Figure 3. Inhibitory effects of loganin on ROS generated by H2O2 
in HaCaT cells. Cells were cultured in medium containing loganin 
(12.5 μM) or NAC (10 mM) for 1 h, treated with H2O2 (500 μM) for 
1 h and stained with DCF-DA. (A and B) Intracellular ROS levels 
were calculated using a flow cytometer (A and B) or observed under a 
fluorescence microscope (C). (B) Significant differences compared to 
the control cells (***p < 0.001) or H2O2-treated cells (###p < 0.001) were 
shown.

Figure 4. Inhibition of DNA damage by loganin in H2O2-treated HaCaT cells. Cells were stimulated with loganin (12.5 μM) or NAC (10 mM) 
for 1 h, and then exposed to H2O2 (500 μM) for 24 h. (A) Representative images of comet assay were shown. (B) Cells exposed to the indicated 
treatments were labeled for p-γH2AX (red) and DAPI (blue), and representative immunofluorescence images are presented. (C) The protein 
expression of p-γH2AX was investigated using Western blotting. Actin was used as the reference. (D) The relative expression levels of p-γH2AX 
protein were quantified by densitometry. Significant differences compared to the control cells (**p < 0.01) or H2O2-treated cells (###p < 0.001) were 
shown.
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3.6. Loganin attenuates H2O2-induced autophagy in 
HaCaT cells

Since the formation of autophagic vacuoles, which is 
typical of autophagy induction, was increased in H2O2-
treated HaCaT cells (Figure 1D), we investigated whether 
autophagy was induced by H2O2 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 H2O2, 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 H2O2-induced autophagy, and found 
that H2O2 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 
H2O2 were treated together, suggesting that autophagy 
inhibition was implicated in the protection of HaCaT 
cells by loganin from oxidative damage caused by H2O2.

4. Discussion

In this study, we examined the efficacy of loganin 
on oxidative damage in H2O2-stimulated HaCaT 
keratinocytes. Our finding indicated that loganin 
s ignif icant ly  inhibi ted H 2O 2- induced cel lular 
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 H2O2-treated 
HaCaT cells.
 As is well known, H2O2, 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 H2O2-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), 

Figure 5. Inhibitory effect of loganin on changes of mitochondria-mediated apoptosis regulatory factors in H2O2-treated HaCaT cells. 
Cells were pretreated with loganin (12.5 μM) for 1 h, and then incubated with H2O2 (500 μM) 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 c in 
mitochondrial and cytoplasmic fractions was investigated. Actin and cytochrome c 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 H2O2-treated cells (#p < 0.05, ##p < 0.01 and ###p < 0.001) were shown.
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loganin had potent antioxidant activity by significantly 
inhibiting H2O2-induced ROS generation. Oxidative 
stress induces damage to intracellular macromolecules 
such as nucleic acids, contributing to DNA damage 
and apoptosis (41,42). The results of the comet assay, a 
commonly used method to measure DNA strand breaks 
(43), showed that loganin largely blocked H2O2-induced 
comet tail formation. Additionally, in the immunoblotting 
results for analyzing the phosphorylation level of γH2AX 
(p-γH2AX), which indicates that the DNA double-strand 
is broken by oxidative stress (33), enhanced expression 
of p-γH2AX by H2O2 was effectively suppressed in the 
presence of loganin. These findings demonstrated that 
loganin has a remarkable ameliorating effect for H2O2-
triggered DNA damage in HaCaT keratinocytes.
 According to the results of previous studies, 
H2O2-induced apoptosis in HaCaT cells was strongly 
correlated with the cytosolic release of apoptogenic 
factors, including cytochrome c, which is initiates the 
mitochondria-mediated intrinsic apoptosis pathway 

(40,44,45). Cytochrome c 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 c was up-regulated 
in the cytoplasm and the loss of MMP was increased 
in H2O2-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 H2O2-treated 
HaCaT cells was maintained in the presence of loganin. 
Subsequently, the increase of Bax/Bcl-2 ratio by H2O2 
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 

