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Abstract: Background: Alzheimer's disease (AD) is the most common type of dementia and has a
complex pathogenesis with no effective treatment. Energy metabolism disorders, as an early patho-
logical event of AD,have attracted attention as a promising area of AD research. Codonopsis pilo-
sula Polysaccharides are the main effective components of Codonopsis pilosula, which have been
demonstrated to regulate energy metabolism.

Methods:  In  order  to  further  study  the  roles  and  mechanisms  of  Codonopsis  pilosula
polysaccharides in AD, this study used an Aβ1-40-induced PC12 cells model to study the protective
effects of Codonopsis pilosula polysaccharides and their potential mechanisms in improving ener-
gy metabolism dysfunction.

Results:  The  results  showed  that  Aβ1-40  induced  a  decrease  in  PC12  cells  viability,  energy
metabolism molecules (ATP, NAD+, and NAD+/NADH) and Mitochondrial Membrane Potential
(MMP) and an increase in ROS. Additionally, it was found that Aβ1-40 increased CD38 expression
related  to  NAD+  homeostasis,  whereas  Silent  Information  Regulation  2  homolog1  (SIRT1,
SIRT3), Peroxisome proliferator-activated receptor γ coactivator 1-α (PGC-1α) and SIRT3 activity
were decreased. Codonopsis pilosula  polysaccharides increased NAD+, NAD+/NADH, SIRT3,
SIRT1, and PGC-1α related to NAD+, thus partially recovering ATP.

Conclusion: Our findings reveal that Codonopsis pilosula polysaccharides protected PC12 cells
from Aβ1-40-induced damage, suggesting that these components of the Codonopsis pilosula herb
may represent an early treatment option for AD patients.

Keywords: Alzheimer’s disease, Energy dysmetabolism, Codonopsis pilosula polysaccharide, NAD+, CD38, neurofibrillary
tangles.

1. INTRODUCTION

Alzheimer 's disease (AD) is an age-related neurodegen-
erative  disease  that  induces  progressive  cognitive  decline.
Amyloid plaques and neurofibrillary tangles (NFTs) repre-
sent two of the primary hallmarks of AD. Amyloid plaques
form by extracellular amyloid-beta (Aβ) deposition, whereas
NFTs form by intracellular tau hyperphosphorylation. The
incidence rate of AD increases exponentially with age, as ag-
ing  is  the  most  important  risk  factor  for  AD development
[1]. AD is known to be caused by many factors [2]. Energy
metabolism  disorders  have  been  shown  to  represent  early
pathological events of AD, such as sharp decreases in ATP
levels in AD brains-which induce synaptic dysfunction that
exacerbates  Aβ  deposition  and  tau  hyperphosphorylation,
thus, contributes to the further development of AD [3].

Nicotinamide adenine dinucleotide (NAD+) is an impor-
tant coenzyme factor for maintaining  cellular  energy  meta-

* Address correspondence to this author at the Shanghai Geriatric Institute
of  Chinese  Medicine,  Shanghai  University  of  Traditional  Chinese
Medicine,  Shanghai  200031,  China;  E-mail:  xingsanli@163.com

bolism (e.g., glycolysis, tricarboxylic acid cycle, and respira-
tory  chain)  and  normal  redox  reactions  in  vivo  [4].  Some
studies have found that NAD+ levels are decreased in AD
patients, while NAD+ supplementation exerts a neuroprotec-
tive role by improving energy metabolism and helping to re-
duce the production of Aβ [5]. The cellular homeostasis of
NAD+  depends  on  a  balance  between  NAD+  synthetase
(used in tryptophan de novo synthesis and salvage pathway)
and NAD+-degrading enzymatic activity [6]. The age-relat-
ed  decline  of  NAD+  may  be  due  to  the  overactivation  of
NAD+-degrading enzymes during the aging process, which
would  result  in  a  continuous  decrease  of  intracellular
NAD+. There are three kinds of NAD+-degrading enzymes:
poly-ADP ribose polymerase (PARP), sirtuins, and cyclic-
ADP ribose synthetase (cADPR) [7]. CD38 is a cyclic-ADP
ribose synthetase and is the main hydrolase of mammalian
NAD+ [8]. CD38 can hydrolyze NAD+ to produce ADP ri-
bose (ADPR), which then covalently binds with proteins to
change their functionalities [9]. CD38 not only directly de-
grades NAD+, but also degrades cyclic NAD+ precursors,
such  as  nicotinamide  mononucleotide  (NMN)  and  nicoti-
namide riboside (NR), which are the main raw materials for
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NAD+ synthesis, indirectly reducing NAD+ levels [10]. Ad-
ditionally, recent studies have demonstrated that CD38 pro-
tein  expression  level  and  enzymatic  activity  increase  with
age, which leads to a decrease in NAD+ and contributes to
the occurrence of AD [11].

Codonopsis pilosula  is a perennial herb of Codonopsis
in  the  Platycodon  family,  and  this  herb  is  comprised  of
polysaccharides, sesquiterpenes, saponins, polyphenol glyco-
sides,  polyacetylenes,  alkaloids,  essential  oils,  and  plant
steroids. Modern pharmacological research has shown that
Codonopsis  pilosula  exerts  anti-oxidative,  anti-aging,  and
immune-enhancing functions [12, 13]. Codonopsis pilosula
polysaccharides are the main active components of Codonop-
sis pilosula. It has been demonstrated that Codonopsis pilo-
sula  polysaccharides can inhibit  Aβ-induced neurotoxicity
and reduce oxidative stress injury within cells [14, 15]; how-
ever, it remains unclear whether these efficacies are related
to regulation of energy metabolism. In this study, we studied
protective effects of Codonopsis pilosula polysaccharides on
Aβ-induced PC12 cells injury, which were associated with
modulating expression levels of CD38, SIRT3, SIRT1 and
PGC-1α. Hence, our present findings suggest that Codonop-
sis  pilosula  polysaccharides  may  represent  an  early  treat-
ment option for AD patients.

