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Magnesium and its alloys gainwide attention as degradable biomaterials. In order to reveal themolecular mech-
anism of the influence of biodegradable magnesium on cells, proteomics analysis was performed in this work.
After mouse fibroblasts (L929) were cultured with or without Mg degradation products (Mg-extract) for 8, 24,
and 48 h, changes in protein expression profiles were obtained using isobaric tags for relative and absolute quan-
titation (iTRAQ) coupled two dimensional liquid chromatography-tandemmass spectrometry (2D LCMS/MS). A
total of 867 proteins were identified (relying on at least two peptides). Compared to the control group, 205, 282,
and 217 regulated proteins were identified at 8, 24, and 48 h, respectively. 65 common proteins were up or
down- regulatedwithin all the three time points, whichwere involved in various physiological andmetabolic ac-
tivities. Consistent with viability, proliferation, and cell cycle analysis, stimulated energy metabolism as well as
protein synthesis pathways were discussed, indicating a possible effect of Mg-extract on L929 proliferation. Fur-
thermore, endocytosis and focal adhesion processes were also discussed. This proteomics study uncovers early
cellular mechanisms triggered by Mg degradation products and highlights the cytocompatibility of biodegrad-
able metallic materials for biomedical applications such as stents or orthopaedic implants.

© 2016 Published by Elsevier B.V.
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1. Introduction

Magnesium (Mg) and its alloys are attracting more and more atten-
tion due to their good biocompatibility and suitablemechanical proper-
ties [1], and are developed in the fields of hard tissue implantation and
cardiovascular stents to provide temporary scaffolding during tissue re-
modeling. They are fabricated into screws [2], intramedullary nailing [3]
and other orthopaedics not only because of their mechanical properties
closer to the ones of bone (less or no stress shielding effect or osteolysis
to wear) [4], but also because they are believed to be osteoinductive ac-
cording to animal experiment [5]. In addition,magnesium stents are de-
veloped as the latest generation (degradable stent) under clinical
evaluation [6]. Two clinical applications of bare magnesium stents and
drug-eluting magnesium stents [7] have been reported in Lancet, indi-
cating a prospective future of biodegradable magnesium stents.

During their biodegradation Mg-based materials release Mg2+, hy-
drogen, and other degradation products which in turn lead to a local
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increase of pH and osmolality. These events, arising directly after im-
plantation, are changing the environment of the surrounding tissue. In
response, tissue and cells have to maintain their homeostasis and to ad-
just their biochemistry to survive, including different bioprocesses such
as changes in enzyme activity, in cell proliferation rate, and in mem-
brane transport [8]. As these processes are mediated by proteins, the
study of protein expression profiles provide one of the most effective
and direct way to understand the effect of biomaterial degradation on
cells.

PureMgwas here chosen to avoid the potential influence of alloying
element such as aluminum (e.g., present in AZ91 alloy)which can affect
DNA synthesis and cell cycle [9]. In order to mimic in vivo environment,
cells were exposed to extract of pure Mg prepared according to ISO
10993-16:2009 [10] and ISO 10993-12:2012 [11]. As routinely chosen
for cytotoxicity studies in biomaterial applications, mouse fibroblasts
L929, which are very sensitive to their environment [12], have been se-
lected to study the early influence of initial degradation.

A rather new technique, isobaric tags for relative and absolute quan-
titation (iTRAQ) coupledwith two dimensional liquid chromatography-
tandem mass spectrometry (2D LC MS/MS) [13], was applied to deter-
mine the proteome profiles of L929 after 8 h, 24 h, and 48 h exposition
to Mg-extract or to pure media. At each time point, the expressions of
the detected proteins in presence of Mg-extract were normalized to
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their respective control ones (i.e., without Mg-extract). Further in silico
analyses were performed to find in which pathways and associated
functions these differentially expressed proteins are implicated, reveal-
ing possible molecular mechanisms and biological processes influenced
by Mg degradation.

2. Experimental

2.1. Material and extract preparation

As-cast pure Mg (99.95% purity) was purchased from Rare-Earth
Metal Research Institute (Hunan, China). Surface of the samples were
ground by different silicon carbidewater-proof sandpapers with granu-
lations from 600 to 2000 grit (Panda, Dongxinyanmogongju, Beijing,
China). Afterwards, samples were cleaned ultrasonically in absolute
ethanol for 15 min. After being dried at room temperature, samples
were sterilized by ultraviolet radiation for at least 2 h. The Mg-extract
was prepared according to ISO 10993-12 [11] with a surface area/ex-
tractionmedium ratio of 1.25 cm2/mL. Samples were immersed in com-
pletemedium (minimumessentialmedium(MEM) supplementedwith
10% horse serum, 100 IU/L penicillin, and 100 μg/L streptomycin (all
chemicals were purchased from Gibco, New York, USA)) under cell cul-
ture condition (5% CO2, 95% humidity, 37 °C) for 24 h.

