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Abstract
In recent years, an increasing number of studies have shown that fibroblast growth factor 12 (FGF12) plays important roles in
regulating neural development and function. Importantly, changes of FGF12 expression are thought to be related to the patho-
physiology of many neurological diseases. However, little research has been performed to explore the protective effect of FGF12
on nerve damage. This study aims to explore its neuroprotective effects using our recombinant humanized FGF12 (rhFGF12).
The hFGF12 gene was cloned and ligated into an expression vector to construct a recombinant plasmid pET-3a-hFGF12. Single
colonies were screened to obtain high expression engineering strains, and fermentation and purification protocols for rhFGF12
were designed and optimized. The biological activities and related mechanisms of rhFGF12 were investigated by MTT assay
using NIH3T3 and PC12 cell lines. The in vitro neurotoxicity model of H2O2-induced oxidative injury in PC12 cells was
established to explore the protective effects of rhFGF12. The results indicate that the beneficial effects of rhFGF12 were most
likely achieved by promoting cell proliferation and reducing apoptosis. Moreover, a transgenic zebrafish (islet) with strong GFP
fluorescence in the motor neurons of the hindbrain was used to establish a central injury model caused by mycophenolate mofetil
(MMF). The results suggested that rhFGF12 could ameliorate central injury induced by MMF in zebrafish. In conclusion, we
have established an efficient method to express and purify active rhFGF12 using an Escherichia coli expression system. Besides,
rhFGF12 plays a protective effect of on nerve damage, and it provides a promising therapeutic approach for nerve injury.

Key points
• Effective expression and purification of bioactive rhFGF12 protein in E. coli.
• ERK/MAPK pathway is involved in rhFGF12-stimulated proliferation on PC12 cells.
• The rhFGF12 has the neuroprotective effects by inhibiting apoptosis.
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Introduction

Fibroblast growth factors (FGFs) belong to a large family of
growth factors containing 22 members with similar structural
polypeptide (Beenken andMohammadi 2009). FGFs play im-
portant roles in normal physiological processes and patholog-
ical conditions, including embryonic development, angiogen-
esis, metabolism regulation, and wound healing (Hui et al.
2018). At present, FGFs are mainly purified by overexpres-
sion in E. coli, such as FGF2, FGF9, FGF13, FGF17, and
FGF20 (Alibolandi and Mirzahoseini 2011; Tian et al. 2016;
Wang et al. 2017; Wu et al. 2017). FGF homologous factors
(FHFs, including FGF11-FGF14) are a subfamily of FGF

Mi Zhou, Jiangfei Chen and Kuikui Meng contributed equally to this
work.

* Xiaokun Li
profxiaokunli@163.com

* Haishan Tian
tianhaishan332@sina.com

1 School of Pharmaceutical Science, Wenzhou Medical University,
Wenzhou, Zhejiang 325035, China

2 Institute of Environmental Safety and Human Health, Wenzhou
Medical University, Wenzhou, Zhejiang 325035, China

3 The Second Affiliated Hospital and Yuying Children’s Hospital,
Wenzhou Medical University, Wenzhou, Zhejiang 325035, China

https://doi.org/10.1007/s00253-021-11430-8

/ Published online: 10 July 2021

Applied Microbiology and Biotechnology (2021) 105:5419–5431

http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-021-11430-8&domain=pdf
http://orcid.org/0000-0001-6420-6399
mailto:profxiaokunli@163.com
mailto:tianhaishan332@sina.com


proteins that share similar sequences and structures with the
FGF family (Goldfarb 2005; Hennessey et al. 2013). In the
previous studies, FHF proteins were considered to be intracel-
lular factors, which could not bind and activate FGF receptors
(FGFRs) (Olsen et al. 2003). However, in a previous study,
we have demonstrated that FGF13 is able to bind directly to
FGFR under a certain concentration of heparin, which in turn
transmit the signal inside the cell (Lin et al. 2019). It is possi-
ble that other members of the FHF family may have similar
biological functions as FGF13.

FGF12 is expressed mainly in the nervous system, heart,
connective tissue, and pancreas (Goldfarb 2005; Hartung et al.
1997). It was found to be an intracellular modulator of
voltage-gated sodium channel essential to modulate its prop-
erties (Nav channels). Moreover, it was reported that FGF12
could bind to the C terminus of the cardiac voltage-gated
sodium channel to modulate its properties (Liu et al. 2003;
Nakayama et al. 2011; Wang et al. 2011). Nav channels are
considered to be the backbone of generation and transmission
of neuron action potentials (Al-Mehmadi et al. 2016; Goldfarb
et al. 2007). Further study found that FGF12 could interact
with Nav and regulate the channel activity in neurons (Zhang
et al. 2012). In addition, it was revealed that a mutation in the
FGF12 gene in patients with epileptic encephalopathy elevat-
ed the voltage dependence of neuronal sodium channel fast
inactivation (Guella et al. 2016; Takeguchi et al. 2018).
Although the above studies have reported mechanisms for
neural regulation via FGF12, it is still unclear whether it has
a protective effect on nervous systems (Smallwood et al.
1996).

