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Background: Hand, foot, and mouth disease (HFMD) is a common viral childhood illness caused most 
commonly by enterovirus 71 (EV71) and coxsackievirus A16. The pathogenesis of EV71 has been extensively 
studied, and the regulation of the host immune response is suspected to aggravate the serious complications 
induced by EV71. Our previous research showed that EV71 infection significantly increased the release of 
circulating interleukin (IL)-6, IL-10, IL-13, and IL-27. Notably, these cytokines are related to the EV71 
infection risk and clinical stage. Polyamines are compounds that are ubiquitous in mammalian cells and 
play a key role in various cellular processes. Several studies have shown that targeting polyamine metabolic 
pathways can reduce infections caused by viruses. However, the significance of polyamine metabolism in 
EV71 infection remains largely unknown.
Methods: Serum samples from 82 children with HFMD and 70 healthy volunteers (HVs) were collected to 
determine the polyamine metabolites spermidine (SPD) and spermine (SPM), and IL-6 levels. In addition, 
peripheral blood mononuclear cells (PBMCs) were treated with EV71 viral protein 1 (VP1) and EV71 VP4, 
and the cells and supernatant were then collected to analyze the expression of polyamine metabolism-related 
enzymes by western blot. The data were analyzed using GraphPad Prism 7.0 software (USA).
Results: The serum polyamine metabolites SPD and SPM were elevated in the HFMD patients, especially 
in the EV71-infected children. Further, a positive correlation was found between serum SPD and IL-6 
levels in the EV71-infected children. We also found that the upregulation of peripheral blood polyamine 
metabolites in the EV71-infected HFMD children was related to EV71 capsid protein VP1, but not VP4. 
VP1 may promote the expression of polyamine metabolism-related enzymes and promote the production 
of polyamine metabolites, thereby upregulating the SPD/nuclear factor kappa B/IL-6 signaling pathway. 
However, VP4 has the opposite effect in this process.
Conclusions: Our results suggest that EV71 capsid protein may regulate the polyamine metabolic 
pathways of infected cells in a variety of ways. This study provides insights into the mechanism of EV71 
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Introduction

Hand, foot, and mouth disease (HFMD) is a common 
viral infectious disease that is mainly caused by human 
enterovirus 71 (EV71) and coxsackievirus A6 (CV-A6), 
usually occurs in infants and preschool children (aged  
<5 years), and can cause mild fever, oral ulcers, benign 
skin lesions, and cardiopulmonary symptoms (1,2). 
EV71-infected HFMD is characterized by severe central 
nervous system complications, such as encephalitis, aseptic 
meningitis, acute flaccid paralysis, and even death (3). 
It is well known that HFMD is closely related to pro-
inflammatory cytokines and anti-inflammatory cytokines (4). 
A number of studies have reported that interleukin-6 (IL-6), 
IL-10, and tumor necrosis factor alpha (TNF-α) increase 

with the severity of HFMD (5-7). Notably, IL-6 is closely 
related to the severity and pathophysiology of EV71-
infected HFMD (4). The levels of IL-6 in EV71-infected 
patients with HFMD and aseptic meningitis are elevated, 
which suggests that IL-6 could be used as a diagnostic 
indicator for aseptic meningitis (8).

EV71 is a single-stranded ribonucleic acid (RNA) virus 
that contains 3 surface capsid proteins (i.e., VP1, VP2, 
and VP3), and an internal protein VP4. VP1 plays a key 
role in virulence and is usually used for virus identification 
and vaccine targets (9). EV71 VP1 is synthesized during 
productive infections and may interact closely with specific 
cellular proteins to cause cytopathic effects and ultimately 
neurological complications such as acute delayed paralysis 
and encephalitis. According to reports, VP1 alone can 
induce a strong cell-mediated immune response (10), 
while VP4 has a lesser effect on infection but can maintain 
the stability of the EV71 capsid (11). More importantly, 
research has shown that the VP4 core sequence induced a 
cross-protective antibody response in newborn mice (11). 
However, the pathogenesis of EV71 capsid proteins VP1 
and VP4 induced HFMD remains largely unknown.

