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Abstract: Burn-related neuropathy is common and often involves pain, paresthesia, or muscle
weakness. Irisin, an exercise-induced myokine after cleavage from its membrane precursor fibronectin
type III domain-containing 5 (FNDC5), exhibits neuroprotective and anti-inflammatory activities.
A rat model of third-degree burn on the right hind paw was used to investigate the therapeutic
role of irisin/FNDC5. Rats received burn injury and were treated with intrathecal recombinant
adenovirus containing the irisin sequence (Ad-irisin) at 3 weeks postburn. One week later,
mechanical allodynia was examined. The expression of irisin in cerebrospinal fluid (CSF) was
detected. Ipsilateral gastrocnemius muscle and lumbar spinal cord were also obtained for further
investigation. Furthermore, the anti-apoptotic effect of recombinant irisin in SH-SY5Y cells was
evaluated through tumor necrosis factor alpha (TNFα) stimulus to mimic burn injury. We noted
intrathecal Ad-irisin attenuated pain sensitization and gastrocnemius muscle atrophy by modulating
the level of irisin in CSF, and the expression of neuronal FNDC5/irisin and TNFα in the spinal
cord. Ad-irisin also ameliorated neuronal apoptosis in both dorsal and ventral horns. Furthermore,
recombinant irisin attenuated TNFα-induced SH-SY5Y cell apoptosis. In summary, irisin attenuated
allodynia and muscle wasting by ameliorating neuroinflammation-induced neuronal apoptosis.

Keywords: irisin; apoptosis; neuroinflammation; burn injury; neuropathy

1. Introduction

Neuropathy following burn trauma is common and often undiagnosed [1–3]. According to the
WHO report, nearly 11 million severe burn injuries occur annually worldwide [4]. Up to 52% of
burn patients develop neuropathy [5,6]. Patients with burn-related neuropathy often experience pain,
paresthesia, or muscle weakness [2,7]. These long-term sequelae negatively affect quality of life and
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can be challenging to manage, which largely impact economic and social consequences on the patient,
family, and society [8]. Increased production of inflammatory cytokines, such as tumor necrosis
factor alpha (TNFα) [9–11], initiates these complex neuromuscular and neurosensory complications.
Patients with burn often experience severe acute pain, and approximately half of these patients
develop persistent pain for several years, even beyond the wound healing period [5,6], which can be
characterized as sensory neuropathy with spontaneous pain or hyperalgesia over the postburn area.
Our previous investigation indicated that neuroinflammation, autophagy, and neuronal apoptosis in
the dorsal horn following burn contributed to burn-induced neuropathic pain [12]. Several treatments
have been applied for chronic pain, such as gabapentinoids, antidepressants, steroids, and opioids,
but they have insufficient efficacy, and their adverse effects limit their usage [13,14]. In addition,
burn-induced motor neuropathy, typically manifesting with muscle weakness, is also noted [1,15].
However, the underlying mechanism remains unclear. An experimental full-thickness burn model
indicated a reduction of conduction velocities postburn [16]. Our previous study on a burn rat model
also indicated increased apoptosis in the spinal cord ventral horn postburn, resulting in denervation
muscle atrophy [17]. Ma et al. further indicated that microglial activation in the ventral horn resulted in
neuronal apoptosis [18]. Therefore, an effective agent against burn-related neuropathic complications
is required.

Irisin, an exercise-induced hormone, is cleaved from its precursor fibronectin type III domain-
containing 5 (FNDC5) and mainly secreted by skeletal muscle in response to physical activity [19,20].
Irisin was primarily reported to function as a myokine with thermogenetic capacity that promotes
adipocyte browning and was suggested to improve metabolic conditions, including insulin resistance,
type 2 diabetes, and obesity [19,21]. However, growing evidence suggests that it acts on multiple tissue
types [22] and exerts, among others, neuroprotective and anti-inflammatory effects [23,24]. In a middle
cerebral artery occlusion mouse model, irisin was reported to protect against cerebral ischemia-induced
neuronal injury by reducing oxidative stress, suppress inflammation by reducing plasma TNFα and
IL-6, inhibit the activation of Iba1+ microglia, and infiltrate MPO-1+ monocytes [25]. Irisin inhibits
not only microglial activation but also NF-κB activation in cultured astrocytes, thereby reducing
downstream COX-2 expression and releasing IL-6 and IL-1β [26]. Another study demonstrated
its neuroprotective effect in cerebral ischemia/reperfusion injury by irisin-induced reduction in the
activation of apoptosis and TNFα and IL-1β expression in brain tissue [27]. Inflammation contributes
to not only neuronal damage but also the pathogenesis of nociceptive and neuropathic pain [28,29].
Inflammatory mediators released by immune cells, such as TNFα, IL-1β, IL-6, PGE2, and PGI2, result in
pain sensitization [28]. Exercise and physical therapy alleviate chronic neuropathic pain by modulating
neuroinflammation [29–33]. Irisin has also been suggested to alleviate pain sensitization [34,35] and
possess diagnostic value for pain symptoms [36,37]. However, its role in burn-induced neuropathy
remains unclear.

