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A B S T R A C T   

Neural tissue has high metabolic requirements. Following spinal cord injury (SCI), the damaged tissue suffers 
from a severe metabolic impairment, which aggravates axonal degeneration and neuronal loss. Impaired cellular 
energetic, tricarboxylic acid (TCA) cycle and oxidative phosphorylation metabolism in neuronal cells has been 
demonstrated to be a major cause of neural tissue death and regeneration failure following SCI. Therefore, 
rewiring the spinal cord cell metabolism may be an innovative therapeutic strategy for the treatment of SCI. In 
this study, we evaluated the therapeutic effect of the recovery of oxidative metabolism in a mouse model of 
severe contusive SCI. Oral administration of TCA cycle intermediates, co-factors, essential amino acids, and 
branched-chain amino acids was started 3 days post-injury and continued until the end of the experimental 
procedures. Metabolomic, immunohistological, and biochemical analyses were performed on the injured spinal 
cord sections. Administration of metabolic precursors enhanced spinal cord oxidative metabolism. In line with 
this metabolic shift, we observed the activation of the mTORC1 anabolic pathway, the increase in mitochondrial 
mass, and ROS defense which effectively prevented the injury-induced neural cell apoptosis in treated animals. 
Consistently, we found more choline acetyltransferase (ChAT)-expressing motor neurons and increased 
neurofilament-positive corticospinal axons in the spinal cord parenchyma of the treated mice. Interestingly, oral 
administration of the metabolic precursors increased the number of activated microglia expressing the CD206 
marker suggestive of a pro-resolutive, M2-like phenotype. These molecular and histological modifications 
observed in treated animals ultimately led to a significant, although partial, improvement of the motor functions. 
Our data demonstrate that rewiring the cellular metabolism can represent an effective strategy to treat SCI.   

1. Introduction 

To accomplish its multiple and energetic demanding functions, the 
neural tissue has a high metabolic rate (3.5 ml O2/100 g/min 

corresponding to approximately 4 × 1021 molecules of ATP/min) [1], 
required to ensure axonal elongation, dendrite morphogenesis, genera-
tion of the action potential, synaptic transmission, maturation, and 
plasticity [2–4]. Following spinal cord injury (SCI), neural cells 
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experience a dramatic metabolic impairment with more than 25% of the 
metabolome significantly altered [5]. Metabolic alterations contribute 
to the loss of crucial cellular functions such as ion/anion pumping (i.e. 
Na/K or H2CO3), and the mitochondrial membrane potential [6]. These 
events lead to the impairment of the tricarboxylic acid (TCA) cycle and 
oxidative phosphorylation (OXPHOS) [7,8] that worsen the disease 
progression and promote glutamate excitotoxicity-driven-neuronal cell 
death [9]. 

The modulation of cellular metabolism is nowadays considered an 
attractive and innovative strategy for restoring neural cell functions 
[10]. In the developing cortex, the increase of OXPHOS metabolism via 
inhibition of the glycolytic enzyme PFKFB3 drives neuronal differenti-
ation [11]. Enhancement of the oxidative pentose phosphate pathway 
(oxPPP) improves neural tissue survival following acute cerebral 
ischemia [12]. Moreover, the restoration of energy metabolism through 
anaplerosis counteracts the severe OXPHOS deficiency, and thereby 
confers metabolic resilience to Purkinje neuronal death in a mouse 
model of motor-sensory neuropathy [13]. The antioxidant molecules 
N-acetyl-cysteine (NAC) and acetyl-L-carnitine (ALC) attenuate retro-
grade neuronal degeneration after peripheral nerve injury and following 
SCI [14]. Systemic administration of ALC to SCI mice increases mito-
chondrial function and tissue sparing, both rostral and caudal of the 
injury site [8]. 