The concentrations of magnesium and calcium contained in the Mg-
extract were measured by inductively coupled plasma atomic emission
spectrometry (ICP; Profile ICP-AES, Leeman, USA), after microwave
digested with 5 mL HNO3 (Sigma-Aldrich Chemie GmbH, Munich,
Germany).

2.2. Cell culture

The mouse fibroblasts cell line L929, provided by National Institutes
for Food and Drug Control (Beijing, China), were cultured in complete
medium. Cells were seeded at a density of 3 × 104 cells/mL and cultured
for 24 h before replacing the medium by Mg-extract or fresh complete
medium (Control). The cells were further cultured for 8 h, 24 h, and
48 h. At each time point, cell viability, cell cycle, and proteomics analy-
ses were performed.

2.3. Cell viability

Cell Counting Kit-8 (CCK-8;Neuronbc, Beijing, China)was employed
to assess cell viability. CCK-8 is a sensitive colorimetric assay based on a
water-soluble tetrazolium salt (WST-8). The amount of orange-colored
formazan generated by the activity of dehydrogenases in cells is directly
proportional to the number of living cells. CCK-8 assay was carried out
following the ISO 10993-5 standard [14]with completemediumas neg-
ative control and 10%dimethyl sulfoxide (DMSO; Sigma-Aldrich, Shang-
hai, China) in complete medium as positive control under the same
conditions as described in Zhen et al. [15].

2.4. Cell cycle assay

Cell cycle assay was conducted following cell cycle assay kit
(Biolegend, Beijing Korad Biotechnology, Beijing, China). Briefly, cells
were dissociated using trypsin (Gibco, Life Technologies, Canada),
washed and suspended in cold phosphate-buffered saline (PBS) at a
concentration of 1 × 106 cells/mL. Cells were further fixed in 70% ice-
cold alcohol (Beijing Chemical Works, Beijing, China), centrifuged and
resuspended in 0.5 mL PBS with a final concentration of 100 μg/mL
RNase and 50 μg/mL propidium iodide (PI, Biolegend, Beijing Korad Bio-
technology, Beijing, China) for 30min in the dark to stainDNA. The sam-
ples were then analyzed using a flow cytometer (BD FACSCalibur,
Becton-Dickson, USA).

At least 20,000 cells of each stained suspension cells were collected
by BD FACSCalibur. Cell groups were circled in the scatter plots of FSC
(forward scatter) and SSC (side scatter) to remove the cell debris, and
single cell gate was circled in the scatter plots of FL-2-W (fluorescence
width) and FL-2-A (fluorescence area) to remove the clustered cells.
DNA content histogramwas showed in FL-2-A histogram. The obtained
FCS files were fitting analyzed by ModFit LT software to get the data of
each cell cycle phase.

2.5. Proteomics profile analysis

2.5.1. Cell lysis, protein digestion and iTRAQ reagent labeling
Treated L929 cells were collected by trypsin and washed twice with

PBS before whole cell protein extraction. Total proteins in cells were ex-
tractedwith freshly prepared lysis buffer [8M urea (GibcoBRL Carlsbad,
CA, USA), 30 mM 4-(2-hydroxyerhyl)piperazine-1-erhanesulfonic acid
(MHEPES, Sigma-Aldrich, Shanghai, China, pH 8.0–8.3), 10 mM
dithiothreitol (DTT, Promega, Beijing, China), 2 mM ethylenediamine-
tetraacetic acid (EDTA Amresco, Solon, OH, USA), and 1 mM
phenylmethanesulfonyl fluoride (PMSF Amresco, Solon, OH, USA)].
The solution was dispersed by sonication for 5 min (power 180 W,
pulse 2 s on and 3 s off), then centrifuged at 20,000g for 30min. The su-
pernatant was collected and reduced with 10 mM DTT and alkylated
with 55 mM iodoacetamide (IAM, Promega, Beijing, China). They were
then precipitated by cold acetone (Beijing Chemical Works, Beijing,
China), stored at −20 °C for 3 h, and concentrated by centrifuging at
20,000g for 30min. The precipitates were resuspended in solution buff-
er (50% tetraethylammonium bromide (TEAB, Sigma-Aldrich, Shanghai,
China), 0.1% sodium dodecyl sulfate (SDS, Sigma-Aldrich, Shanghai,
China)), and then treated by sonication and centrifuge again to get the
supernatant. The supernatant was collected and proteins were quanti-
fied by the Bradford method. Each protein sample (100 mg) supple-
mented with 3.3 g trypsin was incubated in 37 °C for 24 h and then
again 1 μg trypsin was added before another 12 h incubation. Lyophi-
lized precipitates were resuspended in 30 μL solution buffer (50%
TEAB, 0.1% SDS), and then labeled by isobaric tag according to the
iTRAQ kit protocol (Applied Biosystems, Foster City, CA) as follows: con-
trol group 8 h “114”, control group 24 h “115”, control group 48 h “116”,
Mg extract 8 h “118”, Mg extract 24 h “119”, and Mg extract 48 h “121”.

