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Abstract
Environmental pollution seriously affects human health. The concentration of negative air ions (NAIs), which were discovered 
at the end of the nineteenth century, is one of the factors used to evaluate air quality. Additionally, NAIs have been widely 
considered markers by scholars due to their unique biological function. The aim of this study was to summarize existing 
research and propose future research on the generation and temporal and spatial dynamic patterns of NAIs concentrations as 
well as the relationship between NAIs and human health. We identified 187 studies (published January 2013–January 2023) 
that met our inclusion criteria. Fourteen English studies evaluated the effects of NAIs on depression, the cardiovascular sys-
tem, the respiratory system, reproduction and development, cognition, and sports muscle injury. Only two studies reported 
the associations of NAIs exposure with metabolic omics. NAIs concentrations vary temporally with solar radiation, air tem-
perature, and relative humidity, while the temporal dynamic patterns of NAIs are affected by season, time, meteorological 
factors, air quality index, geographical location, forest vegetation, and other factors. Researchers have shown that exposure to 
NAIs may benefit our health by changing amino acid metabolism, which mainly manifests as increased anti-inflammation and 
reduced inflammation and antioxidation. Furthermore, exposure to NAIs promotes energy production, affects the expression 
of c-fos, and regulates 5-HT levels. There has been considerable interest in the potential effects of NAIs on human health and 
well-being, but the conclusions have been inconsistent and the mechanisms remain unclear. The use of omics to elucidate 
the biological mechanism of NAIs is relatively new and has some advantages.
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Introduction

With the accelerating process of industrialization and urban-
ization, the problem of environmental pollution has gradu-
ally become more prominent, thereby seriously threatening 
the quality of human life and physical and mental health. 
Therefore, it is important to pay more attention to the living 
environment. Furthermore, since people spend more than 
80% of their time indoors, previous studies have indicated 

that indoor air pollution has an equal or more significant 
effect on human health compared with ambient air pollution 
(Jia X et al. 2018).

Recently, urban air quality has become a hot research 
topic around the world, and the concentration of negative 
air ions (NAIs) is regarded as an essential indicator of urban 
air quality and the effects of forests on human health (Liu S 
et al. 2022). NAIs are negatively charged gas ions that are 
formed and generated by sunlight, radiant or cosmic rays, 
plant-based sources of energy, or other natural and artifi-
cial energy sources, also known as colorless, tasteless, and 
small particle size (Nazaroff WW et al. 2020). NAIs can 
effectively reduce the concentration of particulate matter, 
especially PM2.5 and PM10 (Jiang SY et al. 2021), and pre-
vent volatile organic compounds (VOCs) from binding to 
PM2.5 (Zhang C et al. 2020), thereby improving air quality. 
Additionally, NAIs can be found at high concentrations in 
the atmosphere of forests, waterfalls, beaches, and so on, up 
to 0.5 × 103–10 × 103 ions/cm3. The NAIs distribution has 
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noticeable diurnal, monthly, and interannual changes related 
to meteorological factors such as solar radiation, air tem-
perature, and relative humidity, among others.

Many epidemiological studies and clinical investiga-
tions have reported that NAIs have many potential bio-
logical effects such as lowering blood pressure, improving 
body immunity, and improving erythrocyte deformabil-
ity (Iwama H et al. 2002). In addition, they have also been 
found to enhance metabolism (Iwama H 2004), affect emo-
tions, and inhibit the viability of airborne gram-positive 
and gram-negative bacteria (Comini S et al. 2021; Bowers 
B et al. 2018). NAIs can directly stimulate the nerve reflex 
and the humoral system. They play a physiological regula-
tive role (Lv J et al. 2011; Wu CC et al. 2006) or affect the 
composition and distribution of ions in blood by releasing 
electric charge to improve the content of blood oxygen. 
Furthermore, they enhance the absorption and utilization 
of blood oxygen to promote the redox reaction of the body 
(Sirota TV et al. 2008). The mechanisms leading to NAIs-
related biological effects are multifactorial and not yet 
fully understood. In recent years, high-throughput omics 
approaches have been utilized as powerful techniques to 
explore the effect of exposure to environmental factors on 
human physiology, thereby increasing knowledge regard-
ing the biological response to exposure and the underly-
ing molecular mechanism. However, their implications 
for air quality and health hazards have not been reviewed 
comprehensively.

The objective of this review was to evaluate the research 
literature published from 2013 to 2023 to assess the poten-
tial biological effects of NAIs on human health. We dis-
cussed the current state of the literature on the generation 

and dynamic patterns of atmospheric negative ions as well 
as the relationship between NAIs and human health. We 
focused on publications that applied omics studies to the bio-
logical effects of NAIs, as these are relatively new methods 
and have implications for improving air quality and reducing 
health hazards.

Literature search and study identification

This systematic review of studies on NAIs was initiated by 
searching the PubMed, Embase, and China National Knowl-
edge Infrastructure databases to identify relevant experimen-
tal studies published between January 1, 2013 and January 
1, 2023. Fig. 1 shows the step-by-step identification and 
selection process. Three keywords, i.e., “negative,” “air,” 
and “ion”, were used to search all collected articles in the 
databases. The database searches yielded a total of 1060 
articles, and 675 could be retrieved in full. We then screened 
these articles by reviewing the titles and abstracts to exclude 
unrelated articles; a total of 187 references remained.

Identical search strings were used for the PubMed and 
Embase databases to obtain articles related to exposure (air 
ions, atmospheric ions, ionization, ionized air, and negative 
ions) and the outcomes of interest (depression, cardiovas-
cular system, respiratory system, reproduction and develop-
ment, cognition, and sports muscle injury). In addition, we 
manually reviewed the reference lists of all retrieved articles 
to identify potentially eligible publications. Ultimately, 14 
English-language studies met our inclusion criteria and were 
included in the analysis (Table 1).

Fig. 1   Flow diagram of the 
literature search and selection

69825Environmental Science and Pollution Research  (2023) 30:69824–69836

1 3



Ta
bl

e 
1  

T
he

 c
ha

ra
ct

er
ist

ic
s o

f t
he

 1
1 

el
ig

ib
le

 a
rti

cl
es

 w
ith

 th
ei

r N
A

Is
 e

xp
os

ur
e 

le
ve

l, 
stu

dy
 o

bj
ec

t, 
an

d 
fin

di
ng

s

Fi
rs

t a
ut

ho
r/y

ea
r o

f p
ub

lic
at

io
n

St
ud

y 
ob

je
ct

N
A

I e
xp

os
ur

e 
le

ve
l

Fi
nd

in
gs

O
lim

pi
a 

P/
20

13
a

St
ud

y 
1.

