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      Background

      
				Obtaining optimal functional outcomes in patients with chronic
				peripheral nerve injuries (PNIs) remains challenging due to the limited regeneration
				of the neuromuscular junction (NMJ). Adipose-derived mesenchymal stem cells (AD-MSCs)
				can differentiate into Schwann-like cells, secrete neurotrophic factors, and
				recruit native Schwann cells. This study aimed to analyze the effects of AD-MSCs on
				functional outcomes in a chronic PNI model.		  


       


      Methods

      
				An in vivo study was performed using 20 male Sprague-Dawley rats
				with chronic PNI of the right sciatic nerve. Rats were divided into two groups: the
				AD-MSC group (n = 10), receiving human AD-MSC injections in the NMJ; and the
				control group (n = 10), receiving normal saline injections. Walking track analysis and
				electrophysiological assessments were performed 8 weeks after the nerve repair.
				Postmortem gastrocnemius muscle weights and immunohistochemical examinations
				were also performed.			


       


      Results

      
				The AD-MSCs showed significantly larger fiber diameters than the control
				group (45.54 [13.1] versus 35.46 [6.64]; p = 0.011). While clinical, electrophysiological,
				and gastrocnemius muscle weight data suggested a trend toward improved outcomes
				in the AD-MSCs group, the differences were not statistically significant.			


       


      Conclusions

      
				AD-MSC implantation may enhance nerve regeneration, as
				demonstrated by a better outcome profile in the AD-MSCs group.			
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				Chronic peripheral nerve injuries (PNIs) significantly
				affect patients’ quality of life and ability to perform
				their daily activities.1,2 Although surgical intervention is
				the standard treatment, obtaining optimal functional
				outcomes remains challenging despite advances in
				microsurgery.3 This is due to the limited regenerative
				capability of the peripheral nervous system, which has
				a growth rate of 1 mm/day.4,5


			
				Stem cells are precursor cells capable of
				differentiating into various cell lineages.6 Several
				studies have analyzed their potential for nerve
				regeneration, with neural stem cells being an excellent
				source for nerve and neuromuscular junction (NMJ)
				regeneration; however, they are difficult to obtain and
				pose a risk of carcinogenicity.7−9 In contrast, adipose-derived
				mesenchymal stem cells (AD-MSCs) are easier
				to harvest and have low immunogenicity and donor
				morbidity. AD-MSCs can differentiate into Schwann
				cells, secrete neurotrophic factors, and recruit native
				Schwann cells.10–12 Furthermore, they have been shown
				to enhance functional recovery in animal models.13
				This study aimed to analyze the effects of AD-MSCs on
				regeneration in a chronic PNI model.						



			 

      
        METHODS

      


			
			 

			
				Animal and experimental design

			
				Twenty male Sprague-Dawley rats (8–12 weeks
				old, 150–250 g) were used in this study. The minimum
				sample size was not calculated in the pilot study.
				The rats were placed in cages and acclimatized for
				1 week under controlled conditions (12-hour light/dark cycle, 18–21°C temperature, and 55% humidity)
				with ad libitum access to food and water. Each cage
				housed two rats. All procedures were approved by
				the Animal Care and Use Committee (ACUC) and
				conducted in compliance with the Animal Research:
				Reporting of In Vivo Experiments guidelines. Ethical
				clearance was obtained from the Ethics Committee of
				the Faculty of Medicine, Universitas Indonesia – Cipto
				Mangunkusumo Hospital (No: KET-708/UN2.F1/ETIK/PPM.00.02/2020).


				 

				
					Stem cell preparation

				
				AD-MSCs were obtained from the Stem Cells
				and Tissue Engineering Laboratory at the Faculty of
				Medicine, Universitas, Indonesia. They were isolated
				following the protocol previously reported by Pawitan
				et al,14 then cultured at 37°C and 5% CO₂ using a complete
				medium consisting of alpha modification of Eagle’s
				minimal essential medium, 1% penicillin-streptomycin,
				1% amphotericin B, 1% GlutaMAX, 1% heparin, and 10%
				platelet concentrate. After reaching confluence, the
				cells were trypsinized using 3 ml TrypLE Select and
				incubated for 5 min until detachment, before 6 ml of
				complete medium was added. The cells were collected
				in tubes and centrifuged at 1,200 rpm for 10 min. After
				centrifugation, 1 ml of complete medium was added
				and the cells were resuspended.


