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[ABSTRACT]    Chronic intermittent hypoxia (CIH), a principal pathophysiological aspect of obstructive sleep apnea (OSA), is asso-
ciated with cognitive deficits. Clinical evidence suggests that a combination of Shengmaisan and Liuwei Dihuang Decoctions (SMS-
LD) can enhance cognitive function by nourishing yin and strengthening the kidneys. This study aimed to assess the efficacy and un-
derlying mechanisms of SMS-LD in addressing cognitive impairments induced by CIH. We exposed C57BL/6N mice to CIH for five
weeks (20%−5% O2, 5 min/cycle, 8 h/day) and administered SMS-LD intragastrically (15.0 or 30 g·kg−1·day) 30 min before each CIH
session.  Additionally,  AG490,  a  JJanus  kinase  2  (JAK2) inhibitor,  was  administered via intracerebroventricular  injection.  Cognitive
function was evaluated using the Morris water maze, while synaptic and mitochondrial structures were examined by transmission elec-
tron microscopy. Oxidative stress levels were determined using DHE staining, and the activation of the erythropoietin (ER)/ER recept-
or (EPOR)/JAK2 signaling pathway was analyzed through immunohistochemistry and Western blotting. To further investigate molecu-
lar mechanisms, HT22 cells were treated in vitro with either SMS-LD medicated serum alone or in combination with AG490 and then
exposed to CIH for 48 h. Our results indicate that SMS-LD significantly mitigated CIH-induced cognitive impairments in mice. Spe-
cifically,  SMS-LD treatment  enhanced dendritic  spine  density,  ameliorated  mitochondrial  dysfunction,  reduced oxidative  stress,  and
activated  the  EPO/EPOR/JAK2 signaling  pathway.  Conversely,  AG490  negated  SMS-LD’s neuroprotective  and  cognitive  improve-
ment effects under CIH conditions. These findings suggest that SMS-LD’s beneficial impact on cognitive impairment and synaptic and
mitochondrial  integrity  under  CIH  conditions  may  predominantly  be  attributed  to  the  activation  of  the  EPO/EPOR/JAK2  signaling
pathway.

[KEY WORDS] Chronic intermittent hypoxia; Cognitive impairment; Shengmaisan; Liuwei Dihuang Decoction; Oxidative stress;
EPO/EPOR/JAK2 signaling pathway
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 Introduction

Obstructive  sleep  apnea  (OSA)  is  characterized  by  the

repeated collapse and obstruction of the upper airway during
sleep, leading to symptoms such as snoring, sleep fragmenta-
tion, daytime fatigue, and drowsiness [1]. In recent years, OSA
has  garnered  significant  attention  due  to  its  high  prevalence
and the severity of its associated complications. However, the
mechanisms underlying the  multi-organ damage observed in
patients with  OSA remain  largely  elusive.  Chronic  intermit-
tent hypoxia  (CIH),  a  key  pathological  feature  of  OSA,  ex-
erts profound effects on multiple organs, particularly the brain [2].
Cognitive  dysfunction  represents  a  frequent  complication
among OSA patients [3]. The structural alterations in the brain,
induced  by  recurrent  episodes  of  intermittent  hypoxia  (IH),
have been linked to cognitive deficits. These changes include
oxidative stress, modifications in synaptic structures, and mi-
tochondrial damage, all of which are believed to contribute to
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the cognitive impairments observed in these patients [4, 5].
According to  the  kidney-marrow-brain  theory  in  Tradi-

tional Chinese Medicine (TCM), the essence of the kidneys is
vital  for  nourishing  the  muscles  and  bones  and  is  intimately
linked with  brain  health.  This  connection  between  the  kid-
neys and the brain is referred to as “brain-kidney cross-talk”
in  contemporary  medical  literature [6, 7]. Kidney-yin  defi-
ciency leads  to  cognitive  impairment,  and  tonifying  the  kid-
neys has been performed for treating cognitive impairment in
TCM. Previous results have indicated that CIH-exposed mice
clinically manifest  a  “deficiency  of  both  qi  and  yin ”  syn-
drome (DQYS) [8].

DQYS, or “deficiency of both qi and yin” syndrome, is
recognized  as  a  prevalent  clinical  syndrome [9] and is  ob-
served in  the  advanced  stages  of  various  acute  febrile  dis-
eases and  numerous  chronic  conditions  characterized  by  in-
ternal damage. Symptoms commonly associated with DQYS
include  a  thin  physique,  loss  of  appetite,  fatigue,  irritability,
palpitations,  and  a  fine  pulse [10].  Clinical  studies  have
demonstrated that  Shengmaisan  exhibits  significant  thera-
peutic  benefits  for  a  range  of  diseases  characterized  by
DQYS,  including  pneumonia  induced  by  COVID-19 [11-13].
Moreover,  Liuwei  Dihuang  decoction  has  been  shown  to
ameliorate cognitive deficits,  emerging as  a  promising inter-
vention for Alzheimer’s disease (AD) through its kidney-ton-
ifying  properties [14,15].  The  combined  use  of  SMS-LD  has
been  employed  to  enhance  cognitive  functions,  particularly
learning and memory [16].

Erythropoietin  (EPO)  is  recognized  as  a  hematopoietic
growth  factor  primarily  produced  by  the  kidneys [17],  and  it
may  serve  as  a  critical  component  of  the  renal  essence,
known  for  its  anti-inflammatory,  antioxidant,  anti-apoptotic,
and  angiogenic  properties [18, 19]. Previous  research  has  high-
lighted  EPO’s  protective  effects  against  neurodegenerative
diseases, in  addition  to  its  well-documented  role  in  hema-
topoiesis [20, 21].  The administration of EPO has been directly
used to address hypoxic-ischemic encephalopathy [22] and has
been implicated in the amelioration of cognitive dysfunction
through treatments that tonify the kidney [23].

This  study  aimed  to  verify  the  therapeutic  efficacy  of
SMS-LD  on  cognitive  impairments  induced  by  CIH  and  to
propose a potential TCM treatment strategy for cognitive dys-
function in patients with OSA. This strategy emphasizes sup-
plementing qi, nourishing yin, and strengthening the kidneys.
We assessed the effects of SMS-LD on cognitive impairment
in  mice  subjected  to  CIH,  focusing  on  the  neuroprotective
role  and  the  involvement  of  the  EPO/EPOR/Janus  kinase  2
(JAK2)  signaling  pathway.  This  research  sought  to  lay  the
groundwork for clinical applications aimed at addressing cog-
nitive impairments in patients with OSA.

