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Abstract

The clinical application of stem cells offers great promise as a potential avenue for therapeutic 

use in neurodegenerative diseases. However, cell loss after transplantation remains a major 

challenge which currently plagues the field. Based on our previous findings that fibroblast growth 

factor 21 (FGF-21) protected neurons from glutamate excitotoxicity and that upregulation of 

FGF-21 in a rat model of ischemic stroke was associated with neuroprotection, we proposed 

that overexpression of FGF-21 protects bone marrow-derived mesenchymal stem cells (MSCs) 

from apoptosis. To test this hypothesis, we examined whether the detrimental effects of apoptosis 

can be mitigated by the transgenic overexpression of FGF-21 in MSCs. FGF-21 was transduced 

into MSCs by lentivirus and its overexpression was confirmed by quantitative PCR. Moreover, 

FGF-21 overexpression did not stimulate the expression of other FGF family members, suggesting 

it does not activate a positive feedback system. The effects of hydrogen peroxide (H2O2), tumor 

necrosis factor-α (TNF-α), and staurosporine, known inducers of apoptosis, were evaluated in 

FGF-21 overexpressing MSCs and mCherry control MSCs. Caspase 3 and 7 activity was markedly 

and dose-dependently increased by all three stimuli in mCherry MSCs. FGF-21 overexpression 

robustly suppressed caspase activation induced by H2O2 and TNF-α, but not staurosporine. 

Moreover, the assessment of apoptotic morphological changes confirmed the protective effects 

of FGF-21 overexpression. Taken together, these results provide compelling evidence that 

FGF-21 plays a crucial role in protecting MSCs from apoptosis induced by oxidative stress and 
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inflammation, and merits further investigation as a strategy for enhancing the therapeutic efficacy 

of stem cell-based therapies.
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1. Introduction

Stem cell-based therapy has recently emerged as a feasible therapeutic approach for the 

treatment of neurodegenerative diseases. However, the poor survival of transplanted cells 

including mesenchymal stem cells (MSCs) presents a significant obstacle for enhancing 

the efficacy of stem cell-based therapy. Excessive oxidative stress has been implicated in 

the pathogenesis of numerous diseases including neurodegenerative disorders. In diseased 

tissues, increased levels of reactive oxygen species (ROS) can overwhelm endogenous 

antioxidant defense systems and lead to increased damage to DNA, proteins, and lipids 

(Butterfield & Halliwell, 2019; Karihtala & Soini, 2007). Furthermore, a common feature 

of a damaged microenvironment are tissues that express hypoxic, apoptotic or inflamed 

regions (Olson et al., 2012). Because MSCs migrate towards areas of tissue damage, the 

identification of factors that counteract oxidative stress-induced apoptosis is essential for 

enhancing the therapeutic application of stem cells. Therefore, strategies to bolster the 

survival and efficacy of stem cells may lead to improved clinical outcomes. One possible 

strategy to accomplish this goal is by the genetic modification of MSCs with growth factors 

that protect against apoptotic stimuli such as oxidative stress and inflammation.

Fibroblast growth factor (FGF-21), is a novel metabolic regulator that acts as a circulating 

hormone in regulating gluconeogenesis and lipid metabolism (Staiger et al., 2017). Although 

it is highly expressed in the pancreas and liver, other tissues such as brown and white 

adipose tissue also express FGF-21. Alterations of FGF-21 levels in humans have been 

associated with type 2 diabetes, coronary heart disease, and obesity (Degirolamo et al., 

2016). Our previous research demonstrated that FGF-21 was significantly upregulated in 

primary neurons and astrocytes by the mood stabilizers lithium and VPA through Akt-1 

dependent mechanisms, and that it provided robust protection from excitotoxic cell death 

induced by glutamate treatment and ischemic stroke (Leng et al., 2016; Leng et al., 2015; Z. 

Wang et al., 2016).

Several studies have demonstrated the importance of FGF-21 in protecting against apoptosis. 

For example, the overexpression of FGF-21 in cardiomyocytes protected against ER stress-

mediated apoptosis (Liang et al., 2017). Doxirubicin-induced cardiotoxicity was alleviated 

by FGF-21 via regulation of the SIRT1/LKB1/AMPK signaling pathway (Wang et al., 

2017). Under diabetic conditions, deletion of FGF-21 in mice exacerbated apoptosis as 

indicated by enhanced TUNEL staining and caspase 3 activation (Yang et al., 2018). 