2. MATERIALS AND METHODS

2.1. Chemicals and Antibodies

Highly differentiated PC12 rat adrenal pheochromocyto-
ma cells  were  obtained  from the  cell  bank  of  the  Chinese
Academy  of  Sciences.  The  following  reagents  were  used:
Dulbecco’s  modified  Eagle  medium  (DMEM;  Gibco,
12100046, Waltham, MA, USA), fetal bovine serum (FBS;
Gibco,  10099141C),  penicillin/streptomycin  (Gibco,
10378016,  Waltham,  MA,  USA),  Aβ  protein  fragment  1-40

(Sigma-Aldrich,  A1075,  Merck-KGaA,  Darmstadt,  Ger-
many), Codonopsis Pilosula polysaccharides standard (Solar-
bio  Life  Sciences,  sr8506,  China,  Beijing),  Lipofectamine
2000 Transfection Reagent (Abcam, ab51243, Cambridge,
UK),  CD38 siRNA (Invitrogen,   197819,   Carlsbad,   CA,
USA),  CD38  antibody  (Santa  Cruz  Biotechnology,
SC374650, Santa Cruz, CA, USA), M-IgGk BP-HRP (Santa
Cruz Biotechnology, sc-516102), SIRT3 Rabbit mAb (Cell
Signaling Technology, 5490S, Boston, MA, USA), SIRT1
Mouse  mAb  (Cell  Signaling  Technology,  8469S,  Boston,
MA, USA), anti-rabbit IgG HRP-linked antibody (Cell Sig-
naling Technology, 5490S), β-actin Mouse monoclonal Anti-
body (Cell Signaling Technology, 3700), PGC-1α Rabbit Po-
lyclonal Antibody (Shanghai Beyotime Biotechnology Co.,
Ltd., AF7736), NAD/NADH Quantitation Colorimetric Kit
(Biovision, Inc., K337, Milpitas, CA, USA), MTT Cell Pro-
liferation and Cytotoxicity  Assay Kit  (Shanghai  Beyotime
Biotechnology  Co.,  Ltd.,  C0009,  Shanghai,  China),  En-
hanced ATP Assay Kit (Shanghai Beyotime Biotechnology
Co.,  Ltd.,  S0027),  Reactive  Oxygen  Species  Assay  Kit
(Shanghai Beyotime Biotechnology Co., Ltd., S0033S), Mi-
tochondrial membrane potential assay kit with JC-1(Shang-
hai Beyotime Biotechnology Co., Ltd., C2006), Cell Silent
Information Regulation 3 fluorescent quantitative assay kit

(GENMED, GMS50290.1, Shanghai, China), Cell Mitochon-
dria Isolation Kit  (Shanghai Beyotime Biotechnology Co.,
Ltd.,  c3601),  RIPA  Lysis  Buffer  (Shanghai  Beyotime
Biotechnology Co., Ltd., p0013b), PMSF (Shanghai Beyo-
time  Biotechnology  Co.,  Ltd.,  ST506),  High  Sensitivity
ECL Chemiluminescence Kit (Shanghai Beyotime Biotech-
nology Co., Ltd., p0018s), Alexa fluor 488 goat anti rabbit
IgG (Shanghai Beyotime Biotechnology Co., Ltd., a0423),
Alexa fluor 488 goat  anti  mouse IgG (Shanghai Beyotime
Biotechnology  Co.,  Ltd.,  a0428),  DAPI-staining  solution
(Shanghai Beyotime Biotechnology Co., Ltd., C1006), BCA
protein assay kit (Shanghai Beyotime Biotechnology Co., Lt-
d., P0010), SDS-PAGE Gel Preparation Kit (Shanghai Beyo-
time Biotechnology Co.,  Ltd.,  P0012A), and 96-well solid
black-and-white polystyrene microplates (Corning Incorpo-
rated, 3922, St Louis, MO, USA)

2.2. Preparation of Aβ1-40

The  Aβ1-40  fragment  was  prepared  as  described  above
[16]. First, 0.5 mg of Aβ1-40 lyophilized powder was placed
at  room temperature  (RT) for  0.5  h.  Then,  phosphate-buf-
fered saline (PBS) containing 0.05% sodium dodecyl sulfate
was used to dissolve Aβ1-40, and it was mixed at a concentra-
tion of 100 μmol/L.  Subsequently, Aβ1-40  was incubated at
37°C for 7 days and stored at 4°C for further use in the fol-
lowing experiments.

2.3. Cell Culture and Treatments

PC12 cells were maintained in DMEM containing 10%
FBS and 1% penicillin-streptomycin. Cells were maintained
in a 37°C incubator with 5% CO2. The cell culture medium
was replaced daily. Upon growth reaching 80%-90% conflu-
ence, the cells were trypsinized for 3 min. Once the cells be-
came round, 1 ml of fresh culture medium was added to the
cells. The cells were then centrifuged at 1,500 g for 5 min at
RT  and  were  then  resuspended  and  aliquoted  into  culture
dishes.  The  cells  were  divided  into  the  following  groups:
control  group,  Aβ1-40  group,  Aβ1-40  +  Codonopsis  pilosula
polysaccharides  group,  and  Codonopsis  pilosula
polysaccharides group, CD38 siRNA group, CD38 siRNA +
Aβ1-40 group, CD38 siRNA + Aβ1-40 + Codonopsis pilosula
polysaccharides group. The control group was cultured con-
ventionally in DMEM and did not  receive any treatments.
The Aβ1-40 group was subjected to 24 h of treatment with 1
μmol/l  of  Aβ1-40.  The  Aβ1-40  +  Codonopsis  pilosula
polysaccharides group was subjected to simultaneous Aβ1-40

(1  μmol/l)  and  Codonopsis  pilosula  polysaccharides  (50
μg/ml)  treatments  for  24  h.  The  Codonopsis  pilosula
polysaccharides  group  was  treated  with  50  μg/ml  of  Co-
donopsis pilosula polysaccharides for 24 h. The CD38 siR-
NA group was subjected to 24 h of CD38 siRNA treatment.
The CD38 siRNA + Aβ1-40 group was subjected with CD38
siRNA for 24 h and Aβ1-40 (1 μmol/l)  for 24h successively.
The  CD38  siRNA  +  Aβ1-40  +  Codonopsis  pilosula
polysaccharides group was subjected to 24 h of CD38 siR-
NA treatment, and 24 h of concurrently Aβ1-40 (1 μmol/l) and
Codonopsis pilosula polysaccharides (50 μg/ml) treatments.
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2.4. SiRNA Knockdown of CD38