We have shown that the administration of essential amino acids 
(EAAs) enriched in branched-chain amino acids (BCAAs) and metabolic 
substrates increases TCA, OXPHOS, and the mammalian/mechanistic 
Target of Rapamycin Complex 1 (mTORC1)-driven energy metabolism 
in neuronal cells in vitro [15]. Such energetic availability enhances 
neuronal axonal branching, synaptic maturation, and NRF2-mediated 
antioxidant defense [15]. Recently, a proof-of-concept study provided 
evidence that energetic impairment in neuronal cells is responsible for 
neural tissue death and regeneration failure following SCI [16]. A 
transgenic animal model with enhanced mitochondrial transport im-
proves cortico-spinal tract axonal regeneration following SCI [16]. 
Moreover, administration of the bioenergetic compound creatinine in 
dorsal hemisected spinal cord animals increases some axonal sprouting 
through the lesion site, and this effect is greatly amplified in combina-
tion with increased mitochondrial transport [16]. 

These data strongly suggest that enhancing the energetic metabolism 
of spinal cord cells could boost the regenerative capacity following se-
vere contusive SCI. However, whether a therapeutic modulation of the 
neural tissue metabolism following SCI can counteract the neural tissue 
loss and improve neuronal regeneration is still not known. 

In this work, we showed that therapeutic (from 3 day-post injury) 
oral administration of metabolic substrates i) induced TCA and OXPHOS 
metabolism in spinal cord tissue, ii) improved the mTORC1-related 
anabolic pathway in neurons, iii) increased mitochondrial mass and 
respiration, and iv) reduced oxidative stress at the site of the lesion. In 
addition, treated animals increased the intraspinal microglial popula-
tion, which appeared more activated. Consistently, treated SCI animals 
showed increased axonal content through the lesion, neuronal cell 
number, and partial motor recovery. 

2. Materials and methods 

2.1. Severe contusive SCI-mouse model 

All experimental procedures were approved by Istituto Superiore di 
Sanità (I.S.S., National Institute of Health; protocol N.154/2014-B, Italy) 
and the Animal Ethics Committee (C.I.R.S.A.L., Centro Inter-
dipartimentale di Servizio alla Ricerca Sperimentale) of the University of 
Verona (Italy). Severe contusive spinal cord injury was performed as 
described [17]. Briefly, seven-week-old C57BL/6 female mice were 
anesthetized with 2% isoflurane, and laminectomy was performed at 
T11 level. A 5-gr rod was dropped from 6,25 mm height using a MASCIS 
Impactor and left in compression for 11 s 

2.2. α5 administration 

The administration of α5 was performed in drinking water (dose 3 
mg/g/day), starting at 3 days post-injury (DPI) as shown in Fig. 1B. 

2.3. Locomotor evaluation 

Locomotor activity was blindly evaluated according to the Basso 
Mouse Scale (BMS) [18]. Mice with a BMS score ≤ 0.5 at 1 DPI were 
randomly assigned to the vehicle- or α5-treated groups. 

2.4. Flexibility of the ankle joint 

The analysis was performed from 21 DPI to evaluate the spasticity of 
the muscles involved in the ankle dorsiflexors and plantarflexors [19]; 
the following scores were assigned: “0” to the lack of movement (spastic 
condition, corresponding to an angle of 180◦ between the tibialis anterior 
and the paw), “0.25” to an angle of 135◦, “0.5” to an angle of 90◦, “0.75” 

to an angle of 45◦, and “1” to a normal movement corresponding to an 
angle of 0 ◦ (Fig. 4I). 

2.5. Targeted metabolomics 

Analysis of the lesioned spinal tract (0.5 cm of dissected spinal cords, 
0.25 cm rostral, and 0.25 cm caudal from the site of the lesion) was 
performed at 14 DPI as described [20–22]. Detailed descriptions of the 
methods are in the supplementary information. 

2.6. Spinal cord fixation and processing 

Animals were intracardially perfused with 4% paraformaldehyde 
(PFA) and 4% sucrose. Spinal cords were extracted, immersed overnight 
in 4% PFA, 4% sucrose, and stored in 30% sucrose at 4 ◦C. For histo-
chemical analysis, 1.5 cm of dissected spinal cords (0.75 cm rostral and 
0.75 cm caudal from the site of the lesion) were cryosectioned (25 µm- 
thick transverse sections or 20 µm-thick longitudinal sections) and 
stored at − 20 ◦C before analysis. 

