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P-glycoprotein (P-gp) could maintain stability of the nerve system by eﬄuxing toxins out of the blood-brain barrier. Whether it
plays a very important role in drug brain distribution during space travel is not yet known. The present study was aimed at
investigating P-gp function, expression, and its interacting proteins in a rat brain under simulated microgravity (SMG) by
comparative proteomics approach. Rats were tail-suspended to induce short- (7-day) and long-term (21-day) microgravity. P-gp
function was assessed by measuring the P-gp ATPase activity and the brain-to-plasma concentration ratio of rhodamine
123. P-gp expression was evaluated by Western blot. 21d-SMG signiﬁcantly enhanced P-gp eﬄux activity and expression in
rats. Label-free proteomics strategy identiﬁed 26 common diﬀerentially expressed proteins (DEPs) interacting with P-gp in
7d- and 21d-SMG groups. Most of the DEPs mainly regulated ATP hydrolysis coupled transmembrane transport and so
on. Interaction analysis showed that P-gp might potentially interact with heat shock proteins, sodium/potassium ATP
enzyme, ATP synthase, microtubule-associated proteins, and vesicle fusion ATPase. The present study ﬁrstly reported P-gp
function, expression, and its potentially interacting proteins exposed to simulated microgravity. These ﬁndings might be
helpful not only for further study on nerve system stability but also for the safe and eﬀective use of P-gp substrate drugs
during space travel.

1. Introduction
Space traveling is becoming more and more attractive and
inevitable with the development of manned spaceﬂights for
deep space studies. However, there are many hostile limiting
factors in space environment such as consistent microgravity, strong radiation, and noise, which could cause various
pathophysiological changes of astronauts [1–3]. Lots of available literatures indicate that exposure to microgravity leads
to dysfunction of the nerve and cardiovascular system, bone
loss, muscle atrophy, energy metabolism disorder of the liver,
and destruction of the intestinal mucosa [4–9]. Injury of the
nerve system would reduce the performance of astronauts in
space, and even their health is at high risk [4, 10–12]. Microgravity can also cause many diseases such as space motion
sickness vomiting and many others [13, 14]. To avoid such
health problems during space traveling, drugs were administered to relieve the uncomfortable feelings of astronauts [15,
16]. However, it has been observed that pharmacokinetics

(PK) of some drugs could signiﬁcantly be changed under
simulated microgravity [17, 18]. This might aﬀect the eﬃcacy
of drugs and lead to unexpected outcomes [19, 20]. An accurate amount of drug that should be delivered into the brain is
becoming a key problem.
P-gp is an ATP-dependent drug transport protein, and it
is predominantly found in the apical membranes of a few
endothelial and epithelial cell types in the body, including
the blood luminal membrane of the brain capillary endothelial cells that make up the blood–brain barrier (BBB) [21, 22].
P-gp at the BBB could eﬄux its substrate drugs and limit the
entry of substrates into the brain. As P-gp protects the brain
from many exogenous toxins, P-gp dysfunction would
change brain penetration of many drugs, which may lead to
changed eﬀects of the drugs on the central nerve system
(CNS) or increased adverse eﬀects [23]. For treatment of
CNS disorders, drug transport across the BBB needs to be
achieved to reach eﬃcacy [24, 25]. Emerging evidences suggest that P-gp play important roles in antidepressant and

2
brain cancer therapy [26, 27]. P-gp is also expressed at the
intestine, kidney, and liver. It could aﬀect drug PK behaviors,
including drug absorption, distribution, metabolism, and
excretion [28, 29]. Alteration of P-gp or its related proteins
may change drug PK behaviors under microgravity. However, whether P-gp function at the BBB could be modulated
by microgravity remains unclear until today. Reports on
P-gp function or its related proteins under microgravity
condition are unavailable elsewhere. In order to explore
the eﬀect of P-gp and its interacting proteins on brain
homeostasis, further study is critically necessary to disclose
change of P-gp and its function-related proteins exposed
to diﬀerent microgravity durations.
The present study was aimed at investigating how simulated microgravity (SMG) would aﬀect P-gp function and
expression in SMG rat brain and screening its interacting
proteins based on a label-free comparative proteomics
method. Rats were tail-suspended to simulate microgravity
according to the Morey-Holton model, a frequently used
and well-accepted ground analog approved by the National
Aeronautics and Space Administration (NASA) [30].