				 

				
					Study design and surgical procedure

				
				The rats were randomly assigned to an experimental
				group (AD-MSC) and a control group (NaCl). A chronic
				PNI model was established by surgically transecting
				the right sciatic nerve following intraperitoneal
				administration of a mixture of ketamine and xylazine.
				An incision was made with the patient in the lateral
				decubitus position until the sciatic nerve was identified.
				The sciatic nerve was separated from the surrounding
				tissues using microsurgical instruments, transected 10
				mm proximal to the tibial and peroneal nerve branches,
				and sutured to the surrounding muscles using an 8-0
				nylon suture to prevent regeneration. The wound
				was irrigated and closed using a 4-0 vicryl suture.
				Intramuscular ceftriaxone injections (10 mg/24 hours,
				0.1 ml) were administered to healthy thighs for 3 days
				to prevent infection.


				
				After 3 weeks, the sciatic nerve was surgically
				reimplanted. Under anesthesia, an incision was made
				along the previous surgical scar and the proximal
				and distal sciatic nerve stumps were located. The
				free ends of the nerve stumps were cleaned until the
				nerve fascicles became visible, and the two stumps
				were sutured together using a 9-0 nylon suture. The
				treatment group received 2 million AD-MSCs injected
				into the NMJ of the gastrocnemius muscle, whereas
				the control group received 1 ml of 0.9% NaCl at the
				same site. The surgical wound was irrigated and
				closed by suturing with 4-0 polyglactin suture.


				 

				
					Walking track analysis

				
				Walking track analysis was performed before
				transection, 3 weeks after transection, and 8 weeks
				after surgical repair. Footprints were recorded using
				a plastic tank (80 × 40 × 25 cm), wood shavings, an
				acrylic tunnel, a digital camera, colored ink, and paper
				strips (8 × 100 cm). Two blinded examiners measured
				the heel-to-third toe distance (print length [PL]), first-to-fifth toe distance (toe spread [TS]), and second-to-fourth
				toe distance (intermediate toe spread [IT]). The
				sciatic functional index (SFI) was calculated using the
				following formula (Equation 1):


				
				 

				
					
					
					[image: 34-3-7780_Formula.]
					
				

				 

				


				
				SFI values range from 0 (normal function) to −100
				(total dysfunction).15 Paw stride length (STL) was
				calculated by averaging the metatarsal base distance
				across three consecutive steps, whereas step length
				(SL) was measured as the distance between the
				footprints of both paws from the left to the right toe
				tip.


				 

				
					Electrophysiology study

				
				An electrophysiological study was performed
				on both limbs 8 weeks after surgical repair under
				anesthesia. The sciatic nerve was identified through
				an incision and directly stimulated using electrodes
				placed 5 mm proximal and distal to the nerve junction,
				which was connected to a Neuro-MEP Stimulator
				(Neurosoft, Russia). A recording probe needle was
				subcutaneously inserted into the gastrocnemius
				muscle to measure the evoked amplitudes, compound
				muscle action potentials (CMAPs), and conduction
				blocks. A conduction block was defined as a ≥50%
				reduction in CMAP amplitude when stimulating the
				proximal versus the distal sciatic nerve.16


				 

				
					Muscle weight and diameter measurement

				
				Eight weeks after the repair, the sciatic nerve
				and gastrocnemius muscle were harvested under
				anesthesia and fixed in 10% formaldehyde. The rats
				were euthanized under anesthesia, following the ACUC
				guidelines. The harvested gastrocnemius muscles from
				both limbs were weighed. Histomorphometric analysis
				was performed using confocal microscopy. Image
				processing was performed using ImageJ (National
				Institutes of Health and the Laboratory for Optical
				and Computational Instrumentation, USA) and the
				gastrocnemius muscle fiber diameter was analyzed
				using cross-sectional cuts.