There are increasing evidences showing that changes of
FGF12 expression have been associated with various neuro-
psychiatric illnesses and brain diseases including depression,
anxiety, epilepsy, psychosis, and Alzheimer’s disease (AD)
(Burgess and Granato 2007; Cunliffe 2016; Kim et al. 2010;
Marcon et al. 2016; Stewart et al. 2012). FGF12 is highly
expressed in the nervous system and involved in the regula-
tion of channel activity in neurons (Hanada et al. 2018). The
previous studies mainly focus on endogenous FGF12 expres-
sion in nerve-related diseases, while there are few studies to
explore the function of exogenous FGF12 in neuroprotection.
In this study, rhFGF12 was highly expressed in E. coli using
genetic engineering methods and purified to obtain a biolog-
ically active recombinant protein. The rhFGF12 protein pro-
moted the proliferation of PC12 cells and had a significant
protective effect on PC12 cells exposed to H2O2. At the same
time, mechanistic studies showed that the neuroprotective ef-
fects of rhFGF12 are related to anti-apoptosis and
proliferation-promoting pathways. In addition, rhFGF12
could induce protection against MMF injury in central ner-
vous system of zebrafish, which is a transgenic zebrafish
strain (Islet) with neuronal fluorescence (Brennan 2011;
Stewart et al. 2015). In conclusion, this study investigated a

simple method for rhFGF12 expression and revealed that
rhFGF12 has a good protective effect against nerve damage
via anti-apoptosis and promoting proliferation. These findings
laid a foundation for further study of the role of rhFGF12 in
neuroprotection.

Materials and methods

The E. coli strain harboring pET-3a was stored in Zhejiang
Provincial Key Laboratory, Wenzhou Medical University
(Wenzhou, China). The E. coli strains DH5α and BL21
(DE3) pLysS and isopropyl β-d-1-thiogalactopyranoside
(IPTG) were purchased from Beijing Solarbio Science &
Technology Co., Ltd. (Beijing, China). The plasmid extrac-
tion kit was purchased from Axygen (USA). The restriction
endonucleases BamH I and Nde I were purchased from NEB
(USA). Dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), and
Coomassie brilliant blue G-250 were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS),
Dulbecco’s modified Eagle’s medium (DMEM), and
Roswell Park Memorial Institute 1640 (RPMI 1640) were
purchased from Gibco (Thermo Fisher Scientific, Inc.,
Carlsbad, CA, USA). NIH 3T3 cells and PC12 cells were
obtained from Zhejiang Provincial Key Laboratory,
Wenzhou Medical University (Wenzhou, China). Primary an-
tibodies against FGF12, β-actin, Bcl-2, Bax, Caspase-3, and
PCNAwere purchased from Abcam (Cambridge, MA, USA).
Primary antibodies against phospho-ERK1/2, ERK1/2, phos-
phor-AKT, and AKT were purchased from Cell Signaling
Technology, Inc. (Beverly, MA, USA). Secondary antibodies
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA). Protein molecular weight standard was pur-
chased from Thermo Fisher Scientific, Inc. (Carlsbad, CA,
USA). The zebrafish (Islet) was introduced by the
University of Oregon’s Tanguay (USA) Zebrafish
Toxicology Laboratory and was raised by the Zebrafish
Model Biological Laboratory of the Zhejiang Provincial Key
Laboratory of Biotechnology and Applications at Wenzhou
Medical University. Mycophenolate mofetil (MMF) was pur-
chased from Yuanye Co., Ltd. (Shanghai, China).

Construction of the pET3a-hFGF12 recombinant
plasmid

According to the hFGF12 gene sequence obtained by
GenBank (GenBank accession number NM_021032.5) and
the codon preference of E. coli, the optimized gene sequence
of FGF12 (including BamH I and Nde I restriction enzyme
sites, MW459160) was synthesized and then cloned into the
pUC57 vector by Suzhou GENEWIZ Biotechnology Co.,
Ltd. The amplified fragments that were cut with the restriction

5420 Appl Microbiol Biotechnol (2021) 105:5419–5431



enzymes BamH I andNde I were purified with a gel extraction
kit followed by ligation into the predigested pET3a vector.
The pET3a-hFGF12 recombinant plasmid was transformed
into E. coli DH5α competent cells, and the plasmid was ex-
tracted and introduced into E. coli BL21 (DE3) pLysS expres-
sion strain.

Screening for rhFGF12 high expression engineering
strains

Different positive single colonies were screened then grown in
LB liquidmedium containing ampicillin (100mg/l) and chlor-
amphenicol (34 mg/l) and incubated at 37 °C with shaking at
180 rpm until the A600 value reached 0.8~1.0. Then,
isopropylthio-β-D-galactoside (IPTG) was added to a final
concentration of 0.5 mmol/l. After another 4-h induction, the
cells were collected by centrifugation. The concentrations of
the bacterial solutions were normalized to each other, and the
protein expression was analyzed by 12% SDS-PAGE after
sample preparation. The strain with the highest expression
was selected to identify the recombinant protein of interest
by Western blot, and then the glycerol strain (20% glycerol
as a preservation solution) was prepared and stored at −80 °C.