2. Materials and Methods
2.1. Reagents. Radioimmunoprecipitation assay (RIPA) lysis
buﬀer, protease inhibitor, secondary horseradish peroxidase(HRP-) conjugated goat anti-rabbit IgG, rabbit monoclonal
P-gp, rabbit sodium/potassium-transporting ATPase subunit
beta-1 (Atp1b1) antibody, and trypsin were purchased from
Abcam Company (MA, USA). Protein A/G Plus-Agarose
was supplied by Santa Cruz Biotechnology Company (CA,
USA). Acetonitrile and formic acid were of chromatographic
grade from Thermo Fisher Scientiﬁc Inc. (MA, USA).
Bicinchoninic acid (BCA) protein assay kit was purchased
from Bio-Rad Company (CA, USA). 3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS) and
Rhodamine 123 (Rho123) were purchased from Bailingwei
Scientiﬁc and Technology Company (Beijing, China). The
ultra-micro-ATPase test box was supplied by Nanjing
Jiancheng Company (Nanjing, China).
2.2. Animals and Development of the Morey-Holton Model.
All animal procedures complied with the Guide for the Care
and Use of Laboratory Animals published by the National
Institutes of Health (NIH publication no. 85-23, revised in
1985). All experiments were approved by Beijing Institute
of Technology Animal Care and Use Committee (SYXKBIT-20200109002). Sprague-Dawley rats (male, SPF, 180220 g, ten-week-old) were obtained from Academy of
Military Medical Sciences (Beijing, China). Rats were raised
in a temperature- and humidity-controlled room (temperature 24 ± 1°C, humidity 55 ± 5%) with an artiﬁcial 12 h
light-dark cycle and had free access to water and normal
standard chow diet. All the animals were kept in such room
to acclimate with the environment for one week prior to
the study.
The rats were randomly divided into three groups with
nine rats in each group including one control (CON) group
that was kept on the ground. Rats in the other two groups
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were tail-suspended for 7 and 21 days (marked as 7d- and
21d-SMG groups) to induce the simulated microgravity
according to the Morey-Holton model [30]. Brieﬂy, a surgical
tape was wrapped around the rat’s tail and connected to a
pulley by a metal bar. The tilt angle was between -30° and
-35° in relation to the horizontal. It was ensured that the rats
could freely move in their cages and had free access to water
and food. At the end of due time, all the rats were anaesthetized with 10% chloral hydrate (350 mg/kg), and blood samples were collected. Then, rats were sacriﬁced by heart
perfusion (0.9% saline). Rat brain tissues were collected and
kept at –80°C for further experiments.
2.3. Western Blot Analysis. Rat brain samples were collected
following the methods in Section 2.2. P-gp expression in
CON, 7d-SMG, and 21d-SMG groups was determined by
Western blot. For Western blot, the protein concentration
was measured with the BCA Protein Assay Kit. Equal
amount of protein in each group was separated using 12%
SDS-PAGE and transferred to polyvinylidene ﬂuoride
(PVDF) membranes (Bio-Rad, CA, USA). Membranes were
blocked in 3% BSA-Tris-buﬀered saline (TBS) for 2 h and
then was incubated with appropriate primary antibody
(P-gp, 1 : 5000 dilution) for overnight at 4°C. After membranes were washed three times with TBST buﬀer, appropriate secondary antibodies labeled with HRP were added and
incubated at room temperature for 2 h. Then, membranes
were washed three times with TBS again; immunoblots were
visualized with enhanced chemiluminescence (ECL) reaction
(Amsterdam, NL) reagents, followed by exposing to Gel Doc
XR system (Bio-Rad Laboratories, CA, US). The density of
each band was quantitated by Chemi High-Resolution Imaging System and Odyssey application software (LI-COR
Biosciences, Lincoln, NE).
2.4. P-gp Function Assessment. P-gp function was measured
by ATPase activity of P-gp and Rhodamine 123 (Rho123)
distribution in the rat brain. To elucidate the eﬀect of SMG
on P-gp transport function at the BBB, Rho123 (0.2 mg/kg),
a typical substrate of P-gp, was injected intravenously to rats
of CON and SMG groups. At 60 min after the injection of
Rho123, the rats were sacriﬁced under sodium pentobarbital
anesthesia, and then, blood was immediately collected into
heparinized tubes to get plasma samples. After rat heart perfusion was performed with saline, brain tissue was collected.
For Rho123 determination, 0.1 g of brain tissue was homogenized in 0.9 mL of saline. Plasma samples and brain homogenates were centrifuged at 12000 × g for 10 min. 100 μL of
each supernatant was mixed with 100 μL of saline and
300 μL of methanol, and then, the mixture was vortexed for
30 s. The mixture was centrifuged at 15000 × g for 10 min.
100 μL of supernatant was used for assay of Rho123 in rat
plasma and brain samples by ﬂuorescence intensity. Excitation and emission wavelengths were 495 and 530 nm, respectively [31]. The brain-to-plasma concentration ratio of
Rho123 was calculated for assessment of P-gp eﬄux function
in the rat brain.
As P-gp transports its substrate, ATP is hydrolyzed and
inorganic phosphorate is produced as a byproduct. The
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ATPase activity of P-gp in mammalian cell membranes is
vanadate sensitive [32]. According to the diﬀerence of the
amount of inorganic phosphorate production induced by
the samples in the presence or absence of P-gp-related
ATPase inhibitor vanadate, P-gp-related ATPase activity
was measured. The released phosphate can be determined
by a sensitive colorimetric reaction. The experimental operation followed a previously published protocol [33]. Brieﬂy,
0.1 g of brain tissue was homogenized in 0.9 mL of saline,
and then, the homogenate was centrifuged at 2500 rpm for
10 min. The supernatant was diluted with saline to get a
0.05% ﬁnal sample concentration (the ratio of brain tissue
weight to volume of saline). 250 μL of each sample was added
to the Microplate Reader (Thermo Multiskan Ascent,