 Materials and Methods

 Animals
Adult male C57BL/6N mice, aged 6−8 weeks and weigh-

ing  20−22  g,  were  sourced  from  the  Beijing  Vital  River

Laboratory  Animal  Technology  Co.,  Ltd.  (Beijing,  China).
Upon arrival, the animals were housed in a pathogen-free en-
vironment,  maintained under  a  12-hour  light/dark cycle,  and
given ad libitum access to food and water. The experimental
protocols were  conducted  in  strict  accordance  with  the  Na-
tional  Institutes  of  Health  Guide  for  the  Care  and  Use  of
Laboratory  Animals  and  received  approval  from the  Animal
Care  and  Use  Committee  of  Hebei  University  of  Chinese
Medicine (Approval No. DWLL2020044).

The  mice  were  randomly  allocated  into  four  groups:  a
normoxia  control  group  (CON),  a  CIH,  and  two  SMS-LD
treatment groups receiving either a low dose (SMS-LD-L) or
a high dose (SMS-LD-H). The CON group was subjected to
normoxic  conditions,  while  the  CIH  and  SMS-LD  groups
were  exposed  to  CIH  conditions  within  a  hypoxic  chamber.
The chamber’s oxygen levels were cycled between 21% and
5% (5  min  per  cycle)  for  8  h  daily  (9  :  00−17  :  00)  for  35
days to mimic the CIH experienced during sleep by patients
with OSA.  This  CIH model  was  established based on meth-
odologies  described  in  prior  literature [24].  Specifically,  the
oxygen  concentration  was  lowered  to  5% by  introducing
100% N2 before  being  raised  back  to  21% by  introducing
100% O2, with each cycle lasting 5 min. The normoxia group
was similarly placed in a chamber but was exposed to ambi-
ent air.

To simulate the therapeutic intervention, the mice in the
SMS-LD groups received SMS-LD (at doses of 15.0 or 30.0
g·kg−1) via intragastric  administration  30  min  prior  to  daily
CIH exposure. In parallel, mice in the CON and CIH groups
were administered equal volumes of distilled water.
 Cell culture

HT22 cells, acquired from Procell Life Science & Tech-
nology Co., Ltd. (Wuhan, China), were cultured in a cell in-
cubator  using  a  complete  growth  medium.  These  cells  were
categorized into five distinct groups: a CON, an IH group, an
IH group treated with EPO, an IH group treated with a high
dose of Shengmaisan and Liuwei Dihuang Decoction (SMS-
LD-H) referred to as the SMS-LD group, and a group treated
with AG490 (a JAK2 inhibitor) in combination with SMS-LD-
H  under  IH  conditions  (AG490).  HT22  cells  in  the  CON
group were  maintained in  a  normoxic  environment,  whereas
the  cells  in  the  other  four  groups  underwent  exposure  to  IH
within  a  hypoxia  chamber  for  48  h,  utilizing  a  protocol  of
0.1% O2 for 3 min followed by 21% O2 for 7 min, at a rate of
6  cycles  per  hour.  The  EPO  group  received  EPO  at  a  final
concentration of 10 IU·mL−1. The SMS-LD group was treated
with  10% SMS-LD  medicated  serum.  In  the  AG490  group,
cells  were treated with both 10% SMS-LD medicated serum
and  a  final  concentration  of  50  μmol·L−1 AG490,  the  JAK2
inhibitor, to  evaluate  the  combined  effects  on  cellular  re-
sponse under IH conditions.
 Antibodies and reagents

Antibodies  against  nuclear  factor  (erythroid-derived  2)-
like  2  (Nrf2, 66504-1-Ig),  phosphoinositide-3-kinase  (PI3K,
20584-1-AP),  phosphorylated  protein  kinase  B  (P-AKT,
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66444-1-Ig),  and  AKT  (10176-2-AP)  were  purchased  from
Proteintech  (Rosemont,  IL).  Antibodies  against  EPO
(GB11323),  heme oxygenase 1 (HO-1,  GB12104),  Bcl-2-as-
sociated  X  protein  (Bax,  GB12690),  PSD-95  (GB11277),
brain-derived neurotrophic factor (BDNF, GB11559), and β-
actin  (GB12001)  were  purchased  from  Servicebio  (Wuhan,
China). The antibody against Bcl-2 (BA0412) was purchased
from Boster (Wuhan, China). The antibody against Caspase-3
(#14220)  was  purchased  from  Cell  Signaling  Technology
(Danvers, MA). Antibodies against dynamin-related protein 1
(Drp1, 221099)  and  optic  atrophy  1  (Opa1, 382025)  were
purchased  from  Zenbioscience  (Durham,  NC).  Antibodies
against  EPOR  (DF7108),  JAK2  (AF6022),  P-JAK2
(AF3024),  signal  transducer  and  activator  of  transcription  5
(STAT5,  DF3635),  and P-STAT5 (AF3304)  were  purchased
from Affinity (West Bedford, UK).

A reactive oxygen species (ROS) assay kit was obtained
from  Nanjing  Jiancheng  Bioengineering  Institute  (Nanjing,
China).  An  active  oxygen  detection  kit  and  mitochondrial
membrane potential  and  apoptosis  detection  kit  were  pur-
chased  from  Biyuntian  Biotechnology  Co.,  Ltd.  (Shanghai,
China). Exogenous EPO reagent (S20000026) was purchased
from North China Pharmaceutical  Jintan Biotechnology Co.,
Ltd..  JAK2  inhibitor  AG490  (A4139)  was  purchased  from
APExBIO Co., Ltd.. All secondary antibodies and other regu-
lar reagents were obtained from Servicebio (Wuhan, China).
 Preparation of SMS-LD

The composition of the Shengmaisan combined with Li-
uwei  Dihuang  Decoction  (SMS-LD)  includes  the  following
herbs:  24  g  of  Rehmanniae Radix,  12  g  of  Dioscoreae
Rhizoma, 12 g of Corni Fructus, 9 g of Moutan Cortex, 9 g of
Alismatis Rhizoma,  9  g  of  Poria  ,  9  g  of  Ginseng,  9  g  of
Ophiopogonis Radix,  and  6  g  of  Schisandrae  Chinensis
Fructus. For preparation, 99 g of these raw materials were ini-
tially soaked in 990 mL of distilled water for 30 min at room
temperature, followed by boiling at 100 °C for 1 h. The res-
ulting decoction was filtered and the residue was boiled again
for another hour with 990 mL of distilled water. The two fil-
trates  were  combined and reduced to  100 mL under  a  water
bath and then stored at 4 °C [8].  It  is  documented [25] that the
yield  from  two  rounds  of  decoction  is  approximately  75%.
The conversion of doses between species, based on body sur-
face  area  with  a  conversion  coefficient  (Km)  of  12.3  for
translating  human doses  to  mice [26],  results  in  an  equivalent
mouse dose of 99 g/60 kg × 75% × 12.3 = 15 g·kg−1. Hence,
in  this  study,  the  administered  doses  were  defined  as  15
g·kg−1·day−1 for the low dose and 30 g·kg−1·day−1 for the high
dose.
 Preparation of SMS-LD medicated serum

