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Abstract

Objective    This study aimed to clarify the intervention effect of salidroside (SAL) on lung injury caused
by PM2.5 in mice and illuminate the function of SIRT1-PGC-1ɑ axis.

Methods    Specific  pathogen-free  (SPF)  grade  male  C57BL/6  mice  were  randomly  assigned  to  the
following  groups:  control  group,  SAL  group,  PM2.5 group,  SAL+PM2.5 group.  On  the  first  day,  SAL  was
given by  gavage,  and on the  second day,  PM2.5 suspension was  given by  intratracheal  instillation.  The
whole experiment consist of a total of 10 cycles, lasting 20 days. At the end of treatment, blood samples
and lung tissues were collected and analyzed. Observation of pathological changes in lung tissue using
inverted  microscopy  and  transmission  electron  microscopy.  The  expression  of  inflammatory,
antioxidants, apoptosis, and SIRT1-PGC-1ɑ proteins were detected by Western blotting.

Results    Exposure to PM2.5 leads to obvious morphological and pathologica changes in the lung of mice.
PM2.5 caused a decline in levels of antioxidant-related enzymes and protein expressions of HO-1, Nrf2,
SOD2,  SIRT1 and PGC-1ɑ,  and an increase in  the protein expressions of  IL-6,  IL-1β,  Bax,  caspase-9 and
cleaved caspase-3.  However,  SAL  reversed the aforementioned changes  caused by  PM2.5 by  activating
the SIRT1-PGC-1α pathway.

Conclusion    SAL can activate SIRT1-PGC-1ɑ to ameliorate PM2.5-induced lung injury.

Key words: PM2.5; Salidroside; Oxidative stress; Inflammation; Apoptosis; SIRT1-PGC-1α

Biomed Environ Sci, 2024; 37(4): 367-376 doi: 10.3967/bes2024.041 ISSN: 0895-3988

www.besjournal.com (full text) CN: 11-2816/Q Copyright ©2024 by China CDC
  

INTRODUCTION

With  the  rapid  development  of
industrialization  and  urbanization,  air
pollution  is  becoming  a  serious  global

problem and a threat to humanity. As one of the most
important  air  pollutants,  fine  particulate  matter
(PM2.5)  has  a  small  diameter  (≤ 2.5  μm),  with  large
specific surface area, strong toxin adsorption capacity,
and  long-term  suspension  in  the  air[1].  The  World
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Health  Organization  (WHO,  2018)  identified  PM2.5 as
class  I  carcinogen.  Accumulating studies showed that
exposure  to  high  levels  of  PM2.5 result  in  respiratory
[chronic  obstructive  pulmonary  disease  (COPD),
asthma, and lung cancer][2-6] and heart diseases[7,8].

The lung is an important organ that controls the
exchange of oxygen and carbon dioxide in the blood.
PM2.5 can  affect  pulmonary  artery  access  and
aggravate  COPD,  pneumonia,  and  asthma[4,5,9].
Nevertheless, the mechanisms of PM2.5-induced lung
injury are not yet entirely clear. Animal studies have
found  that  PM2.5 can  increase  the  production  of
reactive  oxygen  species  (ROS)  in  mice’s  peripheral
blood  supernatant,  lung  and  heart  tissues[10].
Excessive  ROS  can  cause  a  series  of  damage  to
airway  epithelial  cells  and  alveolar  cells,  including
structural  damage,  activation  of  inflammation-
related  transcription  factors,  and  release  of
inflammatory mediators[11,12].

Mitochondria  is  susceptible  to  oxidative  stress
and is also target of many toxic substances such as
PM2.5

[3].  Abnormal  changes  in  mitochondrial
structure  and  function  caused  by  PM2.5 are
considered  to  be  the  main  factors  of  respiratory
diseases[13,14].  Peroxisome  proliferator-activated
receptor-γ  coactivator  1α  (PGC-1α),  as  a
transcriptional  coactivator,  is  widely  considered
the  main  regulator  of  mitochondrial  biogenesis[3].
Previous  studies  showed  that  changes  in  sirtuin  1
(SIRT  1),  a  member  of  the  sirtuin  family  that
regulates  mitochondrial  biogenesis  and
participates  in  antioxidant  defense  under
mitochondrial stress[14,15],  can lead to the disorder
of  PGC-1α,  which  induces  oxidative  stress  and
apoptosis[3]. PM2.5 exposure can inhibit SIRT1-PGC-
1α  and  then  cause  apoptosis  of  human  bronchial
epithelial cells[14].