				 

				
					Statistical analysis

				
				Bivariate numerical analyses were performed
				using unpaired t-tests or Mann-Whitney U tests.
				Normally distributed data are presented as mean
				(standard deviation), whereas non-normally
				distributed data are presented as median (min–max).
				Statistical significance was set at p<0.05.									


       

      
        RESULTS

      


			
			 

			
				Walking track analysis

			
				Walking track analyses at baseline, 3 weeks after
				denervation, and 8 weeks after surgical repair showed
				no significant differences between the groups (Table
				1). However, at Week 8, the AD-MSC-treated group
				exhibited higher median SFI, STL, and SL values (mm)
				than the control group.


				
				 

				
					
						
							Table 1.
						
						
							Comparison of walking track
							analysis in various of time						
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					Electrophysiological outcome

				
				The AD-MSC-treated group exhibited higher
				median CMAP amplitudes than the control group,
				although the difference was not statistically significant
				(Table 2). Conduction was observed in all samples
				except for two rats in the AD-MSC group.


				
				 

				
					
						
							Table 2.
						
						
							Comparison of peak CMAP
							amplitude recorded on proximal and
							distal to the nerve junction						
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					Muscle weight and diameter

				
				Following electrophysiological analysis, an
				incision was made over the scar, with no signs of
				surgical wound infection. The gastrocnemius muscle
				mass was higher in the AD-MSC group than in the
				control group, although the difference was not
				statistically significant (Table 3). Additionally, muscle
				fiber diameter was significantly larger (p = 0.011) than
				that in the control group.						


				
				 

				
					
						
							Table 3.
						
						
							Comparison of gastrocnemius muscle weight and
							diameter 8 weeks after surgical repair						
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        DISCUSSION

      


			
			 

			
				Stem cells represent a potential cellular therapy
				for PNI.17,18 This study highlighted the potential of AD-MSCs
				in the treatment of chronic PNI, demonstrating
				their role in increasing NMJ regeneration and
				subsequently affecting nerve conduction, muscle
				regeneration, and functional outcomes. In our chronic
				PNI rat model, the AD-MSC group exhibited higher
				CMAP amplitudes than the control group, although
				the difference was not statistically significant.
				This may be due to incomplete restoration of NMJ
				function, resulting in minimal differences in muscle
				depolarization. A study by Vannucci et al19 in rats with
				an acute sciatic nerve transection model showed
				that CMAP amplitude recovery reached normal levels
				(83%) at 16 weeks after reinnervation but was only 23%
				and 40% at Weeks 3 and 4, respectively, in the normal
				leg. These findings suggest that a longer follow-up
				period is needed to observe significant improvements
				in CMAPs after AD-MSC treatment.


			
				Weighing the gastrocnemius muscle is one way
				to assess sciatic NMJ regeneration. Muscle mass
				increases as the tibialis posterior nerve branches
				regenerate, whereas transection causes significant
				atrophy, making the muscle lighter than that in healthy
				limbs. In this study, the AD-MSC group had a greater
				muscle mass than the control group at 8 weeks
				post-reinnervation, indicating regenerative changes.
				Additional observation periods could enhance muscle
				regeneration and increase muscle activity, resulting
				in significant weight differences. Mohammadi et al20
				observed a significant increase in muscle mass 12
				weeks after reinnervation with bone marrow stromal
				cells in an acute nerve injury model. Given the use of
				a chronic PNI model, an extended follow-up may be
				needed.


			
				The primary objective of nerve reconstruction is
				functional improvement. Walking track analysis was
				used to assess sciatic nerve motor function. The AD-MSC
				group showed higher SFI, SL, and STL scores
				than the control group, although the differences
				were not statistically significant. As chronic PNI
				involves significant structural damage to the NMJ, a
				longer evaluation period may have resulted in greater
				differences. This is because recovery from chronic
				nerve injuries is longer than recovery from acute nerve
				injuries.21 Mohammadi et al20 observed functional
				improvements in rat sciatic nerve regeneration 12
				weeks after nerve repair and bone marrow-derived
				stromal cell injection.