Figure 6. Protection of H2O2-induced autophagy by loganin in HaCaT cells. Cells were incubated with loganin (12.5 μM) or NAC (10 mM) 
for 1 h, and then incubated with H2O2 (500 μM) 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 expression levels of LC3, Beclin-1 and p62 protein were quantified by densitometry. Significant differences compared to the control 
cells (**p < 0.01 and ***p < 0.001) or H2O2-treated cells (#p < 0.05, ##p < 0.01 and ###p < 0.001) were shown.
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plays a critical role in attenuating H2O2-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 H2O2 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-I 
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 

cytometry results of this study showed that the frequency 
of autophagosomes increased in H2O2-treated HaCaT 
cells, and the accumulation of LC-3, Beclin-1 and p62 
was enhanced after H2O2 treatment, as determined 
by Western blotting. These observations support that 
autophagy as well as apoptosis are important mechanisms 
of H2O2-mediated cytotoxicity in HaCaT cells. And, in 
the presence of loganin, these autophagy markers were 
remarkably reversed compared to cells treated with H2O2 
alone, showing that H2O2-induced HaCaT cell autophagy 
was clearly reduced by loganin supplementation. 
However, since autophagy has dual roles of pro-survival 
and pro-death depending on e circumstances, additional 
mechanistic studies are required on how the alleviated 
effect of loganin on H2O2-induced autophagy affects the 
survival of HaCaT cells.
 In the current study, we evaluated the efficacy of 
loganin on H2O2-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 H2O2-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 c 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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Figure 7. Schematic diagram representing the 
protective mechanism of loganin against oxidative 
damage in HaCaT cells.
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1. Introduction

With the increasing incidence of thyroid cancer 
(THCA) worldwide, thyroidectomy has become one of 
the most common endocrine surgeries (1). 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% (5).
 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 (10).
 In 2011, Paras et al. first reported that PGs emit 
autofluorescence (AF) when stimulated with a 785-
nm wavelength laser (11). The fluorescence intensity 
of PGs is reported to be much greater than that of the 
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SUMMARY
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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.
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thyroid and all other surrounding tissue, with peak 
fluorescence occurring at 820 to 830 nm (11). 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 (12). 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 (13). 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 (12). 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 
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Figure 1. Diagram of NIRAF detection of parathyroid glands in 
vivo and in vitro.
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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 

percentages. A chi-square test was used to analyze 
categorical variables, while a t-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

Age, years (median [IQR])
Gender, n (%)
     Male
     Female
Histopathological diagnosis
     Thyroid cancer
     Benign nodular goiter
     Parathyroid adenoma
Procedure, n (%)
     Total thyroidectomy plus CLND
     Total thyroidectomy
     Thyroid lobectomy plus CLND
     Thyroid lobectomy
     Parathyroidectomy

All patients (n = 76)

41.5 (IQR: 32.8-50.5)

27 (35.5%)
49 (64.5%)

66 (86.8%)
  9 (11.8%)
  1 (1.3%)

25 (32.9%)
  3 (3.9%)
41 (53.9%)
  6 (7.9%)
  1 (1.3%)

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

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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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 (15). Many early intraoperative methods of 
identifying PGs have been reported, such as intravenous 
injection of methylene blue(10) or ICG (16) or 
99m-Technetium sestamibi (MIBI) (17), CN negative 
imaging (18), measurement of parathyroid hormone 
levels from needle aspirates of tissue specimens (19) 
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 (21). 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 et al. concluded 
that the use or lack of NIRAF imaging had no effect 
on temporary postoperative hypoparathyroidism 
or hypocalcemia, while NIRAF could drastically 

Table 2. Accuracy of identification of 206 parathyroid glands by NIRAF imaging and CN negative imaging 

Parameters

Number identified/total
Rate of identification
Mean number identified for total thyroidectomy
Mean number identified for thyroid lobectomy

NIRAF

162/206
78.64%

3.19
1.55

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

P value

-
0.481
0.457
0.843

CN negative imaging

156/206
75.73%

3.00
1.53

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.
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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 (1). 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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Coronavirus disease 2019 (COVID-19) has been reported 
in Wuhan since December 2019 and has since spread 
throughout China and around the world (1,2). 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, 

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 (10-14) (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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SUMMARY
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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.
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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 (15). 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/
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Table 1. Demographic characteristics of and coagulation parameters in patients with COVID-19 on admission

Parameters

Age (years)
Sex (male/female)
Heparin treatment 
On admission
     PLT
     PT
     APTT
     Fg
     FDP
     D-D
     TT
Coagulation
     PLT < 100 × 109/L
     PT Increased
     APTT Increased
     Fg > 4 g/L
     FDP > 5 mg/L
     DD > 0.5 mg/L

Normal range

   125-350
     11-13.7
  31.5-42.5
    2.0-4
       0-5
       0-0.5
     14-21

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

Severe/Critical (n = 32)