Salidroside is the main medicinal component of
Rhodiola.  Previous  studies  have  shown  that
salidroside has anti-hypoxia and anti-aging effects,
and  can  also  enhance  antioxidant  activity,  anti-
fibrosis  activity,  and  immunity[14,16,17].  Some
studies  suggested  that  salidroside  can  stimulate
the  SIRT1-PGC-1α  axis  and  improve  diabetes
nephropathy  in  mice[18].  A  study  suggested  that
salidroside  could  activate  SIRT1  and  improve  the
damage to human bronchial epithelial cells caused
by  PM2.5

[14].  The  purpose  of  this  study  was  to
clarify  the  intervention  effect  of  salidroside  on
PM2.5-induced  lung  injury  in  mice,  explore  the
relevant  mechanism,  and  examine  the  key  role  of
SIRT1-PGC-1 in the protective effect of salidroside
on PM2.5-induced lung injury of mice. 

MATERIALS AND METHODS
 

PM2.5 Preparation

PM2.5 were  prepared  following  a  previously
described  approach[14].  Atmospheric  PM2.5 was
collected  from  October  2019  to  April  2020  in
Weifang  city  (China).  Fine  particles  were  then
ultrasonicated,  filtered,  and lyophilized.  Then,  PM2.5
dry  powder  was  obtained,  weighed,  and  stored  at
−20  °C.  PM2.5 stock  suspension  was  prepared  using
sterile normal saline and stored at −20 °C. The stock
suspension  was  thawed  naturally  and  then  mixed
again  with  ultrasonic  vibration  before  the
experiment. 

Animal Treatment

Specific  pathogen-free  (SPF)  male  C57BL/6
mice  (6–8  weeks  old,  18–22  g,  40  mice  in  total)
were  purchased  from  the  Medical  Experimental
Animal  Center  of  Weifang  Medical  University
(Weifang,  Shandong,  China).  All  mice  were
maintained  in  an  SPF  environment  with  a  12  h
light/dark  cycle,  room  temperature  of  22  ±  2  °C,
relative humidity of 55% ± 5%, and had free access
to  food  and  water.  All  experimental  animal
protocols were conducted following the Guide for
Care and Use of Laboratory Animals, and this study
was  performed  under  the  approval  of  the  Animal
Experimental  Ethics  Committee  of  Weifang
Medical  University.  Mice  were  randomly  divided
into  four  groups  (10  mice  per  group),  namely
Control  group,  SAL  group,  PM2.5 group,  and  SAL+
PM2.5 group. An animal model was constructed as
follows,  Day  1:  mice  in  the  SAL  group  and  SAL  +
PM2.5 group  were  given  60  mg/kg  SAL  by
intragastric  administration,  while  mice  in  the
Control  group  and  PM2.5 group  were  given  sterile
normal  saline  by  intragastric  administration.  Day
2:  mice in  the PM2.5 group and SAL + PM2.5 group
were  intratracheally  instilled  with  8  mg/kg  PM2.5
suspension,  while  mice  in  the  Control  group  and
the SAL group were given sterile  normal  saline by
intratracheal instillation. Day 1 + Day 2 constituted
a complete experimental cycle, a total of 10 cycles
were  included in  this  study,  lasting  20  days.  After
the  last  administration,  the  mice  fasted  overnight
and were anesthetized with pentobarbital  sodium
(1%, 50 mg/kg). Blood and bronchoalveolar lavage
fluid  (BALF)  were  collected,  and  lung  tissue  was
extracted  (part  of  lung  tissue  was  used  for
pathological  sections,  while  the  other  part  was
stored at –80 °C for future use). 
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Bronchoalveolar Lavage Fluid (BALF) Collection