Expanded culture of rhFGF12-expressing bacteria

The highly expressing pET3a-hFGF12-BL21 (DE3) pLysS
glycerol stock was inoculated at 1:100 (v/v) into LB liquid
medium containing chloramphenicol and ampicillin and cul-
tured at 37 °C for 4 h. When A600 reached 0.8~1.0, it was used
as a seed liquid. The bacterial solution was inoculated to the
fermentation medium at 1:10 (v/v) to expand the culture to
A600 of 1.2~1.5. After IPTG was added to a final concentration
of 0.5 mmol/l, the bacterial liquid was divided into two parts.
Part of the cells was collected after induction at 37 °C for 4 h,
and the bacterial solution was taken after induction. The other
part was collected after induction at 16 °C for 24 h, and the
induced bacterial solution was collected. After centrifugation at
9000 rpm at 4 °C for 15 min, the collected cells were cryopre-
served at −80 °C. The induced expression was examined by
12% SDS-PAGE. For the pre-treatment of the cells, the OD
value is classified to 1.0, take 1ml for centrifugation and discard
the supernatant, and then add 80 μl of purified water and 20 μl
of 5× sample treatment solution. After mixing, boil in boiling
water for 10 min, centrifuge at 12000 rpm for 10 min, and take
10 μl of the supernatant for SDS-PAGE electrophoresis.

Purification of rhFGF12

The cells were thoroughly stirred and mixed with lysis buffer
and then ultrasonically disrupted. After confirming that the
disruption was sufficient by microscopic observation, the su-
pernatant and the pellet were collected using an ultralow

temperature high speed centrifuge, and it was determined
whether the expressed rhFGF12 was soluble by 12% SDS-
PAGE. Based on the theoretical isoelectric point of rhFGF12
(IP = 9.98) and its heparin affinity, a Tris-HCl buffer system
(pH = 7.5) was selected, and a two-step purification protocol
using a cation exchange column (SP) and heparin affinity
column chromatography was designed for protein purifica-
tion. Firstly, the supernatant was loaded to the column which
had been pretreated with equilibration buffer (20 mM Tris,
2 mM EDTA, 0.1 M NaCl, pH = 7.5). The eluting buffers
for SP was buffer A (20 mM Tris, 2 mM EDTA, 0.6 M NaCl,
pH = 7.5). The SP eluted protein fractions were diluted to
0.15 M NaCl con-centration by equilibration buffer (20 mM
Tris, 2 mM EDTA, pH = 7.5) before bounding to the heparin
affinity column. Then the supernatant was loaded to the col-
umn. The following elution buffers for rhFGF12 were buffer
A (20 mM Tris, 2 mM EDTA, 0.6 M NaCl, pH = 7.5) and
buffer B (20 mM Tris, 2 mM EDTA, 0.8 M NaCl, pH = 7.5).
After purification, the purified sample containing the protein
of interest was again subjected to Western blot verification.
The rhFGF12 sample was ultrafiltered through an ultrafiltra-
tion tube at low temperature. The total protein concentration
was determined using the BCAmethod. After sterilization and
filtration, cryopreservation was performed at −80 °C.

The effect of rhFGF12 on the proliferation of PC12
cells and the related indexes of cell proliferation

PC12 cells growing in wells were digested with 0.05% trypsin.
Digestion was stopped with 1640 complete medium, and cells
were harvested and counted using a hemocytometer plate and
seeded onto 96-well plates in a cell culture incubator (37 °C,
5% CO2). The cells were cultured for 24 h and then starved for
24 h in DMEM starvation medium containing 0.5% FBS. The
rhFGF12 protein was added to a 96-well plate to final concen-
trations of 0, 6.25, 12.5, 25, 50, 100, 200, 400, and 800 ng/ml.
After incubation for 24 h in a cell culture incubator, 25 μl of
MTT was added to each well and incubated for 4 h in a cell
culture incubator. The liquid in the wells was aspirated with a
syringe, and then 150 μl of DMSO was added to each well and
shaken on a plate shaker for 5 min. Absorbance values were
measured at a wavelength of 490 nm. In addition, the purified
rhFGF12 protein was assayed for biological activity using
NIH3T3 cells in the same manner as above.

PC12 cells in good growth were digested with 0.05% tryp-
sin at room temperature, collected, and pipetted into a single
cell suspension. The cells were added to a 6-well plate (3×105

cells/well) and placed in a cell culture incubator for 24 h. The
1640 starvation medium containing 0.5% FBS was used, and
the starvation culture was continued for 12 h in the cell culture
incubator. Different concentrations of the drug (rhFGF12)
were preadministered for 4 h. The experiment was divided
into a blank control group, a rhFGF12 (25 ng/ml)
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administration group, a rhFGF12 (50 ng/ml) administration
group, and a rhFGF12 (100 ng/ml) administration group.
PC12 cellular proteins were extracted, and the protein concen-
tration was measured by the BCA method to balance the
amount of protein loaded. Western blot was used to detect
changes in the indexes associated with cell proliferation—
PCNA (1 μg/ml) and ERK (1:1000).