We previously reported that third-degree burn injury caused neuronal apoptosis in both ventral
and dorsal horns, resulting in denervation muscle atrophy and neuropathic pain up to 4–8 weeks,
respectively [12,17,38]. To elucidate the potential role of irisin in neuroprotection, we administered
intrathecal irisin gene delivery in a third-degree burn rat model. Mechanical allodynia was tested
following injection. FNDC5/irisin and TNFα expression and neuronal apoptosis in both the dorsal and
ventral horns were examined. Survival markers of motor neuron in the ventral horn and gastrocnemius
muscle atrophy were also evaluated. Furthermore, the antiapoptotic effect of recombinant irisin on
neuronal cells was investigated with TNFα stimulus to mimic burn injury in vitro.
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2. Results

2.1. Expressions of Spinal FNDC5/Irisin and CSF Irisin Were Decreased after Burn Injury

To identify whether spinal expressions of FNDC5/irisin were affected by burn injury, we introduced
third-degree burn on the right hind paw of each rat [12,17,38]. The ipsilateral spinal cord of L4–L6
segments corresponding to innervation on the hind limb [39] and cerebrospinal fluid (CSF) were
obtained at 4 weeks postburn. The lumbar segments were subjected to immunofluorescence staining
and immunoblotting analysis for FNDC5/irisin expression. We found that burn injury resulted in a
decrease in FNDC5/irisin+ cells in both dorsal and ventral neuronal NeuN+ cells (Figure 1A). Moreover,
immunoblotting analysis indicated a trend of downregulation in both FNDC5 and irisin expression
(Figure 1B). The CSF irisin level was decreased in the burn group (Figure 1C). In addition, burn injury
reduced the expression of NeuN+ cells in both the dorsal and ventral horns (Figure 1A). These results
indicated that burn injury causes neuronal damage in sensory and motor neurons postburn and that
precursor FNDC5 expression and irisin secretion might be involved in the survival of neurons in the
spinal cord.

2.2. Adenoviral Vector Design for Irisin Gene Delivery and Validation of Recombinant Irisin Secretion

To further investigate whether irisin expression and secretion exerted neuroprotection,
we manipulated the generation of an adenoviral system for irisin gene delivery. In brief, a recombinant
adenoviral vector containing an intact irisin gene with an N-terminal signal sequence was transfected to
HEK293 cells to produce adenoviral particles (Figure 2A). The adenoviral particles were then infected
with C6 rat glioma cells for validation of secretion. Cellular expression and release of recombinant
irisin after infection at 48 h was validated using immunoblotting. The results revealed that C6 strongly
expressed recombinant irisin (approximately 26 kDa) at 200 MOI with adenovirus containing the irisin
sequence (Ad-irisin) infection (Figure 2B). The secretion of recombinant irisin was validated by analysis
in a culture medium (Figure 2C). In addition, a portion of recombinant irisin exhibited an increased
molecular weight in the culture medium (Figure 2C) compared with the cell extract (Figure 2B), and this
result was validated using a specific anti-HA-tag antibody (Figure 2B,C). Thus, we validated the
infectivity, expression, and secretion of recombinant irisin through our adenoviral system. In addition,
the increased molecular weight of recombinant irisin suggests unknown modifications for secretion,
which requires further investigation.