Thermo Company, USA), and the absorbance was measured
at 636 nm. P-gp function of samples was calculated following
the instructions of the ultra-micro-ATPase test kit and was
expressed as unit/milligram protein.
2.5. Coimmunoprecipitation (Co-ip) Assay and In-Gel
Digestion. About 0.5 g of each brain sample was homogenized in RIPA containing 1% CHAPS and protease inhibitors. The homogenate was centrifuged at 3000 × g for
10 min at 4°C, and the resulting supernatant fractions were
collected. The total protein concentration in the supernatant
was measured by BCA protein assay kit. Protein concentration of nine samples from the CON group was adjusted to
be the same level. An equal volume of every three samples in
the CON group was taken and mixed to get three ﬁnal samples
for the CON group. 7d- and 21d-SMG samples were made to
follow the same method from the 7d- and 21d-SMG groups,
respectively. The ﬁnal control group sample was divided into
two groups named as CON and negative CON groups,
respectively. Samples incubated with IgG served as the negative control. Taken together, samples from CON, negative
CON, 7d-SMG, and 21d-SMG groups were obtained ﬁnally
for the next coimmunoprecipitation (Co-ip) procedure.
300 μg of proteins from the above four groups was incubated with 30 μL of Protein A/G Plus-Agarose at 4°C for 2 h.
After centrifugation (3000 rpm, 1 min) was performed at 4°C,
the resulting supernatants were collected into clear tubes.
2 μg of the P-gp antibody was added into CON, 7d-SMG,
and 21d-SMG groups. 2 μg of IgG was added into the negative control group. After the above four group samples were
kept overnight at 4°C, samples were incubated with 30 μL of
Protein A/G Plus-Agarose at 4°C for 6 h. Then, samples were
centrifuged (3000 rpm, 1 min) at 4°C to collect the precipitations. The precipitations were gently washed twice with 1 mL
of PBS; then, centrifugation was repeated. After the supernatant was discarded, Co-ip complex and IgG-negative CON
complex were collected. 15 μL of loading buﬀer was added
into the complex and then incubated in boiled water for
10 min. The supernatant was collected after centrifugation
(3000 rpm for 1 min) at 4°C.
The proteins in the Co-ip complex from each sample were
separated by 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS–PAGE). After separation was completed, the gel was stained with Brilliant Blue G (Solarbio
Company, Beijing, China) for 1 h. The stained gel was washed
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with 20% methanol repeatedly until the bands were clear. For
in-gel digestion, each lane of the gel was cut into four slices
with a clear knife and slices were transferred into clear tubes.
Brieﬂy, in-gel digestion procedures mainly included destaining of gel slices, protein reduction and alkylation, and digestion of proteins. A detailed protocol followed published
literatures [9] with slight modiﬁcation. After digestion, peptides were dried by vacuum concentration and diluted in 3%
acetonitrile and 0.1% formic acid aqueous solution. The dried
peptides were stored at -20°C before use.
2.6. LC-MS/MS Analysis. The peptides from four groups were
separated by reverse phase chromatography column (3 μm,
150 mm ×75 μm, Eksigent) with an Eksigent 1D-Ultra
Nanoﬂow High-Performance Liquid Chromatography (HPLC)
system coupled to a Sciex 4600 Q-TOF mass spectrometer
(Agilent, USA). The mobile phase consisting of solvent A
(acetonitrile with 0.1% formic acid) and solvent B (water with
0.1% formic acid) was delivered under the linear gradient from
2% A to 98% A within 100 min at a ﬂow rate of 300 nL/min.
98% A was kept until 120 min for one complete chromatographic run.
The Q-TOF mass spectrometer parameters were as follows: positive ionization mode; capillary voltage, 2300 V;
temperature of drying gas, 325°C; curtain gas, 15 Psi; ion
source gas, 8 Psi; ﬂow rate, 5.0 L/min; and ion fragmentary
voltage, 175 V. The MS scan range was from 350 to
1250 m/z with a scan rate of 1st spectra/sec. MS/MS spectrum
scan range was m/z 100-1250. The top ﬁve precursor ions in
the MS scan were selected for subsequent auto-MS/MS scans
and dynamic exclusion time of 25 s. IDA automatic mode
was used for acquisition of MS/MS.
2.7. Protein Identiﬁcation and Bioinformatics. MS/MS data
analysis was achieved using PEAKS Studio software (Version
6.0, Bioinformatics Solutions, Waterloo, Canada) with the
SwissProt database (http://www.uniport.org/downloads),
which included 33563 sequences of Rattus norvegicus. The
carbamidomethylation of cysteine was chosen for the ﬁxed
modiﬁcation; oxidation of methionine was considered as
variable modiﬁcation. Trypsin was used as a digestion
enzyme, and two missed cleavages were allowed. Peptide
mass tolerance and fragment mass tolerance were 15 ppm
and 50 ppm, respectively. Peptides were identiﬁed if the
probability of a false discovery rate (FDR) was less than 1%.
Only proteins with at least two peptides meeting the criteria
were selected for protein identiﬁcation. Proteins would be
used for further analysis only when at least two out of three
technical replicates were identiﬁed in mass spectrum.
In order to eliminate the interference of IgG, proteins
from CON, 7d-SMG, and 21d-SMG groups were compared
with the negative CON group ﬁrst. If identiﬁed proteins were
not found in the negative CON group or the ratio of identiﬁed proteins in CON, 7d-SMG, and 21d-SMG groups to that
in the negative CON group was more than 10 times, such
proteins were preserved for further diﬀerential proteomics
analysis. After the IgG background correction, the ratio of
protein intensity in the 7d- and 21d-SMG group to that in
the CON group was deﬁned as fold change. Proteins were
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Figure 1: Quantiﬁcation of P-gp in the rat brain by Western blot in the 7d-SMG group ((a), n = 9) and 21d-SMG group ((b), n = 9).
Compared with CON, ∗ P < 0:05.