Proliferation effect of the rhFGF12 protein on the
H2O2-induced PC12 oxidative damage model

After digesting PC12 cells with good growth status, the cells
were counted and plated in 96-well plates and incubated in a
cell culture incubator for 24 h. After starving the cells, H2O2

was added to the 96-well plates so that the final concentrations
were 0, 0.015, 0.03, 0.06, 0.125, 0.25, 0.5, 1, and 2 mmol/ml,
and the plates were placed in the cell culture incubators for 2,
4, 8, and 12 h. The absorbance value was measured using the
MTT method. The cell injury survival rate was approximately
60% compared with the control group, and the H2O2 oxidative
damage cell model was established.

When PC12 cells were in good growth conditions, they
were digested and counted in 96-well plates and then incubat-
ed for 24 h in a cell culture incubator. After cell starvation,
1640 starvation medium containing different drug (rhFGF12)
concentrations was preadministered for 4 h, and then H2O2

was added at a final concentration of 0.06 mmol/l for 2 h. The
absorbance value was measured using the MTT method.

Proliferation effect of rhFGF12 on the H2O2-induced
PC12 oxidative damage model and the relationship
between apoptosis-related indicators

PC12 cells with good growth state were selected for digestion,
and the cells were added to a 6-well plate at 3×105 cells/well
and cultured in a cell culture incubator for 24 h. The cells were
starved for 12 h. Thereafter, the corresponding drug (50 ng/ml
rhFGF12) was preadministered, and the cells were damaged
with H2O2. The experiment was divided into a blank control
group, rhFGF12 administration group, H2O2 injury group,
and H2O2+rhFGF12 group. Cellular proteins were extracted,
and the protein concentration was measured by the BCA
method to balance the amount of protein loaded. Western
blotting was used to detect changes in AKT (1:5000),
Caspase-3 (1:5000), Bcl-2 (1:10000), and Bax (1:10000) with
the associated apoptosis markers.

Establishment of a zebrafish central nervous system
injury model and the protective effect of rhFGF12 on
the injury model

The healthy and mature Islet transgenic line zebrafish were
selected, and males and females were housed separately for

2 days. The male and female fish were placed in a spawning
box in a 3:3 ratio one night in advance. The next morning, the
zebrafish laid their eggs in the light, and the embryos were
collected a half an hour later. After preliminary selection un-
der a microscope, the cells were cultured in a constant tem-
perature incubator for 24 h, and then MMF was added to the
final concentrations of 0, 0.5, 5, and 50 nmol/l and 0.5, 5, 50,
and 500 μmol/l, which induced zebrafish central nervous sys-
tem injury for 24, 36, 48, 60, 72, 96, and 120 h. The embryos
were observed under a microscope to detect zebrafish mortal-
ity and deformity. Compared with the normal control group,
the damage concentration and time of treatment with low
mortality, slight teratogenicity, and mild central injury were
selected to establish a model of MMF central nervous system
injury.

The selected transgenic zebrafish Islet embryos were cul-
tured in a constant temperature incubator for 24 h and then
replaced with EM medium containing different drug concen-
trations (FGF12) for 4 h. After 4 h, MMF was added at a final
concentration of 50 nmol/l to induce the formation of
zebrafish central nervous system injury, and the culture was
continued for 48 h. The zebrafish embryos were randomly
selected and placed under an inverted fluorescence micro-
scope to observe the fluorescence intensity and central ner-
vous system damage. The experiment was divided into the
control group, MMF injury group, and MMF + rhFGF12
(50, 100, 200 ng/ml) group.

Results

Vector construction and expression of rhFGF12

The recombinant plasmid was digested with Nde I and BamH
I to obtain two fragments: the pET-3a vector fragment and the
FGF12 gene fragment (Fig. 1a). It was initially confirmed that
the FGF12 gene had been successfully ligated to the pET-3a
vector. The selected positive recombinant strains and plasmids
were sequenced, and the results were in line with expectations.
The correctly sequenced positive recombinant plasmid was
transformed into competent E. coli expressing pLysS, which
were cultured after screening, and the expression of rhFGF12
was induced using IPTG. By 12% SDS-PAGE, a significant
protein expression band was observed compared to the prein-
duction control. The molecular weight was approximately
28 kDa (Fig. 1b).

Expanded culture of rhFGF12-expressing bacteria

The high-efficiency expression strain was expanded and cul-
tured under different conditions, and then the cells were col-
lected by low-temperature centrifugation. After 12% SDS-
PAGE analysis, the results showed that the target protein
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induced by 16 °C and 37 °C was highly expressed.
Interestingly, there was a tendency for the relative expression
to increase with time at 16 °C (Fig. 1 c and d). Moreover, the
expression of rhFGF12 was further confirmed by Western
blotting with hFGF12monoclonal antibody. The sample treat-
ed with the preinduced bacterial solution was used as a nega-
tive control. As shown, the rhFGF12 protein was successfully
induced and expressed at 16 °C (Fig. 1e).