 T
en

 m
al

e 
W

ist
ar

 a
lb

in
o 

ra
ts

 w
er

e 
di

vi
de

d 
in

to
 th

e 
co

nt
ro

l a
nd

 e
xp

er
im

en
ta

l g
ro

up
s i

n 
ra

nd
om

.
St

ud
y 

2.
 T

w
en

ty
 h

ei
gh

t c
lin

ic
al

ly
 st

ab
le

 a
du

lt 
pa

tie
nt

s (
ag

e 
ra

ng
e 

18
–4

3 
ye

ar
s)

 w
ith

 p
er

si
ste

nt
 

as
th

m
a 

w
er

e 
ra

nd
om

ly
 a

llo
ca

te
d 

to
 th

e 
N

A
I t

re
at

-
m

en
t g

ro
up

 o
r t

he
 p

la
ce

bo
 g

ro
up

 (s
el

f-
m

an
ag

e-
m

en
t o

f s
ym

pt
om

s)
.

St
ud

y 
3.

 T
hi

rty
-tw

o 
se

as
on

al
 a

ffe
ct

iv
e 

di
so

rd
er

 
(S

A
D

) p
at

ie
nt

s w
er

e 
ra

nd
om

iz
ed

 in
to

 fo
ur

 g
ro

up
s 

in
 a

 ra
nd

om
iz

ed
 c

on
tro

lle
d,

 p
ar

al
le

l g
ro

up
 c

lin
ic

al
 

tri
al

.

St
ud

y 
1.

 C
on

se
qu

en
ce

 o
f 2

 w
ee

ks
 o

f 1
5 

m
in

 N
A

Is
 

ex
po

su
re

 (t
he

 a
ni

m
al

s r
es

te
d 

un
de

r c
on

st
an

t t
em

-
pe

ra
tu

re
 o

f 2
4 

±
 1

 °C
 a

nd
 h

um
id

ity
 o

f 4
7 

±
 1

%
).

St
ud

y 
2.

 N
A

Is
 tr

ea
tm

en
t (

3 
w

ee
ks

 o
f 2

5 
m

in
 

ex
po

su
re

).
St

ud
y 

3.
 G

ro
up

 1
: N

A
Is

 o
n/

la
m

p 
on

; g
ro

up
 2

: N
A

Is
 

off
/la

m
p 

on
; G

ro
up

 3
: N

A
Is

 o
n/

la
m

p 
off

, a
nd

 
co

nt
ro

l g
ro

up
 re

ce
iv

ed
 a

 p
la

ce
bo

 tr
ea

tm
en

t (
w

ith
 

N
A

Is
 d

ev
ic

e 
di

sa
bl

ed
). 

Tr
ea

tm
en

ts
 w

er
e 

ta
ke

n 
in

 
th

e 
ea

rly
 m

or
ni

ng
 fo

r 3
0 

m
in

 o
ve

r 2
1 

da
ys

, f
ol

-
lo

w
ed

 b
y 

w
ith

dr
aw

al
s.

St
ud

y 
1.

 N
A

Is
 a

ffe
ct

 le
ar

ni
ng

 in
 a

 m
az

e;
 th

e 
ex

pe
ri-

m
en

ta
l g

ro
up

 sh
ow

ed
 a

 si
gn

ifi
ca

nt
 re

du
ct

io
n 

in
 

er
ro

r a
nd

 ti
m

e 
sc

or
es

.
St

ud
y 

2.
 N

A
Is

 tr
ea

tm
en

t (
3 

w
ee

ks
 o

f 2
5 

m
in

 
ex

po
su

re
) h

ad
 im

pr
ov

ed
 sc

or
es

 o
n 

as
se

ss
m

en
ts

 o
f 

de
pr

es
si

on
 (B

ec
k 

D
ep

re
ss

io
n 

In
ve

nt
or

y,
 B

C
I)

 a
nd

 
an

xi
et

y 
(S

TA
I-

X
) a

nd
 le

d 
to

 a
 si

gn
ifi

ca
nt

 re
du

ct
io

n 
in

 a
st

hm
a 

ou
tc

om
es

.
St

ud
y 

3.
 N

A
Is

 w
ith

 o
r w

ith
ou

t U
V

 la
m

p 
bo

th
 a

pp
ea

r 
to

 a
ct

 a
s s

pe
ci

fic
 a

nt
id

ep
re

ss
an

ts
 fo

r m
en

 a
nd

 
w

om
en

 a
nd

 a
pp

ea
r t

o 
in

flu
en

ce
 p

er
fo

rm
an

ce
 o

n 
co

gn
iti

ve
 ta

sk
s.

M
a 

M
/2

01
4b

Fi
fty

-s
ix

 h
yp

er
lip

id
em

ia
 p

at
ie

nt
s w

er
e 

ra
nd

om
ly

 
di

vi
de

d 
in

to
 a

n 
ob

se
rv

at
io

n 
gr

ou
p 

an
d 

a 
co

nt
ro

l 
gr

ou
p.

Th
e 

pa
tie

nt
s i

n 
th

e 
co

nt
ro

l g
ro

up
 e

ng
ag

ed
 in

 ta
i c

hi
 

ex
er

ci
se

 fo
r a

pp
ro

xi
m

at
el

y 
60

 m
in

 o
nc

e 
a 

da
y;

 
th

e 
pa

tie
nt

s i
n 

th
e 

ob
se

rv
at

io
n 

gr
ou

p,
 in

 a
dd

iti
on

 
to

 p
er

fo
rm

in
g 

ta
i c

hi
 e

xe
rc

is
e,

 w
er

e 
tre

at
ed

 b
y 

in
ha

la
tio

n 
of

 1
03  io

ns
/c

m
3  N

A
Is

.

Ta
i c

hi
 e

xe
rc

is
e 

co
m

bi
ne

d 
w

ith
 in

ha
la

tio
n 

of
 N

A
Is

 
ca

n 
yi

el
d 

be
tte

r e
ffe

ct
s o

n 
bl

oo
d 

lip
id

 in
di

ca
to

rs
 

th
an

 ta
i c

hi
 e

xe
rc

is
e 

al
on

e.

N
im

m
er

ic
ht

er
 A

/2
01

4bc
Fo

ur
te

en
 m

al
e 

at
hl

et
es

 w
er

e 
ra

nd
om

ly
 d

iv
id

ed
 in

to
 

tw
o 

gr
ou

ps
 in

 a
 d

ou
bl

e-
bl

in
d 

stu
dy

.
Ex

po
su

re
 to

 0
.1

 ±
 0

.0
6 

× 
10

3  a
nd

 2
20

 ±
 3

0 
× 

10
3  

io
ns

/c
m

3  N
A

Is
 2

0 
m

in
 a

fte
r e

xe
rc

is
e.

N
A

Is
 e

xp
os

ur
e 

ha
d 

no
 e

ffe
ct

 o
n 

th
e 

le
ve

ls
 o

f e
pi

-
ne

ph
rin

e,
 n

or
ep

in
ep

hr
in

e,
 b

lo
od

 la
ct

ic
 a

ci
d,

 a
nd

 
ae

ro
bi

c 
m

et
ab

ol
is

m
.