Conversely, the administration of FGF-21 reversed this effect. Taken together, these studies 

indicate that FGF-21 plays a crucial role in protecting against apoptosis. Herein, we 

investigated whether MSCs genetically engineered to overexpress FGF-21 would render 
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protection against apoptotic stimuli encountered after transplantation in a pathological tissue 

including oxidative stress by hydrogen peroxide, inflammation by TNF-α, and protein 

kinase C inhibition by staurosporine.

2. Materials and methods

2.1 Mesenchymal stem cell (MSC) culture

Gibco® C57BL/6 mouse MSCs derived from bone marrow were obtained from Invitrogen 

Life Technologies (Carlsbad, CA) as reported (Linares et al., 2016). MSCs were cultured 

in DMEM/F-12 GlutaMAX™ + 10% FBS + 5 μg/ml gentamicin (Invitrogen Life 

Technologies). Cells from passage 4–7 were used in the experiments. Hydrogen peroxide 

(H2O2) and staurosporine were purchased from Sigma-Aldrich (St. Louis, MO). Tumor 

necrosis factor alpha (TNF-α) was obtained from PeproTech Incorporated (Rocky Hill, NJ).

2.2 Generation of FGF-21 overexpressing (OE) MSCs

MSCs were transduced with lentivirus particles containing a bicistronic (IRES) vector 

cassette with an mCherry reporter gene (control) or the coding sequence of Mus musculus 
FGF-21 containing mCherry reporter gene (GenCopoeia, Rockville, MD) under the control 

of the human elongation factor 1-α (EF1-α) promoter. MSCs were seeded at 5,000 cells/

well in a 12-well plate and were transduced at a multiplicity of infection (MOI) of 30 

as described (Linares et al., 2016). Genetic modification using lentivirus did not alter the 

endogenous properties of the MSCs such as the ability to differentiate into osteoblasts and 

adipocytes as determined by alizarin red mineralization assay and Oil Red O staining, 

respectively. Moreover, differences in morphology and proliferation were unaltered by 

FGF-21 overexpression (Shahror et al., 2020).

2.3 Flow cytometry analysis

mCherry control and FGF-21 overexpressing MSCs underwent three rounds of fluorescence-

activated cell sorting (FACS) to isolate a highly purified population of mCherry positive 

cells following lentiviral transduction as previously reported (Linares et al., 2016).

2.4 RNA extraction

Total RNA was isolated from mCherry control MSCs and FGF-21 overexpressing MSCs 

using a RNeasy mini kit according to the manufacturer’s instructions (Qiagen, Valencia, 

CA). Following extraction, the RNA samples were DNase-treated with a DNA-free 

kit (Ambion ® Invitrogen Life Technologies). The RNA concentration was determined 

using Nano Drop spectrophotometer (Wilmington, DE) and all samples had absorbance 

measurements (OD A260/A280 ratio) ranging from 1.8–2.0.

2.5 Gene expression analysis

Quantitative real-time RT-PCR was performed as previously described 

(Linares et al., 2011). Primers were used to amplify Mus 
musculus FGF-2 (forward: 5’-ATGAAGGAAGATGGACGG CT-3’, reverse: 

5’-TTCTGTCCAGGTCCCGTTTT-3’), FGF-9 (forward: 5’- TCCCTCTCTGTC 
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TGCAACTG-3’, reverse: CGTCCTGCACACCGAAATAG-3’), FGF-15 (forward: 

5’-CATCTT CATCCAGGCCAAGC-3’, reverse: GAACGGATCCATGCTGTCAC-3’), 

and FGF-17 (forward: 5’-AACTACACGGCCTTCCAGAA-3’, reverse: 

5’-TTCAGCGTGGTTGGGAAAAG-3’) and FGF-21 (forward: 5’-

TGGAGATCAGGGAGGATGGA-3’, reverse: 5’-ATTGTAACCGTCCTC CAGCA-3’). 

Relative gene expression levels were examined and the housekeeping gene peptidylprolyl 

isomerase A (PPIA) was used as an internal control. The fold change was calculated 

according to the formula 2−ΔΔCt.

