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Abstract
The aim of this study was to assess 17-β-estradiol (E2) influence on sciatic nerve regeneration after injury followed by a repair with 
chitosan conduit in ovariectomized female rats.

The study was performed in 2 groups (n = 16) of rats: OVChit – after excision of a fragment of the sciatic nerve, a chitosan conduit was 
implanted; OVChitE10 group – additionally to chitosan conduit, shape-memory terpolymer rods based on poly(L-lactide-co-glycolide- 
co-trimethylene carbonate) releasing 17-β-estradiol for 20 weeks were implanted.

The mean number of regenerating axons and mean fiber area were significantly greater in 17-β-estradiol-treated animals. In this 
group, the infiltrate of leukocytes was diminished. The presence of 17-β-estradiol receptors alpha and beta in motoneurons in the spinal 
cord were discovered. This may indicate the location where 17-β-estradiol affects the regeneration of the injured nerve.

Estradiol released from the terpolymer rods for 20 weeks could enhance, to some extent, sciatic nerve regeneration after injury, and 
diminish the inflammatory reaction. In the future, 17-β-estradiol entrapped in terpolymer rods could be used in the repair of injured 
peripheral nerves, but there is a need for further studies.
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Highlights:
•	 17-β-estradiol can enhance sciatic nerve regeneration repaired with chitosan conduit.
•	 Shape-memory terpolymer allows for prolonged release of estradiol.
•	 Hormone can diminish infiltration of inflammatory cells in the chitosan conduit.
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Introduction

Peripheral nerves can be injured in various traumatic events, 
such as road accidents, construction works, military opera-
tions, and disasters. After peripheral nerve injury, many peo-
ple suffer from neuropathic pain, loss of motor and sensory 
function, and poor quality of life (Meyer et al., 2016; Modrak 
et al., 2020).

Several artificial and natural materials (e.g., collagen, fi-
brin, polysaccharides) have been used in the management of 
injured nerves (Alluin et al., 2009; Kalbermatten et al., 2009; 
Modrak et al., 2020).

One of the promising materials is chitosan (a copolymer of 
D-glucosamine and N-acetyl-D-glucosamine) that is biocom-

patible, has antibacterial activity, and can be easily shaped into 
many forms (Bąk et al., 2017; Kou et al., 2021).

Chitosan-based nerve conduits are used in many exper-
iments to repair injured peripheral nerves (Stenberg et al., 
2016; Właszczuk et al., 2016; Zhao et al., 2017).

Because peripheral nerves have the ability to regenerate, all 
factors that may improve this process are essential. 17-β-estra-
diol (E2), a steroid hormone, possesses neuroprotective effects 
in the nervous system that have been well-documented. The 
mechanism of estrogen signaling can be genomic (modulation 
of gene expression) or non-genomic (activation of signaling 
cascades). Classical genomic pathway involves a binding of E2 
with 2 receptors (ERα and ERβ) and then phosphorylation and 
dimerization of this complex. Modified complex can bind to 
estrogen-responsive elements (EREs) in the promoter region 
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of target genes and regulate their transcription (Kövesdi et al., 
2021).

Non-genomic signaling pathway begins with the binding of 
E2 with membrane receptor GPER1 (G protein-coupled estro-
gen receptor 1) and certain variants of ERα and ERβ that are 
able to modulate the activity of extracellular signal-regulated 
kinases (ERKs)-MAPK (mitogen-activated protein kinase) and 
PI3K/AKT/mTOR signaling pathway. PI3K/AKT/mTOR sign-
aling pathway is activated in Schwann cells and promotes the 
remyelination of a nerve (Chen et al., 2016).

E2 can also promote neuroprotection by indirect regulation 
of signaling of other receptors, such as IGF1R (insulin growth 
factor receptor 1), BDNF (brain-derived neurotrophic factor), 
TGFβ (transforming growth factor beta) or Notch and initiate 
phosphorylation of CREB (cAMP-responsive element binding 
protein) which regulate the activity of various neurotrophic 
factors (Arevalo et al., 2014; Azcoitia et al., 2019; Vrtačnik et 
al., 2014).

E2 can probably regulate expression of the same gene 
through various pathways – genomic and non-genomic (Vr-
tačnik et al., 2014).