Mice were placed in the supine position on the
operating  table  and  fixed.  Then,  the  chest  was
open,  the  ribs  were  cut  along  the  left  sternal
sideline,  the heart  was  exposed,  and the left  lung
was  ligated.  Consequently,  we  separated  the
exposed neck trachea, cut an incision with scissors
at  the  tracheal  eminence,  and  threaded  the
surgical  suture  under  the  opening  for  standby.
Next,  the  irrigation  needle  was  slowly  inserted
with  a  polyethylene  tube  ligated  and  fixed  with  a
surgical  suture.  Finally,  the  syringe  containing  0.8
mL  of  precooled  sterile  normal  saline  was  slowly
injected into the trachea, the alveolar lavage fluid
was  slowly  drawn  back  (recovery  rate  is  about
80%)  after  5  seconds,  and  put  into  the  precooled
1.5 mL EP tube. 

Total  Protein  and  Lactate  Dehydrogenase  (LDH)
Activity Detection

BALF  was  centrifuged  at  3,000  rpm  for  10
minutes  at  4  °C  and  the  supernatant  was  retained.
The  total  protein  concentration  in  BALF  was
detected  using  the  Bicitrine  (BCA)  Protein
Quantification  Kit  (Beyotime  Biotechnology).  LDH
activity  in  BALF was determined using an LDH assay
kit  (Jian  Cheng  Bioengineering  Research  Institute,
Nanjing, China). 

Histological Analysis

Lung tissue (1 cm2)  was taken from the left  lung
that had not been irrigated with sterile normal saline
and fixed with 4% paraformaldehyde. Next, the fixed
tissues  were  dehydrated,  paraffin-embedded,  and
cut  into  3  µm-thick  slices.  The  sections  were  then
stained  with  hematoxylin-eosin  (HE),  and  the
pathological  changes  in  lung  tissue  were  observed
with a microscope (IX73, Olympus, Japan). 

Transmission Electron Microscopy

Part  of  the non-lavaged lung tissue was  cut  into
1  ×  1  ×  1  cubic  millimeter,  wrapped  with  gauze,
immediately fixed in 4% glutaraldehyde solution, and
left  at  4  °C  overnight.  After  fixation  with  1% (w/v)
osmic acid for 2 h, the tissues were washed with 0.1
M  PBS  buffer  and  dehydrated  with  ethanol  and
acetone  before  subsequent  embedding  and
sectioning.  After  staining  with  uranyl  acetate  and
lead  citrate,  the  mitochondrial  structure  of  lung
tissue  cells  was  observed  using  a  transmission
electron  microscope  (HT  7700,  Hitachi,  Tokyo,
Japan). 

Lung W/D Ratios

The lower lobe of the right lung was isolated and
weighed  to  obtain  the  wet  weight  (W).  Then,  these
lung tissues were desiccated in an incubator at 60 °C
for  drying  for  48  h  until  a  constant  dry  weight  (D)
was  achieved.  The  lung  W/D  ratios  were  used  to
evaluate the degree of pulmonary edema. 

Oxidative Stress Level

Lung  tissue  and  precooled  normal  saline  were
mixed  in  a  ratio  of  1:9  and  homogenized  with  a
tissue grinder.  The whole process  was carried out
on  ice.  Then,  the  homogenate  was  centrifuged  at
3,000  rpm  for  15  minutes  at  4  °C,  and  the
supernatant  was  collected.  A  10% lung  tissue
homogenate  was  used  to  detect  the  level  of
related  antioxidant  enzymes.  Levels  of
malondialdehyde  (MDA),  superoxide  dismutases
(SOD), and glutathione (GSH) were measured using
corresponding  assay  kits  (Nanjing  Jiancheng
Bioengineering Institute, Nanjing, China) according
to the manufacturer’s instructions. 