2.6 Determination of apoptosis

Apoptosis was assessed by evaluating caspase 3,7 activity using Caspase-Glo 3,7 assay 

(Promega, Madison, WI) as reported (Linares et al., 2009). To induce apoptosis, mCherry 

control and FGF-21 overexpressing MSCs were treated with H2O2 (50 μM, 100 μM, 200 

μM, and 400 μM), TNF-α (10 ng/ml, 20 ng/ml, and 50 ng/ml), staurosporine (2 nM, 10 nM, 

and 50 nM) or vehicle for 24 hours. Caspase 3,7 activity was determined after a 30-minute 

incubation by measuring luminescence in white-walled plates. Apoptotic morphology was 

evaluated by examining the presence of apoptotic bodies using a phase contrast inverted 

microscope and condensed nuclei by Hoechst 33258 (Invitrogen, Carlsbad, CA) staining in 

mCherry control and FGF-21 overexpressing MSCs that were exposed to 200 μM H2O2 

for 24 hours. Media was removed and MSCs were rinsed with 1X PBS followed by a 

15-minute incubation with 4% paraformaldehyde. MSCs were rinsed 3 times with 1X PBS, 

permeabilized with 0.1 % Triton X-100, and incubated with Hoechst 33528 (1:1000) for 

10 minutes. Cells were imaged at 20X magnification by phase contrast (bright field) and 

fluorescent microscopy (nuclear images) using UV/488 dual excitation.

2.7 Statistical analysis

Results are expressed as means ± SEM and were analyzed using Student’s t-test or 

ANOVA (one-way) (GraphPad Prism, San Diego, CA) as appropriate. Post hoc analysis 

was performed using Tukey’s test. Values were considered significant when P < 0.05.

3. Results

3.1 FGF-21 overexpression in MSCs

To evaluate the efficacy of FGF-21 in protecting bone marrow-derived MSCs from apoptotic 

stimuli, FGF-21 was transgenically overexpressed in MSCs using lentivirus. Following the 

primary transduction, mCherry control and FGF-21 overexpressing (OE) MSCs underwent 

three successive rounds of FACS to isolate a highly enriched population of mCherry 

expressing cells. Flow cytometric analysis and imaging by fluorescence microscopy 

demonstrated that over 97% of the MSCs exhibited mCherry fluorescence in the mCherry 

control group and the FGF-21 overexpression group (Figure 1A). Figure 1B shows increased 

FGF-21 mRNA expression (approximately 6-fold) as determined by quantitative RT-PCR in 

MSCs transduced with lentiviral vector expressing FGF-21 compared to mCherry control. 

FGF-21 protein expression was 7-fold higher in FGF-21 overexpressing MSCs relative to 

mCherry control MSCs as determined by ELISA (Shahror et al., 2020). Moreover, the 

mRNA expression levels of four other important FGF family members (FGF-2, FGF-9, 
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FGF-15, and FGF-17) were not significantly upregulated (Figure 2), suggesting that a 

positive feedback loop was not induced by FGF-21 overexpression. Interestingly, the levels 

of FGF-15 was decreased by almost 50% in the FGF-21 overexpressing MSCs group 

compared with the mCherry control, suggesting a possible negative cross-talk between these 

two close members of the FGF family.

3.2 FGF-21 overexpressing MSCS attenuate caspase 3,7 activation in the presence of 
apoptotic stimuli

A common feature of a damaged microenvironment are tissues that express hypoxic, 

apoptotic or inflamed regions (Olson et al., 2012). To mimic the harsh microenvironment 

(reactive oxygen species and local inflammation) that MSCs encounter after transplantation 

in a pathological tissue, FGF-21 overexpressing MSCs and mCherry MSCs were exposed 

to different concentrations of H2O2 and TNF-α. These apoptotic stimuli were also selected 

because H2O2 and TNF-α are well-known inducers of cell death and caspase-dependent 

apoptosis (Byun et al., 2005). As expected, caspase 3,7 activity was robustly elevated in a 

dose-dependent manner in mCherry control MSCs following treatment with H2O2 for 24 

hours (Figure 3A). FGF-21 overexpressing MSCs dramatically suppressed H2O2-induced 

caspase activation at 100 μM, 200 μM, and 400 μM doses, specifically with an 86% 

reduction at 400 μM compared to mCherry control MSCs (Figure 3A). Caspase 3, 7 activity 

was increased by 5–6-fold in mCherry control MSCs treated with 10 ng/ml, 20 ng/ml, and 

50 ng/ml of TNF-α. FGF-21 overexpression decreased TNF-α induced apoptosis by 44% 

and 50% in the respective 10 ng/ml and 20 ng/ml treatment groups, but only by 27% at 

the highest dose used (Figure 3B). We next tested the effects of FGF-21 overexpression 

on staurosporine, a potent protein kinase inhibitor that induces apoptosis. Staurosporine 

treatment for 24 hours at 2 nM and 10 nM significantly induced caspase activation by 50% 

and 220%, respectively, in the mCherry control MSCs. However, FGF-21 overexpression 

failed to confer protection (Figure 3C). Given that hallmark features of apoptosis include 

the formation of round apoptotic bodies and condensed/fragmented nuclei, we evaluated the 

effects of 200 μM H2O2 on inducing cellular morphological changes in mCherry control 

and FGF-21 overexpressing MSCs. mCherry control MSCs exhibited a high number of 

round apoptotic bodies and fragmentation of apoptotic/condensed nuclei detected by using a 

phase contrast inverted microscope and fluorescent microscopy after Hoechst 33258 staining 

(Figure 4), whereas FGF-21 overexpression markedly abrogated these apoptotic-induced 

morphological alterations. Taken together, these data strongly support the notion that 

FGF-21 exerts a critical role in protecting MSCs from apoptosis and may create a more 

permissive microenvironment for MSC survival in damaged tissues.