2.3. Intrathecal Irisin Gene Delivery Alleviated Postburn Allodynia

To determine whether the spinal gene delivery of irisin can alleviate neuronal damage and pain
sensitization, we administered intrathecal Ad-irisin in our burn rat model (Figure 3A). Ad-irisin was
injected at 3 weeks postburn; 1 week later, we confirmed irisin gene delivery as well as increased
FNDC5/irisin and NeuN double-positive cells compared with the Ad-GFP group in both the dorsal
and ventral horns (Figure 3B). Furthermore, double immunofluorescence staining of irisin and GFAP
showed that burn injury resulted in decrease FNDC5/irisin expression in GFAP+ cells, whereas an
attenuated reduction was found in the Ad-irisin group (Figure S1). The detection of CSF irisin indicated
the restoration of basal irisin levels in the Ad-irisin group (Figure 3C), suggesting that our Ad-irisin
system was functional both in vitro and in vivo. The paw withdrawal test indicated that intrathecal
Ad-irisin alleviated mechanical allodynia (Figure 3D). In addition, after Ad-irisin injection, the number
of NeuN+ cells increased in both dorsal and ventral horns (Figure 3B), suggesting that irisin might
exert neuroprotective effects after distal burn injury.
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Figure 1. The expression of fibronectin type III domain-containing 5 (FNDC5)/irisin in the ventral and 
dorsal horns was reduced after burn injury. (A) Immunofluorescence staining of FNDC5/irisin and 
NeuN in the lumbar spinal cord. Representative bar graph illustrating the ratio of double-positive 
cells to NeuN+ cells. Error bars, mean ± SD. * p < 0.05, unpaired t test. Scale bar: 100 μm. (B) 
Immunoblotting analysis for the expression of FNDC5 and irisin in the dorsal (left panel) and ventral 
(right panel) horns. Representative bar graph illustrating the normalized expression ratio of FNDC5 
and irisin with β-actin. (C) Bar graph illustrating the irisin concentration in cerebrospinal fluid (CSF) 
obtained using an enzyme-linked immunosorbent assay. Error bars, mean ± SD. * p < 0.05, unpaired 
t-test. 

  

Figure 1. The expression of fibronectin type III domain-containing 5 (FNDC5)/irisin in the ventral and
dorsal horns was reduced after burn injury. (A) Immunofluorescence staining of FNDC5/irisin and
NeuN in the lumbar spinal cord. Representative bar graph illustrating the ratio of double-positive cells
to NeuN+ cells. Error bars, mean± SD. * p < 0.05, unpaired t test. Scale bar: 100 µm. (B) Immunoblotting
analysis for the expression of FNDC5 and irisin in the dorsal (left panel) and ventral (right panel)
horns. Representative bar graph illustrating the normalized expression ratio of FNDC5 and irisin with
β-actin. (C) Bar graph illustrating the irisin concentration in cerebrospinal fluid (CSF) obtained using
an enzyme-linked immunosorbent assay. Error bars, mean ± SD. * p < 0.05, unpaired t-test.
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an AdEasy adenoviral vector system (Agilent Technologies, CA, USA). The mouse irisin gene 
containing an N-terminal signal sequence was subcloned into multiple cloning sites on the pShuttle-
IRES-hrGFP-2 vector. After recombination with the pAdEasy-1 vector in competent cells, the 
pShuttle-irisin-IRES-hrGFP-2 vector was isolated and transfected into HEK293 cells to produce Ad-
irisin. Vector without insertion was used to generate Ad-GFP. C6 cells were infected with Ad-irisin at 
100 and 200 MOI for 48 h with a supplement of 10% FBS. Infection with Ad-GFP was used as an 
infectious control. (B) Cell extract and (C) culture medium were collected and subjected to 
immunoblotting for irisin expression and HA-tag signal. 

2.3. Intrathecal Irisin Gene Delivery Alleviated Postburn Allodynia 

To determine whether the spinal gene delivery of irisin can alleviate neuronal damage and pain 
sensitization, we administered intrathecal Ad-irisin in our burn rat model (Figure 3A). Ad-irisin was 
injected at 3 weeks postburn; 1 week later, we confirmed irisin gene delivery as well as increased 

Figure 2. Generation and validation of adenovirus-mediated irisin expression in cultured astrocytes.
(A) A vector for generating adenovirus containing the irisin sequence (Ad-irisin) was designed
using an AdEasy adenoviral vector system (Agilent Technologies, CA, USA). The mouse irisin
gene containing an N-terminal signal sequence was subcloned into multiple cloning sites on the
pShuttle-IRES-hrGFP-2 vector. After recombination with the pAdEasy-1 vector in competent cells,
the pShuttle-irisin-IRES-hrGFP-2 vector was isolated and transfected into HEK293 cells to produce
Ad-irisin. Vector without insertion was used to generate Ad-GFP. C6 cells were infected with Ad-irisin at
100 and 200 MOI for 48 h with a supplement of 10% FBS. Infection with Ad-GFP was used as an infectious
control. (B) Cell extract and (C) culture medium were collected and subjected to immunoblotting for
irisin expression and HA-tag signal.