62.3 ± 15.7
25/7
29

  167.5 (130.5-203.3)
13.7 (12.9-14.4)
42.1 (36.8-48.7)
4.62 (4.03-5.27)
1.96 (1.02-4.04)
0.87 (0.45-1.50)
16.5 (15.9-18.1)

2 (6.2)
15 (46.9)
15 (46.9)
25 (78.1)
  5 (15.6)
22 (68.8)

Total (n = 593)

42.6 ± 16.9
329/264

103

 202 (157-251)
  13.3 (12.9-13.7)
  38.2 (35.4-41.3)

3.7 (3.0-4.6)
 0.65 (0.22-1.36)
 0.35 (0.23-0.55)
 16.4 (15.7-17.1)

19 (3.2)
142 (23.9)
110 (18.5)
250 (42.2)
18 (3.0)

169 (28.5)

Mild/Ordinary (n = 561)

41.4 ± 16.3
304/257

68

     206 (160.5-253.0)
13.3 (12.9-13.7)
38.1 (35.4-40.9)
3.68 (3.00-4.57)
0.62 (0.22-1.33)
0.33 (0.23-0.53)
16.4 (15.7-17.1)

17 (3.0)
127 (22.6)
  95 (16.9)
225 (40.1)
13 (2.3)

147 (26.2)

            P

< 0.001
0.008

< 0.001

0.002
0.036

< 0.001
< 0.001
< 0.001
< 0.001

0.089

0.270
0.002

< 0.001
< 0.001

0.002
< 0.001
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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 

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 

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.  
aP < 0.05 for severe/critical versus mild/ordinary COVID-19.
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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 (10,11,16). 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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Marburg virus disease: A deadly rare virus is coming
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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 
MARV outbreak in Angola in 2005, more than 250 
people were infected and 90% died (1). 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 characterist ics :  MARV is 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. MARV 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). 
MARV 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 

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 (5).
 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.
 MARV 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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SUMMARY

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

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.
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tested against MARV.
 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 (MR186-
YTE) and an antiviral (remdesivir) against MVD 
in a non-human primate model (11). 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 (12,13). 
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 

with a high fever, and severe myalgia and headaches 
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 MARV 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 
MARV glycoprotein (VSV-MARV) 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 (10). A phase 3 
trial is currently underway, and it seems to trigger good 
immunity against the Ebola virus, but it has not yet been 

Table 2. Chronology of major Marburg virus disease outbreaks

Year

2022
2021
2017
2014
2012
2008
2008
2007
2004-2005
1998-2000
1990
1987
1980
1975
1967

                           Country

Ghana
Guinea
Uganda
Uganda
Uganda
Netherlands 
USA
Uganda
Angola
Democratic Republic of the Congo (DRC)
Russia
Kenya
Kenya
South Africa
Germany and Yugoslavia

Table adapted from the WHO Marburg Virus Disease Factsheet (August 7, 2021). 

Cases

2
1
4
1

15
1
1
4

252
154

1
1
2
3

31

Suspected origin

Under investigation
Guinea
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Angola
DRC
Russia
Kenya
Kenya
Zimbabwe
Uganda

Deaths (mortality rate)

          2 (100%)
          1 (100%)
          3 (75%)
          1 (100%)
          4 (27%)
          1 (100%)
          0 (0)
          1 (25%)
      227 (90%)
      128 (83%)
          1 (100%)
          1 (100%)
          1 (50%)
          1 (33%)
          7 (23%)

        Notes

Imported
Imported

Laboratory accident

Imported
Imported & lab leak
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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 MARV in the field of 
vaccine and antiviral medicine to stop this deadly illness 
as quickly as possible.
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research, public health, medical care system, and social science 
in order to encourage cooperation and exchange among 
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significant to the field as a whole. An Original Article should 
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Introduction, Materials and Methods, Results, Discussion, 
Acknowledgments, and References. Original articles should 
not exceed 5,000 words in length (excluding references) and 
should be limited to a maximum of 50 references. Articles may 
contain a maximum of 10 figures and/or tables. Supplementary 
Data are permitted but should be limited to information that 
is not essential to the general understanding of the research 
presented in the main text, such as unaltered blots and source 
data as well as other file types.

Brief Reports definitively documenting either experimental 
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references) and should be limited to a maximum of 4 figures 
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developments within an area of research. Normally, reviews 
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importance. Depending on their content, Communications 
will be published as "Comments" or "Correspondence". 
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2 figures and/or tables and 20 references.
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issue of immediate importance to the fields of global health, 
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application. Editorials should not exceed 1,000 words in length 
(excluding references) and should be limited to a maximum of 
10 references. Editorials may contain one figure or table.