Such influence on the transcription of specific genes may 
enhance nerve survival, suppress apoptosis, and affect the 
neuronal structure (Chen et al., 2016; Engler-Chiurazzi et al., 
2016, 2017; Siddiqui et al., 2016).

Additionally, E2 has anti-inflammatory activity in many 
tissues, probably through the modification of transcription of 
pro-inflammatory genes, e.g., IL-1β, IL-6, IL-8, IL-12, TNFα 
(tumor necrosis factor alpha) and MCP-1(chemokine mono-
cyte chemotactic protein 1) (Cox et al., 2015; Herzog et al., 
2017; Samantaray et al., 2016).

All substances that can promote nerve recovery can be 
delivered by the application of implantable, biodegradable 
formulations based on aliphatic polyesters and polyestercar-
bonates (Turek et al., 2016, 2018, 2020; Wilińska et al., 2019).

The aim of the present study was to evaluate the influence 
of E2 released from the P(L-LA:GA:TMC) shape-memory rods 
on the regeneration of a sciatic nerve after injury followed by 
a repair with chitosan nerve conduit in ovariectomized female 
rats.

 
Materials and methods

All procedures used in the experiment were performed in ac-
cordance with the EU Directive 2010/63/EU for animal exper-
iments and were approved by the Local Ethics Committee for 
Experiments on Animals in Katowice, Poland (No. 10/2015). 
Attempts were made to minimize the suffering of rats and to 
reduce the number of animals used in the study. All animals 
(the Center for Experimental Medicine of the Medical Uni-
versity of Silesia in Katowice, Poland) were kept in separate 
cages with a controlled temperature of 25 °C ± 2 °C with a  
12-hour light/dark cycle, and free access to water and standard 
rat chow.

Sixteen ovariectomized adult female Wistar C rats 
(3  months old, weighing 200–230 g) were randomly divided 
into 2 groups (n = 8 in each group): OVChit – 7 mm fragment 
of the sciatic nerve was removed, a conduit with poly(D,L-lac-
tide-co-glycolide) (D,L-PLGA) (75:25) (Resomer 755S, 769797, 
Sigma-Aldrich, USA) sleeve and chitosan fibers was implanted, 
OVChitE10 – procedure as above with implantation of terpol-
ymer rods with E2. The observation period was 20 weeks. All 
surgical procedures were performed under strict aseptic con-
ditions.

We analyzed the morphology and biodegradation prop-
erties of newly synthetized terpolymer rods, the intensity of 
autotomy behavior in animals, inflammatory reaction in the 
conduit, E2 levels in the blood, muscle mass difference, axon 
morphometry, E2 receptors alpha (ERα), and beta (ERβ) ex-
pression in the spinal cord.

Design of E2-loaded terpolymer rods
P(L-LA:GA:TMC) with a molar ratio of 55:18:27 (59000 Da) 
and an average length of lactidyl (lLL – average length of lacti-
dyl blocks), glycolidyl (lGG – average length of glycolidyl blocks) 
and carbonate (lTMC – average length of carbonate blocks) of 
3.6, 1.1, and 1.5, respectively, was synthesized with the use of 
a low-toxic initiator Zr (Acac)4 (338001, Sigma-Aldrich, USA) 
at the Centre of Polymer and Carbon Materials of the Polish 
Academy of Sciences in Zabrze, according to a previously de-
veloped methodology (Dobrzyński et al., 2013).

P(L-LA:GA:TMC) was used to prepare rods containing 10% 
w/w of E2 (E1024, Sigma-Aldrich, USA) by the hot melt ex-
trusion method. Before the process, raw terpolymer was air-
dried and subjected to grinding at a temperature of –196 °C in 
a cryogenic mill (6870 SPEX, USA). Then E2 was introduced to 
the milled terpolymer material. The mixture was vortexed and 
subsequently placed in a vacuum oven for 14 days with a tem-
perature of 23 °C and a pressure of 80 mBa. The mixture of 
P(L-LA:GA:TMC) and E2 was fed to an extruder cylinder heat-
ed to 105 °C. This process was carried out in a co-rotating twin 
screw extruder (Minilab, Thermo-Haake, GE) using a plasticiz-
ing screw rotational speed of 20 rpm. The final product was 
a rod of 1.5 mm in diameter and 10 mm in length (Turek et 
al., 2016, 2018).