Myeloperoxidase (MPO) Activity Detection

The  prepared  10% tissue  homogenate  was
diluted to 5% concentration. Then, MPO activity was
determined using an MPO activity assay kit (Nanjing
Jiancheng  Bioengineering  Institute,  Nanjing,  China)
according  to  the  instructions.  The  absorbance  value
at  an  absorption  wavelength  of  460  nm  was
detected  using  a  Multiskan  FC  microplate  reader
(Thermo Fisher Scientific, Waltham, MA, USA). 

Western Blot

The  remaining  tissues  of  the  right  lung  were
homogenized  in  Ripa  lysate  supplemented  with
PMSF, then lysed on ice for 30 minutes, centrifuged
at  12,000  g  for  5  minutes,  after  which  the
supernatant  was  aspirated  and  preserved.  Protein
concentrations  were  determined  using  the  BCA
protein assay kit (Beyotime Biotechnology, Shanghai,
China).  Protein  samples  were  mixed  with
dithiothreitol  (100  mm)  and  loading  buffer  and
boiled  at  100  °C  for  5  min.  After  cooling,  protein
expression was detected, and the remaining samples
were stored at –80 °C.

Protein samples were separated by 6%–15% SDS-
PAGE  electrophoresis  and  then  transferred  onto
PVDF  membranes  (Millipore,  Billerica,  MA,  USA).
Subsequently,  membranes  were  incubated  with  5%
skim  milk  dissolved  in  TBST  for  2  h.  Thereafter,  the
membranes were incubated with primary antibodies
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in  a  shaker  at  4  °C  for  16  h.  After  washing  the
membranes  three  times,  samples  were  incubated
with a second antibody for 1 h at room temperature.
The  visualization  was  performed  by
chemiluminescent  reagents  according  to  the
manufacturer’s  instructions,  and  the  protein  bands
were  quantified  by  ImageJ  software  (National
Institutes of Health, MD, USA).

The following antibodies were used: anti-nuclear
factor-erythroid  2-related  factor  2  (anti-Nrf2)  rabbit
antibody  (Novus  Biologicals,  CO,  USA);  anti-SOD1
rabbit  antibody  and  anti-heme  oxygenase-1  (anti-
HO-1)  rabbit  antibody  (Beyotime  Biotechnology,
Shanghai,  China);  anti-IL1β  rabbit  antibody  (Abcam,
Cambridge,  MA,  UK);  anti-BAX  rabbit  antibody
(Beyotime  Biotechnology,  Shanghai,  China);  anti-
Caspase-9  rabbit  antibody,  anti-Cleaved  Caspase-3
rabbit  antibody  (Cell  Signaling  Technology,  MA,
USA);  anti-β-actin  rabbit  antibody,  anti-SIRT1  rabbit
antibody and anti-PGC-1ɑ rabbit antibody (Beyotime
Biotechnology,  Shanghai,  China);  anti-IL-6  mouse
antibody (Abcam, Cambridge, MA, UK). 

Statistical Analysis

SPSS  20.0  (SPSS  Inc,  IL,  USA)  was  used  for

statistical analysis. All data are presented as mean ±
SEM.  Statistical  significance  was  analyzed  by  the
one-way  ANOVA,  followed  by  Tukey’s  post  hoc  test
for  comparison  between  multiple  groups,  and P <
0.05 was regarded as statistically significant. 