Ya
m

am
ot

o 
D

/2
01

4d
Tw

en
ty

 fe
m

al
e 

pr
eg

na
nt

 S
D

 ra
ts

 w
er

e 
ra

nd
om

ly
 

di
vi

de
d 

in
to

 tw
o 

gr
ou

ps
.

0,
 7

.0
 ×

 1
06  io

ns
/c

m
3  N

A
Is

, 6
 h

/d
ay

, 2
0 

co
ns

ec
u-

tiv
e 

da
ys

.
N

A
Is

 h
ad

 n
o 

eff
ec

ts
 o

n 
bo

dy
 w

ei
gh

t, 
fo

od
 c

on
su

m
p-

tio
n,

 a
nd

 c
lin

ic
al

 si
gn

s;
 th

ey
 a

ls
o 

ha
d 

no
 e

ffe
ct

s 
on

 a
ni

m
al

 e
m

br
yo

 fe
ta

l d
ev

el
op

m
en

t a
nd

 fo
et

al
 

m
or

ph
ol

og
y.

W
al

ln
er

 P
/2

01
5bc

e
Tw

en
ty

 h
ea

lth
y 

ad
ul

ts
, h

al
f w

er
e 

m
al

e 
an

d 
ha

lf 
w

er
e 

fe
m

al
e,

 w
er

e 
ra

nd
om

ly
 d

iv
id

ed
 in

to
 tw

o 
gr

ou
ps

.

10
38

 io
ns

/c
m

3 , 2
19

4 
io

ns
/c

m
3  N

A
Is

, 2
 h

N
A

Is
 e

xp
os

ur
e 

ca
n 

in
cr

ea
se

 sy
m

pa
th

et
ic

 a
ct

iv
ity

 a
nd

 
im

pr
ov

e 
co

gn
iti

ve
 a

bi
lit

y.
 T

he
y 

ha
d 

no
 e

ffe
ct

 o
n 

pu
lm

on
ar

y 
fu

nc
tio

n.
Ya

m
am

ot
o 

D
/2

01
5e

F0
: n

in
et

y-
si

x 
SD

 ra
ts

, h
al

f w
er

e 
m

al
e 

an
d 

ha
lf 

w
er

e 
fe

m
al

e,
 w

er
e 

ra
nd

om
ly

 d
iv

id
ed

 in
to

 tw
o 

gr
ou

ps
 (2

4 
m

al
es

 a
nd

 2
4 

fe
m

al
es

 re
sp

ec
tiv

el
y)

, 
an

d 
m

at
in

g 
w

as
 c

ar
rie

d 
ou

t b
et

w
ee

n 
th

e 
sa

m
e 

tre
at

m
en

t g
ro

up
s. 

F1
: f

or
ty

-o
ne

 o
ffs

pr
in

g 
ra

ts
 (2

1 
m

al
es

 a
nd

 2
0 

fe
m

al
es

) w
er

e 
bo

rn
 in

 th
e 

co
nt

ro
l 

gr
ou

p,
 a

nd
 4

6 
off

sp
rin

g 
ra

ts
 (2

3 
m

al
es

 a
nd

 2
3 

fe
m

al
es

) w
er

e 
bo

rn
 in

 th
e 

N
A

I e
xp

os
ur

e 
gr

ou
p.

 
F0

 a
nd

 F
1 

ar
e 

sti
ll 

th
e 

sa
m

e 
pr

oc
es

si
ng

 g
ro

up
.

0,
 7

.0
 ×

 1
06  io

ns
/c

m
3  N

A
Is

, 6
 h

/d
ay

, 1
0 

co
ns

ec
u-

tiv
e 

w
ee

ks
.

Th
e 

w
ei

gh
t o

f t
he

 th
yr

oi
d 

gl
an

d,
 p

itu
ita

ry
 g

la
nd

, a
nd

 
ut

er
us

 in
cr

ea
se

d 
in

 p
ar

en
ta

l r
at

s. 
Ex

ce
pt

 fo
r t

he
 

in
cr

ea
se

 in
 fo

od
 in

ta
ke

 o
n 

th
e 

20
th

 d
ay

 o
f p

re
g-

na
nc

y,
 N

A
Is

 h
ad

 n
o 

eff
ec

t o
n 

th
e 

fir
st 

ge
ne

ra
tio

n 
of

 o
ffs

pr
in

g.
 T

he
y 

al
so

 h
ad

 n
o 

eff
ec

ts
 o

n 
re

pr
od

uc
-

tio
n,

 d
ev

el
op

m
en

t, 
an

d 
or

ga
n 

hi
sto

lo
gy

 o
f t

he
 tw

o 
ge

ne
ra

tio
ns

.

B
ow

er
s B

/2
01

8a
Fo

rty
 fe

m
al

e 
pa

tie
nt

s w
ith

 S
A

D
 w

er
e 

ra
nd

om
ly

 
di

vi
de

d 
in

to
 4

 g
ro

up
s i

n 
a 

si
ng

le
-b

lin
d 

stu
dy

.
0,

 2
.0

 ×
 1

06  io
ns

/c
m

3  N
A

Is
, 3

0 
m

in
/d

ay
, 6

0 
m

in
/

da
y,

 1
8 

co
ns

ec
ut

iv
e 

da
ys

.
N

A
Is

 c
an

 a
lle

vi
at

e 
de

pr
es

si
on

 a
nd

 a
ty

pi
ca

l S
A

D
 

sy
m

pt
om

s. 
Th

e 
im

pr
ov

em
en

t a
m

on
g 

pa
tie

nt
s 

w
ith

 m
or

ni
ng

 sl
ee

p 
w

as
 g

re
at

er
 th

an
 th

at
 a

m
on

g 
pa

tie
nt

s w
ith

 n
ig

ht
 sl

ee
p.

C
hu

 C
H

/2
01

9e
Th

irt
y-

ni
ne

 a
du

lts
 (2

8 
m

al
es

 a
nd

 1
1 

fe
m

al
es

) w
er

e 
ra

nd
om

ly
 d

iv
id

ed
 in

to
 tw

o 
gr

ou
ps

.
Ex

po
su

re
 a

fte
r w

or
ki

ng
 fo

r 6
 h

, 2
6.

13
 ±

 2
3.

41
 io

ns
/

cm
3 , 1

 4
89

.3
0 

±
 1

48
.9

2 
io

ns
/c

m
3  N

A
Is

, 1
 h

.
N

A
Is

 m
ay

 im
pr

ov
e 

th
e 

ba
si

c 
in

fo
rm

at
io

n 
pr

oc
es

s-
in

g 
ab

ili
ty

 o
f v

ol
un

te
er

s b
y 

in
cr

ea
si

ng
 n

eu
ro

na
l 

ac
tiv

ity
.