Twenty male C57/BL6N mice (6−8 weeks of  age,  body
mass  20  ±  2  g)  were  purchased  from  Beijing  Vital  River
Laboratory Animal Technology Corporation,  Beijing,  China.
The mice  were  administered  30 g·kg−1·day−1 of  SMS-LD by
intragastric administration for 7 d. At 1 h after the end of in-
tragastric  administration on day 7,  blood was collected from

the inner canthus of each mouse, and the SMS-LD medicated
serum was obtained by centrifugation, inactivation, and steril-
ization.
 Morris water maze

The  Morris  water  maze,  as  detailed  in  our  earlier  stu-
dy [27], consisted of a circular pool measuring 120 cm in dia-
meter and 45 cm in height, filled with water maintained at a
temperature  of  21  ±  1  °C.  During  the  testing  phase,  mice
were required to use cues to locate a submerged escape plat-
form from their starting position, with measurements taken of
both  the  escape  latency  and  swimming  speed [28].  Following
the removal  of  the  platform,  the  mice’s swimming trajector-
ies  were  automatically  documented  using  the  Animal  Video
Analysis System (SMART 3.0, Panlab, Spain).
 Intracerebroventricular injection

The  mice  were  anesthetized  and  secured  in  motorized
stereotaxic frames  (Stoelting,  IL,  USA)  for  precise  neurolo-
gical  interventions.  AG490,  a  specific  inhibitor  of  JAK2
phosphorylation,  was  prepared  by  dissolving  it  in  dimethyl
sulfoxide  (DMSO)  to  achieve  a  final  concentration  of  5
mmol·L−1.  Each  mouse  received  a  stereotaxic  injection  of  5
mmol·L−1 AG490  (2  μL  per  mouse)  directly  into  the  lateral
ventricle,  adhering  to  the  coordinates  anteroposterior  −0.34
mm, lateral −1.0 mm, and depth −2.2 mm [29]. Following a 30-
minute  waiting  period  to  ensure  AG490  uptake,  the  mice
were subjected  to  CIH.  To  verify  the  accuracy  of  the  injec-
tion  sites  at  the  conclusion  of  the  study,  2% Chicago  Sky
Blue 6B dye (2 μL) was administered through the cannula in-
to the same coordinates.
 Golgi-Cox staining

The  brains  of  anesthetized  mice  were  promptly  excised
and  then  fixed  in  specimen bottles  containing  20  mL of  4%
paraformaldehyde  following  heart  perfusion  with  0.9% sa-
line solution. Subsequent to fixation through maceration, the
brains were placed in 50 mL amber glass bottles with 10 mL
of  Golgi-Cox  solution  and  left  to  incubate  for  two  weeks.
After this period, the brains were immersed in a 30% sucrose
solution  for  three  days  to  ensure  thorough  cryoprotection.
Coronal sections of the hippocampus were then prepared us-
ing a vibratome.  These sections underwent a  rinsing process
with distilled  water,  followed  by  dehydration,  and  were  fi-
nally encapsulated with glycerol gelatin. The density of dend-
ritic spines  within  the  hippocampal  region was  carefully  ex-
amined and documented.
 Transmission electron microscopy

The ultrastructural analysis of mitochondria was conduc-
ted using transmission electron microscopy. Following anes-
thesia, hippocampal tissues were swiftly excised and immedi-
ately  submerged  in  a  fixative  solution  specially  formulated
for electron microscopy. These tissues were then subjected to
a  dehydration  process  and  subsequently  embedded  in  epoxy
resin for stabilization. Thin sections of the hippocampus were
prepared using  a  vibratome,  ensuring  precise  cuts  for  de-
tailed  examination.  These  sections  were  treated  with  double
staining using uranyl acetate and lead nitrate to enhance con-
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trast,  facilitating the observation of  mitochondrial  structures.
Finally, the  stained  sections  were  examined  and  imaged  un-
der an electron microscope, allowing for detailed observation
of the mitochondrial ultrastructure.
 Dihydroethidium (DHE) staining

Frozen tissue sections,  prepared to  a  thickness  of  5  μm,
were stained using DHE following the guidelines provided by
the staining  kit.  Subsequently,  the  nuclei  within  these  sec-
tions were stained for 10 min using a DAPI staining solution.
The final  step  involved  the  observation  of  the  stained  sec-
tions under  a  fluorescence  microscope,  allowing  for  the  de-
tailed visualization of the cellular and subcellular structures.
 Immunohistochemistry

Seahorse  paraffin  sections  were  first  placed  in  an  oven
set at  60 °C for  1 h,  followed by a  gradual  dewaxing in xy-
lene and a series of ethanol dilutions. The sections were then
rinsed with phosphate-buffered saline (PBS) and treated with
3% hydrogen  peroxide  to  quench  endogenous  peroxidase
activity. After another PBS wash, the sections underwent an-
tigen  retrieval  using  a  repair  solution  at  a  high  temperature.
Subsequently,  the  sections  were  blocked with  10% goat ser-
um  at  room  temperature  for  60  min  to  prevent  non-specific
binding.  Primary  antibodies  against  EPO  or  EPO  receptor
(EPOR)  were  applied,  and  the  sections  were  incubated
overnight  at  4  °C.  Following  this  incubation,  the  sections
were  treated  with  HRP-conjugated  (Horseradish  Peroxidase)
rabbit antibodies at 37 °C for 60 min. The immunohistochem-
istry  analyses  were  completed  with  3,3'-diaminobenzidine
(DAB) staining to visualize the antigen-antibody complexes.
 Cell vitality assay

Cell viability was assessed using the Cell Counting Kit-8
(CCK-8) method. HT22 cells were plated at a density of 1 ×
104 cells  per  well  in  96-well  plates.  After  cell  adhesion,  the
culture medium in each well was replaced with 100 μL of ser-
um-free  incubation  solution,  and  the  cells  were  subjected  to
either  normoxic  or  IH  conditions  for  48  h.  In  the  treatment
groups, 1 μL of EPO (1000 IU·mL−1) was added to achieve a
final concentration of 10 IU·mL−1 in the EPO group, 10 μL of
SMS-LD medicated serum (10%) was added to the SMS-LD
group, and for  the AG490 group,  10 μL of  SMS-LD medic-
ated serum (10%) and 1 μL of AG490 (5 mmol·L−1) were ad-
ded  to  reach  a  final  concentration  of  50  μmol·L−1.  After  the
48-hour treatment  period,  10 μL of  CCK-8 solution was ad-
ded to each well,  and the plates  were incubated for  an addi-
tional hour in the incubator. The optical density of each well
was then measured at 450 nm using a microplate reader to de-
termine cell viability.
 Measurement of ROS production