Sterilization of the rods was performed using an electron 
beam accelerator (absorbed dose 25 kGy) at the Institute of 
Nuclear Chemistry and Technology of the Center for Radia-
tion Research and Technology – Certificate No. 457/2014/E 
(Wilińska et al., 2019).

Biodegradation study
The biodegradation study was performed for both the native 
rods and the rods explanted after experiment. The composi-
tion and chain microstructure study of P(L-LA:GA:TMC)-E2 
samples were determined by nuclear magnetic resonance spec-
troscopy (NMR). Spectra were recorded using a Bruker-Avance 
II Ultrashield Plus spectrometer operating at 600 MHz (1H) 
and 150 MHz (13C) using DMSO-d6 as a solvent, with a 5-mm 
sample tube. 1H NMR spectra were obtained with 32 scans, 
11 μs pulse width and 2.65 s acquisition time. 13C NMR spec-
tra were obtained with 20,000 scans, 9.4 μs pulse width and 
0.9 s acquisition time. Signals observed in 1H and 13C NMR 
spectra were assigned to the appropriate sequences in the 
terpolymer chain, according to the previously described pro-
cedure (Turek et al., 2018). The molar percentage of the mono- 
mer units of lactide (FLL), glycolide (FGG – molar percentage of 
glycolidyl units), and carbonate (FTMC – molar percentage of 
carbonate units) as well as lLL, lGG and lTMC in the terpolymer 
chain calculations have been previously described (Gębarows-
ka et al., 2011).

Thermal analysis of P(L-LA:GA:TMC)-E2 was carried out 
using the differential scanning calorimetry (DSC) method. The 
TA DSC 2010 apparatus (TA Instruments, New Castle, DE) was 
used during the measurement. The instrument was calibrated 
with high-purity indium and gallium and worked under a ni-
trogen atmosphere (flow rate 50 ml/min).

The terpolymer material was heated at a rate of 20 °C/min. 
During the first run, the rod samples were heated to 200 °C, 
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then the melted samples were rapidly cooled to –20 °C. In the 
second run, the rods were heated within a range of –20 °C to 
180 °C. The glass transition temperature (Tg) was determined 
as the midpoint of the heat capacity change of the amorphous 
sample, from the second heating run.

Mn and molecular weight distribution (D) of the samples 
were determined by gel permeation chromatography (GPC) us-
ing a Viscotek Rimax chromatograph with two Viscotek 3580 
columns and a Shodex SE 61 detector. The process was carried 
out with chloroform as a solvent with a flow rate of 1 ml/min. 
The molecular weights were calibrated with polystyrene stand-
ards.

Electron micrographs were obtained using a scanning elec-
tron microscope (SEM) (Quanta 250 FEG, FEI Company, USA) 
operating with an acceleration voltage of 5 kV under low vac-
uum conditions (80 Pa) from secondary electrons collected by 
a Large Field Detector. The samples were mounted on micro-
scope stubs with the use of double-sided adhesive carbon tape.

Ovariectomy procedure
The rats were anesthetized with a combination of ketamine  
(80 mg/kg) and xylazine (10 mg/kg) (both compounds POLFA, 
Poland) intraperitoneally. In the surgical area, the fur on the 
rat’s back was removed and the skin was cleaned with 70% etha- 
nol solution (106577, Amara, Poland). After a midline dorsal 
skin incision, 2 cm long, inferior to the rib cage and reaching 
the peritoneal cavity, the adipose tissue was pulled away until 
the right uterine tube and the ovary was identified. Then, the 
right ovary with a surrounding fat was gently retracted. After 
ligation of the distal uterine horn with absorbable 4/0 Vicryl 
Ethicon (Johnson & Johnson, USA) the right ovary was re-
moved. Afterwards, the uterine horn was returned to the peri-
toneal cavity, and the peritoneum as well as the muscle layers 
were sutured with 4/0 Prolene Ethicon (Johnson & Johnson, 
USA). The skin was sutured with 3/0 Vicryl Ethicon (Johnson 
& Johnson, USA), and 10% povidone-iodine solution (Teva 
Pharmaceuticals, Poland) was applied to the surgery area. The 
left ovary was removed in the same way as described above. 
The surgery was performed using aseptic techniques. To avoid 
dehydration, all rats were subcutaneously injected with 2 ml 
0.9% sodium chloride (Polpharma, Poland) solution. To pre-
vent pain, 400 mg of paracetamol (suspension 125 mg/5 ml; 
POLFA, Poland) was applied (200 mg/kg body weight daily).