69826 Environmental Science and Pollution Research  (2023) 30:69824–69836

1 3



a   D
ep

re
ss

io
n.

 b  C
ar

di
ov

as
cu

la
r s

ys
te

m
. c  R

es
pi

ra
to

ry
 sy

ste
m

. d  R
ep

ro
du

ct
io

n 
an

d 
de

ve
lo

pm
en

t. 
e  C

og
ni

tio
n.

 f  S
po

rts
 m

us
cl

e 
in

ju
ry

Ta
bl

e 
1  

(c
on

tin
ue

d)

Fi
rs

t a
ut

ho
r/y

ea
r o

f p
ub

lic
at

io
n

St
ud

y 
ob

je
ct

N
A

I e
xp

os
ur

e 
le

ve
l

Fi
nd

in
gs

D
on

g 
W

/2
01

9bc
Fo

rty
-fo

ur
 h

ea
lth

y 
m

id
dl

e 
sc

ho
ol

 st
ud

en
ts

 (2
4 

bo
ys

 
an

d 
20

 g
irl

s)
 w

er
e 

ra
nd

om
ly

 d
iv

id
ed

 in
to

 tw
o 

gr
ou

ps
.

12
 9

97
 io

ns
/c

m
3  N

A
Is
，

10
 h

/d
ay

, 5
 c

on
se

cu
tiv

e 
w

or
ki

ng
 d

ay
s.

H
RV

 sh
ow

ed
 a

 n
eg

at
iv

e 
ch

an
ge

, a
nd

 th
e 

ch
an

ge
 in

 
H

RV
 w

as
 g

re
at

er
 a

t h
ig

h 
co

nc
en

tra
tio

n 
of

 N
A

Is
. 

FE
V

1 
in

cr
ea

se
d 

by
 4

.4
%

 a
nd

 F
eN

O
 d

ec
re

as
ed

 b
y 

14
.7

%
.

H
o 

C
S/

20
20

f
Th

irt
y-

ei
gh

t b
ad

m
in

to
n 

pl
ay

er
s (

20
 m

al
es

 a
nd

 1
8 

fe
m

al
es

) w
er

e 
ra

nd
om

ly
 d

iv
id

ed
 in

to
 4

 g
ro

up
s i

n 
a 

do
ub

le
-b

lin
d 

stu
dy

.

A
fte

r e
xe

rc
is

e,
 0

, 3
00

, 3
00

0,
 a

nd
 3

0,
00

0 
io

ns
/c

m
3  

N
A

Is
 w

er
e 

gi
ve

n 
as

 a
dj

uv
an

t t
he

ra
py

.
Th

e 
le

ve
ls

 o
f T

N
F-

a,
 c

re
at

in
e 

ki
na

se
 a

nd
 la

ct
at

e 
de

hy
dr

og
en

as
e 

de
cr

ea
se

d 
si

gn
ifi

ca
nt

ly
. N

A
Is

 a
lle

-
vi

at
e 

th
e 

fa
tig

ue
 c

au
se

d 
by

 m
us

cl
e 

ov
er

lo
ad

.
Li

u 
S/

20
20

bc
Fo

rty
-fo

ur
 h

ea
lth

y 
m

id
dl

e 
sc

ho
ol

 st
ud

en
ts

 (2
4 

bo
ys

 
an

d 
20

 g
irl

s)
 w

er
e 

ra
nd

om
ly

 d
iv

id
ed

 in
to

 tw
o 

gr
ou

ps
.

12
,9

97
 io

ns
/c

m
3  N

A
Is
，

10
 h

/d
ay

, 5
 c

on
se

cu
tiv

e 
w

or
ki

ng
 d

ay
s.

Th
e 

in
cr

ea
se

 in
 N

A
Is

 c
an

 im
pr

ov
e 

re
sp

ira
to

ry
 fu

nc
-

tio
n 

m
ai

nl
y 

th
ro

ug
h 

pr
om

ot
in

g 
en

er
gy

 m
et

ab
ol

is
m

 
an

d 
an

ti-
in

fla
m

m
at

or
y 

an
d 

an
tio

xi
da

nt
 p

at
hw

ay
s. 

Th
e 

in
cr

ea
se

 in
 N

A
Is

 c
an

 re
du

ce
 H

RV
 m

ai
nl

y 
by

 re
du

ci
ng

 e
ne

rg
y 

m
et

ab
ol

is
m

 a
nd

 a
nt

io
xi

da
nt

 
pa

th
w

ay
s.

C
he

ng
 Y

H
/2

02
2b

Fo
rty

-fi
ve

 fe
m

al
e 

W
ist

ar
 ra

ts
 w

er
e 

ra
nd

om
ly

 
di

vi
de

d 
in

to
 fo

ur
 g

ro
up

s.
C

on
tro

l g
ro

up
, L

PS
 tr

ea
te

d 
gr

ou
p,

 c
on

tro
l g

ro
up

 +
 

N
A

Is
-tr

ea
te

d 
gr

ou
p,

 a
nd

 L
PS

 tr
ea

tm
en

t
+

 N
A

Is
-tr

ea
te

d 
gr

ou
p.

 T
he

 N
A

Is
 tr

ea
tm

en
t o

f t
he

 
ra

ts
 b

y 
10

 c
m

 d
ist

an
ce

 o
f N

A
Is

 e
xp

os
ur

e 
w

as
 

pe
rfo

rm
ed

 fo
r 2

10
 m

in
.

N
A

Is
 h

av
e 

an
tio

xi
da

nt
 a

nd
 a

nt
i-i

nfl
am

m
at

or
y 

eff
ec

ts
 

an
d 

ca
n 

pr
om

ot
e 

w
ou

nd
 h

ea
lin

g.

H
u 

Y
Q

/2
02

2a
Si

x-
w

ee
k-

ol
d 

m
al

e 
C

57
B

L/
6 

m
ic

e 
w

er
e 

ra
nd

om
ly

 
di

vi
de

d 
in

to
 fo

ur
 g

ro
up

s.
(1

) C
on

tro
l m

ic
e,

 (2
) c

hr
on

ic
 m

ild
 st

re
ss

 (C
M

S)
-

tre
at

ed
 m

ic
e,

 (3
) c

on
tro

l m
ic

e 
w

ith
 4

.0
 ×

 1
04  

io
ns

/c
m

3  N
A

Is
 e

xp
os

ur
e,

 a
nd

 (4
) C

M
S-

tre
at

ed
 

m
ic

e 
w

ith
 4

.0
 ×

 1
04  io

ns
/c

m
3  N

A
Is

 e
xp

os
ur

e 
fo

r 
30

 d
ay

s.

N
A

Is
 in

te
rv

en
tio

n 
is

 a
bl

e 
to

 a
m

el
io

ra
te

 C
M

S-
in

du
ce

d 
de

pr
es

si
on

-li
ke

 b
eh

av
io

rs
 in

 m
ic

e.

Li
u 

S/
20

22
b

Th
irt

y-
on

e 
he

al
th

y 
ad

ul
ts

 w
er

e 
ra

nd
om

ly
 d

iv
id

ed
 

in
to

 fo
ur

 g
ro

up
s i

n 
a 

re
pe

at
ed

-m
ea

su
re

 p
an

el
 

stu
dy

.