The  ROS  content  was  assessed  using  an  active  oxygen
detection kit.  HT22 cells were seeded onto cell slides within
24-well plates at a density of 4 × 104 cells/well. After cell ad-
hesion, the culture medium in each well was replaced with 1
mL of serum-free incubation solution, and the cells were sub-
jected  to  either  normoxic  or  IH  conditions  for  48  h.  To  the
EPO treatment group, 10 μL of EPO (1000 IU·mL−1) was ad-

ded to achieve a final concentration of 10 IU·mL−1. The SMS-
LD treatment group received 100 μL of SMS-LD medicated
serum (10%),  while the AG490 group was treated with both
100 μL SMS-LD medicated serum (10%) and 10 μL AG490
(5  mmol·L−1)  to  reach  a  final  concentration  of  50  μmol·L−1.
Following treatment,  1  μL  of  the  DCFH-DA  probe  was  ad-
ded to each well  as directed by the ROS detection kit’s pro-
tocol. The fluorescent staining of the cells was then observed
under  a  fluorescence  microscope,  and  images  were  captured
from five random fields of view for each sample. The fluores-
cence  intensity  was  quantitatively  analyzed  using  ImageJ
software.
 Mitochondrial membrane potential and apoptosis staining

The mitochondrial  membrane  potential  and  apoptosis  in
HT22 cells  were evaluated using a kit  designed for this pur-
pose, following the manufacturer’s guidance. The HT22 cells
were  seeded  onto  cell  slides  and  placed  into  24-well  plates,
with  each  well  accommodating  4  ×  104 cells.  To  each  well,
188 μL of  incubation buffer,  5  μL of  Annexin V-FITC con-
jugate, 2 μL of Mito-Tracker Red CMXRos staining solution,
and  5  μL  of  Hoechst  33342  staining  solution  were  added.
After  gently  mixing,  the  preparations  were  incubated  for  30
min  at  room temperature,  shielded  from light  exposure.  The
staining results were then observed under a fluorescence mi-
croscope,  selecting  5  random  visual  fields  for  analysis.  The
fluorescence intensity of these fields was quantified using Im-
ageJ software.
 Western blotting assay

As  detailed  in  our  prior  study [30],  the  hippocampus  or
HT22 cells were processed with a mixture of protease inhibit-
ors  and  a  phosphorylated  protease  inhibitor,  specifically
phenylmethylsulfonyl fluoride (PMSF), before centrifugation.
The resultant  supernatant  was  collected,  and  the  protein  ex-
tracts were prepared for electrophoresis by heating in a metal
bath at 100 °C. Following electrophoresis, the separated pro-
teins  were  transferred  onto  polyvinylidene  fluoride  (PVDF)
membranes.  These  membranes  were  then  blocked  using  5%
skim milk at 37 °C for 2 h, creating a non-reactive barrier to
prevent non-specific binding. After blocking, the membranes
were incubated overnight at 4 °C with primary antibodies tar-
geting EPO, EPOR, PSD-95, BDNF, Opa1, Drp1, Nrf2, HO-
1, PI3K,  AKT,  phosphorylated  AKT (P-AKT),  JAK2,  phos-
phorylated  JAK2  (P-JAK2),  STAT5,  and  phosphorylated
STAT5 (P-STAT5). Subsequently, the blots were exposed to
horseradish peroxidase (HRP)-conjugated secondary antibod-
ies for 2 h at room temperature to ensure the detection of the
primary antibody-protein complexes. The detection and visu-
alization of  these  complexes  were  achieved  using  the  en-
hanced  chemiluminescence  (ECL)  method.  The  mean  grey
values of the target bands were quantitatively analyzed using
ImageJ software.
 Statistical analysis

All  data  collected  were  analyzed  by  SPSS  version  23.0
software  (SPSS  Inc.,  Chicago,  IL)  and  presented  as  the
mean ± SEM. One-way ANOVA was performed, followed by
Tukey post hoc tests.
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 Results

 SMS-LD treatment improved animal performance in the Mor-
ris water maze in mice exposed to CIH

The effect of SMS-LD on cognitive impairment was as-
sessed by the Morris water maze. During the hidden platform
training  with  the  Morris  water  maze,  the  escape  latency and
swimming speed were analyzed.  As reflected in Fig.  1A,  on
days  3−5,  the  escape  latency  of  mice  in  the  CIH group  was
significantly  longer  compared  with  the  CON  group  (P <
0.01), but  SMS-LD-L  and  SMS-LD-H  treatment  signific-
antly  shortened  the  escape  latency  compared  with  the  CIH
group (P < 0.05 or P < 0.01). As shown in Fig. 1B, there was
no significant difference in swimming speed, suggesting that
CIH exposure and SMS-LD treatment did not affect the exer-
cise capacity of the animals.

As shown in Fig. 1C−1D, the number of platform cross-
ings  decreased  in  the  CIH  group  compared  with  the  CON
group (P < 0.001), but it was improved in the SMS-LD-L or
SMS-LD-H groups compared with the CIH group (P < 0.05
or P < 0.01).  As shown in Fig. 1E−1F, the distance traveled
and  the  time  spent  in  the  target  quadrant  were  significantly

decreased  in  the  CIH  group  compared with  the  CON  group
(P < 0.001), but they increased in the SMS-LD-L and SMS-
LD-H group compared with the CIH group (P < 0.05 or P <
0.01). As shown in Fig. 1G−1H, there were no significant dif-
ferences  in  escape  latency  and  swimming  speed  among  all
four  groups in  the visible  platform test.  The results  revealed
that  SMS-LD  treatment  significantly  improved  cognitive
impairment in mice exposed to CIH.
 SMS-LD treatment increased spine density and improved mi-
tochondria  damage  in  the  hippocampus  of  mice  exposed  to
CIH

Mitochondrial  dysfunctions,  which  are  closely  linked  to
alterations in  synaptic  plasticity,  are  pivotal  in  the  develop-
ment of cognitive impairments. Therefore, this study aimed to
assess the  influence  of  SMS-LD  on  synaptic  and  mitochon-
drial  morphological  changes  under  CIH conditions,  utilizing
electron microscopy for detailed observation. Fig. 2A−2B il-
lustrate  a  significant  reduction  in  spine  density  within  the
CIH group when compared with the CON group (P < 0.05),
indicating synaptic  deterioration associated  with  CIH expos-
ure. However, treatment with both low (SMS-LD-L) and high
(SMS-LD-H) doses  of  SMS-LD  resulted  in  a  notable  in-
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Fig.  1     Effect  of  SMS-LD treatment  on cognitive  impairment  in  mice  exposed to  CIH.  (A)  Escape latency in  hidden platform
training. (B) Swimming speed in hidden platform training. (C) Representative swimming tracks in the probe test. (D) Platform-
crossing number in probe test. (E−F) Distance traveled in the target quadrant and time spent in the target quadrant in the probe
test. (G−H) Escape latency and swimming speed in visible platform test. The results are presented as the mean ± SEM (n = 8 in
eachgroup). **P < 0.01, ***P < 0.001 vs the CON group, #P < 0.05, ##P < 0.01 vs the CIH group.
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crease  in  spine  density  compared  with  the  CIH  group  (P <
0.05  or P < 0.01). Further  analysis  presented  in Fig.  2C−2E
revealed a considerable thinning of the PSD, along with dam-
age  to  the  mitochondrial  structure,  and  reduced  expressions
of  PSD-95  and  BDNF in  the  CIH group  compared  with  the
CON group (P < 0.05). Conversely, treatments with SMS-LD-
L and  SMS-LD-H  ameliorated  these  alterations,  as  evid-
enced by increases in PSD thickness, mitigation of mitochon-
drial damage, and enhanced expressions of PSD-95 and BD-
NF compared with the CIH group (P < 0.05 or P < 0.01).