CD38 siRNA transfection  was  performed as  described
above [17]. CD38 siRNA was used to inhibit the expression
of  endogenous  CD38.  PC12  cells  were  inoculated  in  six-
well plates with a fusion rate of 60%. Then, 5 μl of CD38
siRNA  and  5  μl  of  Lipofectamine  2000  were  diluted  into
250 μl of opti Memi. Samples were gently mixed and cul-
tured at RT for 5 min. Then, Lipofectamine 2000 was added
to a CD38 siRNA mixture, with a final concentration of 100
nm  siRNA,  and  samples  were  incubated  at  37°C  for  6  h.
Next,  2  ml  of  complete  culture  medium  containing  10%
FBS was added to the transfected cells instead of the trans-
fection solution, and the transfected cells were cultured for
24 h, after which they were further analyzed.

2.5. MTT Assay

For  MTT assays  as  previously  described  [16],  1  ×  104

PC12  cells  were  seeded  into  96-well  plates  and  were  cul-
tured at 37°C in DMEM for 24 h until cells attached stably
to the culture plate. Then, the cells were incubated in vari-
ous concentrations of Aβ1-40 (1, 5, or 10 μmol/l) or Codonop-
sis pilosula polysaccharides (25, 50, 100, 200, or 300 μg/m-
l). Following a 24 h treatment, each well of cells was supple-
mented with 100 μl of MTT solution (0.5 mg/ml) and incu-
bated at 37°C for 4 h. The supernatant was discarded, and
100  μl  of  dimethyl  sulphoxide  was  added  to  each  well  of
cells  to  fully  dissolve  the  crystals.  Subsequently,  absor-
bances were measured at  a  wavelength of 570 nm using a
PowerWave XS  microplate  reader  (BioTek  Instruments,
Inc., Winooski, VT, USA). Cell viabilities of various treat-
ment groups are reported as percentages of that of the con-
trol group.

2.6. Detection of Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) in PC12 cells were as-
sessed using a ROS Assay kit. Changes in intracellular ROS
levels were determined by measuring the fluorescent dichlo-
rofluorescein (DCF). DCFH-DA can be transformed into the
strong fluorescent compound, DCF, in the presence of active
oxygen.  DCFH-DA  was  diluted  with  serum-free  DMEM
(1:1000)  and  incubated  at  37°C  for  20  min  in  the  dark.
Then, the cells were washed in serum-free DMEM to com-
pletely remove the redundant DCFH-DA. The fluorescent in-
tensity of DCF was measured with 488/525 nm excitation/e-
mission wavelengths via a PowerWave XS microplate read-
er  (BioTek  Instruments,  Inc.).  Intracellular  ROS  levels  of
the various treatment groups are reported as percentages of
those of the control group.

2.7. ATP Measurements

Cellular  ATP  contents  were  assessed  by  an  enhanced
ATP assay kit according to the manufacturer's instructions.
Briefly,  cells were seeded at  4 × 105 cells/well  in six-well
plates. After being incubated for 24 h and treated for 24 h,
the cells were completely lysed with 200 μl of ATP lysis buf-
fer on ice. Samples were collected and centrifuged at 12,000
rpm for 5 min at 4°C to isolate supernatants for further analy-

sis. The supernatants were diluted in 100 μl of ATP detec-
tion working solution (1:4 dilution of ATP detection reagen-
t) within six-well plates for 3 min; then 20 μl of sample or
standard was added to each well. Finally, a PowerWave XS
microplate reader (BioTek Instruments, Inc.) was used to de-
tect  luminous  values  at  450  nm,  after  which  ATP content
was measured according to a standard curve.

2.8. NAD+/ Nicotinamide Adenine Dinucleotide Hydride
(NADH) Measurements

An NAD+/NADH quantification kit was used to deter-
mine NAD+ and NADH levels as previously described [16].
The cells were washed with pre-cooled PBS, homogenized
in 400 μl of NAD+/NADH extraction buffer, and were then
centrifuged for 5 min at 18,000 at 4°C,the resulting superna-
tants were labeled as NAD total samples. Subsequently, 200
μl  NAD total sample was transferred to a fresh Eppendorf
tube  and  heated  at  60°C  for  30  min  (to  decomposed  the
NAD+, leaving only NADH to be analyzed). After cooling
on ice, the samples were quickly centrifuged at 12,000 g for
30 sec at 4°C,The supernatants were collected and labelled
as NADH samples for further assays. Standards (0, 2, 4, 6,
8,  and  10  μl)  and  40  μl  of  samples  were  loaded  into  the
wells  of  a  microtiter  plate,  and  appropriate  volumes  of
NAD+/NADH Extraction buffer were added to bring the vol-
ume to 50 μl. Subsequently, 100 μl of enzyme-reaction mix
and 10 μl of NADH developer were added to each well. The
mixtures  were  allowed  to  react  at  RT  for  4  h,  and  absor-
bance  was  measured  using  a  PowerWave  XS  microplate
reader at 450 nm wavelength.

2.9. Mitochondrial Extraction and MMP Measurements

The PC12 cells mitochondria were separated and extract-
ed  by  cell  mitochondrial  isolation  kit.  The  collected  cells
were added with an appropriate amount of mitochondrial iso-
lation reagent. After resuspension, the cells were placed in
an ice bath for 10 minutes. After homogenization, the super-
natant was centrifuged at 600g and 4°C for 10 minutes. The
supernatant was centrifuged at 11000g and 4°C for 10 min-
utes. The precipitated mitochondria were separated and re-
suspended with appropriate amount of mitochondrial storage
buffer to study the function of intact mitochondria.