Nerve conduit preparation
The core of the nerve conduit used for implantation contained 
900 chitosan (Primex, Iceland) fibers (multifilament yarn), 
prepared from medical grade chitosan by means of form-
ing fibers from solution (average molecular polymer mass  
Mv = 338 kDa, deacetylation degree DD = 82%). The surround-
ing sleeve was made of D,L-PLGA (Resomer 755S; 769797, Sig-
ma-Aldrich, USA). The chitosan conduit core was 7 mm long 
with a diameter of 2 mm and surrounded with an 11 mm long 
sleeve. The sleeve allowed us to obtain 2 mm long cuffs on both 
sides to cover the proximal and distal nerve stumps. D,L-PL-
GA sleeve was 40 μm thick. All conduits were sterilized using  
UV radiation.

Nerve conduit implantation procedure
Two weeks after ovariectomy, all rats were anesthetized by 
intraperitoneal administration of ketamine 80 mg/kg and xy-
lazine (10 mg/kg-both compounds POLFA, Poland). After dis-
infection, the skin was cut, the muscles were retracted and the 
right sciatic nerve was exposed. A single suture (10/0 Vicryl 
Ethicon (Johnson & Johnson, USA) was passed through the 

epineurium on each side of the nerve. After that, a 7 mm long 
fragment of the nerve was cut and removed. Proximal and dis-
tal stumps of the nerve were inserted into the sleeve to get 
in contact with the chitosan conduit core. The epineurium 
was sutured to the conduit sleeve. The 0.9% sodium chloride 
(Polpharma, Poland) solution was injected into the core of 
the conduit. The procedures described above were performed 
using a stereomicroscope. The muscles and skin were sutured 
with 4/0 Vicryl Ethicon (Johnson & Johnson, USA).

Blood samples collection
Blood samples were collected from the orbital plexus in all ani-
mals before ovariectomy, 2 weeks after ovariectomy and before 
euthanasia. E2 levels were estimated by standard kit according 
to the manufacturer’s instruction (mouse/rat Estradiol ELISA 
Kit, ES180S-100, Calbiotech, USA). All samples were analyzed 
in a single assay.

Assessment of autotomy
The intensity of autotomy (spontaneous biting of the fingers of 
a denervated limb caused by pain) was scored using Wall scale 
20 weeks after surgery: for complete amputation of 0–2 claws 
the point score was 0, more than 2 claws-1 point, distal and 
proximal phalanx-1 point for each finger, metatarsus-1 point, 
and tarsus-1 point (Wall et al., 1979). 

Muscle mass measurement
Twenty weeks after the surgery, all rats were euthanized with 
100 mg/kg ketamine and 10 mg/kg xylazine intraperitoneally 
(both compounds POLFA, Poland). The muscles of both hind 
limbs were dissected carefully from the surrounding tissues, 
and while still wet, weighed on a digital laboratory scale.

Histological and immunohistochemical analysis
Both sciatic nerves with chitosan conduit (right hind limb) 
and from the intact side (left hind limb) were excised and 
preserved in 4% formaldehyde solution (114321734, Chem-
pur, Poland) in PBS (phosphate buffered saline) (524650, Cal-
biochem, USA) for 12 hours and then dehydrated in 10% of 
sucrose solution (117720907, Chempur, Poland), embedded 
in TissueTek (Sakura, Japan) optimum cutting temperature 
freezing media and deeply frozen. All specimens were cut into 
10-μm-thick sections longitudinally using a cryotome, and 
placed on microscopic slides. Nerve sections were stained with 
the Masson Trichrome method. Slides were photographed 
using the Zeiss AxioCam ICm1 camera mounted on the Zeiss 
Axio Scope A1 microscope. Inflammatory cells were counted 
using ImageJ software.