Purification of rhFGF12

The cells were subsequently harvested and ultrasonically
disrupted on an ice bath. After centrifugation at 12000 rpm,
4 °C for 20 min, the supernatant and the pellet were collected
for further analysis on 12% SDS-PAGE. The results showed
that in the supernatant, the solubility of recombinant rhFGF12
induced at 16 °C was highly increased compared to that

Fig. 1 Vector construction and expression of rhFGF12. a The
recombinant plasmid was identified by enzyme digestion. 1, pET-3a vec-
tor plasmid; 2, pUC57-FGF12 double-digested product; 3, pET3a-
hFGF12 recombinant plasmid double-digested product; M1, 15000 bp
DNA Marker; M2, 2000 bp DNA Marker. b Screening of rhFGF12
high-expressing single colonies with SDS-PAGE; M, protein molecular
weight standard; 1, uninduced; 2~8, expression after induction by differ-
ent single colonies. c SDS-PAGE analysis of rhFGF12 under 37 °C-
induced expression after expanded culture; M, protein molecular weight

standard; 1, uninduced; 2, 1 h after induction; 3, 2 h after induction; 4, 3 h
after induction; 5, 4 h after induction. d SDS-PAGE analysis of rhFGF12
under 16 °C-induced expression after expanded culture; M, protein mo-
lecular weight standard; 1, uninduced; 2, 6 h after induction; 3, 12 h after
induction; 4, 18 h after induction; 5, 24 h after induction. e Identification
of rhFGF12 under 16 °C-induced expression byWestern blot; M, protein
molecular weight standard; 1, uninduced; 2, 6 h after induction; 3, 12 h
after induction; 4, 18 h after induction; 5, 24 h after induction
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induced at 37 °C (Fig. 2a). It suggests that low-temperature
induction promotes the soluble expression of FGF12 protein.
Therefore, 16 °Cwas considered the optimum incubation tem-
perature. Purification was carried out through a cation ex-
change column using an AKTA Purifier instrument. The load-
ed protein and elution peaks eluted by SP and heparin column
were processed and subjected to 12% SDS-PAGE, and it was

found that the rhFGF12 protein was eluted in a buffer with 0.6
mol/l NaCl (Fig. 2b). The samples were diluted with purified
working solution A to a final salt concentration of 0.15 mol/l
and passed through a heparin affinity column. All collected
samples were subjected to 12% SDS-PAGE. As shown in
result, the rhFGF12 protein was eluted in a buffer with 0.8
mol/l NaCl (Fig. 2c). RP-HPLC showed that the final protein

Fig. 2 Purification of rhFGF12. a SDS-PAGE analysis of soluble
rhFGF12; M, protein molecular weight standard; 1, bacteria expressed
at 37 °C; 2, the crushing supernatant of bacteria expressed at 37 °C; 3, the
precipitation of bacteria expressed at 37 °C; 4, bacteria expressed at 16
°C; 5, the crushing supernatant of bacteria expressed at 16 °C; 6, the pellet
of bacteria expressed at 16 °C. b SDS-PAGE analysis after purification of
the cation exchange column; M, protein molecular weight standard; 1,

bacteria expressed at 16 °C; 2, pellet; 3, supernatant; 4, elution peak of
buffer with 0.6 M NaCl. c SDS-PAGE analysis after purification with the
heparin column; M, protein molecular weight standard; 1, the SP eluent
protein peak was diluted and loaded; 2, sample penetrating fluid; 3, elu-
tion peak of buffer with 0.6 M NaCl; 4, elution peak of buffer with 0.8 M
NaCl. d RP-HPLC results after ultrafiltration of the purified recombinant
protein.
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purity was 98.6% (Fig. 2d). The final concentration of
rhFGF12 was determined by the BCA protein concentration
assay kit. After sterilization and filtration, the supernatant was
then taken and placed in a refrigerator at −80 °C for
cryopreservation.

rhFGF12 promotes NIH3T3 cells and PC12 cells
proliferation

The purified rhFGF12 protein was tested for biological activ-
ity using NIH3T3 cells. With heparin is 100 μg/ml, the cells
were administered rhFGF12 concentrations ranging from 6.25
to 800 ng/ml for 24 h, and the proliferation was determined by
MTT assay. The result showed that rhFGF12 promoted cell
proliferation in a dose-dependent manner (Fig. 3a). Further, it
was further confirmed that in PC12 cells cultured with differ-
ent concentration of rhFGF12, rhFGF12 also had a pro-
nounced effect on the proliferative activity of PC12 cells
(Fig. 3b).