Polyamines ,  e spec ia l ly  spermidine  (SPD) and 
spermine (SPM), are ubiquitous in mammalian cells and 
play an important role in cell proliferation, cell signal 
transduction, and protein synthesis (12). The metabolic 
pathway of polyamines includes ornithine decarboxylase 
1 (ODC1), which converts ornithine into putrescine 
(PUT), which in turn synthesizes SPD under the action of 
spermidine synthase (SRM) (13). Spermine synthase can 
convert SPD into SPM. Under the action of spermidine/
spermine acetyltransferase, spermine oxidase (SMOX) and 
polyamine oxidase, SPM is further converted into SPD and  
PUT (14). In recent years, the role of SPD and SPM 
in cancer, cardiovascular and cerebrovascular diseases, 
inflammation, aging, and neurological diseases has been 
fully demonstrated (13,15-17).

Polyamines have also been reported to play a role in viral 
infections. Targeting polyamine metabolic pathways may be 
a potential method to control human viral infections (14).  

Highlight box

Key findings
•	 In the study, we found that serum polyamine metabolites 

spermidine (SPD) and spermine (SPM) were elevated in the 
hand, foot, and mouth disease (HFMD) patients, especially the 
enterovirus 71 (EV71)-infected children. We also found that the 
upregulation of peripheral blood metabolites SPD and SPM in 
children with HFMD was related to the EV71 capsid protein VP1, 
but not VP4.

What is known and what is new?
•	 Polyamines are known to be compounds that are ubiquitous in 

mammalian cells and play a key role in various cellular processes. 
Several studies have shown that targeting polyamine metabolic 
pathways can reduce infections caused by viruses. 

•	 However, the significance of polyamine metabolites, such as 
SPD and SPM, in EV71 infection remains largely unknown. The 
study adds to the discovery that SPD and SPM may be involved 
in EV71-induced inflammatory pathogenesis of HFMD, and the 
upregulation of peripheral blood polyamine metabolites in EV71-
infected HFMD children is related to EV71 capsid protein VP1, 
but not VP4.

What is the implication, and what should change now?
•	 This study provides insights into the mechanism of EV71 infection 

and polyamine metabolism and has good reference value for the 
development of EV71 vaccine.

infection and polyamine metabolism and has good reference value for the development of EV71 vaccine.

Keywords: Hand, foot, and mouth disease (HFMD); polyamine; spermidine; spermine; enterovirus 71 (EV71)

Submitted Dec 21, 2022. Accepted for publication Feb 17, 2023. Published online Feb 24, 2023.

doi: 10.21037/tp-23-41

View this article at: https://dx.doi.org/10.21037/tp-23-41



Li et al. EV71 VP1 is related to polyamine metabolic pathways196

© Translational Pediatrics. All rights reserved.   Transl Pediatr 2023;12(2):194-207 | https://dx.doi.org/10.21037/tp-23-41

For example, inhibition of polyamine biosynthesis by 
difluoromethylornithine (DFMO) affected viral protease 
activities (2A and 3C) and promoted the cleavage of eIF4G 
during viral infection, thereby inhibiting the replication 
of Coxsackie virus B3 (CVB3). In addition, Mounce et al.  
showed that reducing SPD and SPM by upregulating 
spermidine/spermine N1-acetyltransferase 1 (SAT1) can 
limit the replication of the Chikungunya and Zika viruses, 
which suggests that polyamines are essential for viral 
infection in vitro (18). Research has shown that hepatitis 
C virus in human hepatoma Huh7 cells inhibits ODC1 
and SAT1 levels and increases SOMX levels, resulting in a 
decrease in the concentration of the biological polyamines 
SPD and SPM (19).