selected as diﬀerentially expressed proteins (DEPs) when
their fold changes were more than 2 (upregulation) or less
than 0.5 (downregulation) and P value was less than 0.05.
Then, DEPs were analyzed by DAVID Bioinformatics tool
(version 6.7) and PANTHER classiﬁcation system (version
15.0). The STRING database (version 11.0) was used to
search for the networks of DEPs signiﬁcantly interacting with
P-gp between CON and SMG groups [34]. Expression of
P-gp and ATP1b1 in the Co-ip complex from CON, negative
CON, 7d-SMG, and 21d-SMG groups was determined by
Western blot (method in Section 2.3) to validate the Co-ip
procedure and MS data, respectively.
2.8. Statistical Analysis. Data were expressed as mean ± SD
from at least three independent experiments. Statistical analysis for Western blot and P-gp function test was performed
using SPSS 20.0 software (IBM, Armonk, USA). Diﬀerence
between groups was determined by one-way analysis of
variance (ANOVA). A P value less than 0.05 was considered
statistically signiﬁcant.

3. Results
3.1. Expression of P-gp by Western Blot. The P-gp expression
level in the brain of CON and SMG rats was measured using
Western blot (Figure 1). The result revealed a band of
170 kDa corresponding to P-gp. The P-gp expression level
in 21d-SMG rats was signiﬁcantly (P < 0:05) higher than that
in CON rats, inducing a 20.4% increase on average. There
was no remarkable alteration for the P-gp expression in
7d-SMG rats. Immunohistochemistry (IHC) assay was also
used to demonstrate the expression of P-gp in the brain of
CON and SMG rats, and the results are shown in
Figure 2. The staining area of P-gp was signiﬁcantly
increased after 21d-SMG, which was consistent with the
result of Western blot. The increased P-gp expression in

the 21d-SMG group was in a good agreement with the
increased of P-gp ATPase activity and decreased amount
of Rho123 level in the rat brain. An enhanced P-gp function may result from the increase of P-gp expression and
P-gp ATPase activity in the rat brain.
3.2. P-gp Function Analysis. Rho123 was used for evaluating
P-gp function at the BBB. The ratios of brain-to-plasma
Rho123 concentration in CON and SMG rats after intravenous dose was calculated (data is shown in Table 1). The
ratios in the CON and 7d-SMG groups were 0:514 ± 0:09
and 0:568 ± 0:04, respectively. 7d-SMG did not signiﬁcantly
alter brain-to-plasma ratio of Rho123 (P > 0:05). The ratios
in the CON and 21d-SMG groups were 0:524 ± 0:04 and
0:428 ± 0:05, respectively. 21d-SMG signiﬁcantly decreased
Rho123 concentrations in the rat brain (P < 0:05). Tissue
to plasma concentration ratios in 21d-SMG rats decreased
by 18.3%.
P-gp ATPase activity in the rat brain from the CON and
7d-SMG groups was 18:06 ± 2:8 and 19:17 ± 4:8 U/mgprot.
In the CON and 21d-SMG groups, P-gp ATPase activity
was 60:92 ± 11:5 and 67:45 ± 4:2 U/mgprot. Compared with
the CON group, 21d-SMG induced a dramatic increase in
P-gp ATPase activity in the rat brain (P < 0:05). No signiﬁcant change was observed in the 7d-SMG group. The
decreased amount of Rho123 and increased P-gp ATPase
activity in rats exposed to 21d-SMG indicated that P-gp
eﬄux function was dramatically enhanced, while shortterm 7d-SMG duration did not signiﬁcantly inﬂuence P-gp
function.
3.3. Diﬀerentially Expressed Proteins (DEPs) Interacting with
P-gp. Compared with the CON group, 37 and 38 diﬀerentially expressed proteins (DEPs) potentially interacting with
P-gp were identiﬁed in the 7d- and 21d-SMG groups, respectively (Table 2). The same proteins (26 of DEPs) were

Space: Science & Technology

5
CON

7 d-SMG

7d

(a)
21 d-SMG

CON

21 d

(b)

Figure 2: Immunohistochemistry (IHC) of P-gp in the rat brain under 7d-SMG (a) and 21d-SMG (b). The brown dots represent P-gp.

Table 1: The amount of Rho123 in the rat plasma, brain, and the ratio of brain to plasma (n = 9).
Duration
7d

21 d

Group

Rho123 in brain (ng/g)

Rho123 in plasma (ng/mL)

Ratio of brain to plasma

CON

26:14 ± 7:45

50:88 ± 9:90

0:514 ± 0:09

SMG

26:21 ± 4:76

46:13 ± 10:3

0:568 ± 0:04

CON

18:05 ± 2:56

34:43 ± 3:60

0:524 ± 0:04

∗

32:81 ± 6:40

0:428 ± 0:05∗

SMG

14:03 ± 1:69

Compared with CON group, ∗ P < 0:05.

selected from both 7d- and 21d-SMG groups. The common
proteins are also listed in Table 2. Among these, 21 proteins
were consistently downregulated from 7 d to 21 d under
SMG. One protein (Thymosin beta-10, Tmsb10) was upregulated in 7d-SMG (with the fold change of 35.4) and
remained with a higher expression until 21d-SMG (with the
fold change of 74). The rest of the four proteins including
78 kDa glucose-regulated protein (HSPa5), spectrin alpha
chain (nonerythrocytic1, Sptan1), Na+/K+-transporting
ATPase subunit beta-1 (Atp1b1), and alpha-1 (Atp1a1) were
ﬁrst upregulated in the 7d-SMG group and then downregulated in the 21d-SMG group, showing an inconsistent expression behavior. Besides common proteins in two groups, 11
and 12 of DEPs were exclusively found in the 7d- and 21dSMG groups, respectively. Obviously, short- and long-term
SMG duration led to a quite diﬀerent eﬀect on expression
of interacted proteins with P-gp in the rat brain.
Atp1b1 (upregulation for the 7d- and downregulation for
21d-SMG group) was analyzed by Western blot in the Co-ip
complex to validate the MS data (Figure 3(a)). The result was
in accordance with the MS data. Western blot for identiﬁcation of P-gp in the Co-ip complex is also shown in
Figure 3(b), which showed the authenticity of the Co-ip
process.