2.4. Irisin Gene Delivery Alleviated Neuronal Apoptosis in the Spinal Cord Postburn

To evaluate whether irisin gene delivery exerted neuroprotective effects postburn, TUNEL staining
was employed to examine apoptotic events in the ipsilateral spinal cord. We found that burn
injury resulted in an increased number of apoptotic cells in both the dorsal and ventral horns,
whereas intrathecal Ad-irisin injection alleviated apoptosis (Figure 4). These results indicated that
increased expression and secretion of irisin protects neuronal cells from apoptotic cell death.
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Figure 3. Intrathecal irisin gene delivery restored spinal irisin expression and alleviated burn-induced
neuropathic pain. (A) Experimental scheme of our third-degree burn rat model. Third-degree burn
injury was introduced on day 0 with 75 ± 0.5 ◦C for 10 s. Intrathecal Ad-GFP and Ad-irisin (1 × 108 CFU)
were injected at 3 weeks postburn. The mechanical threshold was measured before treatment and each
day following treatment till 4 weeks postburn. (B) Double immunofluorescence staining of FNDC5/irisin
and NeuN in the dorsal and ventral horns of L4–L6 segments at 4 weeks postburn. Arrowheads
indicate double-positive cells. Representative bar graph illustrating the ratio of double-positive cells
to NeuN+ cells. Error bars, mean ± SD. * p < 0.05, unpaired t test. Scale bar: 100 µm. (C) Bar
graph representing cerebrospinal fluid irisin measured using an enzyme-linked immunosorbent assay.
Error bars, mean ± SD. * p < 0.05, unpaired t test. (D) Paw withdrawal test. Average von flay pressures
are shown. Error bars, mean ± SD. ** p < 0.01 represents the Ad-irisin group compared with the Ad-GFP
group, unpaired t-test.
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Figure 4. Irisin gene delivery alleviated burn-induced neuronal apoptosis in the dorsal and ventral
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2.5. Irisin Improved the Survival of Motor Neuron Cells and Muscle Size Following Burn Injury

To investigate whether irisin exerts a neuroprotective effect in functional motor neurons, we further
examined the expression of survival motor neuron protein (SMN), which is required for motor neuron
survival and neurite outgrowth [40,41]. Deficiency of SMN in motor neuron is linked to spinal muscular
atrophy [42]. Motor neuron-specific SMN knockdown leads to motor neuron degeneration and muscle
atrophy [43]. Therefore, we carried out immunofluorescence staining for SMN expression in the ventral
horn at 4 weeks postburn. The antibody against choline acetyltransferase (ChAT) staining was used as
a general motor neuron marker [44]. The ratio of SMN+ cells to ChAT+ cells was significantly decreased
in the burn group, whereas an attenuated reduction was found in the Ad-irisin group (Figure 5A).
Burn injury caused a decrease in the myofiber cross-sectional area by H&E staining (Figure 5B) and
wet weight of gastrocnemius muscle (Figure 5C). Ad-irisin ameliorated burn-induced muscle atrophy.
Taken together, these results indicate that irisin not only exerted a neuroprotective effect but also
rescued motor neuron function and muscle size.

2.6. Irisin Attenuated TNFα-Induced Neuronal Damage

TNFα is an inflammatory factor that may complicate neuropathy [45]. To evaluate the
anti-neuroinflammatory effect of irisin, we examined TNFα expression at 4 weeks postburn.
Immunofluorescence staining showed that burn injury resulted in increased TNFα expression,
whereas irisin gene delivery attenuated TNFα expression in both the dorsal and ventral horns
(Figure 6A). To further investigate the neuroprotective effect of irisin under TNFα stimulus, we evaluated
changes in SH-SY5Y cells with irisin and TNFα cotreatment. TNFα treatment impaired the expression
of FNDC5 in SH-SY5Y cells (Figure 6B). In addition, TNFα suppressed the cleavage of irisin from
FNDC5 and caused a decrease in the irisin/FNDC5 ratio, whereas an attenuated decrease was observed
after treatment with irisin (Figure 6B). The MTT assay revealed that irisin rescued SH-SY5Y cells from
the TNFα-induced reduction of cell viability (Figure 6C). Further validation analysis indicated that
irisin suppressed TNFα-induced expression of cleaved caspase-3 in the 96-h treatment (Figure 6D).
Flow cytometry analysis revealed that both the 24- and 96-h irisin treatment alleviated TNFα-induced
apoptosis (Figure 6E). An increased overall apoptotic population was observed after the 96-h treatment,
which was attributed to serum starvation, a limitation of the in vitro assay (Figure 6E). These results
indicate that irisin attenuates TNFα-induced apoptosis in neuronal cells.
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cells. Error bars, mean ± SD. * p < 0.05, unpaired t test. (B) H&E stain of gastrocnemius muscle. Scale 
bar 50 μm. Representative bar graph illustrating area of myofiber. Error bars, mean ± SD. ** p < 0.01, 
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Figure 5. Adenovirus containing the irisin sequence rescued motor neuronal survival in the ventral
horn and muscle deterioration after burn injury. (A) Double immunofluorescence of survival motor
neuron protein (SMN) and choline acetyltransferase (ChAT) in the ventral horn. Arrowheads indicate
double-positive cells. Representative bar graph illustrating the ratio of SMN+ChAT+ cells to ChAT+