However, the significance of polyamine metabolites, 
such as SPD and SPM, in EV71 infection remains largely 
unknown. Different from previous studies, our study aims 
to explore the role and mechanism of polyamine metabolites 
in EV71 infection. In this study, we found that the serum 
polyamine metabolites SPD and SPM were elevated in the 
HFMD patients, especially the EV71-infected children. 
We also found that the upregulation of peripheral blood 
metabolites SPD and SPM in children with HFMD was 
related to EV71 capsid protein VP1, but not VP4. We 
present the following article in accordance with the MDAR 
reporting checklist (available at https://tp.amegroups.com/
article/view/10.21037/tp-23-41/rc).

Methods

Ethics statement

The study was conducted in accordance with the 

Declaration of Helsinki (as revised in 2013). The study 
was approved by the Internal Review and Ethics Boards 
of Dongguan Maternal and Child Health Care Hospital 
(No. 2015-8) and Guangzhou First People’s Hospital (No. 
GFPH0787), and informed consent was obtained from the 
parents of each of the enrolled children. 

Subjects

A total of 82 children with HFMD and 70 healthy 
volunteers (HVs) admitted to Guangzhou First People’s 
Hospital and Dongguan Maternal and Child Health 
Care Hospital between October 2016 and July 2017 were 
included in this study. We adopted the diagnostic criteria for 
HFMD disease with EV71 infection set out in the Chinese 
guidelines for the diagnosis and treatment of HFMD 
(2018 edition) (20). Reverse transcription polymerase chain 
reaction (RT-PCR) was used to conduct the stool test to 
determine if the participants were positive for the EV71 
virus as previously reported (6,21). The demographic and 
clinical characteristics of all the study participants are set 
out in Table 1.

Determination of serum polyamine metabolites

The serum samples were collected from venous blood 
at room temperature and stored at –80 ℃ for later use. 
Polyamine standards were purchased from Sigma-Aldrich, 
USA. We referred to and improved the experimental 
procedures of Wang et al. and Ducros et al. (22,23). First, 
the protein of the serum sample was precipitated with 5% 
perchloric acid. The sample was then vortexed, mixed, 
and centrifuged at 4 ℃ for 10 min at 12,000 rpm, and the 

Table 1 The demographic and clinical characteristics

Groups
HFMD patients

HV (n=70)
EV71 (n=25) Un-EV71 (n=57)

Female/male 11/14 24/33 34/36

Age (years), mean ± SD 3.61±1.48 2.34±1.29 3.52±1.08

Maximum body temperature (℃), mean ± SD 39.11±0.73 39.01±0.70 –

Vomiting, n (%) 9 (36.00) 21 (36.84) –

Skin rash, n (%) 23 (92.00) 54 (94.74) –

Oral ulcer, n (%) 24 (96.00) 55 (96.49) –

WBC (×109/L), mean ± SD 10.60±2.73 10.43±3.20 –

HFMD, hand, foot, and mouth disease; EV71, enterovirus 71; HV, healthy volunteers; SD, standard deviation; WBC, white blood cell.

https://tp.amegroups.com/article/view/10.21037/tp-23-41/rc
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supernatant was collected for derivatization. Derivatized 
dansyl chloride (Dns-Cl) (5 mg/mL acetonitrile solution) 
(Sigma-Aldrich, USA) was used for the derivatization in a 
60 ℃ water bath for 45 minutes. The excess Dns-Cl was 
removed with ammonium hydroxide and left to cool at 
room temperature. It was extracted with chloroform, and 
the organic phase was evaporated to dryness at 40 ℃ under a 
gentle stream of nitrogen. Finally, the residue was dissolved 
in 500 μL of acetonitrile, filtered through a 0.22-µm  
filter membrane, and detected by reversed-phase high 
performance liquid chromatography (RP-HPLC) (LC-
20AT, Shimadzu, JPN). The mobile phase was A: ultra-pure 
water and B: HPLC-grade acetonitrile. Gradient elution was 
selected at 60–80%B for 0–3 min, 80–95%B for 3–12 min,  
95–95%B for 12–21 min, 95–60%B for 21–22 min, and 
60%B for 22–25 min. The flow rate was 1.0 mL/min, and 
the fluorescence detection wavelengths were set at 340 and 
510 nm.