As shown in Fig. 2F, Drp1 showed increased expression
in the CIH group, while the expression of Opa1 was signific-
antly  reduced  in  the  CIH  group  compared  with the  CON
group  (P <  0.05  or P <  0.001).  Treatment  with  SMS-LD  at
both low (SMS-LD-L) and high (SMS-LD-H) doses resulted
in a decrease in Drp1 expression and an increase in Opa1 ex-
pression  compared  with the  CIH  group  (P <  0.05  or P <
0.01). These findings demonstrate that SMS-LD treatment ef-
fectively counters  synaptic  and  mitochondrial  damage  in-
duced by CIH in mice.
 SMS-LD treatment  attenuated  oxidative  stress  in  the   hippo-
campus of mice exposed to CIH

Oxidative stress  is  mainly responsible  for  mitochondrial
and  synapse  damage,  especially  under  CIH  conditions.  As
shown in Fig. 3A, the ROS production in the hippocampus of
CIH mice  was  significantly  increased,  but  it  was  signific-
antly decreased by SMS-LD-L and SMS-LD-H treatment. As
shown in Fig. 3B−3D, Nrf2 and HO-1 expressions in the hip-
pocampus of CIH mice obviously declined compared with the

CON group (P < 0.05 or P < 0.01), but this was obviously el-
evated  by  SMS-LD-L  and  SMS-LD-H  treatment  compared
with the CIH group (P < 0.05 or P < 0.001). The results sug-
gested  that  SMS-LD  treatment  significantly  attenuates  CIH-
induced oxidative stress in the hippocampus.
 SMS-LD treatment increased EPO and EPOR expressions in
the hippocampus of mice exposed to CIH

EPO,  serving  as  a  crucial  component  of  renal  essence,
has demonstrated potential in ameliorating cognitive dysfunc-
tion in  mice.  Aligning  with  the  “kidney-marrow-brain”  the-
ory in TCM, the study explored the impact of SMS-LD on the
expressions of EPO and its EPOR. As shown in Fig. 4A−4B,
EPO  expression  in  the  hippocampus  of  the  CIH  group  was
lower  compared  with  the  CON  group  (P <  0.01),  yet  SMS-
LD-L and SMS-LD-H treatments notably increased EPO ex-
pression relative to the CIH group (P < 0.01). Similarly, Fig.
4C−4D illustrate that EPOR expression was diminished in the
CIH group when contrasted with the CON group (P < 0.001)
but significantly elevated following both low and high doses
of SMS-LD treatment (P < 0.05). These findings indicate that
SMS-LD treatment  effectively  boosts  EPO  and  EPOR  ex-
pressions in the hippocampus of mice subjected to CIH, sug-
gesting  a  therapeutic  mechanism  through  which  SMS-LD
mitigates cognitive impairment associated with CIH.
 Effect of  SMS-LD  treatment  activated  JAK2  signaling   path-
way in the hippocampus of mice exposed to CIH

To  assess  the  activation  impact  of  SMS-LD  on  the
EPO/EPOR  system,  the  downstream  signaling  pathway  of
EPOR  was  examined. Fig.  5A−5B illustrate that  the  phos-
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Fig. 2    Effects of SMS-LD treatment on synaptic morphology and mitochondria in the hippocampus of mice exposed to CIH. (A)
Spine density in the hippocampus. (B) Calculated spine density in the hippocampus. (C) Images of mitochondria in the hippocam-
pus. The red arrows indicate synapses, and the black arrows indicate mitochondria. (D−E) Expression of PSD-95 and BDNF pro-
teins in the hippocampus. (F) Protein expression of Opa1 and Drp1 in the hippocampus. The results are presented as the mean ±
SEM (n = 6 in each group), *P < 0.05, ***P < 0.001 vs the CON group, #P < 0.05, ##P < 0.01 vs the CIH group.
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phorylation  levels  of  JAK2  and  STAT5  in  the  hippocam-
pus were significantly lower in the CIH group compared with
the  CON  group  (P <  0.01  or P <  0.001).  However,  these
levels were elevated in response to SMS-LD-L and SMS-LD-
H  treatments  relative  to  the  CIH  group  (P <  0.05  or P <
0.001).

Fig. 5C−5D show that both PI3K expression and the ra-
tio of  P-AKT  to  AKT  in  the  hippocampus  were  notably  re-
duced in  the CIH group in  comparison with  the CON group
(P < 0.01). Treatment with both low and high doses of SMS-
LD resulted  in  increased  PI3K  expression  and  AKT  phos-
phorylation  compared  with  the  CIH group (P <  0.05  or P <
0.01). These findings suggest that SMS-LD treatment effect-
ively  activates  the  JAK2 and STAT5 signaling pathways,  as
well as the PI3K-AKT pathway, in the hippocampus of mice
subjected to  CIH,  contributing  to  the  therapeutic  effects  ob-
served in mitigating CIH-induced cognitive impairments.
 SMS-LD  treatment  inhibited  oxidative  stress  in  HT22  cells
exposed to IH by activating JAK2 signaling pathway

To  elucidate  the  molecular  mechanisms  underlying  the
effects of SMS-LD, a study was conducted where HT22 cells
exposed to IH for 48 h were treated with both SMS-LD med-
icated serum  and  a  JAK2  inhibitor  (AG490).  The  phos-
phorylation  levels  of  JAK2  and  STAT5  in  HT22  cells  were
markedly  reduced  in  the  IH  group  compared  with  the  CON
group  (P <  0.01).  However,  treatment  with  EPO  and  SMS-
LD led  to  an  increase  in  these  phosphorylation  levels  com-
pared with the IH group (P < 0.05 or P < 0.01). The introduc-
tion of  AG490  prior  to  SMS-LD  treatment  effectively  re-
versed the activation of JAK2 and STAT5 induced by SMS-
LD (P <0.05).