cells. Error bars, mean ± SD. * p < 0.05, unpaired t test. (B) H&E stain of gastrocnemius muscle. Scale
bar 50 µm. Representative bar graph illustrating area of myofiber. Error bars, mean ± SD. ** p < 0.01,
*** p < 0.001, unpaired t-test. (C) Representative bar graph illustrating the wet weight of gastrocnemius
muscle in the ratio of ipsilateral to contralateral site. Error bars, mean ± SD. * p < 0.05, ** p < 0.01,
unpaired t test.
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indicate cleaved-caspase 3/caspase 3 expression. Flow cytometry analysis with double staining of 
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Figure 6. Irisin attenuated TNFα-induced apoptosis in neuronal cells in vivo and in vitro. (A) Double
immunofluorescence of TNFα and NeuN in the lumbar spinal cord. Representative bar graph illustrating
integral optical density of TNFα. Error bars, mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, unpaired
t-test. Scale bar: 100 µm. SH-SY5Y cells were treated with recombinant irisin and TNFα without
serum supplements. Concentrations of irisin and TNFα protein treatments are indicated. (B) The cell
extract was assayed for FNDC5 and irisin expressions with the 96-h treatment using immunoblotting.
The ratios indicate that FNDC5 was normalized to β-actin and that irisin was normalized to FNDC5.
(C) An MTT assay was conducted for the 96-h treatment (n = 14), *** p < 0.001. (D) Immunoblotting
revealed caspase-3 and cleaved caspase-3 for the 96-h treatment. The ratios indicate cleaved-caspase
3/caspase 3 expression. Flow cytometry analysis with double staining of annexin V-FITC and PI was
conducted at (E) 24 h (top) and 96 h (bottom) of treatment. Bar graphs represent the percentage of the
annexin V+ population (n = 3). Error bars, mean ± SD. * p < 0.05, ** p < 0.01, and *** p < 0.001; ## p < 0.01
compared with the untreated group; $ p < 0.05 compared to the irisin 100 ng/mL group, unpaired t test.
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3. Discussion

By using a third-degree burn rat model [12,17,38], we demonstrated for the first time that burn
injury results in FNDC5/irisin downregulation in both the dorsal and ventral horns and decreased
irisin levels in the CSF, even after wound healing. Increased neuronal apoptosis was observed
in both the dorsal and ventral horns postburn. Intrathecal Ad-irisin restored the levels of spinal
FNDC5/irisin and CSF irisin, which ameliorated neuronal damage in the dorsal and ventral horns
after burn injury. A mechanical allodynia test confirmed that Ad-irisin attenuated pain sensitization
in the ipsilateral hind paw. Examination of the ipsilateral gastrocnemius muscle validated that
Ad-irisin restored muscle size. Furthermore, because adenoviral infection with our Ad-irisin system
especially infects astrocytes in the nervous system [46], rat C6 cells were able to secret recombinant
irisin. The molecular shift in part of the secreted irisin indicated an unknown modification, most likely
glycosylation [47]. Double immunofluorescence staining of irisin and GFAP also validated that our
Ad-irisin infects astrocytes in vivo. Ad-irisin restored FNDC5/irisin expression in spinal astrocytes
postburn. Our in vitro findings demonstrated that irisin exerts neuroprotective effects in both
inflammatory signaling and neuronal damage from proinflammatory cytokine stimulation.

Neuropathic pain in postburn scars occurs due to abnormal nerve fiber density, particularly
increased dermal innervation with myelinated Aδ fibers or unmyelinated C fibers; however, research
has indicated that nerve fiber density is dispensable and that damage or compression of Aδ or C
fibers is independent of pain sensitization [6]. Unlike cutaneous innervation, dermal burn injury is
associated with neuronal damage and immune response in the spinal cord, which is correlated to
neuropathy [12,17,38,48]. Although it is generally accepted that peripheral nerve injury contributes to
neuronal apoptosis and is associated with neuropathy, the underlying mechanism remains unknown,
and most studies have evaluated peripheral nerve injury using a sciatic nerve injury model [49].
In contrast to sciatic nerve injury, distal damage and burn injury on the skin can result in neuronal
damage and subsequent neuropathy. Chang et al. reported that unilateral full-thickness burn injury
on the hind paw resulted in prolonged bilateral allodynia, which was associated with increased
neuronal excitability and microglial activation in the dorsal horn [48]. Our other studies involving
the use of a similar model have demonstrated increased apoptotic neuronal death in both dorsal and
ventral horns [12,17,38]. Ma et al. reported that neuronal apoptosis was partially caused by increased
expression of inflammatory factors, including IL-1β, IL-10, TNFα, CXCL2, and MCP1, thus inducing
microglial activation in the spinal cord [18]. In the present study, we demonstrated that distal damage
with third-degree burn injury could also induce neuronal apoptosis in both dorsal and ventral horns.
Taken together, these findings suggest that morbidity and severity of neuropathy after burn-induced
peripheral nerve injury are strongly associated with spinal neuronal damage.