Cytokine assays

The human IL-6 enzyme-linked immunosorbent assay 
kit (Ray Biotech, Inc.) was used to measure IL-6 levels in 
the serum and culture supernatant in accordance with the 
manufacturer’s instructions (6).

Peripheral blood mononuclear cells (PBMCs) isolation and 
cell culture

The PBMCs were separated by densi ty  gradient 
centrifugation through Ficoll-Paque (TBD, Shanghai), 
retrieved, and cultured in Roswell Park Memorial Institute 
medium 1640 containing 10% fetal bovine serum, 1% 
penicillin, and streptomycin in 6-well tissue culture dishes 
at 37 ℃ in a 5% carbon dioxide atmosphere. The PBMCs 
were then treated with EV71 VP1 (2.5 μg/mL, provided 
by Nansha Center for Disease Control and Prevention) or  
2.5 μg/mL, and 5 μg/mL EV71 VP4 (Bioss, Beijing) 
dissolved with phosphate buffered saline (pH =7.4). THP-
1 was induced to adhere to the wall with PMA (100 ng/mL) 
for 4 hours before treatment in vitro, and VP1 and VP4 were 
treated as described above. After 24 hours of incubation, the 
cells and supernatant were collected for further analysis.

Western blot analysis

T h e  c e l l s  w e r e  l y s e d  a n d  h o m o g e n i z e d  u s i n g 
radioimmunoprecipitation assay buffer (Cell Signaling 

Technology), and the protein concentration was measured 
by an Enhanced Bicinchoninic acid Protein Assay Kit 
(Beyotime). Equal amounts of protein extracts were 
separated by electrophoresis on a 12% NuPAGE Bis-Tris 
Mini Gel (Invitrogen) and then transferred to nitrocellulose 
membranes (GE Healthcare) (24). The membranes were 
blocked for 1 hour in Tris-buffered saline containing 5 % 
bovine serum albumin and then probed with antibodies. 
Antibodies against SRM (Cat#: 19858), ODC1 (Cat#: 
17003), SMOX (Cat#: 15052), iNOS (Cat#: 18985), IL-6 
(Cat#: 21865), and GAPDH (Cat#: 60004) were purchased 
from Proteintech, and nuclear factor kappa B (NF-κB) 
p65 (Cat#: 8242S) was purchased from Cell Signaling 
Technology. The membranes were then probed with 
secondary antibodies conjugated to horseradish peroxidase. 
Next, the immunoblots were developed as recommended 
in the ECL Advance Western blot detection kit (Amersham 
Biosciences).

Statistical analysis

The data from at least 3 independent experiments were 
analyzed using GraphPad Prism 7.0 software (USA). 
The Student’s t-test was used to determine statistical 
differences for the 2-group comparisons and a 1-way 
analysis of variance was used for the multiple comparisons. 
The correlations were evaluated using Spearman’s rank 
correlation test. A P value <0.05 was considered statistically 
significant.

Results

Serum SPD and SPM were elevated in the HFMD 
patients, especially the EV71-infected children

Polyamines, including putrescine, SPD, and SPM, are small 
positively charged amine molecules in mammalian cells. 
Studies have reported that the replication of the EV71 virus 
in host cells relies on polyamines (14,25). However, little is 
known about the level of polyamines in the peripheral blood 
of EV71-infected HFMD patients, and whether it is related 
to EV71 infection.