3.4. Protein Functional Annotation
3.4.1. Protein Class of Common Proteins. 26 of DEPs were
analyzed with PANTHER bioinformatics tool. Regarding
the protein class, DEPs were clustered into 7 groups. Metabolite interconversion enzymes accounted for 27.8% of total
DEPs. Transporters and cytoskeletal protein ranked the second place (both were 22.2%, respectively). The rest of the
classes were membrane traﬃc proteins, defense/immunity
protein, and structural and translational proteins. Among
26 DEPs, there were 14 phosphodiesterases, which mainly
hydrolyze intracellular second messengers like cAMP and
cGMP. These second messengers might play an important
role in signal transduction of P-gp.
3.4.2. Biological Processes, Cellular Components, and Molecular
Functions. To gain more information about P-gp interacting
proteins under SMG, protein cluster analysis was performed
with the DAVID bioinformatics tool for biological processes
(BP), cellular components (CC), and molecular functions
(MF), respectively. BP cluster results showed that these 26
DEPs participated in the regulation of various kinds of biological process (Figure 4(a)). According to the fold enrichment (FE) scores, the top ﬁve biological processes include
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Table 2: Diﬀerentially expressed proteins interacted with P-gp under diﬀerent SMG durations in rat brain.

No.

Protein ID

Protein name

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

P63312
P16086
P06761
P06685
P07340
Q9QUL6
O08815
Q5XIF6
Q6AXU4
P09606
P61765
P60203
P20760
P04797
P10719
P15999
P48500
P51583
P62630
P63039
P69897

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

Fold change
7d

21 d

35.4
6.27
2.62
2.12
2.00
0.487
0.483
0.428
0.358
0.322
0.248
0.122
0.016
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

74.1
0.787
0.00
0.340
0.00
0.205
0.00
0.035
0.00
0.00
0.00
0.00
0.001
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Q62865

Thymosin beta-10 (Tmsb10)
Spectrin alpha chain, nonerythrocytic 1 (Sptan1)
78 kDa glucose-regulated protein (Hspa5)
Sodium/potassium-transporting ATPase subunit alpha-1 (Atp1a1)
Sodium/potassium-transporting ATPase subunit beta-1 (Atp1b1)
Vesicle-fusing ATPase (Nsf)
STE20-like serine/threonine-protein kinase (Slk)
Tubulin alpha-4A chain (Tuba4a)
E3 ubiquitin-protein ligase RNF181 (Rnf181)
Glutamine synthetase (Glul)
Syntaxin-binding protein 1 (Stxbp1)
Myelin proteolipid protein (Plp1)
Ig gamma-2A chain C region (igg-2a)
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
ATP synthase subunit beta, mitochondrial (Atp5b)
ATP synthase subunit alpha, mitochondrial (Atp5a1)
Triosephosphate isomerase (Tpi1)
Multifunctional protein ADE2 (Paics)
Elongation factor 1-alpha 1 (Eef1a1)
60 kDa heat shock protein, mitochondrial (Hspd1)
Tubulin beta-5 chain (Tubb5)
cGMP-inhibited 3 ′ ,5 ′ -cyclic phosphodiesterase A (Pde3a)

0.00

0.00

Q63488
Q6P9T8
Q99NA5
Q9WVC0
P37377
P06302
P04764
P48721
P34058
P04642
P59215
Q6IG01
P10111
P45592
P63259
Q5M880
P62628
P07335
Q7M767
P02564
P06686
P11442
P31596
P62329

Sodium-dependent phosphate transporter 2 (Slc20a2)
Tubulin beta-4B chain (Tubb4b)
Isocitrate dehydrogenase [NAD] subunit alpha (Idh3a)
Septin-7 (7-Sep)
Alpha-synuclein (Snca)
Prothymosin alpha (Ptma)
Alpha-enolase (Enol)
Stress-70 protein, mitochondrial (Hspa9)
Heat shock protein HSP 90-beta (Hsp90ab1)
L-Lactate dehydrogenase A chain (Ldha)
Guanine nucleotide-binding protein G(o)-alpha (Gnao1)
Keratin, type II cytoskeletal 1b (Krt77)
Peptidyl-prolyl cis-trans isomerase A (Ppia)
Coﬁlin-1 (Cﬂ1)
Actin, cytoplasmic 2 (Actg1)
PQ-loop repeat-containing protein 1 (Pqlc1)
Dynein light chain roadblock-type 1 (Dynlrb1)
Creatine kinase B-type (Ckb)
Ubiquitin-conjugating enzyme E2 variant 2 (Ube2va)
Myosin-7 (Myh-7)
Sodium/potassium-transporting ATPase subunit alpha-2 (Atp1a2)
Clathrin heavy chain 1 (Cltc)
Excitatory amino acid transporter 2 (Slc1a2)
Thymosin beta-4 (Tmsb4x)

0.00
0.00
0.00
0.00
993.0
906.4
174.9
150.9
120.2
86.8
66.0
15.9
6.28
4.51
0.429
—
—
—
—
—
—
—
—
—

0.00
0.00
0.00
0.00
—
—
—
—
—
—
—
—
—
—
—
155.6
24.8
18.9
3.08
0.52
0.00
0.00
0.00
0.00
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Table 2: Continued.
Fold change

No.