The dorsal and ventral horns are an essential integrated center for processing and transmitting
sensory and motor signals between somata and the brain. Damage to either type of nervous system
can cause severe problems, including pain sensitization and physical disability. To date, burn-induced
neuropathy has not been fully characterized because of the complex metabolic nature of burn injury,
high incidence of sepsis and subsequent use of neurotoxic antibiotics, numerous iatrogenic causes
of neuropathy, and interindividual variability in pathophysiology [50]. Furthermore, a complicated
interaction network between neurons, microglia, and astrocytes causes a considerable diversity in the
causes and severity of burn injuries, making it difficult to determine the relative contribution of different
pathways [10], thus precluding definitive diagnosis and therapy. Nevertheless, neuroinflammation
is a major pathophysiological cause of neuropathy [28] and can be targeted to alleviate neuropathic
pain [51]. According to Ma et al., burn injury results in spinal microglial activation, a marked increase
in microglia-induced TNFα expression, and consequently neuronal damage [18]. TNFα is a pain
mediator released by M1 microglia/macrophages that promotes neuroinflammation and, subsequently,
neuronal damage-related neuropathic pain [45]. Polarization of microglia from the proinflammatory
M1 phenotype toward the anti-inflammatory M2 phenotype relieves pain [52]. Irisin promotes the
polarization of macrophages toward the M2 phenotype [53]. Similar to macrophages, irisin inhibits
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microglial activation [25]. In the present study, we demonstrated that recombinant irisin attenuates
TNFα-induced apoptosis in SH-Y5Y neuronal cells. TNFα suppresses the cleavage of irisin from its
precursor FNDC5 and reduces the irisin/FNDC5 ratio, whereas irisin attenuates this reduction in ratio,
suggesting a possible cross-antagonistic effect between TNFα and irisin.

In addition, irisin has regulatory effects on brain-derived neurotropic factor (BDNF) and glial
cell-derived neurotropic factor (GDNF) [54–57]. BDNF is critical in the pathogenesis of chronic
pain [58], whereas GDNF attenuates it [59,60]. Some studies have reported that irisin promotes
BNDF expression, but this effect was limited to the brain and did not occur in the spinal cord
or peripheral nervous system [54–56]. BDNF and GDNF are survival-promoting factors in motor
neurons [61]. Exercise induces the expression of BNDF in motor neurons, but not in sensory neurons,
after peripheral nerve injury [62]. We found that irisin enhanced SMN expression, which is necessary
for the survival and neurite outgrowth of motor neurons [40,41]. However, although we demonstrated
that irisin attenuated burn-induced damage on motor neurons, further investigating innervation of the
neuromuscular junction is warranted to validate burn-related denervation on muscle. In addition,
aerobic exercise training relieves neuropathy by reducing BDNF levels in dorsal root ganglion following
peripheral nerve injury [63] and normalizes spinal GDNF levels following spinal cord injury [64].
Taken together, these findings indicate that irisin has distinct effects on BDNF/GDNF levels, depending
on central/peripheral sensitization and the neuronal type. Further investigation of the role of irisin
in BDNF/GDNF regulation on sensory or motor neurons is required. In addition, irisin expression is
enriched in GABAergic cells [65], which release gamma-aminobutyric acid (GABA), a major inhibitory
neurotransmitter, which inhibits neuropathic pain [66–68]. Exercise increases circulating GABA [69] and
prevents a reduction in the level of glutamate decarboxylase 65, which catalyzes the decarboxylation
of glutamate to GABA in the nervous system [35]. Although several studies have revealed that
exercise promotes GABA signaling [70–72], how irisin regulates the GABA pathway remains unclear.
In addition, most studies investigating the neurofunctions of irisin have been conducted on the brain
system and not on the spinal cord or peripheral nervous system. Further studies should investigate
the roles of irisin and neurotrophic factors in the spinal cord or peripheral nervous system.

4. Materials and Methods

4.1. Animals

Adult male Sprague Dawley rats were obtained from BioLASCO Taiwan (Taipei, Taiwan). All rats
were maintained in specific pathogen-free animal facilities with water and commercial rat food provided
ad libitum under a 12/12-h light/dark cycle. Our experimental design was approved by the Institutional
Animal Care and Use Committee of Kaohsiung Medical (approval numbers: 106192 and 107200).