RESULTS
 

SAL  Partially  Alleviated  Damage  to  the  Lungs
Caused by PM2.5

Visual observation showed that the lungs of the
mice  in  the  control  group  were  light  red,  bright,
and  shiny,  with  sharp  edges,  soft  texture,  good
elasticity,  no  ecchymosis,  and  no  swelling  and
discoloration  (Figure  1A).  Similar  findings  were
found in the SAL group, the lungs of mice were red,
shiny,  elastic,  and  soft  (Figure  1B).  On  the  other
hand,  the  lungs  of  mice  in  the  PM2.5 group  were
swollen  and  discolored,  with  increased  volume,
poor  gloss,  rough  and  hard  texture,  blunt  lung
edges,  and  poor  elasticity  (Figure  1C).  In  the
SAL+PM2.5 group,  the  volume of  both  lungs  of  the
mice  was  slightly  expanded,  the  degree  of  edema
was  reduced,  the  texture  was  slightly  rough,  the
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Figure 1. Effect  of  SAL  on  lung  injury  induced  by  PM2.5.  (A–D)  Morphological  changes  of  mouse  lung
tissue. (E–H) Pathological changes of mouse lung tissues assessed by hematoxylin and eosin (HE) staining
(200×  magnification,  scale  bars,  20  μm).  (I–L)  Ultrastructure  changes  in  lung  tissues  assessed  by
transmission electron microscopy (4,000× magnification, scale bars, 20 μm). Green arrow indicate nuclear
collapse and deformation; red arrow indicates cavitated mitochondria.
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blunt  edge  of  the  lungs  was  weakened,  and  the
elasticity  was  better  than  that  of  the  injury  group
(Figure 1D).

In  order  to  further  understand  the  changes  in
lung  tissue,  we  observed  the  pathological  changes.
The  lung  tissue  structure  of  mice  in  the  SAL
group  was  similar  to  that  of  the  control  group
(Figure 1E–F). On the other hand, in the PM2.5 group,
the  alveolar  septum  was  widened,  some  alveolar
structures  were  destroyed,  the  alveolar  cavity  was
enlarged, and inflammatory cell infiltration was seen
in  the  pulmonary  interstitium.  Erythrocytes  and  a
large  amount  of  protein  exudate  were  seen  in  the
alveolar  cavity  and  pulmonary  interstitium
(Figure  1G).  Compared  with  the  PM2.5 group,  the
alveolar  structure  of  mice  in  the  SAL+PM2.5 group
was relatively intact, the proliferation of the alveolar
septum  was  relieved,  and  the  degree  of
inflammatory  infiltration  in  the  pulmonary
interstitium  was  reduced.  At  the  same  time,  there
were  only  a  small  number  of  red  blood  cells  and
occasional protein exudate in the alveolar cavity and
pulmonary  interstitium  (Figure  1H).  These  findings
suggest  that  SAL  may  partially  alleviate  damage  to
the lungs caused by PM2.5 exposure.

Furthermore,  we  observed  the  ultrastructural
changes  in  lung  tissues  using  transmission  electron
microscopy.  In  the  control  and  SAL  groups,  there
were  no  abnormal  changes  in  the  alveolar
epithelium's  structure,  nucleus,  and  mitochondria
(Figure  1I–J).  After  PM2.5 treatment,  alveolar
epithelial  cells  and  mitochondria  were  destroyed,
the  nucleus  was  deformed,  mitochondrial
vacuolation  became  highly  obvious,  and  some
mitochondrial  cristae  disappeared  (Figure  1K).
Salidroside  pretreatment  significantly  reduced  the
deterioration  of  alveolar  epithelial  cells  and
mitochondria (Figure 1L). 

 
SAL  Pretreatment  Reduced  the  Total  Protein  Level,
LDH Activity in BALF, and W/D Ratio of Lung Tissue
Caused by PM2.5

PM2.5 can  damage  pulmonary  endothelial  and
epithelial  cells,  increase  the  permeability  of  blood
vessels,  and infiltrate proteins into the lung stroma,
leading  to  pulmonary  edema.  Therefore,  we
detected  the  total  protein  content  and  LDH  activity
in  BALF  and  the  ratio  of  wet  weight  to  dry  weight
(W/D)  of  lung  tissue  to  observe  the  changes  in
pulmonary vascular permeability, the degree of lung
injury  and  the  severity  of  pulmonary  edema.  The
total  protein  level,  LDH  activity  in  BALF,  and  W/D
ratio  of  lung  tissue  in  the  PM2.5 group  were  higher
than those in the control group (Figure 2A–C, all P <
0.05).  Compared  with  the  PM2.5 group,  SAL
pretreatment  reduced  the  levels  of  the  above
indexes,  and  the  difference  was  statistically
significant (Figure 2A–C, all P < 0.05). 