			
				Most studies on peripheral nerve regeneration
				have focused on acute injury models.8,22,23 AD-MSCs
				offer an easily accessible, minimally invasive, and
				autologous stem cell source that lowers the risk of
				tissue rejection.24 The application of this method
				was straightforward, involving AD-MSC injections at
				the NMJ, which can be performed using a minimally
				invasive technique. Improving NMJ regeneration may
				allow nerve repair in cases of chronic injury and delay
				the need for challenging reconstruction procedures.
				Although the clinical, electrophysiological, and
				muscle weight data indicated better outcomes in the
				AD-MSC group, the differences were not statistically
				significant.


			
				This study has several limitations. Single-time
				electrophysiological examinations make it
				challenging to obtain data on muscle regeneration.
				Repeated assessments, such as nerve stimulation,
				were not conducted, which could have accounted
				for factors influencing regeneration. Post-surgical
				repair examinations could have helped differentiate
				whether the changes were due to AD-MSC-driven
				muscle regeneration or prevention of degeneration.
				Additionally, the sample size may have limited the
				statistical significance because of insufficient data.
				Future studies should include larger sample sizes to
				determine whether the observed improvements are
				statistically significant. Considering the chronic nature
				of PNI, a longer follow-up period may yield more
				conclusive results. In conclusion, AD-MSC implantation
				in the NMJ may delay end-organ degeneration and
				enhance regeneration, as shown by the improved
				morphometric profile in the AD-MSC group.						
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OEBPS/Images/34-3-7780-Table-3.jpg
AD-MSCs Control
Limb (n=10), (n=10), p*
mean (SD) mean (SD)

Muscle weight (g)
Left (normal) 1.69 (0.517) 1.60(0.382) 0.664
Right (experimental) 1.21(0.094) 1.12(0.262) 0.507

Muscle fiber diameter

4554 (13.1) 35.46 (6.64) 0.011
(um)

AD-MSCs=adipose-derived mesenchymal stem cells; SD=standard
deviation
*Unpaired t-test





OEBPS/Images/34-3-7780-Table-1.jpg
Parameter AD-MSCs (n =10)  Control (n = 10) p

Baseline 46.91 (16.071) 46.63 (17.31) 0.97*
SL(mm) 3 weeks after denervation 59.18 (9.57) 58.21 (6.86) 0.796*
8 weeks after surgical repair 52.83(39-98.5) 54.15(33.67-72) 0.940°
Baseline 82.31(27.14) 87.81(21.9) 0.624%*
STL (mm) 3 weeks after denervation 99.75 (15.18) 105.83 (17.81)  0.423*
8 weeks after surgical repair 92.18 (12.1) 101.12 (19.42) 0.232*
Baseline -3.28 (10.77) 92.18 (12.1) 0.281%*
SFI 3 weeks after denervation -44.96 (11.55) -50.57 (12.37)  0.308*
8 weeks after surgical repair -45.54 (30.14) -54.95 (32.4) 0,51*

AD-MSCs=adipose-derived mesenchymal stem cells; SD=standard deviation; SFl=sciatic function
index; SL=step length; STL=stride length

Data are presented as mean (SD), except for the SL value on 8 weeks after surgical repair (median
[min-max])

*Unpaired t-test; 'Mann-Whitney U test
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Sciatic Median (min-max)
Limb . ; n*
stimulation AD-MSCs (n = 10) Control (n = 10)
CMAP (mV)
Proximal 21.15 (12.6-30.8) 15.85 (6.8-29.2) 0.093
Left (normal)
Distal 23.95 (11.5-31.7) 20.8 (10.1-30.1) 0.453
Right Proximal 5.45 (1.2-14.8) 5.2 (1.9-10.8) 0.876
(experimental) Distal 5.65 (3.3-14.8) 4.7 (1.4-12.5) 0.607

AD-MSCs=adipose-derived mesenchymal stem cells; CMAP=compound muscle action potential

*Unpaired t-test
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