Th
e 

pa
rti

ci
pa

nt
s s

ta
ye

d 
in

 th
e 

fo
re

st 
fo

r 3
 d

ay
s a

nd
 

2 
ni

gh
ts

 o
n 

di
ffe

re
nt

 d
at

es
. A

fte
r e

nt
er

in
g 

th
e 

fo
re

st,
 th

ey
 w

er
e 

re
qu

ire
d 

to
 st

ay
 in

 th
e 

fo
re

st 
en

vi
ro

nm
en

t f
or

 5
0 

h.
 N

A
Is

 e
xp

os
ur

e 
w

as
 6

8.
11

 
(1

38
.2

0)
 io

ns
/c

m
3.

Fo
re

st 
N

A
Is

 c
an

 im
pr

ov
e 

ca
rd

ia
c 

au
to

no
m

ic
 n

er
vo

us
 

fu
nc

tio
n.

69827Environmental Science and Pollution Research  (2023) 30:69824–69836

1 3



Overview of NAIs

NAIs and their generation

Neutral gas molecules in the atmosphere combine with 
free electrons to form negatively charged atmospheric neg-
ative ions, which is the general name of negatively charged 
particles in the atmosphere. For example, atmospheric 
negative oxygen ions refer to the negatively charged oxy-
gen ions formed by the combination of oxygen molecules 
and free electrons in the atmosphere. They are colorless 
and tasteless and are also known as small particle-size 
negative ions, accounting for approximately 10–20% of the 
content of atmospheric negative ions (Gui HL et al. 2018).

There are three primary sources of atmospheric negative 
ions. ① Under the action of cosmic rays, ultraviolet rays, 
trace element radiation, high-voltage electric fields, light-
ning, and water molecule collisions, electrons ionize and 
escape into the air, becoming free electrons with a negative 
charge, which are then captured by air molecules, aerosols, 
and fine particles, and negatively charged. ② In the envi-
ronment of waterfalls, waves, and rainstorms, water mist 
with a negative charge is formed, which is taken away by 
air flow. ③ Plant “tip discharge” and photosynthesis release 

free electrons and combine with oxygen or water molecules 
to form atmospheric negative ions (LI G F et al. 2019a, 
2019b). NAIs components produced by various sources of 
NAIs, and the evolution of oxygen-based NAIs are shown 
in Fig. 2 (Jiang SY et al. 2018).

Temporal and spatial dynamic patterns of NAIs 
concentration

There are diurnal and seasonal changes in NAIs concentra-
tion. Most Chinese studies show that the concentration of 
NAIs in the air is higher in the morning and night, lower 
in the afternoon, higher in summer and autumn, and rel-
atively lower in winter (Li A et al. 2022; Jiang ZH et al. 
2021; Yao YP et al. 2019; Zhu SHX et al. 2019; LI Q Y 
et  al. 2019a, 2019b; Zhang Yong et  al. 2018). Further-
more, the concentration of NAIs is positively correlated 
with altitude (Zhang Yong et al. 2018; Jin Q et al. 2015). 
Li A et al. (Li A et al. 2022) found that the daily dynam-
ics of NAIs concentration showed a bimodal curve in the 
Chinese Academy of Forestry (Fuyang District, Hangzhou, 
China, 30°03′35″N, 119°57′7″E). The peak NAIs concen-
tration usually occurred in the early morning (5:00–7:00) 
and afternoon (15:00–17:00), and the lowest concentration 

Fig. 2   NAIs compositions from different generation sources. A Natu-
ral NAIs. References: Goldstein N 2002; Lin HF et al. 2017. B Coro-
navirus NAIs. Reference: Sekimoto K et  al. 2013. C Lenard NAIs. 

Reference: Parts TE et  al. 2007. D The evolution of oxygen-based 
NAIs. Reference: Lin HF et al. 2017
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usually occurred around noon (11:00–13:00). On a monthly 
scale, NAIs concentration was relatively high in February 
and August and relatively low in May and December. On 
the seasonal scale, NAIs concentration was significantly 
higher in summer than in other seasons. Autumn had the 
second highest NAIs concentration. Another study analyzed 
the continuous monitoring data of NAIs at three monitoring 
stations in Shennongjia, Yichang, and Jingzhou in Hubei 
Province. The results concluded that the concentration of 
NAIs was higher in summer and lower in winter, and that 
the concentration of NAIs was significantly higher at night 
than during the daytime. The highest value occurs between 
4:00 and 7:00 in the morning (Gui HL et al. 2018). Yao 
YP (Yao YP et al. 2019) found that NAIs concentration has 
significant daily and monthly variation characteristics, with 
low concentration in the afternoon (13:00–16:00) and high 
concentration at night and in the morning (22:00–7:00). The 
concentration of NAIs was high from April to September 
and low in winter according to observations at 53 monitoring 
stations in Zhejiang Province in 2016.

It has been demonstrated that the concentration of NAIs 
varies in different observation areas. The concentration of 
NAIs in forest air is mostly between 900 and 5000/cm3 (Zhu 
SHX et al. 2019; LI Q Y et al. 2019a, 2019b; Zhang Y et al. 
2018). The concentration in waterfalls and streams can be 
up to 10,000/cm3 (Wang W et al. 2013). Urban green space 
is 150–700/cm3 and varies with different green space com-
positions. The concentration of NAIs in urban traffic areas is 
generally between 200 and 300/cm3 (Yuan XY et al. 2014). 
Accordingly, the overall trend is arbor and shrub > arbor > 
shrub (Fei L et al. 2020).

Effect of environmental factors on NAIs 
concentration

The concentration of NAIs correlates with meteorological 
factors such as air temperature (Ta), relative humidity (RH), 
wind and radiation, forest vegetation, and environmental con-
ditions, but the research conclusions are different due to the 
influence of study area, season, and forest type. Li A et al. 
(Li A et al. 2022) showed that the air quality index (AQI) 
was a key factor affecting NAIs concentration compared to 
Ta and RH, especially PM and ozone; they also found that 
NAIs concentration had a negative correlation with these 
indicators and was significantly higher under favorable air 
quality conditions than under polluted air conditions. NAIs 
concentration and Ta showed marked piecewise character-
istics, with NAIs increasing linearly with rising Ta only if 
the Ta was separated into three ranges of − 5 to 10 °C, 10 
– 30 °C, and 30–40 °C. NAIs concentration was correlated 
with RH spanning all seasons, and water was an important 
factor affecting the distribution of NAIs concentration in dif-
ferent time series, as Li C et al. reported (Li C et al. 2021). 

Additionally, Peng LY et al. found that the NAIs concen-
tration in different garden types has a differing correlation 
with Ta, RH, and precipitation, but that both are positively 
correlated with rainfall. The NAIs concentration of primitive 
broad-leaved forests has a negative correlation with Ta and a 
positive correlation with RH, while it is positively correlated 
with Ta and negatively correlated with noontime and RH in 
plantations (Peng LY et al. 2020). Other studies have reported 
the relationship among NAIs concentration, air oxygen con-
tent, wind speed, altitude, and precipitation (Zhu SHX et al. 
2019; Zhang Y et al. 2018; Chen BH et al. 2019).