4. Discussion

In the present study, we generated a highly homogeneous population of bone marrow-

derived MSCs overexpressing FGF-21 and demonstrated that FGF-21 overexpression 

effectively attenuated caspase activation in MSCs induced by treatment with H2O2 or 

TNF-α, but not staurosporine. Previously, we demonstrated that exogenous FGF-21 is 

protective against glutamate-induced neuronal death (Leng et al., 2015). This finding led us 

to hypothesize that FGF-21 would be protective against apoptotic stimuli such as hydrogen 

Linares et al. Page 5

Cell Biol Int. Author manuscript; available in PMC 2024 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peroxide and TNF-α. However, the administration of recombinant FGF-21 may not be the 

best strategy for long-term protection because FGF-21 has a short half-life of only 1–2 

hours (Kharitonenkov et al., 2005). Therefore, utilizing MSCs that overexpress FGF-21 as 

a delivery system would be advantageous for transplantation studies since they provide a 

continuous and steady supply of FGF-21 to the surrounding harsh microenvironment. This 

type of a system would be preferable in terms of translational application to the clinical 

setting.

These results suggest some similarities and differences in the mechanisms underlying 

caspase activation and apoptosis induced by these three apoptotic stimuli (H2O2, TNF-α, 

and staurosporine). In this context, H2O2 is known to cause cell death by triggering the 

generation of ROS and inducing oxidative stress as well as subsequent damage to DNA and 

other macromolecules (Uhl et al., 2015). Cell death caused by the pleiotropic inflammatory 

cytokine TNF-α appears to involve ROS accumulation and sustained JNK activation, and 

is prevented by antioxidant treatment (Kamata et al., 2005), suggesting that its underlying 

mechanisms overlap with those of H2O2. The mechanism by which staurosporine induces 

death is less clear, but it has been shown to involve both apoptosis and necrosis and to 

be associated with calpain-mediated Bax cleavage and plasma membrane permeabilization; 

both are prevented by calbindin-D28K (Choi & Oh, 2014). Given the protection by FGF-21 

overexpression in MSCs against apoptosis induced by H2O2 and TNF-α, one may surmise 

that suppression of ROS and subsequent oxidative stress and/or inflammation are key targets 

for the protective effects.

The beneficial effects of FGF-21-overexpressing MSCs against apoptotic cell death support 

our previous results that exogenous FGF-21 protects primary CNS neurons from apoptosis 

induced by the excitotoxin glutamate (Leng et al., 2015). In our previous paradigm, FGF-21-

mediated neuroprotection against excitotoxicity requires activation of the cytoprotective 

factor Akt-1, and inhibition of the cytotoxic factor GSK-3β by enhancing their serine 

phosphorylations at specific loci (Leng et al., 2015). The roles of Akt activation and GSK-3 

inhibition in suppressing oxidative stress and inflammation have been well documented and 

multiple mechanisms have been proposed (Dai et al., 2017; Jope et al., 2007; Mahmoud 

et al., 2017). The exact molecular events underlying the protection against H2O2 and 

TNF-α-induced apoptosis by FGF-21 overexpression in MSCs require future investigation. 

It should be noted that recent reports indicate additional important actions of FGF-21. 

These include the ability of FGF-21 to promote the elongation of neurite-like processes in 

primary astrocytes (Leng et al., 2016), to reduce brain edema and alleviate sensorimotor 

deficits after TBI (Chen et al., 2018), and to promote remyelination following toxin-induced 

demyelination in rodents (Kuroda et al., 2017). Furthermore, in an experimental model of 

stroke, we found that FGF-21 levels were drastically reduced in the brain after stroke and 

restoration of the brain FGF-21 levels by pharmacological treatment markedly reduced brain 

infarction and neurological deficits (Wang et al., 2016). Taken together, FGF-21 seems to be 

a promising molecule to counteract pathological conditions associated with diseases, notably 

brain disorders.