We used RP-HPLC to detect the levels of the polyamine 
metabolites SPD and SPM in the peripheral blood of the 
EV71-infected and uncertain or non-EV71 (un-EV71)-
infected HFMD patients (n=82) and healthy individual 
volunteers (HVs) (n=70). The results showed that the 
serum SPD and SPM levels of the HFMD patients were 
significantly higher than those of the HVs (P<0.0001;  
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Figure 1A,1B). Moreover, a strong positive correlation was 
found between the SPD and SPM levels in the HFMD 
patients and HVs (Figure 1C,1D). 

Based on the fecal EV71 test results, the HFMD patients 
were divided into the EV71-infected HFMD group and 
the un-EV71-infected HFMD group. The results showed 
that the serum SPD and SPM levels of the EV71-infected 
HFMD patients were significantly higher than those of 
the un-EV71-infected HFMD patients (Figure 1E,1F). 
In addition, a strong correlation was found between the 
levels of SPD and SPM in the EV71-infected HFMD 
patients (Figure 1G), but not in the un-EV71-infected 
HFMD patients (Figure 1H). These results suggest that the 
upregulated polyamine metabolites in the peripheral blood 
of the EV71-infected HFMD patients was related to EV71 
infection.

Serum SPD was positively correlated with IL-6 in the 
EV71-infected HFMD children

IL-6 is produced rapidly during infection and tissue damage 
and promotes the host’s defenses by stimulating acute phase 
reactions, and hematopoietic and immune responses. We 
previously showed that the serum IL-6 level of EV71-

infected patients was significantly higher than that of un-
EV71-infected patients or HVs and was associated with 
the pathogenesis of EV71 infection (6). In this study, we 
further examined the relationship between serum IL-6 
and polyamine metabolites in EV71-infected patients, un-
EV71-infected patients, and HVs and found that IL-6 
and SPD were positively correlated in the EV71-infected 
patients, but not in un-EV71-infected patients or HVs 
(Figure 2). However, we did not observe any correlation 
between IL-6 and SPM among the EV71-infected patients, 
un-EV71-infected patients, or HVs (Figure 2). These results 
suggest that the rise of IL-6 caused by EV71 infection may 
be related to SPD.

The upregulation of SPD and SPM in the EV71-infected 
HFMD children was related to EV71 capsid protein VP1, 
but not VP4

Several studies have shown that targeting polyamine 
metabolic pathways can reduce infections caused by viruses 
(14,26). The above results suggested that EV71 infection 
could also affect the level of peripheral blood polyamine 
metabolites. To further examine how EV71 infection 
regulates polyamine metabolism, we used the EV71 capsid 
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proteins VP1 and VP4 to stimulate the PBMCs and PMA-
induced THP-1 cells, and then detected the expression of 
polyamine metabolism-related enzymes and the production 
of polyamine metabolites. We found that VP1 upregulated 
and promoted the production of both SPD and SPM in the 
PBMC (Figure 3A) and THP-1 (Figure 3B) cells. We also 
found that VP1 significantly upregulated the expression 
of SRM, ODC1, SMOX, and iNOS in the THP-1 cells  
(Figure 3C). Notably, after VP4 stimulation, the production 
of SPD and SPM in the PBMC (Figure 4A) and THP-1 
(Figure 4B) cells was reduced, which is opposite to the result 
of VP1 stimulation (Figure 3A,3B).

VP1 is the major virulence determinant of EV71 
responsible for virus genotyping and virus entry (27,28). VP4 
is essential for infectivity and interacts with the membrane 
structure of the endocytic vesicle, resulting in the breaking 
of that vesicle (29). Notably, VP4 upregulated the expression 
of SMOX and iNOS, but downregulated the expression of 
SRM and ODC1 in the THP-1 cells (Figure 4C). These 
results suggest that the upregulation of peripheral blood 
polyamine metabolites in EV71-infected patients is related 
to the EV71 capsid protein VP1, but not VP4.