Most conclusions on the influencing factors of NAIs con-
centration mainly come from research on the influencing fac-
tors of NAIs contents in forest areas, while research on other 
types of NAIs concentration is relatively scarce. Therefore, 
Feng YM analyzed the influencing factors of NAIs concen-
tration in the air of different habitats of an urban ecosystem, 
and the findings showed that the NAIs concentration in wet-
land parks and campuses was positively correlated with Ta, 
RH, and wind speed, and that the NAIs concentration in a 
square, an arboretum, and a residential area was positively 
correlated with Ta and RH (Feng YM et al. 2017).

Evidence of the association between NAIs 
and their biological functions in human 
health

NAIs were first discovered in the natural environment at the 
end of the nineteenth century (Krueger AP 1972; Krueger 
AP et al. 1976). By the beginning of the twentieth century, 
NAIs were found to have a variety of potential biological 
functions including regulating respiratory system function, 
sedation, hypnosis, hypotension, regulating mood, neurolog-
ical function, metabolism, and endocrine function, among 
others, in human health (Charry JM 1984; Day DB et al. 
2018). Negative ion generators (NIAPs) have been widely 
utilized in various living environments and workplaces, and 
with the continuous development of science and technology, 
they have been gradually optimized, including the elimina-
tion of ozone as a byproduct (Jiang SY et al. 2021). His-
torically, various physiological or health effects related to 
exposure to charged air ions have been suggested, but the 
evidence of these effects is still ambiguous, and there seems 
to be a lack of in-depth mechanistic research.

NAIs exposure and cardiovascular events

Previous studies have suggested that NAIs can effectively 
inhibit the sympathetic nerve and activate the parasym-
pathetic nerve. Additionally, the paraventricular nucleus 
of the hypothalamus (PVN), locus coeruleus (LC), and 
nucleus ambiguous (NA) plays a key role in the regulation 
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of sympathetic nervous system activity (Lucini D et al. 
2020; Farrell MC et al. 2020). Therefore, it is speculated 
that NAIs can affect the autonomic regulatory activity of 
PVN, LC, and Na neurons, thus affecting autonomic nerve 
function to adjust heart rate and blood pressure. However, 
the neural mechanism of NAI-mediated autonomic regula-
tion is unclear. Bailey WH et al. reviewed the literature on 
animal experimentation and the potential biological effects 
of NAIs published from 1935 to 2015 (Bailey WH et al. 
2018). Suzuki S et al. (Suzuki S et al. 2008) preliminar-
ily explored the mechanism of NAIs regulating the activity 
of the autonomic nervous system. The laboratory selected 
adult male Wistar rats and randomly divided them into two 
groups. One group was exposed to 5000–8000/cm3 NAIs 
air, and the other group was exposed to approximately 
400–500/cm3 normal air to control temperature and humid-
ity. Blood pressure (BP), heart rate (HR), and heart rate 
variability (HRV) were monitored. The expression of c-fos 
in the PVN, LC, Na, and nucleus tractus solitarius (NTS) 
was detected by immunohistochemistry. The results showed 
that NAIs significantly reduced blood pressure and heart rate 
and increased the high-frequency power of the HRV spec-
trum. The expression of c-fos was significantly downregu-
lated in the PVN and LC regions and upregulated in the NA 
and NTS regions. After vagotomy, the above physiological 
changes and neuronal activity were not observed. NAIs can 
regulate autonomic regulation by inhibiting the activity of 
PVN and LC neurons and activating NA neurons, and the 
vagal nerve may mediate these effects.

Additionally, some animal studies have not found that 
positive or negative air ion exposure affects heart rate, res-
piratory rate, or blood pressure. In 2021, Kim M et al. (Kim 
M et al. 2021) published an in vitro study to explore the 
antioxidant and anti-inflammatory pathways of NAIs. After 
NAIs-exposed or unexposed HaCaT cells were treated with 
particulate matter (PM), the levels of reactive oxygen spe-
cies (ROS) and the inflammatory factor IL-1 were detected. 
The expression levels of nuclear transcription factor activa-
tor protein 1 (AP1) and p38 protein were also detected at the 
same time. The results showed that NAIs could exert anti-
inflammatory and antioxidant effects by inhibiting the ROS/
p38 MAPK (mitogen-activated protein kinase)/AP1 pathway 
in HaCaT cells exposed to PM.

Several population investigations have investigated the 
health effects of NAIs exposure. Dong W et al. published 
a randomized, double-blind crossover test in 2019 (Dong 
W et al. 2019). In the study, 44 students in Beijing were 
selected to use commercial anion air purifiers for 5 weeks 
to monitor the indoor NAIs, PM, black carbon (BC), and 
ozone concentrations and observe the changes in HRV of 
volunteers. The results demonstrated that HRV exhibited a 
negative change, and that the alteration of HRV was more 
significant at a high concentration of NAIs. However, some 

studies (Liu S et al. 2020; Gui HL et al. 2018) have not found 
that NAIs exposure can improve cardiopulmonary function 
in healthy people. It is considered to be associated with the 
adverse effects of byproduct ozone, or the beneficial effect is 
only related to the decrease in PM2.5 concentration.

Evidence on the function of NAIs in the respiratory 
system

High-concentration NAIs inhalation may improve lung func-
tion, regulate metabolism, and treat asthma symptoms. Alex-
ander DD et al. (2013) systematically reviewed 23 studies 
related to negative ions and respiratory system function pub-
lished from 1933 to 1993. The research population included 
in the literature involved infants, adolescents, and adults. 
The sample size varied from 8 to 123 subjects; most stud-
ies focused on 10–30 persons. There are few large-sample 
studies. A double-blind or single-blind crossover test was 
mainly used, and the exposure range of negative ions was 
1600 to 1,500,000/cm3. Among them, two studies reported 
that NAIs exposure can improve the symptoms of patients 
with bronchial asthma. Overall, the review concluded that 
negative ion exposure did not significantly improve respira-
tory function or asthma symptoms. However, these studies 
are relatively old, limited by small sample sizes and differ-
ent experimental methods, and had inconsistent conclusions. 
Dong W et al. (2019) also observed volunteers’ respiratory 
function changes and analyzed the correlation with environ-
mental factors. The results showed that after using the air 
purifier, the PM0.5, PM2.5, PM10, and BC could be reduced 
by 48, 44, 34, and 50%, respectively. The concentration of 
NAIs increased from 12/cm3 to 12,997/cm3. The forced 
expiratory volume in 1 s (FEV1) of volunteers increased 
by 4.4%, and fractional nitric oxide (FeNO) decreased by 
14.7%. Therefore, it could be considered that using a nega-
tive ion purifier can significantly improve the function of 
the respiratory system. Liu S et al. (2020) found that an 
increase in NAIs concentrations and a decrease in PM lev-
els can improve respiratory system function by accelerating 
energy metabolism and improving anti-inflammatory and 
antioxidant capacity.