2.5.2. Online 2D Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis

After labeling and quenching, the samples were sent to online 2D
Liquid chromatography-tandemmass spectrometry (LC-MS/MS) analy-
sis. For the first dimensional separation, protein digests were diluted by
10 times in buffer A pH3 (25% acetonitrile (ACN) and 10mMKH2PO4 all
chemicals from Fisher Scientific, Pittsburgh, PA, USA), and centrifuged
(15,000 rpm, 10 min). Supernatant were further fractionated by strong
cation exchange chromatography (SCX, Phenomenex Luna SCX 100 A,
Torrance, CA) using high performance liquid chromatography strong
(HPLC, Shimadzu, Kyoto, Japan). SCX fractionation was performed at a
flow rate of 1 mL/min using a gradient of 0–50% buffer B (25% ACN,
2 M KCl Fisher Scientific, Pittsburgh, PA, USA, 10 mM KH2PO4) for
56 min, up to 100% B at 61 min, then held for an additional 10 min at
100% B, reduced to 0%B at 76min and stopped. To remove high salt con-
centrations from the ion source of SCX elution, reverse-phase liquid
chromatography was performed.

For the second dimensional separation, the fractionated samples
were sent to an UltiMate 3000 nano HPLC system (Dionex, Idstein, Ger-
many) equipped with a Q-Exactive Mass Spectrometer (Thermo Fisher
Scientific, Bremen, Germany). The desalted fractions were loaded onto
a homemade analytical column (Venusil XBP, C18 (L),
75 mm ∗ 100 mm, 5 μm, 300 A, Agela Technologies, Delaware, USA)
and separated using a mobile phase containing buffer C (0.1% formic
acid in water) and buffer D (0.1% formic acid in acetonitrile) with
400 nL/min flow rate (the gradient separation was 5% D for 10 min,
5% to 30% D for 30 min, 30% to 60% D for 5 min, 60% to 80% D for
3 min, 80% D for 7 min, 80% to 5% D for 3 min, and 5% D for 7 min). A
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full mass scan was performed in data-dependent mode using Q-
Exactive MS, with an acquired range of 350-2000 m/z. For subsequent
MS2 scans, a resolving power of 17,500 at m/z 200 was used with an
AGC target of 1 E + 05 and a max ion IT of 100 ms. For each scan, dy-
namic exclusion was set to 15 s.

2.5.3. Data analysis and interpretation
Peptide and protein identification and quantification were per-

formed using Mascot software [16] and UniProtKB/Swiss-Prot protein
database [17] searching for Mus musculus. The relative quantification
of a peptide in each sample was calculated by dividing the areas of cor-
responding control group at the peaks. In this study, only proteins with
two or more qualified peptide matches and relative ratio of N1.2 or
b0.83 with P value b 0.05 were subjected to further analysis.

2.5.4. Bioinformatic analysis
The information of the identified proteins was obtained from

Uniprot-mouse data bank. Functional enrichment analysis was per-
formed using Gene Ontology [18] and WEGO [19]. Biological pathway
analysis was carried out by KEGG 2.0 (Kyoto Encyclopedia of Genes
and Genomes) [20].

3. Results

3.1. Characterization of Mg extract

After immersing Mg samples for 24 h in cell culture condition, the
pH of complete medium increased from 7.4 to 8.0, and the Mg and Ca
ion concentrations of Mg extract also changed. Themagnesium ion con-
centration increased from 21.7 ± 0.18 μg/mL (standard error s.e.m.) to
92 ± 1.79 μg/mL, while the calcium ion concentration decreased from
82.8 ± 0.55 μg/mL to 60.5 ± 0.26 μg/mL.

3.2. Cell viability and cell cycle assay

Fig. 1 displays the cell viability of L929 cells incubated in Mg extract,
expressed as a percentage of the viability of cells cultured in the nega-
tive control. The viability of L929 cells was at the same level as the neg-
ative control, whichwas significantly higher at 8 h. The cell toxicity scale
of pure Mg is Grade 0, which means that pure Mg has an excellent
cytocompatibility.