4.2. Cell Culture

Rat C6 and human SH-SY5Y cells were obtained from American Type Culture Collection and
grown under humidified conditions in 5% CO2 at 37 ◦C with a supplement of 10% heat-inactivated
serum. Treatment of recombinant proteins was applied following serum starvation overnight in
SH-SY5Y cells. Adenoviral infection was manipulated for 48-h infection in C6 cells. The collected
culture medium was centrifuged at 20,000× g to exclude debris. Both cell extract and culture medium
were stored at −20 ◦C until analysis.

4.3. Adenovirus

The vector used for the generation of Ad-irisin was designed using an AdEasy adenoviral
vector system (Agilent Technologies) as previously described [73]. Complete irisin cDNA with
an N-terminal signal sequence was obtained from the complete FNDC5 cDNA of Mus musculus,
followed by amplification through polymerase chain reaction (PCR) with two primers: 5′ CGCCGG
CGATGCCCCCAGGGCCGTGC 3′ and 5′ CTCGAGCTCCTTCATGGTCACCTC 3′. For Ad-irisin
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production, the recombinant irisin cDNA was subcloned into multiple cloning sites on a pShuttle-IRES-
hrGFP-2 vector. The pShuttle vector was then recombined with the pAdEasy-1 vector in BJ5183-
competent cells to derive complete adenoviral cDNA. After the transfection of recombinant adenoviral
cDNA into HEK293 cells, the adenovirus was selected with an adenovirus plaque assay and amplified
in HEK293 cells.

4.4. Recombinant Proteins

Recombinant irisin was produced using our developed system [74]. Irisin cDNA was amplified
using PCR and subcloned into the pET28a vector (Novagen, Madison, WI, USA). The pET28a–irisin
plasmid was then transformed into BL21-competent cells. The recombinant protein was collected
following stimulation with isopropyl β- d-1-thiogalactopyranoside After endotoxin elimination with
a DetoxiGel column (Pierce Biotechnology, Waltham, MA, USA), the purity and molecular weight
of the recombinant protein were examined through Coomassie blue staining and immunoblotting
analysis following SDS-PAGE electrophoresis. Recombinant TNFα was obtained from PEPROTECH®

(Rehovot, Israel).

4.5. Burn Injury Model and Mechanical Allodynia Test

The burn injury model and mechanical allodynia test were employed as previously described [17].
In brief, third-degree burn injury was induced in adult male Sprague Dawley rats, weighing 160–180 g.
After the induction of anesthesia with Zoletil 50 (50 µg/g; Virbac Laboratories, Carros, France), the right
hind paw was placed on a heated metal block (75 ◦C ± 0.5 ◦C) with a 100-g object on the top of the
paw to maintain a constant contact between the plantar surface of the paw and the metal block for
10 s. Silver sulfadiazine cream was applied to the burn paw for approximately 21 days until their
wounds healed. The mean mechanical allodynia threshold was derived from triplicate measurements
once daily using Dynamic Plantar Aesthesiometer (Ugo Basile, Gemonio, Italy) before the rats were
sacrificed. The L4–L6 spinal cord and CSF were harvested at 4 weeks postburn and stored at −80 ◦C
until analysis.

4.6. Intrathecal Injections

Intrathecal injections were administered at 3 weeks postburn. A polyurethane catheter was
placed in the intrathecal space, reaching the L4–L6 segments. Following examination of leakage and
permeability, the free end of the catheter was sealed and placed subcutaneously 1 day before injection.
After overnight recovery, the rats without significant surgical influence were randomly assigned to
groups, and adenovirus was injected into the implanted catheter. PBS and Ad-GFP were used as the
injection control and negative control, respectively.

4.7. Immunofluorescence and H&E Staining

For immunofluorescence staining, frozen tissues were sliced to 5 µm and permeabilized using
a buffer containing 1.5% normal serum with 0.2% Triton X-100 in TBST. Following incubation with
specific antibodies, the sample was mounted with antifade media and visualized under a fluorescence
microscope. TUNEL staining was performed in accordance with the manufacturer’s instructions (S7110;
Merck Millipore, Billerica, MA, USA). TUNEL+ cells were counted in 3 fields for each tissue section of
each rat in each group. For hematoxylin and eosin (H&E) staining, 5-µm-thick paraffin-embedded
tissue sections were first cut, dewaxed, and rehydrated. After being completely washed, the tissue was
dehydrated, sealed with mounting media, and assessed under a microscope. The area of myofiber was
obtained from an average area in 3 fields for each muscle section of each rat.
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4.8. Immunoblotting Analysis and Irisin ELISA