As shown in Fig. 6D−6F, regarding PI3K expression and
AKT  phosphorylation,  significant  reductions  were  observed
in  the  IH  group  when  compared  with  the  CON  group  (P <
0.05 or P <  0.01).  Treatments  with  EPO and SMS-LD were
effective in increasing both PI3K expression and AKT phos-
phorylation  relative  to  the  IH  group  (P <  0.05).  The  use  of
AG490  prior  to  SMS-LD  treatment  reversed  these  increases
(P < 0.05).

Furthermore, as illustrated in Fig. 6G−6H, ROS produc-
tion was significantly higher in the IH group than in the CON
group  (P <  0.001)  but  was  significantly  reduced  following
treatment  with  EPO  and  SMS-LD  (P <  0.01).  AG490  pre-
treatment led to an increase in ROS levels compared with the
SMS-LD-only group (P < 0.05).

Lastly, as shown in Fig.  6I−6K, the expressions of  Nrf2
and HO-1 were significantly lower in the IH group compared
with  the  CON  group  (P < 0.01)  but  showed  significant  in-
creases following treatment with EPO and SMS-LD (P < 0.05
or  P <  0.01).  The  introduction  of  AG490  before  SMS-LD
treatment reversed  the  increases  in  Nrf2  and  HO-1  expres-
sions (P < 0.05). These findings suggest that SMS-LD treat-
ment mitigates oxidative stress in HT22 cells subjected to IH
by activating the JAK2 signaling pathway.
 SMS-LD  treatment  increased  cell  activity  and  inhibited  cell
apoptosis  and  mitochondrial  damage  in  HT22  cells  exposed
to IH by activating JAK2 signaling pathway

Fig.  7A−7C demonstrates that  the  mitochondrial  mem-
brane  potential  was  significantly  lower  and  apoptosis
markedly higher in the IH group compared with those in the
CON  group  (P <  0.05).  Treatment  with  EPO  and  SMS-LD
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Fig. 3    Effects of SMS-LD on oxidative stress in the hippocampus of mice exposed to CIH. (A) DHE staining in the hippocampus
(n = 3) (bar = 50 μm). (B) Western blotting bands of Nrf2 and HO-1 in the hippocampus. (C−D) Expressions of Nrf2 and HO-1 in
the hippocampus. The results are presented as the mean ± SEM (n = 6), *P < 0.05, **P < 0.01 vs the CON group, #P < 0.05, ###P <
0.001 vs the CIH group.
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notably improved mitochondrial  membrane potential  and re-
duced  apoptosis  levels  in  comparison  to  the  IH  group  (P <
0.05  or P < 0.01).  However,  pre-treatment  with  AG490  be-
fore SMS-LD application resulted in a decrease in mitochon-
drial membrane  potential  and  an  increase  in  apoptosis  com-
pared with the SMS-LD-treated group (P < 0.05).

As  depicted  in Fig.  7D, the  optical  density  (OD)  value,
indicative  of  cell  activity,  was  significantly  lower  in  the  IH
group  than  in  the  CON  group  (P <  0.001).  Treatment  with
EPO and SMS-LD significantly  enhanced  cell  activity  relat-
ive to the IH group (P < 0.01). AG490 pre-treatment led to a
reduction  in  cell  activity  compared  with  the  group  treated
with SMS-LD alone (P < 0.001). Fig. 7E−7G reveal changes
in  mitochondrial  dynamics  proteins,  with  Opa1  expression
being  significantly  lower  and  Drp1  expression  significantly
higher  in  the  IH  group  compared with the  CON  group  (P <
0.05 or P < 0.01). EPO and SMS-LD treatments significantly
increased  Opa1  and  decreased  Drp1  expressions  compared
with the IH group (P <  0.05 or P < 0.01).  AG490 pre-treat-

ment  reversed  these  effects,  leading  to  decreased  Opa1  and
increased  Drp1  expressions  compared  with  the  SMS-LD-
treated group (P < 0.05).

Lastly, as illustrated in Fig. 7H−7J, Bcl-2/Bax was signi-
ficantly decreased, and cleaved caspase-3/caspase-3 was sig-
nificantly increased in the IH group compared with the CON
group (P < 0.05 or P < 0.01). Bcl-2/Bax was significantly in-
creased  and  cleaved  caspase-3/caspase-3  was  significantly
decreased  after  EPO and  SMS-LD treatment  compared  with
the  IH  group  (P <  0.05  or P <  0.01).  Pre-treatment  with
AG490  decreased  Bcl-2/Bax  and  increased  cleaved  caspase-
3/caspase-3  compared  with  the  SMS-LD  group  (P <  0.05).
The  results  showed  that  SMS-LD  treatment  increased  cell
activity  while  it  inhibited  cell  apoptosis  and  mitochondrial
damage in HT22 cells exposed to IH by activating the JAK2
signaling pathway.
 AG490 reversed the ameliorative effect of SMS-LD treatment
on the Morris water maze in mice exposed to CIH

The Morris water maze was used to evaluate the impact
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Fig. 4    Effects of SMS-LD treatment on EPO and EPOR expressions in the hippocampus of mice exposed to CIH. (A) Immuno-
histochemical staining of EPO in the hippocampus (n = 3). Black arrows mean positive expressions. (B) Expression of EPO in the
hippocampus according to Western blotting. (C) Immunohistochemical staining of EPOR in the hippocampus (n = 3). Black ar-
rows  mean  positive  expressions.  (D)  Expression  of  EPOR  in  the  hippocampus  according  to  Western  blotting.  The  results  are
presented as the mean ± SEM (n = 6), *P < 0.05, ***P < 0.001 vs the CON group, #P < 0.05, ##P < 0.01 vs the CIH group.
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of AG490 on cognitive impairment. The analysis focused on
escape  latency  and  swimming  speed. Fig.  8A indicates  that,
during days 3−5, the CIH group exhibited significantly longer
escape latencies compared with the CON group (P < 0.01), a
discrepancy  significantly  mitigated  by  SMS-LD-H treatment
(P <  0.01  or P  <  0.001).  However,  the  administration  of
AG490 via intracerebroventricular injection counteracted the
reduction in  escape  latency  achieved  by  SMS-LD-H  treat-
ment (P < 0.05 or P < 0.01). Fig. 8B shows no significant dif-
ference in swimming speed, implying that neither CIH expos-
ure nor  intracerebroventricular  injection  impacted  the  anim-
als' physical capacity.