2.7. Luxol fast blue staining 

Myelin content was quantified in the spinal cord sections via Luxol 
Fast Blue (LFB) staining (Sigma-Aldrich) as described [23]. 

2.8. Immunofluorescence 

Cryosections were blocked in 0.25% or 0.5% Triton X-100, 2% BSA, 
and incubated with primary and secondary antibodies (listed in sup-
plementary information). Nuclei were stained with TO-PRO™-3 
(Thermo Fisher Scientific) or 4’.6-Diamidino-2-Phenylindole (DAPI, 
Thermo Fisher Scientific, 1:2000) and slices were mounted using 1.4- 
Diazabicyclo (2.2.2) octane (DABCO, Sigma Aldrich). Images were ac-
quired using a 63x oil objective (Carl Zeiss LSM710 confocal micro-
scope, Munich, Germany), and a 20x objective (Nikon Ti Eclipse 
fluorescent microscope). 

2.9. Immunoblot analysis 

Either microglial cells or spinal cord sections (0.5 cm of dissected 
spinal cords, of which 0.25 cm rostral and 0.25 cm caudal from the site 
of the lesion) were homogenized in RIPA buffer as described [24]; 20 µg 
of proteins were run through a 4–12% SDS–polyacrylamide gel elec-
trophoresis, electroblotted onto a PVDF membrane, and probed with 
different primary antibodies listed in the supplementary information 
file. Chemiluminescence-based immunostainings were acquired with 
the ImageQuant LAS 4000 apparatus (GE Healthcare) and/or Chemidoc 
MP Imaging System (Bio-Rad); and quantified with Image Lab™ 
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software, version 6.0.1 (Bio-Rad). 

2.10. Mitochondrial DNA quantification 

Total DNA was quantified with the Qubit dsDNA HS Assay Kit and 
Qubit 4 fluorometer (Invitrogen, Life Technologies). The Droplet digital 
PCR was performed using the QX200 Droplet Digital PCR System (Bio- 
Rad). Primers targeting the MT-ND1 gene were used to amplify the 
mtDNA (primes sequences as in [25]). 

2.11. Extracellular flux analysis of isolated spinal cord mitochondria 

Mitochondrial fractions were obtained from 0.5 cm thick spinal cord 
sections (0.25 cm rostral and 0.25 cm caudal from the site of the lesion) 
as described [26]. Assays were performed on 7 µg of mitochondria by 
measuring the oxygen consumption rate (OCR) in Mitochondrial Assay 
Solution (MAS1) with complex I (10 mM Glutamate and 5 mM Malate) 
and complex II (10 mM Succinate) substrates at the basal level and after 
subsequent injection of 4 mM ADP, 3.1 µM oligomycin, 4 µM FCCP and 
2 µM Rotenone plus 4 µM Antimycin A. Data were analyzed as reported 
[26]. 

2.12. Image analyses and quantification 

The quantitative analysis was done with NIH ImageJ software [U.S. 
National Institutes of Health]. Ten to forty transversal sections and five 
to twenty-seven longitudinal sections of the spinal cord were analyzed in 
at least 2–4 technical replicates (glass slides). For the analysis normal-
ized to the number of total nuclei, approximately 5115 ± 87 nuclei were 
considered. Three to five mice were considered for the analysis; the 
exact number of mice is reported in each graph. 

2.13. Statistical analysis 

GraphPad Prism software (version 7.0) was used to perform unpaired 
two-sided Student’s t-test, one-way ANOVA repeated measures followed 
by Tukey post-test, two-way ANOVA with repeated measures. Data are 
shown as mean ± SEM and statistical significance was set at p ˂ 0.05. 

Other detailed methods are reported in Supplementary Material. 