Cell proliferation is an important feature of living organ-
isms, and the activation and regulation of a series of genes are
involved such as PCNA and ERK. PC12 cellular proteins
were extracted for Western blot. The results showed that the
expression level of PCNA was significantly increased in the
rhFGF12-administered group compared with the control
group in a dose-dependent (Fig. 3c). On the other hand, the
ratio of p-ERK/ERK was significantly increased in the
rhFGF12-administered group compared with the control
group, which was also significantly dose-dependent (Fig.
3d). These results indicate that rhFGF12 affects the prolifera-
tion activity of PC12 cells.

rhFGF12 promotes the proliferation of PC12 oxidative
damage induced by H2O2

Previous reports have implicated that H2O2-induced oxidative
stress could impair the proliferation. This prompted us to ask
whether rhFGF12 could alleviate H2O2-induced proliferation

Fig. 3 The effect of rhFGF12 on the proliferative effect of NIH3T3 cells,
PC12 cells, and related cell proliferation indicators. a Proliferation of
NIH3T3 cells by different concentrations of rhFGF12. Note: ***
indicates P < 0.001, compared with the control group. b Proliferation of
PC12 cells by different concentrations of rhFGF12. Note: *** indicates P

< 0.001, compared with the control group. c Western blot analysis of
cytoplasmic PCNA in different experimental groups. Note: ***
indicates P < 0.001, compared with the control group. d Western blot
analysis of cytoplasmic p-ERK and ERK in different experimental
groups. Note: *** P < 0.001, compared with the control group.
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inhibition. First, the oxidative damage model was established
in PC12 cells. In brief, we investigated the effect of a series of
H2O2 concentration (0, 0.015, 0.03, 0.06, 0.125, 0.25, 0.5, 1, 2
mmol/l) to the cells for 2 h. 0.06 mmol/l H2O2 caused survival
rates of up to 53% (Fig. 4a). Therefore, the final modeling
method is a concentration of 0.06 mmol/l H2O2 incubated
with PC12 cells for 2 h at 37 °C in 5% CO2. Furthermore,
cells were preadministered for 4 h with starvation medium
containing different concentrations of rhFGF12 (0, 3.125,
6.25, 12.5, 25, 50, 100, 200, 400 ng/ml) (Fig. 4b). Our results
showed that oxidative damage induced proliferation inhibition
could be ameliorated by treatment of rhFGF12, which was
dose related. The optimal concentration of rhFGF12 for pro-
tection against oxidative damage was determined to be 50
ng/ml.

Anti-apoptotic effect of rhFGF12 in PC12 cells

To better understand the protective effect of the rhFGF12,
Western blot analysis was used to detect Bax, Bcl-2,
Caspase-3, and AKT protein levels in PC12 cells. Compared
with the control group, the protein expression level of Bcl-2
was significantly decreased in the H2O2 injury group, and the
Bax protein level was increased, resulting in a decrease in the
Bcl-2/Bax ratio (P < 0.05) (Fig. 4c). rhFGF12 can significant-
ly improve the ratio of Bcl-2/Bax compared with injury group.
Moreover, compared with the control group, the expression
level of Caspase-3 was increased in the H2O2 injury group (P
< 0.001), while these observed alterations were reversed by
rhFGF12 treatment (P < 0.001) (Fig. 4d). On the other hand,
the ratio of p-AKT/AKT was significantly higher in the H2O2

injury group compared with the control group (P < 0.01) (Fig.

Fig. 4 rhFGF12 promotes the proliferation of PC12 cells with oxidative
damage induced byH2O2, and the effect of rhFGF12 on apoptosis-related
indicators. a Effect of H2O2 injury concentration on the PC12 cell sur-
vival rate at 2 h. Note: *** P < 0.001, compared with the control group. b
Effect of different concentrations of rhFGF12 on the oxidative damage
cell model. Note: *** P < 0.001, ** P < 0.01, * P < 0.05, compared with
the H2O2 group; ### P < 0.001, compared with the control group. c
Western blot analysis of cytoplasmic Bcl-2 and Bax in different

experimental groups. Note: * P < 0.05, compared with the control group;
## P < 0.01, compared with the H2O2 group. d Western blot analysis of
Caspase-3 in different experimental groups. Note: *** P < 0.001, com-
pared with the control group; ### P < 0.001, compared with the H2O2

group. e) Western blot analysis of p-AKT and AKT in different experi-
mental groups. Note: ** P < 0.01, compared with the control group; ###
P < 0.001, compared with the H2O2 group.
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4e). It was also reversed in the rhFGF12 treatment group (P <
0.001). These data suggest that the protective effect of
rhFGF12 in PC12 cells may be related to its anti-apoptotic
effect.