The mitochondrial membrane potential was determined
as  described  above  [17,  18].  The  prepared  JC-1  staining
working solution was diluted 5 times with JC-1 staining buf-
fer, and 0.9ml JC-1 staining working solution was added in-
to  0.1  ml  purified  mitochondria  with  total  protein  of
10-100ug. When the mitochondrial membrane potential was
high, JC-1 aggregates in the matrix of mitochondria to form
J-aggregates and produced red fluorescence, which was de-
tected by fluorescence microplate. When the mitochondrial
membrane  potential  was  low,  JC-1  monomer  produced
green fluorescence. The change of mitochondrial membrane
potential was detected by the change of fluorescence color
using a PowerWave XS microplate reader at 490nm excita-
tion wavelength and at 530nm emission wavelength.
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2.10. SIRT3 Activity

According to the instructions of Cell Silent Information
Regulation  3  fluorescent  quantitative  assay  kit,  the  cells
were collected, lysed, resuspended and cold incubated for 15
min in sequence. Then, the mix was added separating buffer
and centrifuged at 4°C, 1300g for 10min. Finally, the precipi-
tate was added precooled cleaning buffer and centrifuged at
4°C, 1300g for 10 min. The precipitation was added to ex-
tracted buffer and ultrasonic treatment was used for 30s at
4°C, 16000g for 10min. The relative fluorescence units of
each group were calculated by standard curve at excitation
wavelength 355nm and emission wavelength 460nm using a
PowerWave XS microplate reader.

2.11. Immunofluorescent Staining

The immunofluorescence staining of PC12 cells was de-
scribed before [16]. Following various treatments and inter-
ventions,  all  groups  of  cells  were  washed  with  PBS  for  5
min. The cells were then fixed with 4% paraformaldehyde
for 15 min, permeabilized with 1% Triton for 10 min, and
blocked with a blocking solution containing 10% calf serum
for 45 min at RT. Then, the cells were incubated with an-
ti-CD38  antibody  (dilution,  1:2500)  and  anti-sirt3  Rabbit
mAb (dilution, 1:2500) at 37°C for 1 h, and were placed in a
4°C  refrigerator  overnight.  After  washing  with  PBS,  the
cells  were  incubated  with  alexa  fluor  488  goat  anti-rabbit
IgG (dilution, 1:1000) and alexa fluor 488 goat anti-mouse
IgG  (dilution,  1:1000)  for  1  h  in  a  37°C  incubator.  After
three rinses with PBS, the cells were covered with DAPI-s-
taining  solution  and  incubated  at  RT  for  5  min.  The  cells
were rinsed three more times with PBS (5 min each time).
Subsequently,  the  cells  were  mounted  onto  glass  slides  in
PBS and glycerol (1:1). Fluorescent signals were examined
using an Olympus BX51 microscope at a 200x magnifica-
tion.

2.12. Western-blot Analysis

The Western blot analysis of PC12 cells was described
before [16]. At the end of the treatment period, all groups of
cells were collected. Following centrifugation at 1,500 g for
5 min at RT, the cells were lysed in lysis buffer. The result-
ing supernatants were extracted to measure total intracellular
proteins. The total intracellular protein concentrations were
determined using the bicinchoninic acid (BCA) method. Sub-
sequently,  the  extracted  proteins  were  mixed  thoroughly
with  5x  sodium  dodecyl  sulphate  (SDS)-loading  buffer,
boiled  at  100°C  for  5  min,  cooled  on  ice,  and  were  then
stored at -20°C. Immediately before the experiments, the pro-
tein samples were thawed at RT. The protein samples (50 μg
each) were heated at 95°C for 5 min, separated by SDS-poly-
acrylamide gel electrophoresis, and were then transferred to
polyvinylidene  fluoride  (PVDF)  membranes.  The  mem-
branes were blocked with 2% bovine serum albumin for 1 h
and  were  then  incubated  with  primary  antibodies  (CD38,
SIRT3, SIRT1, PGC-1α, β-actin antibody) at 4°C overnight.
Subsequently,  the  PVDF  membranes  were  washed  three
times with TBST for 15 min, incubated with anti-rabbit IgG

HRP-linked  antibody1(1:1000)  and  M-IgGk  BP-HRP
(1:1000) at 37°C for 1 h, and were then washed three times
in TBST for 15 min total. Protein bands were imaged and an-
alyzed as the integrated absorbance (IA = mean OD × area)
using Image-J software, and the relative levels of target pro-
teins were normalized to β-actin (target  protein IA/β-actin
IA).

2.13. Statistical Analysis

The data analysis is as described above [19]. Statistical
analysis was performed using GraphPad Prism 7 (GraphPad
Software, Inc., La Jolla, CA, USA). The data reported in this
study are expressed as mean ± standard error. Normality and
variance homogeneity were determined using the Shapiro-
Wilk and Levene tests, respectively. Variance analyses were
completely randomized. The Bonferroni t test and the Wil-
coxon  rank-sum  test  were  used  for  pairwise  comparisons.
Meanwhile, the Kruskal−Wallis test was used for the analy-
sis of nonparametric data. A P < 0.05 was considered to be
statistically significant.

3. RESULTS

3.1.  Codonopsis  Pilosula  Polysaccharides  Ameliorate
Aβ1-40-Induced  Reduction  of  Cellular  Viability  in  PC12

Cells

Aβ1-40 impairs cellular viability in a concentration-depen-
dent manner [20]. We treated PC12 cells with different con-
centrations of Aβ1-40 (1, 5, or 10 μM) for 24 h, and detected
changes in cellular viability via MTT assays. Cellular viabili-
ty decreased with increasing Aβ1-40 concentrations. After be-
ing treated with 1 μM of Aβ1-40, the viability of PC12 cells
was decreased (P < 0.01). After being treated with 5 μM and
10  μM  of  Aβ1-40,  the  decrease  in  PC12  cells  viability  was
more significant than that in 1 μM of Aβ1-40 (P < 0.01). In or-
der to avoid excessive damage to PC12 cells. Hence, we se-
lected 1 μM Aβ1-40  to establish model of early AD in vitro
(Fig. 1A).