VP1 promoted and VP4 inhibited the SPD/NF-кB/IL-6 
signaling pathway

The SPM oxidase SMOX catalyzes the oxidation of SPM to 
generate SPD, hydrogen peroxide, and 3-aminopropanal. 
The above results indicated that both VP1 and VP4 
upregulated the expression of SMOX (Figures 3C,4C), and 
a positive correlation between SPD and IL-6 was found in 
the EV71-infected patients (Figure 2). Choi et al. showed 
that SPD treatment attenuated the production of IL-6, 
and appeared to involve the suppression of translocation of 
NF-κB p65 subunit into the nucleus in lipopolysaccharide-
stimulated murine BV2 microglia cells (30). Morón et al. 
found that SPD treatment alone did not increase the level 
of IL-6 in THP-1 cells, but SPD did upregulate the level 
of IL-6 in THP-1 cells in an interferon-gamma (IFN-γ)–
dependent manner (31). Several studies have shown that 
VP1 stimulation upregulates the expression of IFN-γ in 
host cells (10,32).

We also found that SPD treatment did not increase the 
level of IL-6 in host cells (Figure 5). However, in the SPD 
combined with VP1 and VP1 alone treatment groups, the 
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Figure 3 EV71 VP1 upregulated the production of SPD and SPM in PBMC and THP-1 cells. VP1 upregulated and promoted the 
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level of IL-6 in the host cells was significantly increased, 
while in the SPD combined with VP4 and VP4 alone 
treatment groups, the level of IL-6 in the host cells was 
significantly decreased (Figures 5-7). Research has shown 
that the expression of VP1 and IL-6 in host cells increases 
simultaneously after EV71 infection (33-35). Our results 
also showed that VP1 treatment promoted the production 
of IL-6 in the PBMC and THP-1 cells (Figure 6A,6B), and 
upregulated the expression of NF-κB p65 in the THP-1 
cells (Figure 6C). These results suggest that VP4 treatment 
inhibited the production of SPD and SPM in the PBMC 
and THP-1 cells (Figure 4). Notably, VP4 did not affect the 
production of IL-6 in PBMC cells (Figure 7A), but it did 
downregulate the expression of IL-6 and NF-κB p65 in the 
THP-1 cells (Figure 7B,7C). These results suggest that VP1 
promotes and VP4 inhibits the SPD/NF-кB/IL-6 signaling 
pathway, thereby initiating the inflammatory response 
regulated by polyamine metabolism after EV71 infection.

Discussion

This study investigated the levels of polyamine metabolites 
in children with HFMD caused by EV71 infection. During 
the analysis, significant changes were observed in the 
metabolic profile, especially the metabolites SPD and SPM. 
Notably, the levels of the serum polyamines (SPD and SPM) 
in patients with HFMD were elevated, especially in patients 
with EV71 infection, which suggests that polyamines (SPD 
and SPM) may be related to EV71 virus infection. We also 
found that in the EV71 group, the IL-6 levels were related 
to the SPD levels, but not the SPM levels. This suggests 
that serum SPD and IL-6 could serve as disease monitoring 
indicators for the EV71 infection of HFMD.

Previously, Els et al. reported that SPD levels in the blood 
of patients with focal cerebral ischemia are elevated (36). In 
addition, SPD has been shown to be correlated with clinical 
results in the first 48 hours and infarct volume on days 4 to 
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VP1 (2.5 μg/mL), the level of IL-6 was significantly increased, 
while after SPD combined with VP4 (5 μg/mL), the level of IL-6 
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IL-6 in the host cells was significantly increased, while in the SPD 
combined with VP4 and VP4 alone treatment groups, the level of 
IL-6 in the host cells was significantly decreased IL, interleukin; 
SPD, spermidine; EV71, enterovirus 71; THP-1, human myeloid 
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6 (36). Interestingly, exogenous polyamines or polyamine 
inhibitors can affect a range of physiological activities. For 
example, research showed that the pretreatment of SPD or 
SPM significantly inhibited the apoptosis of the ischemia/
reperfusion cells that restrained the expression of caspase-3 
and caspase-9, suppressed the release of cytochrome 
c, upregulated the expression of Bcl-2, and decreased  
[Ca2+] (37). In a hypertension-induced congestive heart 
failure model, SPD feeding decreased blood pressure, 
increased titin phosphorylation, and prevented cardiac 
hypertrophy, which in turn may have delayed the progression 
of heart failure (38). 