SAL  Pretreatment  Ameliorated  Oxidative  Stress  in
Lung Tissue Caused by PM2.5

The  level  of  MDA  reflects  the  degree  of  lipid
peroxidation  and  represents  the  level  of  oxidative
stress.  T-SOD  and  GSH  are  two  important
antioxidant  in  the  body,  which  can  effectively
remove oxygen free radicals and H2O2 and protect
the  body  against  oxidative  stress  damage.
Compared with the control group, the level of MDA
in  lung  tissue  in  the  PM2.5 group  increased
(Figure 3A, P < 0.05), while the levels of T-SOD and
GSH  decreased  (Figure  3B–C, P <  0.05).  Compared
with  the  PM2.5 group,  SAL  pretreatment  reduced
the level  of  MDA and increased T-SOD and GSH in
the  lung  tissue  of  mice  (Figure  3A–C).  Moreover,
the  protein  expression  levels  of  HO-1,  Nrf2,  and
SOD1  in  the  lung  tissue  of  the  PM2.5 group
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Figure 2. The  intervention  effect  of  SAL  on  the  changes  of  pulmonary  vascular  permeability  in  mice
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decreased  compared  with  the  control  group
(Figure  3D–G, P <  0.05).  After  SAL  pretreatment,
the  protein  expression  levels  of  HO-1  and  SOD1
were  significantly  higher  than  those  in  the  PM2.5
group (Figure 3E, G, P < 0.05). 

SAL  Pretreatment  Alleviated  Lung  Inflammation
Caused by PM2.5

MPO  is  a  specific  and  stable  peroxidase  in
neutrophils,  which  directly  reflects  the  level  of
neutrophils in a certain tissue and indirectly reflects
the  degree  of  inflammatory  damage  to  the  tissue.
The  MPO  activity  of  lung  tissue  in  the  PM2.5 group
was higher than that in the control group (Figure 4A,
P <  0.05).  Compared  with  the  PM2.5 group,
pretreatment  with  SAL  counteracted  the  increased

MPO  activity  of  lung  tissue  caused  by  PM2.5
(Figure  4A, P <  0.05).  Moreover,  protein  expression
levels  of  IL-6  and  IL-1β  of  lung  tissue  in  the  PM2.5
group  were  significantly  higher  than  those  in  the
control group (Figure 4B–D, P < 0.05).  Nevertheless,
pretreatment  with  SAL  significantly  ameliorated  the
higher expression levels of IL-6 and IL-1β induced by
PM2.5 (all P < 0.05). 

SAL Pretreatment Reduced Apoptosis in Lung Tissue
Ccaused by PM2.5

To investigate the effect  of  PM2.5 on apoptosis
in  lung  tissue  and  the  protective  effect  of
salidroside,  we  detected  the  expression  level  of
apoptosis-related  proteins  (Figure  5).  The
expression  levels  of  BAX,  caspase-9,  and  cleaved
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caspase-3  did  not  change  between  control  group
and  SAL  group.  However,  the  expression  levels  of
the above proteins were significantly higher in the
PM2.5 group than control group (Figure 5, P < 0.05).
However,  SAL  pretreatment  reduced  the  protein
expressions  of  BAX,  Caspase-9,  and  Cleaved
Caspase-3. 

SAL Activated SIRT1 to Inhibit Lung Injury Caused by
PM2.5

SIRT1/PGC-1α  pathways  have  an  important  role
in  defense  against  oxidative  stress.  To  investigate
whether  SIRT1/PGC-1α  axis  plays  a  role  in  PM2.5-
induced  lung  injury  in  mice,  we  evaluated  protein
expression  levels  of  SIRT1  and  PGC-1α  by  Western
blotting.  PM2.5 exposure  resulted  in  a  significant
decrease in the protein expression of SIRT1 and PGC-
1α in  lung tissue (Figure 6A–C, P <  0.05).  Our  result
implicated  that  SIRT1/PGC-1α  signal  participates  in
PM2.5-induced  lung  injury.  As  expected,  SAL
pretreatment  significantly  increased  the  expression
levels of SIRT1 and PGC-1α (Figure 6A–C, all P < 0.05
vs. PM2.5 group),  suggesting  that  SAL  may  improve
the  lung  injury  caused  by  PM2.5 exposure  through
SIRT1/PGC-1α signal pathway. 