Polysaccharides is one of the main components of tradi-
tional Chinese medicine Codonopsis pilosula. The molecu-
lar structure was determined by ultraviolet-visible (UV) spec-
troscopy,  Fourier  transform infrared  (FTIR)  spectroscopy,
and  nuclear  magnetic  resonance  (NMR).  The
monosaccharide composition of CPP was determined to be
mannose  (1.76%),  glucose  (97.38%),  and  arabinose
(0.76%). CPP exhibited high antioxidant activities in scav-
enging ABTS radicals, ferreous ions, and superoxide ion rad-
icals [21, 22]. In order to determine the best concentration of
Codonopsis pilosula polysaccharides for neuroprotection of
PC12 cells, PC12 cells were treated with different concentra-
tions of Codonopsis pilosula polysaccharides (25, 50, 100,
200,  and  300  μg/ml).  Compared  with  that  of  the  control
group, 25, 50, 100, 200, and 300 μg/ml of Codonopsis pilo-
sula polysaccharides improved cellular viability, especially
at 25 μg/ml (P < 0.01), 50 μg/ml (P < 0.01), 100 μg/ml (P <
0.01)  (Fig.  1B),  which  indicated  Codonopsis  pilosula
polysaccharides can improve PC12 cells viability. Additio-
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Fig. (1). Codonopsis pilosula polysaccharides ameliorate Aβ1-40-induced reduction of cellular viability in PC12 cells. (A) Effect of the Aβ1-40

on PC12 cells viability. PC12 cells were treated with various concentrations of Aβ1-40 (1, 5 and 10 μM) for 24h. (B) Effects of Codonopsis pi-
losula Polysaccharides treatment on the viability of PC12 cells. PC12 cells were treated with various concentrations of Codonopsis pilosula
Polysaccharides (25, 50, 100, 200 and 300 μg/ml) for 24 h. (C) Effects of different concentrations of Codonopsis pilosula Polysaccharides
(25, 50 and 100 μg/ml) and exposed to Aβ1-40 simultaneously. All data are expressed as the mean ± standard error from four independent ex-
periments (n=4). Note: **P<0.01 vs. control group; ##P<0.01 vs. Aβ1-40 group. (A higher resolution / colour version of this figure is available
in the electronic copy of the article).

nally, 50 μg/ml of Codonopsis pilosula polysaccharides sig-
nificantly  improved  the  PC12  cells  viability  and  survival
rate of  Aβ1-40  injured PC12 cells  (P < 0.01).  Therefore,  50
μg/ml of Codonopsis pilosula polysaccharides was selected
as  experimental  concentration  for  subsequent  experiments
(Fig. 1C).

3.2. Codonopsis Pilosula Polysaccharides Delay Aβ1-40-In-

duced ROS, ATP and MMP Levels in PC12 Cells

As an intrinsic by product of ATP production, mitochon-
dria also produce reactive oxygen species (ROS) [23]. Many
previous studies have demonstrated that ROS are important
factors in aging. ROS production can be increased during ag-
ing to further accelerate aging [24]. ROS levels in the Aβ1-40

group  were  significantly  higher  than  those  of  the  control
group (P < 0.01). Compared with that in the Aβ1-40 group, 50
μg/ml of Codonopsis pilosula polysaccharides reduced ROS
production (P < 0.01), which suggests that Codonopsis pilo-

sula polysaccharides can reduce ROS production and delay
Aβ1-40-induced aging of PC12 cells (Fig. 2A).

During aging, mitochondrial phosphorylation decreases
and ATP production is reduced. In the present study, Aβ1-40

decreased ATP levels in PC12 cells (P < 0.01),  while Co-
donopsis pilosula polysaccharides significantly ameliorated
Aβ1-40-induced ATP change (P < 0.01). This result suggests
that Codonopsis pilosula polysaccharides can improve ATP
levels of damaged cells (Fig. 2B).

The  imbalance  of  oxygen  free  radical  metabolism  in-
duces mitochondrial oxidative stress, damages mitochondria
function, such as decreases MMP [25]. Compared with the
control group, MMP in the model group was significantly de-
creased  (P  <  0.01),  while  Codonopsis  pilosula
polysaccharides significantly increased Aβ1-40 injured mito-
chondrial MMP (P < 0.01), which indicated that Codonopsis
pilosula polysaccharides could increase the MMP of PC12
cells (Fig. 2C).
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Fig. (2). Codonopsis pilosula polysaccharides delay Aβ1-40-induced ROS and ATP levels in PC12 cells. (A) Effect of Codonopsis pilosula
Polysaccharides treatment on the ROS level of Aβ1-40-treated PC12 cells. PC12 cells were subjected to different treatments for 24 h. Subse-
quently, the cells were examined using a Reactive Oxygen Species Assay Kit. (B) Effect of Codonopsis pilosula Polysaccharides treatment
on the ATP level of Aβ1-40-treated PC12 cells. PC12 cells were subjected to different treatments for 24 h. Subsequently, the cells were ex-
amined using an Enhanced ATP Assay Kit. (C) Effect of Codonopsis pilosula Polysaccharides treatment on the MMP level of Aβ1-40-treated
PC12 cells. PC12 cells were subjected to different treatments for 24 h. Subsequently, the cells were examined using a Mitochondrial mem-
brane potential assay kit with JC-1. All data are expressed as the mean ± standard error from four independent experiments (n=4). Note:

**P<0.01 vs. control group; ##P<0.01 vs. Aβ1-40 group. (A higher resolution / colour version of this figure is available in the electronic copy of
the article).

3.3. Codonopsis Pilosula Polysaccharides Increase NAD+
Levels  and  the  NAD+/NADH  Ratio  in  Aβ1-40  Treated

PC12  Cells

NAD+ and NADH are coenzymes necessary for cellular
energy metabolism. Under normal physiological conditions,
the ratio of NAD+/NADH reflects the redox state of cells,
which is in a steady state of dynamic balance [26]. Disrup-
tion  of  cellular  energy  metabolism  is  characterized  by
changes in NAD+ and NADH levels,  as well as an imbal-
ance of the NAD+/NADH ratio [27]. In the present study,
compared  with  those  in  the  control  group,  NAD+  levels
were  decreased  in  the  Aβ1-40  group  (P  <  0.01;  Fig.  3A),
whereas the NADH levels did not change significantly (Fig.
3B),  and  the  ratio  of  NAD+/NADH  was  significantly  de-
creased (P < 0.01; Fig. 3C); after the administration of Co-
donopsis  pilosula  polysaccharides,  the  NAD+  levels  in-
creased (P < 0.01; Fig. 3A), and the ratio of NAD+/NADH
also increased (P < 0.01; Fig. 3C).