In human colon carcinoma COLO 320 cells, polyamine 
depletion led to a >90% decrease in the expression of a 
key gene, c-myc proto-oncogene, which maintains cell 
growth (39). Further, ODC1, a key enzyme of polyamines, 
is important for tumor progression. The overexpression 
of ODC1 profoundly interferes with skin homeostasis and 
can lead to tumor development in mice (40-43). Nilsson  
et al. (44) inhibited ODC1 by difluoromethylornithine 
(DFMO) affected Myc-mediated proliferation during 
tumorigenesis and markedly delayed the development of 
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lymphoma, which suggests that ODC1 could be an effective 
target for cancer chemoprevention.

In the current study, we found that SPD and SPM are 
highly expressed in HFMD, especially after EV71 infection, 
which indicates that the polyamine metabolism mechanism 
of the EV71-infected HFMD patients is different to that 
of other non-EV71-infected HFMD patients or healthy 
individuals. Thus, polyamines could serve as novel target 
molecules for the prevention and diagnosis of HFMD.

Further, it has been reported that serum IL-6 levels are 
increased in patients with severe HFMD with comorbidities 
but are decreased in patients with mild HFMD and 
during the HFMD recovery period (5-8,45,46). To clarify 
the relationship between disease severity and polyamine 
metabolism, we further tested the correlation between IL-6 
concentration and polyamine levels. Our results indicate 
that the level of IL-6 is related to the level of SPD in EV71-
infected patients with HFMD.

In addition, the expression levels of polyamine 
metabolizing enzymes (iNOS, ODC1, SRM, and SMOX) 
are increased after EV71 VP1 stimulation, which leads to 
increased SPD levels. However, the results after EV71 VP4 

stimulation were opposite to those after VP1 stimulation; 
that is, the level of SPD and SPM and the expression 
of ODC1 and SRM decreased. In summary, it can be 
inferred that EV71 VP1 enhances SPD and SPM and their 
metabolic enzymes due to the main effect of its virulence 
protein, while the differential effect of VP4 is mainly due to 
its distribution in the location of the virus, which may not 
be related to virulence.

Using EV71 VP1 to enhance the expression of SRM 
and SMOX, we found that the level of SPD increased, 
and the expression of NF-кB/p65 and IL-6 increased. It is 
well known that NF-кB/p65 is one of the main modulators 
regulating IL-6 secretion (47). Additionally, EV71 infection 
causes the activation of NF-кB, which then leads to viral 
replication and the secretion of pro-inflammatory cytokines, 
such as TNF-α, IL-1β, and IL-6 (48-51). Blocking the 
NF-кB pathway effectively inhibited EV71 replication and 
cytokine production (35,51). Conversely, polyamines affect 
cell growth and death through the signal transduction 
pathway of NF-Кb (52).

A study reported that oxidative stress in human liver 
cancer HUH7 cells activated NF-кB, which in turn 
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upregulated ODC1 and SAT1, leading to increased 
polyamine levels (53). In diabetic ischemia reperfusion 
injury, the expression of SAT1 and NF-кB and the level 
of SPD was increased (54), which indicated a connection 
between polyamines (especially SPD) and NF-кB. It 
was reported years ago that ODC1 messenger RNA 
was accumulated and polyamine levels were elevated in 
TNF-ɑ-activated macrophages (55). After adding ODC1 
inhibitors, DFMO, and polyamine inhibitors, methylglyoxal 
bis (guanylhydrazone) (MGBG) hindered the activation 
of macrophages. Notably, the addition of exogenous 
polyamines reversed the inhibitory effect of MGBG. EV71 
VP4 has diverse effects; however, we are still of the view 
that EV71 infection may result in an increase of polyamines 
(SPD and SPM), which in turn activates the NF-кB/
p65 pathway to promote the secretion of IL-6, leading to 
inflammation.