Protective effect of rhFGF12 on MMF-induced injury
in zebrafish central neurons

The zebrafish embryos were cultured to which MMF was
added to attain final drug concentrations of 0, 0.5, 5, and 50
nmol/l and 0.5, 5, 50, and 500 μmol/l for 24, 36, 48, 60, 72,
96, and 120 h respectively. The embryo was viewed under the
microscope to detect the mortality, deformity rate, and central
nervous system damage. The results showed that when the
MMF concentration was 50 nmol/l and the injury time was
48 h, the MMF-damaged zebrafish had lower mortality and
higher incidence of malformation compared with the normal
control group (resulting in mild teratogenicity) (Fig. 5a).
Combined with the morphological observation of zebrafish
(the left side is a top view, the right side is a side view), 50
nmol/l MMF was determined as the injury concentration (Fig.
5b). Compared with the normal group, the neuronal diver-
gence fluorescence of the MMF central injury group was
weak and fragmented. In contrast, the rhFGF12 treatment
could reverse MMF-induced neurological manifestations,
which was in a dose-dependent manner (Fig. 5c). There was
a significant difference between the high-dose rhFGF12 ad-
ministration group and the injury group (Fig. 5d). These re-
sults revealed that rhFGF12 has a significant protective effect
on MMF induced central nervous system injury.

Discussion

Previous study has shown that FGF12 is highly expressed in
embryonic development and adult nervous system, and its
gene mutations can lead to neurological diseases (Siekierska
et al. 2016). This reveals that FGF12 plays an important role in
nerve development and mediation, but its mechanism is still
unclear. Moreover, current studies have focused on the role of
endogenous FGF12, and there is no study on the role of nat-
ural exogenous FGF12 in nerves. In this study, the recombi-
nant plasmid pET3a-hFGF12 was transformed into BL21
(DE3) pLysS competent cells, then screen high expression
engineering strains (Fig. 1 a and b). They were cultivated
and induced expression at 37 °C, and most of the target pro-
teins were expressed as inclusion bodies (Figs. 1c and 2a).
When the E. coli system is used to express foreign proteins,
the rapid synthesis speed and higher expression are the main
reasons leading to the formation of inclusion bodies
(Castellanos-Mendoza et al. 2014; Singh et al. 2005; Wei
et al. 2020). It is considered to be the main reason for causing
insufficient solubility of protein. Lowering the induction

temperature and reducing the amount of inducer IPTG can
slow down the synthesis level of inclusion bodies and promote
the formation of soluble proteins (Zhao et al. 2018).
Therefore, the methods of reducing the expression tempera-
ture and adding inducers in batches were used to promote the
soluble expression of rhFGF12 protein in this study. The re-
sults showed that adding the inducer IPTG in two batches to a
final concentration of 0.5 mmol/l, and inducing expression at
16 °C for 24 h, effectively increased the bacterial yield and
expression of soluble protein (Figs. 1d–e and 2a). The major-
ity of the target protein was present as soluble form and only a
small amount of insoluble inclusion bodies was present (<
20%).

In the previous study, it was found that the FGF11 subfam-
ily had a certain affinity with heparin. Compared with the
other subfamilies of FGF, the affinity rate with heparin is high.
In addition, FGF12 is a positive charge, so we design an SP
cation exchange column and heparin affinity column chroma-
tography (with heparin binding properties) two-step purifica-
tion method (Fig. 2 b and c). Based on this, a high purity of
rhFGF12 was obtained. The purified product was identified
by RP-HPLC with a purity of 98.6%, indicating that the
rhFGF12 protein was successfully purified (Fig. 2d). It lays
a foundation for further study on the biological activity of
FGF12.

After purification, it was necessary to verify whether
rhFGF12 was biologically active and biologically functional.
FHFs have high sequence and structural homology with other
fibroblast growth factors (FGFs) and bind heparin with high
affinity, but unlike most FGFs, they do not stimulate FGF
receptors (FGFRs) (Beenken and Mohammadi 2009;
Nybakken and Perrimon 2002; Ornitz 2000). In the previous
study, we found that FGF13, a member of FGF11 subfamily,
could promote NIH3T3 cell proliferation via binding the
FGFR receptor in a certain heparin concentration-dependent
manner, but heparin has no effect on the proliferation of
NIH3T3 cells (Lin et al. 2019). Because FGF11 subfamily is
highly conserved, we hypothesized that FGF12 may have
similar properties. Therefore, we determined the proliferative
activity of the purified rhFGF12 protein on NIH 3T3 cells
under heparin is 100 μg/ml. The MTT assay showed that the
rhFGF12 had a high proliferative activity (Fig. 3a). In the
experiment, we found that higher rhFGF12 protein concentra-
tion can inhibit cell proliferation rate. The main reason may be
that the protein is easy to form dimers or polymers at higher
concentrations, which affects the binding to heparin and
FGFR and then affects the signal transduction that promotes
proliferation (Harada et al. 2009; Hecht et al. 2001; Kalinina
et al. 2009).