3.4.  Codonopsis  pilosula  Polysaccharides  Ameliorate
Aβ1-40-Induced Increases in CD38 Expression

As CD38 is one of the major NAD+ degrading enzymes,
CD38  is  important  for  regulating  homeostasis  of  energy
metabolism. We detected the expression of CD38 in PC12
cells induced by Aβ1-40. The results showed that CD38 fluo-
rescence increased following Aβ1-40 treatment for 24 h (P <
0.01; Fig.  4A),  as did CD38 protein expression (P < 0.01;
Fig.  4B).  After  the  administration  of  Codonopsis  pilosula
polysaccharides, the CD38 fluorescence and CD38 protein
levels decreased (P < 0.01; Fig. 4A and B).

SIRT3 is located in mitochondria, which regulates impor-
tant  mitochondrial  proteins,  such as  PGC-1α.  SIRT1 is  an
NAD+ dependent histone deacetylase closely related to ener-
gy metabolism. The results showed that SIRT3, SIRT1 and
PGC-1α protein  expression  are  decreased  following  Aβ1-40

treatment for 24 h (P < 0.01; Fig. 4B), the Codonopsis pilo-
sula polysaccharides treatment increased SIRT3, SIRT1 and
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Fig. (3). Codonopsis pilosula polysaccharides increase NAD+ levels and the NAD+/NADH ratio in Aβ1-40 treated PC12 cells. (A) Effect of
Codonopsis pilosula Polysaccharides treatment on the NAD+ level in the PC12 cells treated by Aβ1-40 exposure. (B) Effect of Codonopsis pi-
losula Polysaccharides treatment on the NADH level in the PC12 cells. (C) Effect of Codonopsis pilosula Polysaccharides treatment on the
NAD+/NADH ratio in Aβ1-40-induced PC12 cells. All data are expressed as the mean ± standard error from four independent experiments
(n=4). Note: **P<0.01 vs. control group. ##P<0.01 vs. Aβ1-40 group. (A higher resolution / colour version of this figure is available in the elec-
tronic copy of the article).

PGC-1α  expression  (P  <  0.01;  Fig.  4B).  Moreover,  the
SIRT3  activity  in  the  Aβ1-40  group  was  significantly  de-
creased  compared  with  the  control  group  (P  <  0.01;  Fig.
4C).  Compared  with  the  Aβ1-40  group,  the  SIRT3  activity
was significantly increased in the Aβ1-40 + CPP group (P <
0.01; Fig. 4C).

3.5. Aβ1-40-Induced Damage in PC12 Cells Are Ameliorat-

ed by CD38 Downregulation

In order to further determine whether Aβ1-40-induced in-
creases in CD38 levels disrupt cellular energy metabolism,
we treated cells with CD38 siRNA and confirmed (via West-
ern blotting) that CD38 expression was decreased from this
manipulation (P < 0.01; Fig.  5,  5A).  We found that  CD38
siRNA  significantly  increased  both  cellular  viability  (P  <
0.01; Fig. 5C) and ATP levels (P < 0.01; Fig. 5D) while de-
creasing  ROS levels  and  increasing  MMP (P  <  0.01;  Fig.
5E,  F).  Furthermore,  CD38  siRNA  partially  upregulated
NAD+ (P < 0.01; Fig. 5G),  NAD+/NADH (P < 0.01; Fig.
5I)  and  SIRT3,  SIRT1,  PGC-1α  protein  expression  and
SIRT3  activity  (P  <  0.01;  Fig.  5A,  B).

3.6.  Effects  of  Codonopsis  Pilosula  Polysaccharides  on
Aβ1-40-Induced Damage on PC12 Cells After CD38 Down

Regulating

Previous results have confirmed that Aβ1-40 treatment in
PC12 cells increases CD38 levels and concomitantly decreas-
es NAD+ levels. In order to further investigate the effects of
Codonopsis pilosula polysaccharides in ameliorating Aβ1-40-
induced  energy  metabolism  dysfunction  in  PC12  cells,
CD38  siRNA  and  Codonopsis  pilosula  polysaccharides
were given as co-treatments to Aβ1-40-injured PC12 cells. We
found that this co-treatment did not ameliorate SIRT3 (P >
0.05; Fig. 6A), SIRT1 (P > 0.05; Fig. 6, 6A), PGC-1α (P >
0.05; Fig. 6A) and SIRT3 activity (P > 0.05; Fig. 6B), cellu-
lar viability (P > 0.05; Fig. 6C), ROS levels (P > 0.05; Fig.
6E), MMP (P > 0.05; Fig. 6F), ATP levels (P > 0.05; Fig.
6D), and NAD+ levels (P > 0.05; Fig. 6G), and there was no
significant  change in NAD+/NADH levels  (P > 0.05;  Fig.
6I).  Collectively,  these  findings  further  suggest  that  Co-
donopsis pilosula  polysaccharides improve cellular energy
metabolism and protect damaged cells via CD38 downregu-
lation.
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Fig.  (4).  Codonopsis  pilosula  polysaccharides  ameliorate  Aβ1-40-induced increases  in  CD38 expression.  (A)  CD38 was detected by im-
munofluorescence staining and representative photomicrograph is presented (scale bar, 20 μm). (B) CD38, SIRT3, SIRT1, PGC-1α were de-
tected by Western blot analyses from the control (without any treatment), Aβ1-40 (with 1 μM Aβ1-40 treatment), Aβ1-40 + Codonopsis pilosula
Polysaccharides (1 μM Aβ1-40 and 50 μg/ml Codonopsis pilosula Polysaccharides simultaneously) and Codonopsis pilosula Polysaccharides
(50 μg/ml Codonopsis pilosula Polysaccharide) groups. (C) SIRT3 activity was detected by Cell Silent Information Regulation 3 fluorescent
quantitative assay kit. Note: **P<0.01 vs. control group. ##P<0.01 vs. Aβ1-40 group. (A higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).
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Fig. (5). Aβ1-40-induced damage in PC12 cells was ameliorated by CD38 downregulation. (A) Western blot analysis of CD38, SIRT3, SIRT1,
PGC-1α after PC12 cells were transfected with CD38 siRNA. (B) Effect of Aβ1-40 treatment on the CD38 activity after transfecting with
CD38 siRNA. (C) Effect of Aβ1-40 treatment on the cell viability after transfecting with CD38 siRNA. (D) Effect of Aβ1-40 treatment on the
cell ATP after transfecting with CD38 siRNA. (E) Effect of Aβ1-40 treatment on the cell ROS after transfecting with CD38 siRNA. (F) Effect
of Aβ1-40 treatment on the cell MMP after transfecting with CD38 siRNA. (G) Effect of Aβ1-40 treatment on the cell NAD+ after transfecting
with CD38 siRNA. (H) Effect of Aβ1-40 treatment on the cell NADH after transfecting with CD38 siRNA. (I) Effect of Aβ1-40 treatment on the
cell NAD+/NADH after transfecting with CD38 siRNA. All data are expressed as the mean ± standard error. Note: 