Protein ID

Protein name

47
48
49

P63018
P85108
Q6P9V9

Heat shock cognate 71 kDa protein (Hspa8)
Tubulin beta-2A chain (Tubb2a)
Tubulin alpha-1B chain (Tuba1b)

CON

IgG

21 d-SMG 7 d-SMG

Atp1b1

1.5

⁎

1.0

0.5

CON

21 d-SMG

21 d

—
—
—

0.00
0.00
0.00

7 d-SMG

P-gp

1.5

#
P-gp relative level (%)

Atp1b1 relative level (%)

IgG

7d

1.0

⁎

#

0.5
0.0

0.0
CON

21 d-SMG
(a)

7 d-SMG

CON

21 d-SMG
(b)

7 d-SMG

Figure 3: Quantiﬁcation and validation of the identiﬁed proteins in the immunoprecipitation complex: (a) quantiﬁcation and validation of
Atp1b1 (n = 9); (b) quantiﬁcation and validation of P-gp (n =9). ∗ P < 0:05 in the 21d-SMG group compared with the CON group; # P < 0:05 in
the 7d-SMG group compared with the CON group.

negative regulation of reactive oxygen species biosynthetic
process (FE score of 192.7) and ATP hydrolysis coupled
transmembrane transport (FE score of 168.6). Membrane
repolarization, sodium ion export from cell, and relaxation
of cardiac muscle showed the same FE score of 149.9. Besides,
cellular potassium ion homeostasis, establishment or maintenance of transmembrane electrochemical gradient, cellular
sodium ion homeostasis, ATP hydrolysis and synthesis
coupled proton transport, and ATP metabolic process were
also enriched in BP.
By cellular component (CC) analysis, the highest FE
score in CC was mitochondrial proton-transporting ATP
synthase complex, catalytic core F(1) with the FE score of
246.9, followed by sodium/potassium exchanging ATPase
complex (FE score of 148.2. FE scores of mitochondrial
proton-transporting ATP synthase complex ranked as the
third place (67.3). CC analysis results are shown in
Figure 4(b). In molecular function (MF) analysis (Table 3),
all DEPs were mainly clustered into binding function,
accounting for 61% of total DEPs. The binding functions
included misfolded protein binding, MHC class I protein
binding, syntaxin-1 binding, and potassium ion and sodium
ion binding. MF analysis showed that most of the DEPs
exhibited binding activities.
From all results of BP, CC, and MF, it could be found that
SMG aﬀected ATP hydrolysis coupled transmembrane transport, ATP hydrolysis and synthesis coupled proton transport,
and ATP metabolic process, which was related to some proteins including ATP synthase subunit beta (Atp5b), ATP
synthase subunit alpha (Atp5a1), and sodium/potassium-

transporting ATPase subunit alpha-1 (Atp1a1). P-gp is
an ATP-dependent eﬄux pump, and the transport function of P-gp depends on the binding and the hydrolysis
of cytoplasmic ATP within nucleotide binding domains
(NBDs) [35, 36]. If ATP synthesis and hydrolysis were disrupted by SMG, P-gp may fail to exhibit eﬄux function.
3.4.3. Proteins Potentially Interacting with P-gp. P-gp function may be depending on nearby interacting proteins. Interaction analysis was performed by Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING 11.0) to
analyze potential relation of common proteins with P-gp.
The interaction network is shown in Figure 5. P-gp showed
potentially direct linkage with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The references linked in STRING
showed interaction between P-gp and GAPDH was based on
text mining and coexpression. The interaction results also
indicated GAPDH had association with sodium/potassium
ATP enzyme (ATP1b1, 1a1), ATP synthase (ATP5b, 5a1),
heat shock proteins (HSPd1, HSPa5), elongation factor
1-alpha 1 (Eef1a1), and triosephosphate isomerase (Tpi1),
and so on.
Combining all the results from protein functional annotation and information from available literatures, we tried
to analyze the potential relation between P-gp and some differentially expressed proteins identiﬁed in the present study.
The protein network for altered function of P-gp under
short- and long-term SMG exposure might be explained.
The protein interaction network showed that heat shock
proteins (HSP) could potentially interact with P-gp. Available

8

Space: Science & Technology
Cell-cell adhesion
Protein stabilization
Potassium ion transport
Neurotransmitter secretion
Gluconeogenesis
ATP metabolic process
Microtubule-based process
Potassium ion import
ATP synthesis coupled proton transport
ATP hydrolysis coupled proton transport
Cellular sodium ion homeostasis
Establishment or maintenance of transmembrane electrochemical.
Cellular potassium ion homeostasis
Relaxation of cardiac muscle
Sodium ion export from cell
Membrane repolarization
ATP hydrolysis coupled transmembrane transport
Negative regulation of reactive oxygen species biosynthetic process

0

20

40

60

80 100 120 140
Fold enrichment
(a)

160

180

200

Plasma membrane
Cytosol
Mitochondrion
Membrane
Extracellular exosome
Protein complex
Cell-cell adherens junction
Microtubule
Extracellular matrix
Microtubule cytoskeleton
Cell body
COP9 signalosome
Extracellular vesicle
Myelin sheath
Mitochondrial proton-transporting ATP synthase complex
Sodium:potassium-exchanging ATPase complex
Proton-transporting ATP synthase complex, catalytic core F(1)
Mitochondrial proton-transporting ATP synthase complex, catalytic core F(1)

0

50

100
150
Fold enrichment
(b)

200

250

Figure 4: Enriched GO biological process (a) and cellular component (b) of DEPs interacted with P-gp in the SMG rat brain. DEPs were the
common proteins from 7d- and 21d-SMG samples.