Fig.  8C−8D demonstrate  a  decrease  in  the  number  of
platform  crossings  for  the  CIH  group  relative  to  the  CON
group  (P < 0.001),  an  outcome  that  was  significantly  im-
proved  by  SMS-LD-H  treatment  (P <  0.001).  However,
AG490 treatment reversed this improvement (P < 0.01). Fig.
8E−8F reveal that both the distance traveled and time spent in
the target quadrant were notably less in the CIH group com-
pared  with  the  CON  group  (P <  0.001),  yet  these  metrics
were  enhanced  in  the  SMS-LD-H group  relative  to  the  CIH
group (P < 0.01), with AG490 reversing these enhancements
(P < 0.05 or P < 0.001). Fig.  8G−8H indicate no significant

differences in escape latency and swimming speed across all
groups in the visible platform test. These results suggest that
AG490 reverses the positive effects of SMS-LD treatment on
cognitive impairment in mice subjected to CIH.

 Discussion

In recent years,  OSA has emerged as a prevalent condi-
tion with far-reaching health and safety implications [31]. Cur-
rently, there is no definitive medical treatment for the cognit-
ive dysfunctions induced by OSA[32]. Within TCM, cognitive
impairment, closely linked to dementia,  is traditionally man-
aged  through  nourishing  yin  and  tonifying  the  kidneys.  The
combination of SMS-LD is recognized in TCM for its ability
to supplement qi, nourish yin, and strengthen the kidneys, and
is frequently applied in treating DQYS [33, 34].

CIH serves as a reliable model for mimicking the hypox-
ia/reoxygenation  episodes  experienced  by  OSA  patients  and
is  extensively  utilized  in  research [35, 36]. Studies  have  repor-
ted that mice subjected to CIH exhibit symptoms characterist-
ic of DQYS, including emaciation, weakness, anorexia, thirst,
and  irritability [8, 24]. This  study  assessed  the  therapeutic  im-
pact of  SMS-LD on CIH-induced cognitive  impairments  us-
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Fig. 5    Effects of SMS-LD treatment on JAK2-related signaling pathway in the hippocampus of mice exposed to CIH. (A) Ex-
pression of P-JAK2/JAK2 in the hippocampus. (B) Expression of P-STAT5/STAT5 in the hippocampus. (C) Expression of PI3K
in the hippocampus. (D) Expression of P-AKT/AKT in the hippocampus. The results are presented as the mean ± SEM (n = 6),
**P < 0.01, ***P < 0.001 vs the CON group, #P < 0.05, ##P < 0.01, ###P < 0.001 vs the CIH group.
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ing the  Morris  water  maze,  revealing  significant  enhance-
ments in maze performance, thus proposing SMS-LD as a po-
tential TCM-based strategy for addressing cognitive dysfunc-
tions in OSA patients.

In the CIH group, the distance traveled, time spent in the
target  quadrant,  and  the  number  of  platform  crossings  were
significantly  decreased,  and  the  escape  latency  was  longer,
which is consistent with previous studies. SMS-LD treatment
improved  CIH-induced  cognitive  impairment  by  improving
the mice’s maze performance. Thus, SMS-LD could provide
a potential  TCM  treatment  strategy  targeting  cognitive  dys-
function in patients with OSA.

Mitochondrial health  is  crucial  for  brain  functions,  in-
cluding cognition, through its influence on synaptic transmis-
sion [37].  The association between mitochondrial  damage and

cognitive impairment is attributed to disrupted synaptic plas-
ticity [38]. BDNF  and  PSD-95  are  critical  for  synaptic  trans-
mission and neuron/synaptic plasticity and essential for learn-
ing and memory [39, 40], with EPO known to upregulate neuro-
trophic factors like BDNF and PSD-95 [41, 42].  BDNF plays a
pivotal role  in  synaptic  plasticity,  neuron survival,  prolifera-
tion, and even in neuronal death [43] and is recognized for its
cognitive enhancement capabilities [44, 45].

PSD-95 is  crucial  for  synaptic  maturation,  stability,  and
memory  formation [46, 47],  with  its  overexpression  linked  to
improved  synaptic  plasticity [48].  Our  findings  demonstrated
reductions in spine density, mitochondrial health, and expres-
sions of BDNF and PSD-95 in the CIH group, alongside mi-
tochondrial structural  damage.  SMS-LD  treatment  amelior-
ated these issues, enhancing spine density, BDNF, and PSD-
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Fig. 6    Effects of SMS-LD treatment on JAK2-related signaling pathway and oxidative stress in HT22 cells exposed to IH. (A)
Western blotting bands of JAK2 and STAT5 in HT22 cells. (B) Expression of P-JAK2/JAK2 in HT22 cells. (C) Expression of P-
STAT5/STAT5 in HT22 cells. (D) Western blotting bands of PI3K and AKT in HT22 cells. (E) Expression of PI3K in HT22 cells.
(F)  Expression  of  P-AKT/AKT in  HT22  cells.  (G)  ROS production  in  HT22  cells  exposed  to  IH (bar  =  50  μm).  (H)  Oxidative
stress level  in HT22 cells  exposed to IH. (I)  Western blotting bands of Nrf2 and HO-1 in HT22 cells.  (J)  Expression of Nrf2 in
HT22 cells.  (K) Expression of HO-1 in HT22 cells.  The results are presented as the mean ± SEM (n = 3), *P < 0.05, **P < 0.01,
***P < 0.001 vs the CON group, #P < 0.05, ##P < 0.01 vs the IH group, △P < 0.05, △△P < 0.01 vs the SMS-LD group.
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95 expressions in the hippocampus, pointing to its neuropro-
tective effects.

The  hippocampus,  vital  for  memory,  shows  particular
vulnerability to both prolonged and IH associated with sleep
conditions  like  OSA[49, 50].  The  cognitive  impairments  linked
to OSA are primarily driven by oxidative stress and apoptos-

is within the hippocampus [51]. Repetitive hypoxia/reoxygena-
tion  cycles  are  known  to  foster  oxidative  stress  and  apopto-
sis [52],  with  hippocampal  oxidative  stress  implicated  in
memory deficits in rodent models [53].

Nrf2 emerges as  a  crucial  regulator  of  cellular  antioxid-
ant  defenses [54], with  its  ability  to  regulate  antioxidant  pro-
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Fig. 7    Effects of SMS-LD on cell activity, cell apoptosis, and mitochondrial damage in HT22 cells exposed to IH. (A−C) Mito-
chondrial membrane potential and cell apoptosis level in HT22 cells exposed to IH. Arrows indicate positive cells (bar = 50 μm).
(D) OD value in HT22 cells exposed to IH. (E) Western blotting bands of Drp1 and Opa1 in HT22 cells. (F) Expression of Drp1 in
HT22 cells.  (G) Expression of Opa1 in HT22 cells.  (H) Western blotting bands of Bcl-2/Bax and cleaved caspase-3/caspase-3 in
HT22 cells. (I) Expression of Bcl-2/Bax in HT22 cells. (J) Expression of cleaved caspase-3/caspase-3 in HT22 cells. The results are
presented as the mean ± SEM (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001 vs the CON group, #P < 0.05, ##P < 0.01 vs the IH group,
△P < 0.05, △△△P < 0.001 vs the SMS-LD group.
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tein expressions,  reduce ROS production,  and mitigate oxid-
ative damage being extensively documented [55]. Overexpres-
sion of Nrf2 has been shown to improve spatial learning and
memory  in  AD  mouse  models,  underscoring  its  potential
therapeutic relevance [56].