##P<0.01 vs. Aβ1-40 group.
(A higher resolution / colour version of this figure is available in the electronic copy of the article).
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Fig. (6). Neuroprotective effects of Codonopsis pilosula polysaccharides on Aβ1-40-induced damage in PC12 cells after CD38 down regulat-
ing. (A) Western blot analyses of CD38, SIRT3, SIRT1 and PGC-1α protein after transfecting with CD38 siRNA. (B) Effect of Codonopsis
pilosula  Polysaccharides  treatment  on  the  SIRT3  activity  after  transfecting  with  CD38  siRNA.  (C)  Effect  of  Codonopsis  pilosula
Polysaccharides treatment on the cell viability after transfecting with CD38 siRNA. (D) Effect of Codonopsis pilosula Polysaccharides treat-
ment on the cell ATP after transfecting with CD38 siRNA. (E) Effect of Codonopsis pilosula Polysaccharides treatment on the cell ROS af-
ter transfecting with CD38 siRNA. (F) Effect of Codonopsis pilosula Polysaccharides treatment on the cell MMP after transfecting with
CD38 siRNA. (G) Effect of Codonopsis pilosula Polysaccharides treatment on the cell NAD+ after knockdown of CD38. (H) Effect of Co-
donopsis pilosula Polysaccharides treatment on the cell NADH after knockdown of CD38. (I) Effect of Codonopsis pilosula Polysaccharides
treatment on the cell NAD+/NADH after knockdown of CD38. All data are expressed as the mean ± standard error. Note: **P<0.01 vs. con-
trol group. (A higher resolution / colour version of this figure is available in the electronic copy of the article).

4. DISCUSSION

Although the pathogenesis of AD has not been fully elu-
cidated, studies have demonstrated that energy metabolism
dysfunction plays an important role in the early pathogene-
sis of AD [28]. Because there is no energy storage system in
the central nervous system, the high energy demand of the
brain requires a continuous cellular supply of energy, which
also  causes  neurons  to  be  easily  affected  by  energy
metabolism dysfunction [29]. In the early pathological pro-
cess of AD, a sharp decrease in ATP levels can cause corre-
sponding deleterious changes in energy metabolism and ac-
celerate  the  pathogenesis  of  AD  [30].  In  this  study,  we
found that intracellular ATP levels were decreased in PC12
cells treated with Aβ1-40.

ATP in the brain is synthesized by glucose and oxygen
primarily  through  the  tricarboxylic  acid  cycle,  oxygen
metabolism and oxidative phosphorylation in mitochondria,
and glycolysis in the cytoplasm [31]. ATP homeostasis main-
tains brain biosynthesis and neural signal transduction [32].
Due  to  the  discovery  of  mitochondrial  dysfunction  in  the
brain of early AD patients, including oxidative phosphoryla-
tion and the disorder of the tricarboxylic acid cycle, dysfunc-
tion  in  energy  metabolism  induced  by  mitochondrial  dys-
function represents an early pathological event of AD [33].
ROS are important indicators of mitochondrial dysfunction.
ROS are a group of active molecules derived from oxygen,
including superoxide (O2

-), hydrogen peroxide (H2O2), and
hydroxyl radicals [34]. Because mitochondria are important
organelles for ATP production and consume most of the oxy-

gen  in  cells,  these  play  a  key  role  in  the  production  and
metabolism of  ROS [35].  When  mitochondrial  function  is
impaired, ROS production increases. High levels of ROS in-
duce  neuronal  degeneration  and  intensify  AD  progression
[36]. The energy produced by mitochondria is stored in the
inner membrane of mitochondria with electrochemical poten-
tial energy, which results in the asymmetric distribution of
protons and other ions on both sides of the inner membrane
and forms the MMP. Normal MMP is a prerequisite for mito-
chondrial  oxidative  phosphorylation  and  ATP  production
[37]. In this study, ROS levels were increased in PC12 cells
treated with Aβ1-40, which suggested the existence of mito-
chondrial dysfunction in Aβ1-40-treated PC12 cells.