The overexpression of FGF-21 in MSCs induced a decrease in the expression of FGF-15. It 

is possible that FGF-21 induced the expression of a negative regulator that antagonized the 
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expression of FGF-15. It is also feasible that FGF-21 could bind to the FGF-15 promoter 

thereby inhibiting its subsequent transactivation and transcription. The notion that FGF-21 

and FGF-15 display opposite effects has been observed in the regulation of bile acid 

synthesis. Namely, high levels of serum FGF-21 correlate with low levels of FGF-15 (Zhang 

et al., 2017). Further experiments would be needed to determine the biological function of 

this mechanism in the context of MSCs.

MSCs have become a useful tool for the therapeutic intervention of diseases including 

CNS disorders. Among the benefits of MSCs are their low risk of inducing tumorgenesis 

and immunogenic rejection as well as their ability to serve as a vehicle carrying specific 

gene(s) to target diseased tissues. Preconditioned MSCs can also be delivered to the brain 

via intranasal application in a non-invasive manner to produce behavioral improvement in an 

animal model of Huntington’s disease (Linares et al., 2016). To assess the therapeutic effects 

of FGF-21 overexpression in vivo, we used the lines that we generated in a parallel study 

using a mouse model of traumatic brain injury (TBI). We demonstrated that hippocampal-

dependent learning and spatial memory was markedly improved in TBI mice that received 

FGF-21 overexpressing MSCs, compared with control MSCs (Shahror et al., 2020). This 

effect was observed at 3–4 weeks post-transplantation, indicating that the therapeutic effects 

are maintained in vivo. In addition, we showed that the loss of neurogenesis and dendritic 

complexity following TBI was robustly restored by treatment with FGF-21 overexpressing 

MSCs, but not control MSCs.

5. Conclusions

The present study shows that overexpression of FGF-21 protected MSCs from apoptosis 

induced by oxidative stress-related insults such as treatment with H2O2 or TNF-α. In view 

of the evidence that oxidative stress has been linked to the pathophysiology of a variety of 

diseases including neurodegenerative disorders (Liguori et al., 2018), our results strongly 

suggest that overexpression of FGF-21 in MSCs can prolong the survival of transplanted 

MSCs in the harsh disease microenvironment and thus enhance the therapeutic efficacy 

of MSCs for pathological intervention. Further preclinical and clinical investigations are 

essential to substantiate this working hypothesis.
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Figure 1. 
Generation of FGF-21 overexpressing (OE) MSCs. MSCs were stably transduced with 

lentiviral vector encoding mCherry reporter (control) or the coding sequence of Mus 
musculus FGF-21 and mCherry reporter contained in a bicistronic vector. Transduced MSCs 

underwent FACS to enrich the population of mCherry expressing MSCs. A) Flow cytometric 

analysis and in vitro fluorescent microscopy confirms robust mCherry expression in FGF-21 

overexpressing MSCs and mCherry control MSCs. B) Expression of FGF-21 in transduced 

MSCs as determined by quantitative real time RT-PCR analysis. Values are presented as 

mean ± SEM (n=6 per group); **** P < 0.0001 vs mCherry control (Student’s t-test).
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Figure 2. 
FGF-21 overexpression does not induce the expression of other FGF family members. 

The mRNA expression levels of FGF-2, FGF-9, FGF-15, and FGF-17 as determined by 

quantitative real time RT-PCR analysis. Values are presented as mean ± SEM (n=6 per 

group); ** P < 0.001 vs mCherry control (Student’s t-test).
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Figure 3. 
Overexpression of FGF-21 attenuates apoptosis in MSCs. Caspase 3,7 activities in mCherry 

control and FGF-21 overexpressing MSCs were determined at 24 hours after exposure to 

A) H2O2 (50 μM, 100 μM, 200 μM, and 400 μM), B) TNF-α (10 ng/ml, 20 ng/ml, and 50 

ng/ml), or C) staurosporine (2 nM and 10 nM). Values are presented as % increase from 

corresponding vehicle-treated control ± SEM (n=6–8 per group); ** P< 0.01 and **** P < 

0.0001 between FGF-21 overexpressing MSCs and mCherry control groups (Student’s t-test 

or one-way ANOVA, posthoc-Tukey’s test).
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Figure 4. 
FGF-21 overexpression reduces hydrogen peroxide-induced apoptotic morphological 

changes. mCherry control and FGF-21 overexpressing MSCs were treated with H2O2 (200 

μM) for 24 hours. Round apoptotic bodies (bright field) and Hoechst 33528 staining of 

condensed/fragmented nuclei are indicated by yellow arrowheads. Representative images 

were taken at 20X magnification.
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