Our study had some limitations. First, we can only 
speculate that the metabolic changes of polyamine 
metabolites in children with HFMD can be used as disease 
monitoring indicators, and specific diagnostic conditions 
need to be explored. Second, this study separately explored 

the effects of VP1 and VP4 on EV71, but this limited 
analysis cannot represent EV71 entirely. However, our 
results are insightful, as they indicate that VP1 and VP4 
may play completely opposite roles in the EV71 virus, and 
provide a theoretical basis for follow-up research. Further 
research should be conducted to evaluate the function of 
polyamines in larger sample sizes or in vitro experiments.

Conclusions

Our findings suggest that SPD and SPM may be involved 
in the inflammatory pathogenesis of HFMD induced by 
EV71, and serum SPD and SPM levels may be important 
diagnostic indicators. Therefore, we believe that SPD 
and SPM may be candidate targets for the treatment of 
hand, foot and mouth disease. We also showed that the 
upregulation of peripheral blood polyamine metabolites 
in EV71-infected HFMD children is related to EV71 
capsid protein VP1, but not VP4. VP1 may promote the 
expression of polyamine metabolism-related enzymes and 
promote the production of polyamine metabolites, thereby 
upregulating the SPD/NF-кB/IL-16 signaling pathway 

2.0

1.5

1.0

0.5

0.0
R

el
at

iv
e 

pr
ot

ei
n 

le
ve

l

50

40

30

20

10

0

IL
-6

, p
g/

m
L

25

20

15

10

5

0
IL

-6
, p

g/
m

L

PBMCs

THP-1

IL-6                       NF-κB p65

0           2.5           5

EV71 VP4, μg/mL

0           2.5           5
EV71 VP4, μg/mL

**

**
**

*

0 μg/mL
2.5 μg/mL
5 μg/mL

65 kDa

26 kDa

37 kDa

NF-κB p65

IL-6

GAPDH

0           2.5           5
EV71 VP4, μg/mL

A B

C D

Figure 7 EV71 VP4 inhibited the production of IL-6 in THP-1 cells. VP4 did not affect the production of IL-6 in the PBMC cells (A), VP4 
downregulated the expression of IL-6 and NF-κB p65 in the THP-1 cells (B-D). *, P<0.05; **, P<0.01. IL, interleukin; PBMC, peripheral 
blood mononuclear cell; EV71, enterovirus 71; THP-1, human myeloid leukemia mononuclear cells; NF-κB, nuclear factor kappa B; 
GAPDH, glyceraldehyde-phosphate dehydrogenase.



Li et al. EV71 VP1 is related to polyamine metabolic pathways204

© Translational Pediatrics. All rights reserved.   Transl Pediatr 2023;12(2):194-207 | https://dx.doi.org/10.21037/tp-23-41

EV71

VP1 VP4

ORN

SPD

PUT

SPM

Polyamine metabolism

Inflammation

SRM

ODC1

IL-6

NF-κB P65

SMS

SMOX

EV71: Enterovirus 71
VP1: Capsid protein VP1
VP4: Capsid protein VP4
ORN: Ornithine
PUT: Putrescine
SPD: Spermidine
SPM: Spermine
ODC1: Ornithine decarboxylase 1
SRM: Spermidine synthase
SMS: Spermine synthetase
SMOX: spermine oxidase

Promotion
Suppression
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kappa B; IL, interleukin.

(Figure 8). However, VP4 has the opposite effect in this 
process (Figure 8). 
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