Cell cycle growth states accompanied with proliferation index after
cultured inMg extract for 8, 24 and 48h are shown in Table 1. Compared
to the control, S phase of L929 exposed to Mg extract possessed more
Fig. 1. The viability of L929 cells incubated in different media. *: compared to the control
group, the data in Mg extract shows significant difference (P b 0.05).
percentage, and also a higher proliferation index (PI) was observed in
Mg extract group.

3.3. Proteomics profile analysis

3.3.1. Proteomics expression profiling
Totally 867 proteinswerematched in Uniprot_mouse of all the sam-

ples byMascot, and compared to that of the control group, a large num-
ber of proteins were differentially expressed (changes ratio N 1.2 or
b0.833) after incubated in pure Mg extract.

Compared to the control group, there were 111 down-regulated
(Supplemental Table S1) and 94 up-regulated proteins at 8 h, 133
down-regulated (Supplemental Table S2) and 149 up-regulated pro-
teins at 24 h, and 97 down-regulated (Supplemental Table S3) and
120 up-regulated proteins at 48 h. These differentially expressed pro-
teins were involved in various physiological activities of cells by partic-
ipating in a huge range of biological pathways. The types and numbers
of regulated proteins were changed according to the culture time, and
only 65 common proteins were up or down- regulated within all the
three time points (Supplemental Table S4). Therefore, to identify the
exact effect of Mg extract on L929, firstly 65 common differentially
expressed proteins in all the three time points, which were thought to
be the most related ones to Mg extract, were selected and analyzed by
Gene Ontology (GO) annotation and KEGG pathway.

GO annotation was applied to describe functions of the identified
differentially expressed proteins, which are classified into three major
categories: cellular component, molecular function and biological pro-
cess. To visualize the annotation of gene sets, WEGO was performed to
plot the distribution of GO annotation (Table 2). The cellular component
category shows that differential proteins were mainly involved in the
cell, cell part, and organelle. In molecular function category, these regu-
lated proteins were mainly associated with binding. The biological pro-
cess category indicates that the proteins were mainly related to cellular
processes and metabolic processes.

3.3.2. Biological pathway analysis
Biological pathway analysis of the common related proteins con-

ducted by KEGG shows the proteins are linked to a total of 24 KEGG
pathways referring to metabolism, genetic information processing, cel-
lular processes, and organismal systems. 5 concern pathways (listed in
Table 3 and the involved differentially expressed proteins are listed in
Supplemental data Table S5) will be discussed with all the regulated
proteins participating in this pathway at each time point in the discus-
sion part. The influenced pathways of cell cycle, oxygen phosphoryla-
tion, proteins biosynthesis, focal adhesion and endocytosis are shown
in Figs. 2–6.

4. Discussion

In pureMg extract,magnesium ion increased dramatically due to the
corrosion of pureMg, andmore complex than only additive ofMgSO4 or
MgCl2, the extract was in deficiency of extracellular calcium ion (Ca2+e)
Table 1
Cell cycle and proliferation index (PI) of L929 cells exposed to culture media (mean ±
s.m.e.). # Proliferation index (PI) represents the ratio of between S phase and G2/M phase
in the whole cell cycle (i.e., PI = (S + G2/M) / (G0 / G1 + S + G2/M), cell proliferation
ratio = PI × 100%), P b 0.05.

Groups Time G0/G1(%) S(%) G2/M (%) PI(%)#

Mg 8 h 43.7 ± 0.71 43.4 ± 0.17 12.7 ± 0.44 56.2 ± 0.57
24 h 50.0 ± 0.91 37.6 ± 0.70* 12.3 ± 0.21 45.9 ± 1.85*
48 h 67.7 ± 2.38 23.9 ± 2.12 8.4 ± 0.41 32.3 ± 2.38*

MEM control 8 h 43.9 ± 0.70 42.4 ± 0.32 13.6 ± 0.92 56.1 ± 0.70
24 h 53.2 ± 0.97 33.8 ± 1.43 13.0 ± 0.92 41.4 ± 0.97
48 h 70.4 ± 2.77 21.2 ± 2.74 8.3 ± 0.02 26.5 ± 0.57

⁎ Statistical significance difference between Mg and MEM Control.



Table 2
WEGO analysis result of the differential regulated proteins.