News articles should report the latest events in health sciences 
and medical research from around the world. News should not 
exceed 500 words in length.
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issues of general interest. Letters should not exceed 800 words 
in length and may contain a maximum of 10 references. Letters 
may contain one figure or table.

3. Editorial Policies
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Editing, and Publication of Scholarly Work in Medical 
Journals (http://www.icmje.org/recommendations) issued 
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Association of Medical Editors (WAME).
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investigations in humans or animals indicate that those studies 
were formally approved by a relevant ethics committee or 
review board. For research involving human experiments, a 
statement that the participants gave informed consent before 
taking part (or a statement that it was not required and why) 
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conformed to the provisions of the Declaration of Helsinki 
(as revised in 2013). When reporting experiments on animals, 
authors should indicate whether the institutional and national 
guide for the care and use of laboratory animals was followed.

Conflict of Interest: All authors are required to disclose 
any actual or potential conflict of interest including financial 
interests or relationships with other people or organizations 
that might raise questions of bias in the work reported. If no 
conflict of interest exists for each author, please state "There is 
no conflict of interest to disclose".

Submission Declaration: When a manuscript is considered 
for submission to BioScience Trends, the authors should 
confirm that 1) no part of this manuscript is currently under 
consideration for publication elsewhere; 2) this manuscript 
does not contain the same information in whole or in part as 
manuscripts that have been published, accepted, or are under 
review elsewhere, except in the form of an abstract, a letter to 
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the editor, or part of a published lecture or academic thesis; 
3) authorization for publication has been obtained from the 
authors’ employer or institution; and 4) all contributing authors 
have agreed to submit this manuscript.

Cover Letter: The manuscript must be accompanied by a 
cover letter prepared by the corresponding author on behalf 
of all authors. The letter should indicate the basic findings 
of the work and their significance. The letter should also 
include a statement affirming that all authors concur with the 
submission and that the material submitted for publication has 
not been published previously or is not under consideration for 
publication elsewhere. The cover letter should be submitted 
in PDF format. For example of Cover Letter, please visit: 
Download Centre (https://ircabssagroup.com/downcentre).

Copyright: When a manuscript is accepted for publication in 
BioScience Trends, the transfer of copyright is necessary. A 
JOURNAL PUBLISHING AGREEMENT (JPA) form will 
be e-mailed to the authors by the Editorial Office and must 
be returned by the authors as a scan. Only forms with a hand-
written signature are accepted. This copyright will ensure the 
widest possible dissemination of information. Please note that 
your manuscript will not proceed to the next step in publication 
until the JPA Form is received. In addition, if excerpts from 
other copyrighted works are included, the author(s) must obtain 
written permission from the copyright owners and credit the 
source(s) in the article.

Peer Review: BioScience Trends uses single-blind peer 
review, which means that reviewers know the names of the 
authors, but the authors do not know who reviewed their 
manuscript. The external peer review is performed for research 
articles by at least two reviewers, and sometimes the opinions 
of more reviewers are sought. Peer reviewers are selected 
based on their expertise and ability to provide high quality, 
constructive, and fair reviews. For research manuscripts, 
the editors may, in addition, seek the opinion of a statistical 
reviewer. Consideration for publication is based on the 
article’s originality, novelty, and scientific soundness, and the 
appropriateness of its analysis. 

Suggested Reviewers: A list of up to 3 reviewers who are 
qualified to assess the scientific merit of the study is welcomed. 
Reviewer information including names, affiliations, addresses, 
and e-mail should be provided at the same time the manuscript 
is submitted online. Please do not suggest reviewers with 
known conflicts of interest, including participants or anyone 
with a stake in the proposed research; anyone from the same 
institution; former students, advisors, or research collaborators 
(within the last three years); or close personal contacts. Please 
note that the Editor-in-Chief may accept one or more of the 
proposed reviewers or may request a review by other qualified 
persons.

Language Editing: Manuscripts prepared by authors whose 
native language is not English should have their work proofread 
by a native English speaker before submission. If not, this 
might delay the publication of your manuscript in BioScience 
Trends.

The Editing Support Organization can provide English 
proofreading, Japanese-English translation, and Chinese-
English translation services to authors who want to publish 
in BioScience Trends and need assistance before submitting 

a manuscript. Authors can visit this organization directly at 
http://www.iacmhr.com/iac-eso/support.php?lang=en. IAC-
ESO was established to facilitate manuscript preparation by 
researchers whose native language is not English and to help 
edit works intended for international academic journals.