Tissues and cells were homogenized in radioimmunoprecipitation assay buffer containing protease
and phosphatase inhibitors (Roche, Basel, Switzerland). Protein extracts were heat-denatured and
separated with electrophoresis using SDS-PAGE (Bio-Rad, Burlington, MA, USA) and transferred onto
a polyvinylidene fluoride transfer membrane. Following blocking with 5% skim milk, the membrane
was incubated with a specific primary antibody and HRP-conjugated secondary antibody. Signals were
visualized and exposed on an X-ray film (Fujifilm Corporation, Kyoto, Japan). The signal density
and intensity were determined using ImageJ software (NIH, Bethesda, MD, USA). The CSF irisin
level was detected using an irisin detection kit according to the manufacturer’s instructions (Phoenix
Pharmaceuticals, Burlingame, CA, USA).

4.9. Flow Cytometry Analysis

Cells were isolated, washed twice, and subsequently stained with annexin V-FITC and PI according
to the manufacturer’s instructions (BioLegend, San Diego, CA, USA). All cells were analyzed with a
flow cytometry analyzer (Beckman, Brea, CA, USA) immediately without fixation.

4.10. Statistics

Student’s t-test was used to identify differences. All values are expressed as the mean ± standard
deviation, and p < 0.05 was considered statistically significant.

5. Conclusions

We demonstrated that third-degree burn injury can result in neuronal damage in both dorsal and
ventral horns, leading to allodynia and denervation muscle atrophy. Intrathecal Ad-irisin injection
restored the expression of FNDC5/irisin and TNFα in the lumbar spinal cord, as well as irisin level in
CSF, thereby alleviating neuroinflammation and preventing neuronal apoptosis. These results suggest
that spinal FNDC5/irisin and CSF irisin are crucial for the survival of spinal neurons and consequent
pain sensitization and muscle atrophy after burn injury. Further investigation is warranted to elucidate
the mechanism of irisin in neural immunity and neurotrophic regulation (Figure 7).
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Figure 7. Graphic summary of irisin-attenuated neuropathies. Peripheral third-degree burn injury
increased the expression of TNFα in the spinal cord, thus reducing the irisin level and neuronal
damage in both the dorsal and ventral horns. Adenovirus containing the irisin sequence restored spinal
FNDC5/irisin and CSF irisin levels, thus antagonizing the TNFα-induced inflammatory response and
subsequent neuronal damage in both the dorsal and ventral horns and ameliorating allodynia and
muscle atrophy.
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Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/20/
7798/s1, Figure S1: Irisin gene delivery restored decreased FNDC5/irisin expression in astrocytes postburn.
Double immunofluorescence staining of irisin and GFAP in the dorsal and ventral horns of L4–L6 segments at
4 weeks postburn. Arrowheads indicate double-positive cells. Representative bar graph illustrating the ratio of
irisin+GFAP+ to GFAP+ cells. Error bars, mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, unpaired t test. Scale bar:
100 µm.

Author Contributions: Conceptualization: M.H.T. and S.-H.W.; Investigation, S.-M.Y., and J.-J.L.; Visualization,
S.-M.Y.; Data curation, S.-H.H., S.-M.Y., and J.-J.L.; Project administration, S.-H.H., S.-M.Y.; Writing—original
draft preparation: S.-H.H. and S.-M.Y.; Writing—review and editing, M.-H.T., and S.-H.W., Supervision, S.-H.H.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology of Taiwan (109-2314-B-037-020-MY3
and MOST109-2314-B-037-062), Childhood Burn Foundation of the Republic of China, and Kaohsiung Medical
University Research Center Grant (KMU-TC108A02).

Acknowledgments: We gratefully acknowledge Yen-Hsin Kuo for technical assistances and preparing figures
within this article.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

FDNC5 Fibronectin Type III Domain Containing 5
TNFα Tumor necrosis factor alpha
CSF Cerebrospinal fluid
NeuN Neuronal nuclei
SMN Survival motor neuron
ChAT Choline acetyltransferase
IL-6 Interleukin 6
IL-10 Interleukin 10
IL-1β Interleukin 1 beta
NF-κB Nuclear Factor Kappa B
Iba1 Ionized calcium-binding adaptor molecule 1
MPO-1 Myeloperoxidase-1
MCP1 Monocyte chemoattractant protein-1
CXCL2 C-X-C Motif Chemokine Ligand 2
GFAP Glial fibrillary acidic protein
BDNF Brain-derived neurotrophic factor
GDNF Glial cell-derived neurotrophic factor
COX-2 Cyclooxygenase-2
PGE2 Prostaglandin E2
PGI2 Prostaglandin I2
GABA γ-Aminobutyric acid
MOI Multiplicity of infection
HA Hemagglutinin
GFP Green fluorescent protein
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