Ontologies GO ID GO terms Number of genes
associated to GO term

Percentage of associated gene number
to the total provide gene number %

Cellular component: 9 GO:0005623 Cell 51 91.1
GO:0044464 Cell part 51 91.1
GO:0019012 Virion 1 1.8
GO:0044423 Virion part 1 1.8
GO:0,031,974 membrane-enclosed lumen 12 21.4
GO:0031975 Envelope 6 10.7
GO:0032991 Macromolecular complex 26 46.4
GO:0043226 Organelle 46 82.1
GO:0044422 Organelle part 32 57.1

Biological process: 20 GO:0032502 Developmental process 8 14.3
GO:0000003 Reproduction 1 1.8
GO:0044085 Cellular component biogenesis 5 8.9
GO:0016043 Cellular component organization 14 25
GO:0016265 Death 3 5.4
GO:0022414 Reproductive process 1 1.8
GO:0002376 Immune system process 5 8.9
GO:0050896 Response to stimulus 6 10.7
GO:0032501 Multicellular organismal process 10 17.9
GO:0010926 Anatomical structure formation 3 5.4
GO:0051704 Multi-organism process 1 1.8
GO:0051234 Establishment of localization 14 25
GO:0008152 Metabolic process 33 58.9
GO:0016032 Viral reproduction 1 1.8
GO:0043473 Pigmentation 11 19.6
GO:0040011 Locomotion 1 1.8
GO:0051179 Localization 14 25
GO:0040007 Growth 1 1.8
GO:0009987 Cellular process 44 78.6
GO:0065007 Biological regulation 14 25

Molecular function: 5 GO:0030234 Enzyme regulator activity 2 3.6
GO:0003824 Catalytic activity 20 35.7
GO:0005198 Structural molecule activity 3 5.4
GO:0005488 Binding 45 80.4
GO:0005215 Transporter activity 4 7.1

525Z. Zhen et al. / Materials Science and Engineering C 69 (2016) 522–531
due to calcium deposition on theMg surface [21]. Apart from the chang-
es of ion concentration, pH value of the extractwashigher after immers-
ing pure Mg sample. These changes of extracellular culture
environment would lead to series of changes in intracellular condition
such as intracellular magnesium (Mg2+i) and calcium ion (Ca2+i) con-
centration. It is reported [22] that Mg2+i would rise with the increase of
extracellularmagnesium ion (Mg2+e), however the Ca2+i would be de-
creased with the increment of Mg2+e and decrement of Ca2+e [15]. In
the meantime, internal pH[i] varies quickly and passively followed the
changes in external pH[e] [23]. With the buffer ability of NaHCO3 in
MEMmedia, pH of Mg extract cultured with L929 cells will be maintain
in a similar value to that of controlled complete media in cell culture
condition. When exposed to cells, the high concentration of Mg2+e
Table 3
Five interested biological pathways with general function description and the number of
differentially expressed proteins involved.

Pathways Function Numbers of
differentially expressed
proteins

Endocytosis Bringing staffs from cell surface into
the cell interior.

14

Oxidative
phosphorylation

Reforms ATP in mitochondria to
provide energy for cell metabolism

18

Focal adhesion Key point in cell adhesion on EMC 12
Cell cycle Important in cell growth and

proliferation
12

Protein
biosynthesis

Control protein synthesis and
influence cell behavior

95
Splicesome 19
RNA transport 18
Ribosome 24
Protein processing in
endoplasm 19
could influence cell behaviors such as differentiation, proliferation and
migration [24]. Since Ca2+ acts as a primary signal regulating cell func-
tion [25], the decrease of Ca2+ also affects the normal development of
cells. Meanwhile the moderate alkaline environment could promote
cell proliferation by activating cell pinocytosis and stimulatingDNA syn-
thesis [26].

Comparable protein expression profiles of mouse fibroblast L929
cells exposed to Mg extract for different times were successfully gener-
ated by iTRAQ coupled 2D LC-MS/MS to study the interaction between
cells andMg extract. A large amount of differentially expressed proteins
were involved in a range of biological pathways, whereby influenced
various physiological activities of cells. In order to investigate themolec-
ular mechanisms of the response of cells to Mg extract, five concerned
pathways (Table 3) were further discussed with all the regulated pro-
teins (129 distinct differentially proteins included, Supplemental Table
S5) participating in this pathway at each time point.

At cellular level, Mg extract exhibited no cytotoxicity to L929 in the
cell viability test, and the cell viability of the extract was even a little
higher than the control group [15], which is consistent with the result
of the cell cycle proliferation index (Table 1). To explore the molecular
mechanism of how Mg extract affects the cell proliferation, we take a
look at it fromprotein level. Cell cycle is critical for the organism's devel-
opment, such as growth and proliferation, which is the process to en-
sure cell correct reproduction [27]. In this pathway, 8 proteins (Table
S5) were regulated by Mg extract, almost all of which were up regulat-
ed, implying that Mg extract played a positive role in the cell cycle path-
way (Fig. 2). Among these proteins, cyclin-dependent kinases (Cdk)
such as Cdk1 and Cdk6 are the key regulators of cell-cycle transitions.
Cdk1 could drive the cell cycle [28] and is required for checkpoint acti-
vation in G2/M [29]. Cdk6 is associated with the phase transition from
G1 to S [30]. Therefore, the up regulated Cdk1 and Cdk6 might mean
more cells were activated to duplicate DNA and promote cell mitosis