The level of intracellular NAD+ is associated with ag-
ing-related diseases. During aging (the main risk factor for
AD), NAD+ is decreased [38]. NAD+ is a cellular metabo-
lite that plays an important role in mitochondrial biosynthe-
sis and anti-stress in neurons [39]. Due to the high energy de-
mand of neurons, they are particularly sensitive to damage
caused by NAD+ consumption and ATP reduction. The lev-
el of NAD+ in mitochondria is much higher than that in the
cytoplasm or nucleus [40]. Therefore, as an auxiliary factor
of redox enzymes, NAD+ can regulate oxidative phosphory-
lation, the tricarboxylic acid cycle, fatty-acid oxidation, and
amino-acid oxidation in mitochondria [41, 42]. The NAD+/-
NADH ratio is also responsible for the activities of enzymes
in various metabolic pathways, ensuring oxidative phospho-
rylation,  the  tricarboxylic  acid  cycle,  and oxygen in  mito-
chondria [43]. Finally, NAD+ can regulate the activities of
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members of the sirtuin protein family [44]. Sirtuins are evo-
lutionarily  conserved  NAD+-dependent  deacetylases.  In
mammals,  sirtuin  proteins  contain  seven  sirtuin  isoforms
that are involved in metabolic regulation, aging, health, and
longevity  [45].  SIRT3  is  the  most  abundant  sirtuin  in  the
brain and localized in the mitochondrial and regulates mito-
chondrial function. SIRT3 plays a pivotal role in regulating
mitochondrial oxidative stress and functions by deacetylat-
ing the enzymes involved in the antioxidant pathway, mito-
chondrial  biogenesis,  energy  metabolism,  and  respiration
[46]. SIRT1 is the most studied sirtuin. Research has demon-
strated that NAD+ can regulate SIRT1 expression and over-
expression of SIRT1 can alleviate neurodegenerative diseas-
es. Furthermore, SIRT3 can affect ATP production, the TCA
cycle, and the electron transport chain [47, 48]. With the de-
crease of NAD+, the SIRT3 expression and SIRT3 activity
are also decreased, which inhibits the function of PGC-1α in
energy synthesis and metabolism [49]; this results in a de-
crease of mitochondrial biosynthesis and a disorder of ener-
gy metabolism related to mitochondria [50].  In this  study,
we also found that after PC12 cells were injured by Aβ1-40,
the content of NAD+ was decreased, and the SIRT3, SIRT1
and PGC-1α related to NAD+ were also decreased,  which
putatively induced mitochondrial dysfunction and energy im-
balance.

As NAD+ homeostasis plays an important role in main-
taining mitochondrial function and energy metabolism, it is
necessary  to  further  explore  the  mechanisms  of  reduced
NAD+ content in AD. In our study, we found that overacti-
vation  of  NAD+  degrading  enzymes  (CD38  as  a  major
NAD+  degrading  enzyme)  may  account  for  decreased
NAD+ levels with aging [51]. It has been demonstrated that
the expression of NAD+ in CD38 knockout mice does not
gradually decrease with age; hence, CD38 may represent an
important target for the treatment of AD [52]. CD38 was ini-
tially discovered to be a cell-surface enzyme, and it plays a
key  role  in  physiological  processes  related  to  immune  re-
sponses, inflammation, cancer, and metabolic diseases [53].
CD38 not only directly degrades NAD+ but also is the pri-
mary enzyme that degrades NMN (the precursor of NAD),
and indirectly leads to decreases in NAD+ [10, 54]. CD38
not only regulates the homeostasis of intracellular and extra-
cellular NAD+ but also affects the availability of extracellu-
lar NAD+ and its metabolites [55]. For example, CD38 regu-
lates the activity of nuclear and mitochondrial sirtuins [56].
Moreover, the increased levels of CD38 in AD mice correlat-
ed  with  the  development  of  mitochondrial  dysfunction,
which partially occurred through modulation of the availabil-
ity of NAD+ as a substrate to mitochondrial enzymes includ-
ing SIRT3, result in energy dysmetabolism [53]. SIRT3 up-
-regulates  PGC-1α  expression,  improving  mitochondrial
health involves the activation of mitochondrial biosynthesis,
which is  of  vital  importance  in  maintaining mitochondrial
function [57].

In this study, we found that the increase of CD38 expres-
sion in PC12 cells treated with Aβ1-40 resulted in a decrease
of NAD+, SIRT3, SIRT1, and PGC-1α and SIRT3 activity,
which putatively aggravated mitochondrial dysfunction. Af-

ter mRNA knockdown of CD38, NAD+, SIRT3, SIRT1, and
PGC-1α  levels  and  SIRT3  activity  were  increased.  These
findings suggest that CD38 not only degrades NAD+, but al-
so decreases NAD+ dependent enzymes. Therefore, CD38
may play an important role in the early pathogenesis of AD.

Codonopsis pilosula, a famous Chinese herbal medicine,
is widely used in enhancing immunity. Codonopsis pilosula
polysaccharides  are  considered  the  main  components  ac-
counting for the therapeutic functions of Codonopsis pilo-
sula,  such  as  immune  enhancement  and  antioxidant  func-
tion.  In  order  to  investigate  the  protective  effects  of  Co-
donopsis  pilosula  polysaccharides  on  neuronal  injury,  we
used Aβ1-40-induced PC12 cells injury model and observed
Aβ1-40-induced decreases in ROS, MMP, ATP, NAD+, and
NAD+/NADH that were ameliorated via treatment with Co-
donopsis pilosula  polysaccharides.  Furthermore, we found
that  these  improvements  via  Codonopsis  pilosula
polysaccharides were likely mediated by reducing the expres-
sion of CD38 in injured cells. Additionally, we found that
the  efficacy  of  Codonopsis  pilosula  polysaccharides  was
likely dependent  on downregulating CD38. After  co-treat-
ment  of  CD38  siRNA  and  Codonopsis  pilosula
polysaccharides, energy-related protein expression and cell
viability were not improved in Aβ1-40-damaged cells. These
findings  further  demonstrate  that  CD38  is  a  target  of  Co-
donopsis pilosula polysaccharides for ameliorating Aβ1-40-in-
duced PC12 cells injury. However, it is still necessary to fur-
ther elucidate the therapeutic effects and mechanisms of Co-
donopsis  pilosula  polysaccharides  on ameliorating models
of early AD in vivo and in vitro.

CONCLUSION

This  study  showed  that  Codonopsis  pilosula
polysaccharides ameliorated Aβ1-40-induced neuronal injury,
and  that  its  mechanisms  may  be  via  down  regulation  of
CD38 expression, recovery of NAD+ levels, and promotion
of mitochondrial ATP synthesis. Taken together, CD38 may
represent a therapeutic target in AD patients.
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