Spinal cord
After skin incision and muscle dissection, laminectomy was 
carried out and segments L4–L6 were removed. Spinal cord 
fragments were kept for 24 hours in 20% of sucrose with PBS 
at 4 °C and then embedded in TissueTek (Sakura, Japan).  
After this, sagittal sections (20 μm) were obtained from sam-
ples by means of cryotome (Leica, Germany), mounted on Su-
perFrost+ slides (Menzel Glaeser, Germany) and used for im-
munohistochemical analysis. Immunohistochemistry with the 
following antibodies: anti-ER α (ERα-10 μg/ml, PAB050R001, 
Cloud-Clone Corp., USA) and anti-ER β (ERβ-10 μg/ml, 
PAA437R001, Cloud-Clone Corp., USA) both labeled with  
AlexaFluor 488 dye (A-1108, Thermo Fisher Scientific, USA) 
was performed according to the manufacturer’s instruction. 
Slides were photographed using the Zeiss AxioCam ICm1 cam-
era mounted on the Zeiss Axio Scope A1 microscope.
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Morphometric analysis
Twenty weeks after the surgery, all rats were euthanized. 
Segments of the right sciatic nerves were dissected. Collect-
ed nerves were immersed immediately in cold (4 °C) fixative 
(2.5% of glutaraldehyde solution (23115.01, Serva, Germa-
ny) and 0.5% of sucrose solution in 0.1 M cacodylate buffer 
(20840, 20835), pH 7.4; Sigma-Aldrich, USA). The specimens 
were kept well distended and oriented for 24 hours, and then, 
post-fixed in 1.5% of osmium tetroxide solution and embed-
ded in Epon (both Sigma-Aldrich, USA). Intact left sciatic 
nerves were prepared as above.

Five pictures of each nerve section were acquired using the 
Zeiss AxioCam ICm 1 camera mounted on the Zeiss Axio Scope 
A1 microscope. Each picture covered an area of 7904  μm2 
(1388 × 1038 pixels) of the nerve section. Five pictures per 
animal were analyzed using ImageJ software to examine the 
following parameters: mean number of nerve fibers per pic-
ture, mean fiber area, and total fiber area.

Statistical analysis
Data in the text were given as mean ± standard deviation 
(SD). Data in the figures were given as described. Statistical 
parameters were analyzed with Shapiro–Wilk test, T-test, 
Mann–Whitney test, two-way RM ANOVA and Sidak’s post hoc 
test using Graph Pad Prism 8 software. Statistical significance 
was accepted at p < 0.05. Significance is marked: p < 0.05 (*),  
p < 0.01 (**), p < 0.001 (***).

 
Results

Biodegradation study
The analysis of 1H NMR spectra did not reveal the significant 
changes in the monomer unit distribution in the P(L-LA:GA: 
TMC)-E2 during 140 days of the biodegradation process 
(Fig.  1A). Initially P(L-LA:GA:TMC) contained ~55 mol % of 
the FLL, ~18 mol % of the FGG and ~27 mol % of the FTMC units 
and pointed values remained at the same level (Table 1).

13C NMR spectra revealed no changes in the chain mi-
crostructure (lLL, lGG and lTMC) during biodegradation period 
(Fig. 1B).

DSC curves of the second heating of P(L-LA:GA:TMC)-E2 
revealed noticeable changes in Tg after 140 days of biodegra-
dation (Fig. 2A, Table 1).

The GPC analysis showed a significant decrease of Mn dur-
ing 140 days of biodegradation, from 45.8 kDa to 0.5 kDa (Ta-
ble 1). D decreased from 2.8 to 2.4 in this period.

The outer and inner morphology of native P(L-LA:GA:T-
MC)-E2 rods performed by using the SEM method exhibited a 
solid surface. Biodegradation in period 140 days did not reveal 
significant changes in morphology (Fig. 2B).

Autotomy score
Mean autotomy intensity was 1.25 ± 2.12 in OVChit group and 
1.57 ± 2.29 in OVChitE10 (according to 25). The difference was 
not statistically significant (Fig. 3).