Fig. 2. Schematic diagram of regulated cell cycle pathways in L929 exposed toMg extract.
Where the three squares stand for the protein expression in 8, 24 and 48 h respectively,
and red color shows that at this time point the protein is up-regulated, while green
color stands for down-regulation and the blank squaremeans no change of the expression.
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for producing next generation. It is reported that reduced magnesium
supply results in an altered rate of entry of cells into the S phase, and
DNA synthesis in S phase is stimulated by the decrease of Ca2+i and
rise in Mg2+i [31]. It was also observed within alkaline environment
that DNA synthesis increased. These analyses illustrated Mg extract
could activate the cell cycle pathway by fast transferring cell cycle into
S phase and stimulating DNA synthesis, which could be confirmed by
the cell cycle flow cytometry results in Table 1.

In addition, the energy metabolism of cells exposed to Mg extract is
affected by regulating the oxidative phosphorylation, which is an effec-
tive and main metabolism pathway of cells conducted in mitochondria
[32]. During oxidative phosphorylation, electrons are transferred from
Fig. 3. Schematic diagram of regulated oxidative phosph
donors to acceptors and protons are pumped across the inner mito-
chondrial membrane into the intermembrane space by electron trans-
port chain located in the mitochondria inner membrane. Energy
released from the redox reaction is used to produce ATP (directly me-
tabolism energy supplier) by the catalysis of ATPase (Complex V). Five
complexes compose this pathway, and three of them were influenced
by the Mg extract (Fig. 3). 18 differentially expressed proteins (Table
S5) were involved in NADH-coenzyme Q oxidoreductase (Complex I),
Cytochrome c oxidase (Complex IV) and ATP synthase (Complex V) in
this experiment. Complex I is themain entry point of the electron trans-
port chain, which mediates the oxidation NADH into NAD+ along with
two electrons transferred into next complex and 4 protons transported
into the intermembrane space. Complex IV catalyzes the final reaction
in the electron transport chain and transfers electrons for Cyt Cred to ox-
ygen, while transports protons across the inner membrane. Complex V
is the last enzyme in the oxidative phosphorylation pathway which
uses the energy stored in a proton gradient across a membrane to
drive the synthesis of ATP from ADP and phosphate. When exposed to
Mg extract, the expression of these regulated proteins were quite com-
plex. For examples, the increase of the critical subunit Ndufs1 could en-
hance the activity of Complex I [33], and the down-regulated Ndufab1,
the only acyl carrier protein of complex I, might reduce the functionality
of the respiratory chain [34]. However, the synthetic action of the regu-
lation of the sub-strings of these complexes was activated as seen in Fig.
3. It is known that Mg2+ is required to formMgATP2− to allow optimal
oxidative phosphorylation [35], while Ca2+ inhibits both respiration
and phosphorylation [36], and pH has no significant influence on oxida-
tive phosphorylation [37]. Therefore, here Mg extract seems to stimu-
late the oxidative phosphorylation by enhancing electrons' transport
and the generation of ATP.

In cell proliferation, protein biosynthesis is of crucial importance as
well, whereby cells generate new proteins by the following procedures:
transcription, translation, post-translational modification and folding.
There were 4 sub pathways (Fig. 4) including over 80 proteins (Table
S5) influenced by the Mg extract, from messenger RNA (mRNA) splic-
ing, transport, translation to protein modification and folding in endo-
plasmic reticulum (ER). After transcription of pre-messenger
ribonucleic acid (mRNA) chain from template DNA strand, the introns
are removed by the spliceosome and the exons are joined by RNA
orylation pathways in L929 exposed to Mg extract.



Fig. 4. Schematic diagram of regulated protein biosynthesis pathways in L929 exposed to Mg extract.
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splicing. The spliceosome is assembled from the U1, U2, U5 and U4/U6
small nuclear ribonucleic proteins (snRNP, consisting of snRNA, a com-
mon set of seven Sm proteins and a variable number of particle-specific
proteins) and numerous non-snRNPproteins [38].When exposed toMg
extract, three proteinswere differentially expressed at all the three time
points: SF3b1, SF3b2 and Snpre, and almost down expressed. SF3a/b are
required for the U2/BS (branch site of pre-mRNA) interaction during the
early stages of splicing [38]. Snpre is one of the seven Sm proteins
consisting in snRNP, however the functions of Sm proteins in the slicing
procedure remain unclear. Afterwards, the spliced RNA is transported
from nucleus to the cytoplasm through nuclear pore complexes
(NPCs) [39] for translation from gene message to peptides. 18 proteins
(Table S5)were differentially expressed in this pathway, and the central
proteins such as importinβ, RanGTP and exportin were all up regulated.