reports showed that HSP60 could regulate a protective
response against toxicity of SMG in SMG-treated nematodes.
HSP70 expression was upregulated in endothelial cell after
24 h exposure to SMG. HSP70 upregulation played an important role in the initial adaptive response of endothelial cells to
mechanical unloading [37]. Iqbal et al. reported that HSP90α
and heat shock cognate 71 kDa protein were increased in the
brain of 21d-SMG-treated rats [38]. It has been reported that
HSP is linked to cancer cell drug resistance, while P-gp plays
a very important role in cancer cell drug resistance [39]. HSPs
are directly involved in the expression of multidrug resistance
gene-1 (MDR1) or the maturation of P-gp protein conformation in osteosarcoma patients [40]. In P-gp-mediated
multidrug resistance, HSP90β is a key regulator of P-gp
expression [41]. HSP27 may also participate in the P-gp modulation [40]. In the present study, HSPd1 in the Co-ip complex
showed downregulation in both 7d- and 21d-SMG rats, while
HSPd5 was upregulated in the 7d-SMG group and downregulated in the 21d-SMG group. P-gp expression in the Co-ip
complex from the7d and 21d-SMG groups was downregu-

lated. These results may indicate that HSPs could potentially
interact with P-gp. It was speculated that altered HSP expression might modulate the expression of P-gp under SMG condition. Resultantly, the changed P-gp expression may interfere
with P-gp eﬄux function, which may aﬀect the delivery process of substrate drugs while in space.
Vesicle fusion ATPase (Nsf) is another protein that
potentially interacted with P-gp. Nsf is abundant in synaptic
vesicles and involved in multiple neuronal functions. It could
provide chemiosmotic energy for loading neurotransmitters
[42] and transport proteins from the endoplasmic reticulum
to the Golgi stack [43]. Available reports indicated that Nsf
was involved in MDR in some tumors [44]. The gene expression of Nsf was gravity-regulated [45]. Keeping in view the
above roles of Nsf, it may be speculated that Nsf could play
a role in the process of P-gp transport from the endoplasmic
reticulum to Golgi and catalyze the fusion of transport vesicles in Golgi. Compared with the CON group, both the Nsf
and P-gp levels in the Co-ip complex of 7d- and 21d-SMG
rats were decreased, respectively. Dramatic downregulation
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Table 3: Molecular function (MF) analysis of DEPs. Fold enrichment was abbreviated as FE.
No.

Molecular function category

Molecular functions related to binding
1
Misfolded protein binding
2
MHC class I protein binding
3
Syntaxin-1 binding
4
Potassium ion binding
5
Sodium ion binding
6
Syntaxin binding
7
Ubiquitin protein ligase binding
8
GTP binding
9
Protein domain speciﬁc binding
10
Protein complex binding
11
Identical protein binding
12
Protein kinase binding
13
ATP binding
14
Protein binding
Molecular functions related to others
15
Sodium : potassium-exchanging ATPase activity
16
Proton-transporting ATP synthase activity
17
Proton-transporting ATPase activity, rotational mechanism
18
Structural constituent of cytoskeleton
19
ATPase activity
20
GTPase activity
21
Cadherin binding involved in cell-cell adhesion

of Nsf may aﬀect the transporting function of P-gp in the
synthesis process under SMG.
Our results indicated that sodium/potassium ATP
enzyme (ATP1b1, 1a1) and ATP synthase (ATP5b, 5a1) were
found in the protein interaction network. Current research
shows that sodium/potassium ATP enzyme is associated with
drug resistance. Targeting sodium/potassium ATP enzyme
may become a new way to attack resistant cancer cell with
its highly speciﬁc ligands [46, 47]. Sodium/potassium ATP
enzyme could regulate the expression of multidrug resistant(MDR-) related genes and P-gp (the product of MDR1) [48].
Stordal et al. reported that sodium/potassium ATP enzyme
and MDR might be linked by c-Myc because c-Myc could
regulate the expression of MDR and P-gp [49]. These previous ﬁndings uncover the association and dependence of
P-gp with sodium/potassium ATP enzymes in cells and tissues.
ATP synthase (like ATP5a1 and ATP5b) produces ATP
from ADP in the presence of a proton gradient across the
membrane. Available reports showed that ATP synthase
human lymphocytes and lymphoblastoid cells and ATP level
in human Hodgkin’s lymphoma cells were decreased by
microgravity [50]. P-gp is an ATP-dependent drug transporter. The active drug eﬄux process is powered by ATP
hydrolysis. Decreased ATP synthase and ATP level might
change the amount of ATP production, which is not beneﬁcial
for P-gp eﬄux function. In the Co-ip complex of the 7d-SMG
group, ATP1a1 and ATP1b1 expression was upregulated compared with the CON group, while 21d-SMG eﬀect downregu-