Muscle mass measurement
Mean muscle mass difference (left hind limb vs. right hind 
limb) was 1.88 ± 1.0 g in the OVChit group and 1.60 ± 0.59 g in 
the OVChitE10 group. The difference between the groups was 
not statistically significant (Fig. 4).

Number of inflammatory cells
The mean number of leukocytes counted in twenty-five 1/400 
mm2 squares in the core of each conduit was 69.73 ± 16.23 in 
the OVChit group and 41.39 ± 8.81 in the OVChitE10 group. 
The difference was statistically significant (**, p = 0.0012) 
(Fig. 5A). Inflammatory cells visible in the conduit are present-
ed in Fig. 5B.

Histology and morphometric findings
Twenty weeks after surgery, newly growing axons were pres-
ent inside the chitosan conduits and they bridged the site of 
injury. These new axons were thinner than those in the un-
affected nerve, but their number was higher in the groups 
treated with E2, and the axons covered a greater area than in 
non-treated groups.

The mean number of nerve fibers per picture was  
69.78 ± 53.41 in the OVChit group and 83.86 ± 39.8 in the 
OVChitE10 group. The difference was statistically significant  
(*, p = 0.0179) (Fig. 6A). Mean fiber area was 3.25 ± 1.33 μm2 
in the OVChit group and 3.87 ± 1.35 μm2 in the OVChitE10 
group. The difference was statistically significant (*, p = 0.0246) 
(Fig. 6B). Regenerated axons are presented in Fig. 6C.

Total fiber area was 243.4 ± 199.3 μm2 in the OVChit 
group, 334.3 ± 220.9 μm2 in the OVChitE10 group, and 1736 
± 228 μm2 in the control (intact nerves) group. The difference 
between the OVChit group and the OVChitE10 group was sta-
tistically significant (*, p = 0.0336) (Fig.7A). The differences 
in total fiber area between the intact side and experimental 
groups were significant (***, p < 0.0001) (Fig. 7B).

The presence of estrogen receptors, alpha and beta, in ven-
tral horns of the spinal cord at L4–L6 levels with the use of 
specific antibodies has been revealed. The results are shown 
in Fig. 8.

Serum E2 levels
Serum levels of E2 in all ovariectomized rats were estimated 
in 2 different time points. Mean serum E2 level 14 days after 
ovariectomy was 11.59 ± 13.52 pg/ml in the OVChit group and 
20.03 ± 13.45 pg/ml in the OVChitE10 group. The difference 
was not statistically significant. Mean serum E2 level 42 days 
after ovariectomy was 6.09 ± 10.65 pg/ml in the OVChit group 
and 89.82 ± 26.27 pg/ml in the OVChitE10 group. The differ-
ence was statistically significant (**, p < 0.0016) (Fig. 9).

Table 1. Parameters characterizing the P(L-LA:GA:TMC)-E2 rods after 0 and 140 days of biodegradation

Time (days) FLL FGG FTMC lLL lGG lTMC Tg Mn D

0 55.3 17.7 27.0 3.6 1.1 1.5 34.2 45.8 2.8

140 55.4 17.7 26.9 3.6 1.1 1.5 33.9   0.5 2.4

FLL – molar percentage of lactidyl units; FGG – molar percentage of glycolidyl units; FTMC – molar percentage of carbonate units; lLL – average length of 
lactidyl blocks; lGG – average length of glycolidyl blocks; lTMC – average length of carbonate blocks; Tg – glass transition temperature (˚C); Mn – molecular 
weight (kDa); D – molecular weight distribution.
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Fig. 1A. 1H NMR spectra (600 MHz, DMSO-d6) of the P(L-LA:GA:TMC)-E2 rods with during 140 days of biodegradation [methine proton 
region of the lactidyl units (1) and methylene proton region of the glycolidyl (2) and carbonate units (3)]