DISCUSSION

Lung  is  the  direct  target  organ  for  PM2.5
respiratory exposure. In the present study, we found
that  the  PM2.5-induced  lung  injury  in  mice  may  be
involved  with  oxidative  damage,  apoptosis,
inflammation,  and  changes  in  the  SIRT1-PGC-1α
signaling  pathway.  Salidroside  pretreatment
significantly  improved  the  oxidative  stress,
apoptosis,  and  inflammation  induced  by  PM2.5
exposure.  Moreover,  salidroside  can  alleviate  the
lung  injury  caused  by  PM2.5 to  a  certain  extent via
activating SIRT1/PGC-1α signal pathway.

In  this  study,  we  carefully  collected  the  intact
lungs  of  mice  and  observed  that  PM2.5 exposure
resulted  in  swelling,  discoloration,  and  volume
increase  in  both  lungs  of  mice.  In  order  to  further
observe  the  pulmonary  edema  of  mice  after  PM2.5
exposure,  we  measured  the  total  protein  content
and LDH activity in BALF. The results showed that the
total  protein  content  and  LDH  activity  increased,
suggesting  an  increase  in  pulmonary  vascular
permeability[19],  which  ultimately  led  to  pulmonary
edema.  W/D  ratio  is  an  indicator  of  pulmonary
edema[20,21].  In  our  study,  we  found  a  significantly
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increased  W/D  ratio  in  the  PM2.5 exposure  group,
indicating  that  the  blood and interstitial  fluid  in  the
lung leaked after PM2.5 exposure.

In  order  to  examine  the  lung  injury  more
comprehensively after PM2.5 exposure, we evaluated
the  histological  changes  of  lung  tissues  by  HE
staining  and  transmission  electron  microscopy.  HE
staining  showed  that  PM2.5 exposure  lead  to  the
widening of  the alveolar  septum,  the destruction of
some  alveolar  structures,  the  enlargement  of  the
alveolar  cavity,  the  infiltration  of  inflammatory  cells
in  the  lung  interstitium,  the  increase  of  red  blood
cells  and a  large  number  of  protein  exudates  in  the
alveolar  cavity[22].  As  shown  in Figure  1K,  the
ultrastructure  of  rat  lung  revealed  that  parts  of
alveolar  epithelial  cells  and  mitochondria  were
injured,  the  nucleus  was  deformed,  mitochondrial
vacuolation  became  highly  obvious,  and  some
mitochondrial cristae disappeared[3,22].

To  examine  the  mechanism  of  PM2.5-induced
lung  injury,  we  investigated  the  role  of  the  redox
system  in  lungs  of  mice.  Previous  studies  have
shown that PM2.5 exposure can lead to an increase in
ROS  levels  in  the  lung,  heart,  and  testis  tissues  of
mice[10,23].  A  study  showed  that  PM2.5 could  reduce
antioxidant enzymes such as CAT, GSH, GSH-Px, and
T-SOD[24]. In this study, the level of lipid peroxidation
in lung tissue increased in mice exposed to PM2.5. In
order  to  maintain  the  redox  balance,  endogenous
antioxidant  enzymes  were  consumed,  resulting  in  a
decrease in  T-SOD and GSH levels  in  the lung tissue
of mice.

As a redox-sensitive transcription factor, Nrf2 can
mediate a  series  of  cytoprotective factors,  including
heme oxygenase-1 (HO-1) and superoxide dismutase
(SOD)[25].  Therefore,  we  further  detected  the
expression  levels  of  the  above-mentioned  related
proteins  and  found  that  the  expression  levels  of
Nrf2, HO-1, and SOD1 in the lung tissue of mice were
decreased  in  the  PM2.5 group.  Our  results  showed
that  PM2.5-induced  lung  injury  in  mice  is  closely
related  to  the  oxidative  stress  induction  of  PM2.5,
which  is  consistent  with  previous  studies.  These
results  seem  to  implicate  that  intervention  with
substances  with  antioxidant  functions  may  alleviate
the lung injury caused by PM2.5.