The antioxidant enzyme HO-1 plays a crucial protective
role  in  mitigating  oxidative  stress  and  enhancing  cognitive
function [57, 58],  with  activation  by  Nrf2  potentially  inhibiting
the  oxidative  reactions  induced  by  CIH  in  neurodegenerati-
on [59, 60].  Previous  research  has  demonstrated  that  CIH-in-
duced oxidative stress leads to reduced expressions within the
Nrf2/HO-1 pathway. In our investigation, we observed a sig-
nificant increase in ROS production and a marked decrease in
Nrf2  and  HO-1  expressions  in  the  hippocampus  of  CIH-ex-
posed  mice.  These  adverse  effects  were  notably  ameliorated
by treatments with both low and high doses of SMS-LD, sug-
gesting that the therapeutic effects of SMS-LD may be medi-
ated through the Nrf2-HO-1 pathway, thereby reducing oxid-
ative stress and improving cognitive impairments.

In  TCM,  cognitive  impairment,  commonly  associated
with dementia, is thought to arise from a deficiency in cereb-
ral  nutrition.  There  is  a  recognized  connection  between  the

kidneys  and  brain,  with  renal  function  playing  a  key  role  in
maintaining overall body and neuronal homeostasis [61]. EPO,
predominantly produced in the kidneys and found in both the
kidneys and the brain [62], has  been shown to confer  protect-
ive effects  against  various  nervous  system  diseases  experi-
mentally and improve cognitive dysfunction in mice [63].  The
EPOR,  present  in  the  brain,  plays  a  neuroprotective  role  in
ischemic and neurodegenerative diseases [64].

Research has highlighted the cognitive protective effects
of  Liuwei  Dihuang  decoction  and  its  principal  component,
Radix Rehmanniae,  through the  replenishment  of  kidney es-
sence [65-68].  Catalpol,  a  major  active  compound  in  Radix
Rehmanniae,  has  been  found  to  enhance  the  expressions  of
EPO and EPOR, contributing to cognitive improvement [69-71].
Our study observed that expressions of EPO and EPOR in the
hippocampus of CIH mice were significantly reduced, an ef-
fect  which  was  reversed  by  SMS-LD  treatments,  hinting  at
the potential  of  SMS-LD  to  ameliorate  cognitive  impair-
ments through the  EPO-EPOR pathway,  albeit  with  the  pre-
cise mechanism remaining to be elucidated.

EPO  also  exerts  significant  neuroprotective  actions
through the activation of the JAK2 pathway and mitigates ox-
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Fig. 8    AG490 reversed the ameliorative effect of SMS-LD treatment on the Morris water maze in mice exposed to CIH. (A) Es-
cape latency in hidden platform training. (B) Swimming speed in hidden platform training. (C) Representative swimming tracks
in the probe test. (D) Platform-crossing number in the probe test. (E−F) Distance traveled in the target quadrant and time spent
in the target quadrant in the probe test. (G−H) Escape latency and swimming speed in the visible platform test. The results are
presented as the mean ± SEM (n = 8 in each group). **P < 0.01, ***P < 0.001 vs the CON group, ##P < 0.01, ###P < 0.001 vs the CIH
group. △P < 0.05, △△P < 0.01, △△△P < 0.001 vs the SMS-LD-H group.
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idative  stress  by  stimulating  the  JAK2-STAT5  and  PI3K-
AKT pathways, crucial in the context of stroke [72]. The activ-
ation of JAK2 leads to the activation of several other kinases,
including  PI3K/AKT  and  the  STAT  family  of  transcription
factors [73, 74],  which  have  been  shown  to  counter  oxidative
stress [75]. The PI3K-AKT pathway, an essential factor in anti-
oxidant defense, activates expressions of Nrf2 and HO-1, fur-
ther reducing oxidative stress [76].

PI3K-AKT  is  an  important  antioxidant  stress  factor [77],
activating  the  expression  of  Nrf2  and  HO-1,  which  are  key
players in reducing oxidative stress [78, 79]. The pathways me-
diated by EPO, specifically JAK/STAT5 and PI3K/AKT, sig-
nificantly influence neural health by regulating the Nrf2/HO-
1  pathway,  thereby  mitigating  oxidative  stress [80, 81].  The
PI3K-AKT  pathway  plays  a  crucial  role  as  an  antioxidant
factor, activating the expression of Nrf2 and HO-1, which are
key players in reducing oxidative stress. The pathways medi-
ated by EPO, specifically JAK/STAT5 and PI3K/AKT, signi-
ficantly influence neural  health by regulating the Nrf2/HO-1
pathway, thereby mitigating oxidative stress. In our study, we
observed that the expressions of PI3K and the ratios of phos-
phorylated  to  total  AKT  (P-AKT/AKT),  JAK2  (P-JAK2/
JAK2), and  STAT5  (P-STAT5/STAT5)  were  notably  de-
creased  in  the  hippocampus  of  mice  exposed  to  CIH.  These
alterations were significantly ameliorated by treatments  with
both  low  (SMS-LD-L)  and  high  (SMS-LD-H)  doses  of
Shengmaisan  combined  with  Liuwei  Dihuang  decoction
(SMS-LD), suggesting  the  potential  of  SMS-LD  to  counter-
act  CIH-induced  oxidative  and  neurodegenerative  changes.
By  enhancing  the  EPO-mediated  JAK/STAT5  and
PI3K/AKT pathways, SMS-LD may effectively alleviate cog-
nitive  impairment,  aligning  with  the  “kidney-marrow-brain ”

theory  in  TCM.  This  approach  underscores  the  significance
of nourishing  kidney  essence  for  cognitive  health  and  posi-
tions SMS-LD as a promising therapeutic strategy for cognit-
ive impairment in patients with OSA.

 Conclusion

This  study  demonstrated  that  treatment  with  SMS-LD
significantly mitigated  cognitive  impairment  in  mice  subjec-
ted to CIH. The primary mechanism underlying this effect ap-
pears  to  be the activation of  the EPO/EPOR/JAK2 signaling
pathway (Fig. 9). Additionally, our findings propose a poten-
tial  TCM treatment  approach  aimed  at  addressing  cognitive
dysfunction in  patients  with  OSA,  highlighting  the  integra-
tion  of  traditional  therapeutic  wisdom  with  modern  clinical
needs.

 Availability of data and materials

The  data  presented  in  the  study  may  be  made  available
from the corresponding author upon reasonable request.
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