 
Fig. 1B. 13C NMR (150 MHz, DMSO-d6) of the P(L-LA:GA:TMC)-E2 rods during 140 days of biodegradation [methine carbon region of the 
lactidyl units (LL) and methylene carbon region of the glycolidyl (GG) and carbonate units(T)]. 5-GLLT + GLLLT, 6-TLLLL + LLLLT, 7-LLLL, 
8-LLGG, 9-GLG, 10-TT’G + GGT’GG + TGT’GG, 11-GGTT, 12-GGT’GT + GT’GT, 13-GGT’GT + TT’L + LTT’, 14-TT’T + TTT’ + TT”G, 15-TT’GG,  
17-TGT + TGGL + TGGT, 18-LGGGT + TGGGT + GGGGT, 19-TT’L + LT’T, 20-LT’L + LT”L, 21-GGT’T, 22-GGT”GT + GGT”GG, 23-TGT”GG + 
TGT’GT, 24-TGGGG + TGG, 25-TGGT, 26-GGLL, 27-GGGG.
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Fig. 2A. DSC curves of the second heating run for E2-loaded P(L-LA:GA:TMC)-E2 rods after 0 and 140 days of biodegradation

 

Fig. 2B. SEM images of P(L-LA:GA:TMC)-E2 rods biodegraded for 0 days and after 140 days

  Fig. 3. Autotomy intensity score. All data are presented as the mean 
+ SD.

Fig. 4. Muscle mass difference between left and right hind limb. All 
data are presented as the mean + SD.
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Fig. 5A. The mean number of leukocytes counted in twenty-five 1/400 mm2 squares in the core of each conduit. All data are presented as the 
mean + SD. The difference was statistically significant, p = 0.0012 (**) (unpaired t-test).

 

Fig. 5B. Inflammatory cells visible in the chitosan conduit. (* – chitosan fibres, arrows – area with inflammatory cells). Sciatic nerve 
injury induces leukocyte invasion and infiltration of the nerve and surrounding tissues. Leukocytes can produce various pro-inflammatory 
chemokines, e.g., TNFα, IL-1β, IL-6, metalloproteinases, ROS (reactive forms of oxygen) which enhance inflammation and decrease the 
regeneration rate of the lesioned nerve (Nguyen et al., 2007). Additionally, this inflammatory reaction can also be triggered by a chitosan 
conduit that can induce leukocytes (mainly neutrophils) infiltration at the site of injury (Minami et al., 1998).

  Fig. 6A. Mean number of regenerating nerve fibers. All data are 
presented as the mean, minimum, maximum, 25% percentile and 
75% percentile; p = 0.0179 (*) (Mann–Whitney test).

Fig. 6B. Mean fiber area. All data are presented as the mean, 
minimum, maximum, 25% percentile and 75% percentile; p = 0.0246 
(*) (Mann–Whitney test).

Olakowska et al. / J Appl Biomed



94

 
Fig. 6C. Transverse nerve sections showing regenerating axons. Osmium tetroxide staining. Light microscopy, magnification × 1000.

  
Fig. 7A. Total fiber area. All data are presented as the mean, 
minimum, maximum, 25% percentile and 75% percentile; p = 0.0336 
(*) (Mann–Whitney test).

Fig. 7B. Differences between control (intact nerves) and 
experimental groups in total fiber area. All data are presented as the 
mean + SD; p < 0.0001 (***) (Kruskal–Wallis test).

 
Fig. 8. Estrogen receptors (green): ERα (A) and ERβ (B) in rat spinal cord neurons (ventral horn, L4). OVChit group, left (intact) side of the 
body. Cell nuclei shown in blue (DAPI).
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Fig. 9. Serum estradiol levels. All data are presented as the mean ± 
SD; p < 0.0016 (**) (Two-way ANOVA test).

 
Discussion

Functional recovery of the injured nerve is still a great medical 
challenge. Currently, the gold standard is an autologous nerve 
graft, but intensive development of various biomaterials can 
be a promising alternative. We focused on the repair of the 
transected sciatic nerves with chitosan conduits supported by 
prolonged release of E2 from the newly designed terpolymer 
rods.

Many authors have revealed the favorable effects of estro-
gen on the regeneration of neurons in vitro and in vivo (Caceres 
et al., 2011; Huppenbauer et al., 2005; Murashov et al., 2004; 
Smith et al., 2009).

We implanted terpolymer rods releasing E2 in a prolonged 
manner that was non-irritating to the surrounding tissues. The 
rods had a shape-memory property and ensured low invasive-
ness. Another advantage of terpolymers was its biodegradabil-
ity and low invasiveness, which allowed us to eliminate the re-
moval of the rods during the experiment. A stable degradation 
process with prolonged release of E2 has been confirmed in a 
previous study (Turek et al., 2016). The biodegradation study 
of terpolymer rods revealed the same character compared to 
in vitro degradation, similar to other formulations (Turek et 
al., 2015).