Salidroside  is  a  kind  of  bioactive  ingredient
contained  in  traditional  chinese  herb-medicine
Rhodiola rosea and with multiple biological activities,
such  as  anti-inflammatory,  antioxidant,  and  anti-
apoptotic  activities[26,27].  Some  studies  have  shown
that  Sal  can  inhibit  oxidative  stress-induced
pulmonary  fibrosis  and  cardiomyocyte  damage  by

promoting the transcription of Nrf2 regulatory genes
(HO-1 and NQO1),  thereby  reducing  the  excessive
production  of  ROS  and  improving  mitochondrial
function[26,28,29].  In  our  study,  salidroside
pretreatment  could  reduce  the  consumption  of
endogenous  antioxidant  enzymes,  inhibit  the
reduction of expression levels of antioxidant-related
proteins,  such  as  Nrf2,  HO-1,  and  SOD1,  and
maintain the balance of redox to a certain extent.

On  the  other  hand,  a  large  number  of  reactive
oxygen species produced by PM2.5 exposure also led
to  the  activation  of  inflammation-related
transcription factors and the release of inflammatory
mediators  in  mouse  airway  epithelial  cells  and
alveolar  cells[11,12].  Rhodiola  extract  and  compounds
(mainly salidroside) have been confirmed in vitro and
in  vivo experiments  to  exert  immune  regulatory
effects through various inflammatory mediators and
signaling  pathways[30,31].  It  has  been  reported  that
salidroside  improved  sepsis  induced  lung  injury  to
some  extent  by  inhibiting  NF-κB. via activating
SIRT1[31].  Our  previous  study  showed  that  the  large
production  of  ROS  induced  by  PM2.5 could  damage
the  mitochondria  of  bronchial  epithelial  cells  and
lead to the release of cytochrome c and apoptosis[14].
Salidroside  also  inhibited  inflammation  induced
chondrocyte  apoptosis  through  phosphatidylinositol
3-kinase (PI3K)/Akt signaling[32] In the present study,
we further confirmed that PM2.5 exposure results in
an increase in the levels of IL-1B and IL-6. Moreover,
our  findings  also  showed  that  PM2.5 exposure
increased  the  expression  level  of  apoptosis-related
proteins  in  the  lung  tissue  of  mice.  Take  together,
our  findings  suggest  that  PM2.5 might  induce
inflammatory  response  and  apoptosis  by  inducing  a
large  number  of  ROS  production.  Conversely,
salidroside  pretreatment  can  inhibit  PM2.5-induced
inflammation  and  apoptosis[33],  indicating  that
oxidative  stress  has  an  important  role  in  PM2.5-
induced lung injury.

Furthermore,  we  focused  on  sirtuin  1  (SIRT1),  a
member  of  the  sirtuin  family,  has  a  key  role  in  cell
physiology  and biochemical  processes  and is  closely
involved  in  the  regulation  of  biological  processes  of
oxidative  stress[34,35].  In  this  study,  PM2.5 exposure
reduced  the  expression  of  SIRT1  and  PGC-1α.
Existing  study  have  found  that  salidroside  have  an
antioxidant  role  as  an  activator  of  SIRT1[34].  Our
results  further  indicated  that  salidroside  alone
increases  the expression level  of  SIRT1 and PGC-1α,
and  salidroside  pretreatment  significantly  inhibits
the  reduction  of  SIRT1  and  PGC-1α  protein
expression caused by PM2.5.
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Conclusively,  our  results  indicated  that
SIRT1/PGC-1α regulated oxidative stress, and has an
important  role  in  PM2.5-induced  lung  injury.
Aditionally,  salidroside  improves  the  state  of
oxidative  stress  by  activating  SIRT1-PGC-1α,  thus
alleviating  the  lung  injury  caused  by  PM2.5.  Our
research  provides  an  insights  into  the  use  of  active
ingredients  in  Chinese  herbal  medicine  to  prevent
and alleviate damage caused by PM2.5 exposure. 
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