Other population studies have explored the effect of a high 
concentration of NAIs exposure on respiratory function during 
exercise or evaluated the effect of exercise and NAIs therapy 
on patients with respiratory diseases, but the research conclu-
sions are also inconsistent (Su YF et al. 2018; Wen LY et al. 
2017; A. Nimmerichter A et al. 2014; Mao QG et al. 2016; Shi 
YB et al. 2016). Su YF et al. (2018) evaluated the therapeutic 
effect of load-breathing training under NAIs synergistic treat-
ment on 50 smokers with moderate and mild chronic obstruc-
tive pulmonary disease. The results showed that the volunteers 
exposed to high levels of NAIs exhibited a more significant 
improvement in lung function indices. Wen LY found that the 
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level of NAIs is positively correlated with the training effect on 
respiratory function. Training in a high concentration of NAIs 
is conducive to improving respiratory muscle strength and pul-
monary ventilation function (Wen LY et al. 2017). However, 
Nimmerichter A et al. did not find that a high concentration of 
NAIs (220 ± 30 × 103/cm3) exposure had any effect on oxygen 
metabolism during exercise (Nimmerichter A et al. 2014).

Several researchers have discussed the effects of NAIs 
exposure on the respiratory system in experimental animals. 
Bailey WH et al. (2018) systematically reviewed the effects 
of air ions on the ciliary flow in the trachea of anaesthe-
tized rabbits, rats, guinea pigs, and mice and their potential 
relationship with the level of neurotransmitter haemolysin. 
Negative ions can reduce ciliary activity and mucus flow 
in the trachea. However, there is a lack of sufficient data on 
the experimental design and results, including the lack of 
statistical analysis, the failure to control temperature, humid-
ity, possible byproducts, and other factors, and the inability 
to quantitatively evaluate these effects. Other laboratories 
have reported that their studies have not replicated the above 
results. Sirota TV et al. reported that daily exposure of rats 
to NAIs with a concentration of 100,000–600,000 ions/cm3 
produced by a Lustre ionizer could lead to tracheal tissue 
damage and biochemical changes, suggesting that high con-
centrations of NAIs may cause oxidative stress. Additionally, 
this phenomenon has not been found in NAIs generators of 
other brands. The laboratory subsequently reported that rats 
exposed to the same level of NAIs did not produce tissue 
damage but did change the indicators of reactive oxygen 
species. This response was also consistent with the lower 
degree of ozone exposure, which was considered to be the 
effect caused by the byproduct ozone (Sirota TV et al. 2008).

Impact of NAIs on regulating emotion

It has been proposed that high-concentration NAIs exposure 
may reduce the severity of depression, psychological stress, 
and anxiety to improve well-being (Flory R et al. 2010). How-
ever, this conclusion is uncertain, as Perez V et al. found no 
correlations between air ions and emotion-related mental 
health (Perez V et al. 2013). The inconsistent findings may 
be due to confounding effects, such as air temperature, air 
humidity, air flow, electromagnetic field, and/or other unmeas-
ured factors. Meta-analysis was conducted on five studies on 
negative ions and depression. The results showed that high-
concentration NAIs exposure was significantly correlated 
with lower depression scores. The MD value in the high-level 
NAIs exposure group was 14.28 (95% CI: 12.93–15.62), and 
that in the low-level NAIs exposure group was 7.23 (95% CI: 
2.62–11.83). Patients with seasonal or chronic depression can 
respond to higher levels of NAIs, but the effect of lower levels 
of NAIs is only observed in patients with seasonal depression.

Flory R et al. published a 5-year study to evaluate the effi-
cacy of two active antidepressant therapies, white light and 
high-density NAIs, and two placebo therapies, dark red light 
and low-density NAIs, in seasonal affective disorder (SAD) 
(Flory R et al. 2010). Seventy-three female patients were 
included and exposed to one of the treatment methods in a 
controlled environment for 5 consecutive years in January 
of each year. A total of 12 consecutive cycles of treatment 
were carried out. Volunteers completed the seasonal pattern 
assessment questionnaire (SPAQ) before treatment and made 
a retrospective self-evaluation of the seasonal change patterns 
and degrees of sleep, social activities, mood, weight, appetite, 
and energy levels. After treatment, the treatment expectation 
questionnaire (TEQ), Structured Interview Guide for the 
Hamilton Depression Rating Scale-Seasonal Affective Disor-
der Version-Self Rating (SIGH-SAD-SR), and Beck Depres-
sion Inventory (BDI) were completed. The results revealed no 
significant difference in TEQ scores among the four groups. 
However, the SIGH-SAD-SR and BDI scores were positively 
correlated with NAIs treatment. Overall, the effect of white 
light therapy was higher than that of high-density anion ther-
apy, both of which were higher than that of placebo therapy, 
but there was no significant difference in the effect of NAIs.

Bowers B et al. evaluated the continuous exposure of 40 
SAD subjects to high-density or zero-density (placebo condi-
tion) NAIs for 18 days, 30 min, or 60 min a day (Bowers B 
et al. 2018). The results showed that high-density NAIs expo-
sure was better than placebo in alleviating depression and 
atypical SAD symptoms. In the high-density anion group, 
30 and 60 min of daily exposure could relieve depressive 
symptoms. In the high-density NAIs group, subjects with 
morning sleep were better treated than those with night sleep.

Biological mechanism of NAIs action based 
on omics analysis

In recent years, high-throughput omics approaches have been 
powerful techniques to study large-scale dynamic molecular 
changes. Omics-based technologies allow for global and sen-
sitive identification of molecular changes relevant for moni-
toring disease development (Mostafavi N et al. 2017). How-
ever, inconsistencies in research on the biological effects of 
NAIs warrant further mechanistic investigations in humans. 
Current research has revealed that the potential effects of 
NAIs on humans are mainly concentrated in the physiologi-
cal and psychological fields, including the regulatory mecha-
nism of the neurotransmitter 5-hydroxytryptamine (5-HT) 
and anti-inflammatory and antioxidant effects. However, the 
biological events induced by NAIs appear to be complex, and 
there is still an urgent need to study the molecular mecha-
nisms of NAIs-induced biological effects on cytotoxicity in 
depth and breadth.
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Omics is a powerful platform for screening internal 
exposure- and effect-related biological functions. Some 
epidemiological studies have adopted omics to investigate 
the relationship between environmental pollution and its 
effect on fundamental processes such as gene and micro-
RNA expression, protein synthesis, enteric microorganisms, 
and metabolism (Chu JH et al. 2016; Fitch MN et al. 2020; 
Jardim MJ 2011; Wang W et al. 2018). Song X et al. (2022) 
integrated metabolomics, proteomics, and toxicology and 
suggested that PM2.5 exposure triggered the inhibition of 
the integrin signaling pathway and oxidative stress as intra-
cellular ROS increased. Heavy metals and macrocyclic 
PAHs are important toxic components in PM2.5, triggering 
an increase in intracellular ROS and inducing the integrin 
signalling pathway, p53 signalling pathway, glycolysis, and 
fatty acid metabolism disorders. Based on their results, in 
the Dalian area, PM2.5 could interfere with glycolysis and 
the TCA cycle within carbohydrate metabolism throughout 