4. Manuscript Preparation

Manuscripts are suggested to be prepared in accordance with 
the "Recommendations for the Conduct, Reporting, Editing, 
and Publication of Scholarly Work in Medical Journals", as 
presented at http://www.ICMJE.org.

Manuscripts should be written in clear, grammatically correct 
English and submitted as a Microsoft Word file in a single-
column format. Manuscripts must be paginated and typed in 
12-point Times New Roman font with 24-point line spacing. 
Please do not embed figures in the text. Abbreviations should 
be used as little as possible and should be explained at first 
mention unless the term is a well-known abbreviation (e.g. 
DNA). Single words should not be abbreviated.

Title page: The title page must include 1) the title of the paper 
(Please note the title should be short, informative, and contain 
the major key words); 2) full name(s) and affiliation(s) of the 
author(s), 3) abbreviated names of the author(s), 4) full name, 
mailing address, telephone/fax numbers, and e-mail address 
of the corresponding author; and 5) conflicts of interest (if 
you have an actual or potential conflict of interest to disclose, 
it must be included as a footnote on the title page of the 
manuscript; if no conflict of interest exists for each author, 
please state "There is no conflict of interest to disclose"). 
Please visit Download Centre and refer to the title page of the 
manuscript sample.

Abstract: The abstract should briefly state the purpose of the 
study, methods, main findings, and conclusions. For articles 
that are Original Articles, Brief Reports, Reviews, or Policy 
Forum articles, a one-paragraph abstract consisting of no 
more than 250 words must be included in the manuscript. 
For Communications, Editorials, News, or Letters, a brief 
summary of main content in 150 words or fewer should be 
included in the manuscript. Abbreviations must be kept to 
a minimum and non-standard abbreviations explained in 
brackets at first mention. References should be avoided in the 
abstract. Three to six key words or phrases that do not occur in 
the title should be included in the Abstract page.

Introduction: The introduction should be a concise statement 
of the basis for the study and its scientific context.

Materials and Methods: The description should be brief 
but with sufficient detail to enable others to reproduce the 
experiments. Procedures that have been published previously 
should not be described in detail but appropriate references 
should simply be cited. Only new and significant modifications 
of previously published procedures require complete 
description. Names of products and manufacturers with their 
locations (city and state/country) should be given and sources 
of animals and cell lines should always be indicated. All 
clinical investigations must have been conducted in accordance 
with Declaration of Helsinki principles. All human and 
animal studies must have been approved by the appropriate 
institutional review board(s) and a specific declaration of 
approval must be made within this section.
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be numbered consecutively with Arabic numerals. If necessary, 
additional information should be given below the table.

Figure Legend: The figure legend should be typed on a 
separate page of the main manuscript and should include a 
short title and explanation. The legend should be concise but 
comprehensive and should be understood without referring 
to the text. Symbols used in figures must be explained. Any 
individually labeled figure parts or panels (A, B, etc.) should be 
specifically described by part name within the legend.

Figure Preparation: All figures should be clear and cited 
in numerical order in the text. Figures must fit a one- or two-
column format on the journal page: 8.3 cm (3.3 in.) wide for 
a single column, 17.3 cm (6.8 in.) wide for a double column; 
maximum height: 24.0 cm (9.5 in.). Please make sure that 
the symbols and numbers appeared in the figures should be 
clear. Please make sure that artwork files are in an acceptable 
format (TIFF or JPEG) at minimum resolution (600 dpi for 
illustrations, graphs, and annotated artwork, and 300 dpi for 
micrographs and photographs). Please provide all figures as 
separate files. Please note that low-resolution images are one 
of the leading causes of article resubmission and schedule 
delays.

Units and Symbols: Units and symbols conforming to 
the International System of Units (SI) should be used for 
physicochemical quantities. Solidus notation (e.g. mg/kg, 
mg/mL, mol/mm2/min) should be used. Please refer to the SI 
Guide www.bipm.org/en/si/ for standard units.

Supplemental data: Supplemental data might be useful 
for supporting and enhancing your scientific research and 
BioScience Trends accepts the submission of these materials 
which will be only published online alongside the electronic 
version of your article. Supplemental files (figures, tables, 
and other text materials) should be prepared according to the 
above guidelines, numbered in Arabic numerals (e.g., Figure 
S1, Figure S2, and Table S1, Table S2) and referred to in the 
text. All figures and tables should have titles and legends. All 
figure legends, tables and supplemental text materials should 
be placed at the end of the paper. Please note all of these 
supplemental data should be provided at the time of initial 
submission and note that the editors reserve the right to limit 
the size and length of Supplemental Data.