To the authors’ knowledge, the effects of prolonged release 
of E2 from such terpolymer rods or other implanted formula-
tions on nerve regeneration is yet to be studied in vivo.

The study was performed on female ovariectomized rats, 
enabling the control of serum concentrations of released E2, 
and creating a situation observed in menopausal women with 
E2 supplementation.

Morphometric analysis after 20 weeks revealed signifi-
cant differences in nerve regeneration between the groups. 
In E2-treated animals the mean number of regenerating 
nerve fibers and mean fiber area were higher compared to the 
non-treated group.

A possible influence of E2 on the regeneration of the pe-
ripheral nerve injury was only examined in a few experiments.

In our study, some morphometric parameters were similar 
to those examined by Islamov et al. (2002). They examined the 
influence of E2 on the regeneration of the crushed sciatic nerve 
in ovariectomized female mice, revealing a significantly great-
er total number of regenerating nerve fibers at 1 week after in-
jury and increased mean axonal area 2 weeks after crush in E2 
group. The authors estimated a total number of regenerating 
axons, but we counted a mean number of regenerating nerve 

fibers, so these parameters cannot be compared. They observed 
enhanced functional recovery, growth, and maturation of re-
generating nerve fibers in E2-treated mice, which may suggest 
promotion of regeneration of injured sciatic nerve by E2. In 
our experiment, there was a statistically significant difference 
in the total fiber area between E2-treated and non-treated rats.

We discovered the presence of E2 receptors α and β in 
motor neurons located in the segments L4–L6 of spinal cord, 
but we did not count them. This could be one of the locations 
where E2 affects the sciatic nerve regeneration. Other authors 
also confirm the presence of estrogen receptors in the spinal 
cord after E2 treatment (Samantaray et al., 2016; Sribnick et 
al., 2006).

We observed an inflammatory infiltration consisting of leu-
kocytes (mostly lymphocytes) in the chitosan conduit. In the 
E2-treated group, this inflammatory reaction was decreased 
in comparison to the non-treated one. We do not know if di-
minished infiltration of inflammatory cells in the OVChitE10 
group was caused by chitosan fragments or anti-inflammato-
ry action of E2. Hsu et al. (2013) observed that chitosan frag-
ments induced inflammatory cells infiltration near to the con-
duit. It could be associated with the interaction with specific 
toll-like receptors on the immune cell surface, and this infiltra-
tion can affect regeneration of the nerve fibers and recovery.

Anti-inflammatory activity of E2 has been revealed in vari-
ous studies (Herzog et al., 2017; Samantaray et al., 2016; Vege-
to et al., 2002). Santizo et al. (2000) suggested, that decreased 
leukocyte infiltration may be an important mechanism in es-
trogen-mediated neuroprotection.

Nobakhti-Asfhar et al. (2016) conducted an experiment on 
the sciatic nerve transection model in female ovariectomized 
rats with silicone conduit repair and E2 supplementation. 
E2-treated rats had significantly greater nerve fibers, axon di-
ameter, myelin sheath thickness, biomechanical parameters, 
improved locomotor function, and nerve conduction velocity, 
in comparison with the E2-non-treated group. Gastrocnemi-
us muscle weight was significantly greater in the E2-treated 
group. The authors revealed that local administration of E2 in 
the silicone conduit resulted in faster functional recovery of 
the injured nerve and better muscle reinnervation.

In our study, the gastrocnemius muscle mass was also as-
sessed, but we did not observe significant differences between 
groups.

A limitation may be that we cannot exactly compare our 
results with other studies due to a limited number of articles 
concerning the influence of E2 on peripheral nerve regenera-
tion in ovariectomized female rats.

 
Conclusions

E2 released from the terpolymer rod in a prolonged manner 
for many weeks could enhance, to some extent, sciatic nerve 
regeneration after injury, and diminish the inflammatory re-
action. In the future, E2 coupled with biopolymer rods could 
possibly be used in the repair of injured peripheral nerves.
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