P value

FE score

1.9E-2
4.5E-4
3.4E-2
2.2E-2
2.4E-2
7.0E-3
9.3E-3
2.3E-3
1.1E-2
1.7E-2
2.4E-3
2.7E-2
1.2E-4
5.2E-5

98.5
91.5
55.7
85.4
80.0
22.9
8.7
8.4
8.3
6.9
5.9
5.8
4.6
4.4

1.8E-2
2.7E-2
3.7E-2
5.2E-3
1.3E-4
3.1E-3
4.3E-2

106.7
71.2
51.2
26.7
18.0
12.9
8.7

lated ATP1a1 and ATP1b1 expression. ATP5a1 and ATP5b
expression showed downregulation from 7d- and 21d-SMG
in the Co-ip complex. A decreased amount of these ATP
enzymes might aﬀect P-gp function in the brain under SMG
condition, which would possibly change delivery of the
administered drugs into the brain during space traveling.
Tubulins play a role in the transport of substances within
the cell. Tuba4a, b4b, and b5 showed a possible interaction
with P-gp. Tubulins are important part of microtubules
which are involved in maintaining the shape and stability of
the cells. Studies have shown that expression levels of P-gp
and β-tubulin III in ovarian cancer tissues were dramatically
increased. Drugs acting on microtubules could promote the
expression of P-gp, which could lead to increase in the eﬄux
of drugs [51]. Some multidrug resistance-associated proteins
including MRP1 could bind to tubulin through Linker-1
domain [52]. The 5-day ﬂight aboard the Space Shuttle
induced the decreased the mRNA levels of alpha-tubulin in
rat osteoblasts. Simulated microgravity reduced β-tubulin
protein expressions in the K562 cells [53]. It could be speculated that the downregulation of tubulin proteins might aﬀect
the expression of P-gp.

4. Discussion
P-gp is highly expressed in brain capillary endothelial cells at
the blood brain barrier (BBB) [54]. P-gp at the could eﬄux its
substrate drugs and limit the entry of substrates into the
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Figure 5: Protein interaction network with P-gp in the 21d-SMG rat brain.

brain. Besides the eﬄux function of P-gp, it also plays a key
role in the barrier function the BBB [29]. Obviously, altered
P-gp function under SMG may change eﬀects of the drugs,
increase adverse eﬀects [23], or change homeostasis of the
central nerve system [29]. Our results indicated that the
eﬄux function and expression of P-gp in the 21d-SMG rat
brain have been increased, which implies that drug eﬃcacy
or homeostasis of the central nerve system might be inﬂuenced. Diﬀerent SMG periods showed diﬀerent P-gp function patterns.
In order to screen the underlying protein network interacting with P-gp under SMG condition, 26 DEPs were found
in the 7 d and 21 d rat brain samples based on proteomics. It
has been found that several proteins including ATP1b1, 1a1,
5b, 5a1, HSPd1, HSPa5, and tubulins may inﬂuence P-gp
function and expression. Available literatures support that
these proteins may have some association with P-gp [37,
39, 45, 51]. It has been reported that Wnt/β-catenin signaling
pathways (including p-dvl, p-GSK-3β, GSK-3β, β-catenin,
Wnt-3) may regulate the expression of P-gp [55, 56]. However, the present study has found some proteins diﬀerent
from Wnt/β-catenin signaling pathways under SMG. Our
results may supply some new information for investigation
on P-gp expression and function.
During space travel, drugs were often used to prevent or
treat the body injury induced by microgravity. More than

70% of crew members reported the use of a sleep aid (like zolpidem or temazepam) during both short-/long-duration
spaceﬂight missions and International Space Station missions [15, 16]. These drugs are P-gp substrates. Changed
P-gp function may alter penetration of its substrate drugs
into the brain. At present, astronauts use medications
according to the terrestrial medical practices. However, it is
not known whether the drugs will act on the body in spaceﬂight as the same way on Earth or not [57]. P-gp eﬄux function in the rat brain is increased under 21d-SMG, which may
imply that the penetration of P-gp substrate drugs into the
brain would be reduced. This may lead to changed eﬃcacy
of substrate drugs. Further, P-gp plays an important role in
drug absorption in the small intestine and drug excretion in
the kidney; thus, more attention should be paid to P-gp function in the small intestine and kidney under microgravity
when P-gp substrate drugs are used.
Astronauts use temazepam as sleeping aid in spaceﬂight
missions and International Space Station missions [15, 16].
Analgesics like acetaminophen are used for headaches and
pain [58]. It has been reported that temazepam and acetaminophen are substrates of P-gp. P-gp eﬄux function in
the brain may determine the amount of its substrate drugs
into the CNS. It was observed that P-gp eﬄux function in
the rat brain was signiﬁcantly increased under 21d-SMG
condition, which may reduce the amount of these CNS drugs
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in the brain. Consequently, the pharmacokinetics and/or
pharmacodynamics of these CNS drugs possibly would be
changed. Drug brain distribution associated with P-gp function under microgravity has been not fully considered. The
present study revealed some potentially interacting proteins
with P-gp under microgravity. Our ﬁndings may provide
insight into the protein network of P-gp function exposed
to microgravity. It is helpful not only to keep the brain
homeostasis of astronauts but also to use CNS drugs eﬀectively and safely during space travel.
It should be noted that the Morey-Holton model is a
ground analog to simulate microgravity including ﬂuid shift
and muscle atrophy. Fluid shifts in SMG rats may be greater
than those in spaceﬂight rats. Besides, there are some other
environmental factors such as radiation during space travel.
So, the current ﬁndings need to be conﬁrmed in spaceﬂight.
If brain distribution of P-gp substrate drugs was carried out
in further study, it would better understand the role of P-gp
under microgravity. More eﬀorts should be made in further
research on P-gp function, potential mechanism of P-gp,
and its interaction proteins.

5. Conclusion
The present study investigated the response of P-gp function
and expression to 7d- and 21d-SMG. P-gp interacting
proteins in the rat brain were identiﬁed by the comparative
proteomics approach. 21d-SMG could signiﬁcantly enhance
P-gp eﬄux function and expression. 26 proteins were found
to potentially interact with P-gp. As far as we know, this is
the ﬁrst report on P-gp function and its interacting proteins
in the rat brain under simulated microgravity. Our ﬁndings
are expected to supply some scientiﬁc information on medication use safety and nerve system stability during space travel.
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