the year while only dramatically disturbing lipid metabo-
lism in the winter. Espín-Pérez A et al. (2018) investigated 
the impact of short-term exposure (2 h) to air pollutants 
on the blood transcriptome and microRNA expression lev-
els. PM10, PM2.5, CO, and CO2 exposures appear to be the 
most significant in terms of the number of hits (transcripts 
and microRNA) responding to exposure levels. The genes 
identified involve cancer-related pathways such as TP53, 
TGF-beta receptor signalling, p75, WNT-beta-catenin, and 
nonsense-mediated decay. MVN models revealed that hsa-
miR-197-3p, hsa-miR-29a-3p, hsa-miR-15a-5p, hsa-miR-
16-5p, and hsa-miR-92a-3p were significantly expressed in 
association with exposure.

Many omics studies have investigated the mechanisms by 
which environmental pollutants interact with biology, but 
there are very few similar studies on NAIs. We retrieved only 
two omics studies of NAIs published by Liu S et al. in 2020 
and 2022 (Liu S et al. 2020; Liu S et al. 2022). In 2020, they 

Fig. 3   Schematic overview of the metabolic pathway associated with 
NAIs. Red: NAIs-related ones; green: common ones related to both 
NAIs and PM; blue: common ones related to both NAIs and HRV 

(this figure is part of Fig. 4 in the published paper by Liu S et al. and 
is used with permission.)

Fig. 4   Note. Schematic overview of the metabolic pathway network. 
particulate matter (PM)-related metabolites, blue;  negative air ion 
(NAI)-related ones, pink; respiratory function-related ones, brown; 

heart rate variability (HRV)-related ones, green; the common ones 
related to both PM and NAI, red, while the common ones related to 
both NAI and HRV, purple
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performed an untargeted metabolomics analysis of urine col-
lected from an ionization air purifier intervention study in 
children to explore the molecular linkages between indoor 
NAIs, decreased PM, and the cardiorespiratory effect after 
purification via the meet-in-metabolite approach (MIMA) 
(Liu S et al. 2020). The results showed that twenty-eight 
metabolites were correlated with NAIs via linear mixed effect 
models. Scoring plots generated from partial least-squares dis-
criminant analysis (PLS-DA) models present good separations 
of the metabolic profiles that characterized real and sham air 
purification. Thirteen of the twenty-eight metabolites were 
negatively associated with NAIs, while others were positively 
associated with them. In addition, forty-eight cardiorespira-
tory function-related compounds were further screened by 
two-way orthogonal PLS (O2PLS) models. Concerning 
NAIs-related metabolites, twenty-one are integrated with 
eleven respiratory function-related metabolites in the same 
pathways, which involve amino acid, lipid, glucose, pyrimi-
dine, and purine metabolism, and benefit processes of energy 
production antioxidation and anti-inflammation. In addition, 
seventeen NAIs-related and eighteen HRV-related metabo-
lites are integrated with uridine triphosphate (UTP) synthesis, 
the tricarboxylic acid (TCA) cycle, and amino acid and lipid 
metabolism. Overall, the metabolic network demonstrates the 
modes of energy production, antioxidation, anti-inflammation, 
and protecting nuclear integrity. Increased NAIs are related to 
ameliorated lung function with metabolic pathways similar to 
PM, mainly promoting energy production, anti-inflammation, 
and antioxidation reactions. Decreased PM ameliorated HRV 
with six main pathways, increasing energy production and 
anti-inflammation capacity, while increased NAIs deteriorated 
HRV with five main pathways, thereby lowering energy gen-
eration and antioxidation capacity (Fig. 3). Two years later, 
they published another repeated-measures panel study focus-
ing on the associations of forest NAIs exposure with cardiac 
autonomic nervous function and the related metabolic link-
ages, and the results showed that forest NAIs were related to 
ameliorative changes in HRV indices, mainly through amino 
acid metabolism, anti-inflammation, and reduced inflamma-
tion, thereby promoting cardiac autonomic nervous function 
(Liu S et al. 2022).

Mechanism implications and gaps in current 
knowledge

NAIs are known as “air vitamins.” The concentration of 
NAIs in the atmosphere is affected by the season, time, 
meteorological factors, air quality index, geographical loca-
tion, forest vegetation, and other factors, while these factors 
also interact with each other. How their interaction affects 
the concentration of NAIs in the air and the mechanism of 
interaction need further analysis and summary.

NAIs have benefits on human health, such as the respira-
tory system, cardiovascular system, emotion, learning and 
memory, cognition, brain development, reproduction, growth 
and development, and anticancer effects. The diversity in the 
direction of gene and microRNA expression, protein syn-
thesis, and metabolism toward disease indicates complex 
biological interactions between environmental exposure and 
omics signals. Therefore, integrated multiomics to identify 
biomarkers of NAIs health function is an effective research 
method. Some events reflect toxic risks, while others may 
indicate adaptation, damage repair, or both. The interpretation 
of changes in various molecular events in terms of disease 
risk remains a challenge, since the identified intermediate or 
ultimate biomarkers may be derived from different tissues and 
because the signals may relate to processes that have not pre-
viously been linked to diseases or observed in earlier stages 
during disease development. Furthermore, the same markers 
may show different biological functions in different diseases.

A systematic review of the above limited studies of NAIs 
exposure finds that most of the research in this arena is rela-
tively old, and little new research exists on this topic in recent 
years. Furthermore, many studies suffer from various report-
ing and methodological deficiencies, posing the risk of study 
bias. These limitations include the sample size being too small, 
the experimental methods being different, a lack of sufficient 
data on the experimental design and results, and the tempera-
ture, humidity, and possible byproducts (i.e., the presence of 
an electric field, the production of ozone and other gaseous 
byproducts, noise, and light) being not appropriately controlled.

Conclusions

In summary, our narrative review described the generation 
and temporal and spatial dynamic patterns of NAIs concen-
tration as well as the relationship between NAIs concentra-
tion and health effects. Much of the research in this arena is 
relatively old, and very little new research on this topic has 
been pursued in recent years. Our conclusion is consistent 
with those of recent comprehensive reviews and meta-anal-
yses of NAIs and their effects on health. Exposure to NAIs 
may benefit our health by changing amino acid metabolism, 
which mainly reflects increased anti-inflammation and 
reduced inflammation and antioxidation, promotes energy 
production, affects the expression of c-fos, or regulates 5-HT 
levels. Multiomics studies may provide a new perspective for 
research on the biological effects of NAIs.
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