Fig. 5. Schematic diagram of regulated focal adhesion and actin cytoskeleton pathways in L929 exposed to Mg extract.
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In nucleus transport, importin carries cargo from the cytoplasm to the
nucleus, and bindwith RanGTP to release their cargo into nucleus. After-
wards they return to the cytoplasm as RanGTP complex.While exportin
operates in the opposite direction, it forms a trimeric complex with
RanGTP and transfers cargo to the cytoplasm where the complex is
disassembled [40]. These results imply that Mg extract might activate
the RNA transport pathway. Once the mRNA is transported to the cyto-
plasm, it will be caught by ribosomes which serve as the primary site of
biological protein synthesis (translation). Ribosome is composed by a
small ribosomal subunit and a big ribosomal subunit. The small ribo-
somal subunit reads the mRNA and combines with the large subunit
which joins amino acids from transfer RNA (tRNA) to form a polypep-
tide chain. The proteomic analysis highlighted 24 differentially tran-
scribed proteins involved in ribosome and mediating the ribosomal
translational activity. All of the ribosomal proteins are necessary to the
assembly and the stability of ribosomes [41]. Someof the ribosomal pro-
teins have certain functions in the translation process, such as L7 played
a role in binding of elongation factors and L4 might control the nascent
peptide chain's access to the tunnel of the large ribosomal subunit [42].
It is reported that 2.5 mMMg2+ could influence conformational chang-
es induced upon subunit association to support translation in vitro,
though some of the ribosomal proteins were down regulated [43]. The
polypeptide chains synthesized by ribosomes are inactive and have to
undergomodifications such as folding and glycosylation to becomema-
ture functional proteins in the endoplasmic reticulum (ER) and Golgi
apparatus. Approximately one-third of all proteins are translocated
into the ER, which supports disulphide bond formation and glycosyla-
tion during protein folding and modification [44]. Protein processing
in ER pathway was mediated by 19 differentially expressed proteins
(Table S5), most of whichwere higher expressed including the key pro-
tein OST (oligosaccharyltransferase) and Calnexin/calreticulin (CNX/
CRT). OST can catalyze asparagine-linked glycosylation (ALG), which
is one of the most common protein modification reactions in ER [45].
Calnexin/calreticulin (CNX/CRT) cycle is the quality-control machinery
in ER that monitors the glycosylation status of proteins and determines
whether amolecule is exported to the Golgi complex or targeted for ER-
associated degradation. The misfolded glycoproteins extracted from
CNX/XRT will be reglycosylated by UDP-glucose-glycoprotein
glucosyltransferase (UGGT) [46]. According to the results, it could be
concluded that Mg extract can activate the glycosylation and folding
of proteins with no ER stress associated pathway stimulated.

According to the analysis, the proliferation of L929 cellswere activat-
ed though the energymetabolism, DNA synthesis and protein synthesis,
which was consistent with viability and proliferation test at the cellular
level.

Except the influence on the cell proliferation, other two important
pathways: focal adhesion and endocytosiswere also significantly affect-
ed. Focal adhesion pathwaymediates the adhesionmechanical linkages
of cell to the extracellular matrix (ECM). ECM is influenced by Mg ex-
tract (Fig. 5), such as the expression of collagen and fibronectin, oppo-
site to the effects caused by nickel ion [47]. More fibronectin is
expressed, more interaction with integrin will take place, which will
lead to further influence on the focal adhesion pathway.Mg extract reg-
ulated the focal adhesion behavior of L929 cells via RhoA [48], a Ras re-
lated GTP-binding protein, depended pathway. Rho stimulates MLCP
(Myosin Light Chain Phosphatase), thus influencing actin–myosin



Fig. 6. Schematic diagram of regulated endocytosis pathways in L929 exposed to Mg extract.
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contraction that contributes to the assembly of stress fibers, and also
regulates the actin-biding capacity of cytoskeletal molecules such as
vinculin which were observed to aggregate into focal adhesions at the
ends of actin stress fibers [49]. It was reported that increasing extracel-
lular Mg could enhance the focal adhesion [50], and increasing Ca2+i

could rise locally trigger focal adhesion disassembly [51]. Therefore
since the Mg extract induces more Mg2+e and Ca2+i, it could enhance
the focal adhesion of L929 to the ECM.