In recent years, an increasing number of studies have
shown that FGF12 has an important relationship with nerves.
FGF12 is highly expressed in the developing nerves
(Siekierska et al. 2016; Smallwood et al. 1996), and
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expression changes of FGF12 gene have been detected in
many neurological diseases. However, these studies have not
explored the protective and repairing effects of FGF12 on
nerve damage. To explore the role of FGF12 in repairing
nerve damage, PC12 cells was used, which are widely used
as in vitro models of neurons (Das et al. 2004). Furthermore,
the H2O2 oxidative damage model of PC12 cells was

established to explore the protective effects and mechanisms
of FGF12. The experiment found that rhFGF12 had a signif-
icant proliferative effect on PC12 cells (Fig. 3b), In addition,
rhFGF12 also promoted the expression of PCNA (Fig. 3c),
which is closely related to the synthesis of cellular DNA and
plays an important role in the initiation of cell proliferation
(Moldovan et al. 2007). ERK belongs to theMAPK (mitogen-

Fig. 5 Protective effect of
rhFGF12 on MMF-induced inju-
ry in zebrafish central neurons. a
Effects of different MMF admin-
istration time and administration
concentrations on the mortality
and deformity of zebrafish. Note:
*** P < 0.001, ** P < 0.01,
compared with the control group.
b Effects of different MMF con-
centrations on zebrafish mor-
phology. The left side is a top
view, the right side is a side view.
c Protective effect of rhFGF12 on
MMF-induced injury in zebrafish
central neurons (S 50 ng/ml, M
100 ng/ml, L 200 ng/ml). d
Fluorescence intensity analysis of
zebrafish in each experimental
group (S 50 ng/ml, M 100 ng/ml,
L 200 ng/ml). Note: *** P <
0.001, ** P < 0.01, compared
with MMF group; ### P < 0.001,
compared with the control group.
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activated protein kinase) pathway, and MAPK can transmit
various cell signals, thereby controlling cell proliferation, dif-
ferentiation, development, stress response, and apoptosis,
while ERK plays a major role in proliferation and differentia-
tion (Goshen-Lago et al. 2017; Shin et al. 2018). In our study,
the level of p-ERK/ERK was significantly increased in the
proliferative experimental study (Fig. 3d). It indicates that
the proliferative effect of FGF12 on PC12 might be related
to the activation of the ERK signaling pathway.

H2O2 is one of widely used oxidative stressors for studies,
and oxidative damage is closely related to the neuronal apo-
ptosis in clinical research (Chen et al. 2019). Therefore, H2O2

was used to induce the apoptosis to examine the ability of
FGF12 to protect PC12 cells (Fig. 4 a and b). Previous studies
indicated that the pathological state of nerve damage is closely
related to apoptosis (Huang et al. 2019;Wang et al. 2018). We
analyzed the protective effect of rhFGF12 by detecting
apoptosis-related indicators. Bcl-2/Bax is a powerful indicator
of cell anti-apoptosis (Thomadaki and Scorilas 2006). The
results showed that the rhFGF12 played a protective role by
inhibiting apoptosis (Fig. 4c). Caspase-3 is generally consid-
ered to be an important terminal cleavage enzyme in the pro-
cess of apoptosis (Manu et al. 2019). Our study showed the
expression level of Caspase-3 was increased by oxidative in-
jury. However, this alteration was alleviated by rhFGF12
treatment, which further proves the protective effect of
rhFGF12 (Fig. 4d). AKT is relative to anti-apoptotic process.
The ratio of p-AKT/AKT was used to analyze cell apoptosis.
In our study, the increased p-AKT/AKT ratio during oxidative
injury could be reversed by rhFGF12 administration, further
indicating that the protective effect of rhFGF12 achieves an
anti-apoptotic effect, which might be relative to the inhibition
of AKT phosphorylation levels (Fig. 4e).

As an animal model, zebrafish have many unparalleled
advantages compared with traditional animal models and
in vitro cell models: small size, fast reproduction, easy to
raise, transparent development period, easy to observe, a
high degree of similarity with higher animals in terms of
neurophysiology and gene structure, and a systemic regula-
tion of neurohumoral fluids (Fontana et al. 2018).
Therefore, zebrafish are widely used in the field of neuro-
logical disease research. To further investigate the neuro-
protective effects of rhFGF12 in vivo, we used a transgenic
zebrafish strain (Islet) with neuronal fluorescence, which
was treated by MMF to establish a central injury model.
Here we found that more than 0.5 nmol/l MMF caused
teratogenesis and more than 50 μmol/l caused death (Fig.
5 a and b). After successfully establishing the MMF central
injury model, rhFGF12 was used to detect its protective
effect on central nervous system injury. Through fluores-
cence analysis, we found that rhFGF12 had a significant
protective effect on zebrafish central injury induced by
MMF in a dose-dependent manner (Fig. 5 c and d). It lays

a foundation for the study of the neuroprotective effect of
FGF12.

In summary, our study was designed to establish of fermen-
tation and purification process for rhFGF12 protein in E. coli.
Besides, we found that rhFGF12 had the neuroprotective ef-
fects by promoting cell proliferation and inhibiting apoptosis
in vitro. Also, rhFGF12 have the proliferative effect on PC12
cells through the ERK/MAPK pathway. In addition, rhFGF12
ameliorated zebrafish central injury induced by MMF in a
dose-dependent. However, it remains unclear which deep
mechanisms of FGF12 on promoting proliferation and anti-
apoptosis for nerve injury. These warrants further
investigation.
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