5. Submission Checklist

The Submission Checklist will be useful during the final 
checking of a manuscript prior to sending it to BioScience 
Trends for review. Please visit Download Centre and download 
the Submission Checklist file.

6. Online Submission

Manuscripts should be submitted to BioScience Trends online 
at http://www.biosciencetrends.com. The manuscript file should 
be smaller than 5 MB in size. If for any reason you are unable 
to submit a file online, please contact the Editorial Office by 
e-mail at office@biosciencetrends.com

7. Accepted Manuscripts

Proofs: Galley proofs in PDF format will be sent to the 
corresponding author via e-mail. Corrections must be returned 

Results: The description of the experimental results should 
be succinct but in sufficient detail to allow the experiments 
to be analyzed and interpreted by an independent reader. 
If necessary, subheadings may be used for an orderly 
presentation. All figures and tables must be referred to in the 
text.

Discussion: The data should be interpreted concisely without 
repeating material already presented in the Results section. 
Speculation is permissible, but it must be well-founded, 
and discussion of the wider implications of the findings is 
encouraged. Conclusions derived from the study should be 
included in this section.

Acknowledgments: All funding sources should be credited 
in the Acknowledgments section. In addition, people who 
contributed to the work but who do not meet the criteria for 
authors should be listed along with their contributions.

References: References should be numbered in the order in 
which they appear in the text. Citing of unpublished results, 
personal communications, conference abstracts, and theses in 
the reference list is not recommended but these sources may 
be mentioned in the text. In the reference list, cite the names 
of all authors when there are fifteen or fewer authors; if there 
are sixteen or more authors, list the first three followed by et 
al. Names of journals should be abbreviated in the style used 
in PubMed. Authors are responsible for the accuracy of the 
references. The EndNote Style of BioScience Trends could be 
downloaded at EndNote (https://ircabssagroup.com/examples/
BioScience_Trends.ens).

Examples are given below:

Example 1 (Sample journal reference):

Inagaki Y, Tang W, Zhang L, Du GH, Xu WF, Kokudo N. 
Novel aminopeptidase N (APN/CD13) inhibitor 24F can 
suppress invasion of hepatocellular carcinoma cells as well as 
angiogenesis. Biosci Trends. 2010; 4:56-60.

Example 2 (Sample journal reference with more than 15 
authors):

Darby S, Hill D, Auvinen A, et al. Radon in homes and risk of 
lung cancer: Collaborative analysis of individual data from 13 
European case-control studies. BMJ. 2005; 330:223.

Example 3 (Sample book reference):

Shalev AY. Post-traumatic stress disorder: Diagnosis, history 
and life course. In: Post-traumatic Stress Disorder, Diagnosis, 
Management and Treatment (Nutt DJ, Davidson JR, Zohar J, 
eds.). Martin Dunitz, London, UK, 2000; pp. 1-15.

Example 4 (Sample web page reference):

World Health Organization. The World Health Report 2008 – 
primary health care: Now more than ever. http://www.who.int/
whr/2008/whr08_en.pdf (accessed September 23, 2010).

Tables: All tables should be prepared in Microsoft Word or 
Excel and should be arranged at the end of the manuscript after 
the References section. Please note that tables should not in 
image format. All tables should have a concise title and should 
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to the editor (proof-editing@biosciencetrends.com) within 3 
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Offprints: Authors will be provided with electronic offprints 
of their article. Paper offprints can be ordered at prices quoted 
on the order form that accompanies the proofs.

Page Charge: Page charges will be levied on all manuscripts 
accepted for publication in BioScience Trends (Original Articles 
/ Brief Reports / Reviews / Policy Forum / Communications: 
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pages; News / Letters: a total cost of $600). Under exceptional 
circumstances, the author(s) may apply to the editorial 
office for a waiver of the publication charges at the time of 
submission.

Misconduct:  BioScience Trends  takes seriously all 
allegations of potential misconduct and adhere to the ICMJE 

Guideline (http://www.icmje.org/recommendations) and 
COPE Guideline (http://publicationethics.org/files/Code_
of_conduct_for_journal_editors.pdf). In cases of suspected 
research or publication misconduct, it may be necessary 
for the Editor or Publisher to contact and share submission 
details with third parties including authors’ institutions and 
ethics committees. The corrections, retractions, or editorial 
expressions of concern will be performed in line with above 
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