Another influenced key cellular process, endocytosis, encompasses
different entry routs to uptakemolecules such as nutrient, signal factors
and growth factors to regulate cellular biology process [52]. In thiswork,
14 differentially expressed proteins (Table S5) take part in this pathway
and mainly in the clathrin-mediated endocytosis (Fig. 6). In clathrin-
mediated endocytosis, cargos are bound with adaptor proteins (such
as adaptor protein 2 (AP2)) and then react with clathrin forming
clathrin-coated pit. After that, cargos wrapped in clathrin-coated vesi-
cles will be sliced from plasma membrane into cytoplasm with the
help of dynamin [53]. In this process, endophilin acts as a functional
partner of dynamin to do the scission of plasmamembrane and clathrin
coats [54]. Therefore, after a short inhibition, the up regulated clathrin,
AP2 and endophilin activated the clathrin-mediated endocytosis in Mg
extract. In clathrin-independent endocytosis, RhoA could possibly be re-
quired for recruiting the actinmachinery to regulate endocytosis via this
pathway [55]. Activated RhoA causes an increase in clathrin-
independent endocytosis by increasing the number of caveolae or con-
trol actin reorganization [56]. Another protein involved in the early pro-
cess EHD2 has been linked to internalization of receptors such as
transferrin and GLUT4 [57]. The over-expressed small GTPases Rab5
and Rab7 at 24 h regulate the early and late endosomes especially.
Rab5 together with EEA1 (Early Endosome-Associated Protein) control
the fusion of clathrin-coated vesicles with early endosomes (EE) and
sort them to late endosomes and lysosomes or for recycling to the plas-
mamembrane. Rab7 control late endosome toGolgi and lysosomes [58],
and Charged MVB protein 5 (CHMP5) CHMP5 deficiency affected the
ability of traffic target proteins to lysosomes. In addition EHD1 and
Rab11 are involved in recycling of receptors and send them back to
the plasma membrane [57]. Therefore, based on the whole regulation
results of proteins in endocytic pathway, it could be concluded themag-
nesium extract may accelerate the endocytosis process by increasing
the expression of related proteins especially after 24 h culture.

To sum up, Mg extract is a complex system, in which not only mag-
nesium ions are increased, but also calcium ions are reduced, pH value
increases and osmolality changes. Therefore, the influences of Mg ex-
tract on cells are complex and not only dependent on one or two factors.
In this work, by using proteomics study and bioinformatics analysis, the
molecular mechanism of theMg extract and L929 interaction were suc-
cessfully revealed. Taken all the analysis into consideration, it is sug-
gested that biodegradable Mg influence cellular biological functions



Fig. 7. Influencing schematic diagram of the pure Mg extract on L929 cells.
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through the following molecular mechanisms (shown in the schematic
diagram Fig. 7):

1 Mg extract could influence the cell proliferation by stimulating ener-
gy metabolism via regulating oxidative phosphorylation process in
mitochondria, activating the cell cycle pathway via faster transferring
to cell cycle S-phase, and impacting the protein biosynthesis via act-
ing on RNA splicing, enhancing RNA transport to ribosome, working
on the translation of peptides in ribosome, activating the disulphide
bond formation and glycosylation during protein folding andmodifi-
cation in ER and accelerating proteins transfer from the ER to the
Golgi.

2 Extracellular matrix is influenced by Mg extract, such as the genera-
tion of collagen and fibronectin, which will further affect focal adhe-
sion function. The assembly of focal adhesions is activated by Mg
extract via the regulation of F-actin and small GTP-binding protein
RhoA.

3 Mg extract weakens the clathrin-mediated endocytosis after 8 h cul-
ture, and then activates this process by up regulating clathrin, AP2,
and EHD2 proteins in the following exposure times. Meanwhile, the
fusion of vesicles to early endosomes and late endosomes is
mediated.

5. Conclusion

Through proteomic approaches, themolecular mechanism of the ef-
fect of Mg extract on fibroblast cells was explored and partially revealed
in this work. When exposed to Mg extract, cells could auto-regulate
themselves to adjust to the environment changes by regulating protein
expression. The differentially expressed proteins of L929 exposed toMg
extract participate in a wide panel of biological processes. In summary,
Mg extract could promote the proliferation of L929 cells though the ac-
tivation of cell cycle, energy metabolism activation, and protein synthe-
sis. Apart from that, some important functions such as endocytosis and
focal adhesion were also enhanced when exposed toMg extract. There-
fore the application of proteomics based on iTRAQ technic provides an
effective method for investigating the molecular mechanism of the in-
teraction between biomaterials and cells, especially the effect of bioma-
terials on cells. Due to the limitation of imperfect biological information
analysis methods, the complex changes in protein expression can
neither be absolutely explained nor indicate that the corresponding
function is altered in the same way. However this protein expression
profile study constitutes a deeper step in the study of the biological ef-
fects of biodegradable Mg and gives clues of cell processes deserving
further attention.
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