3. Results 

3.1. Therapeutic administration of α5 promotes metabolic recovery in the 
damaged spinal cord after severe SCI 

SCI induced a profound metabolic impairment to the neural tissue 
[5]. To rescue the neural cell metabolism following SCI, we adminis-
tered a selection of bioenergetic molecules (Table 1), including the TCA 
cycle intermediates, essential amino acids (EAAs), branched-chain 
amino acids (BCAAs), and the cofactors thiamine and pyridoxine - 
altogether referred to as α5 - known to improve the OXPHOS metabolism 
in neuronal cells in vitro [15] and mitochondrial activity in muscle and 
brain in vivo [24,27]. BCAAs and EAAs act as substrates that can 
replenish TCA cycle intermediates through anaplerotic reactions; 

moreover, BCAAs, mainly leucine, boost the anabolic function of the 
mTORC1 [28–30] and positively regulate mitochondrial oxidative 
function [31,32]. Thiamine is essential for normal brain function [33]. 

First, to exclude that α5 may impair basal metabolism, we confirmed 
that chronic administration of α5 in C57BL/6 healthy mice did not affect 
neither the body weight (Suppl. Fig. S1A) nor the cage activity (Suppl. 
Fig. S1G-J), despite a slight modulation of the food and water intake 
(Suppl. Fig. S1B-D), that did not affect the daily caloric intake (Suppl. 
Fig. S1E-F). Then, to assess the therapeutic effects of a chronic, oral α5 
administration, severe spinal cord injured C57BL/6 mice (See Fig. 1A 
and Section 2.1 for the description of the SCI model) were treated daily 
from day 3 post-injury (DPI) with either α5 or vehicle (Fig. 1B). 

At 14 DPI, we evaluated whether α5 treatment produced a metabolic 
modulation of the injured spinal cord through targeted metabolomic 
analysis. A drastic impairment of the metabolome of the lesioned spinal 
cord was confirmed, being 38 out of 114 (corresponding to 40.3%, 
healthy vs vehicle SCI group, unpaired t-test, p < 0.05) of the analyzed 
metabolite altered compared to the healthy, uninjured, and vehicle- 
treated spinal cord. Differences among healthy, α5- or vehicle-treated 
groups were also compared with principal component analysis (PCA) 
using the metabolic fingerprint of each sample (Fig. 1 C, D). As expected, 
major differences between SCI groups were found in comparison with 
the healthy group (Fig. 1 C). However, differences introduced by the 
treatment, represented by the 5th component, accounted for 6.1% of the 
variance (Fig. 1D). Differentially regulated metabolites assessed by 
ANOVA comparison among healthy, α5- or vehicle-treated groups, 
identified 32 differentially regulated metabolites (Fig. 1E). Major dys-
regulations introduced by SCI were found in metabolites involved in the 
TCA cycle (Fig. 1 F, G). The α5 treatment rescued the levels of TCA cycle 
intermediates malate and succinate, that were impaired in the vehicle 
group, close to the levels found in healthy mice (Fig. 1 F). This suggests 
an increase in oxidative metabolism (see Section 3.2). The glycolytic 
intermediates (glucose, fructose 6-phosphate, glucose 6-phosphate) 
were significantly higher in the vehicle-treated group, possibly as a 
compensatory mechanism consequent to mitochondrial impairment [8, 
34] (Fig. 1 F). High levels of glycolytic intermediates persisted also in 
α5-treated SCI mice, suggesting that energy metabolism, in this condi-
tion, could use both glycolysis and TCA cycle (Fig. 1 F). 

We then performed a pathway enrichment analysis by comparing the 
lesioned α5-treated and vehicle-treated tissues against the healthy group 
(Fig. 1 G). To elucidate the impact of the treatment, we calculated the 
ΔER, which represents the difference between the enrichment ratios of 
the two enrichment sets, confirming that the most significant differences 
were found in the TCA cycle (Fig. 1G). Moreover, we observed differ-
ences in several metabolic processes including the phosphatidylinositol 
signaling pathway, taurine, and hypotaurine metabolism, thiamine 
metabolism, glutathione and oxPPP, and arginine biosynthesis. The 
phosphatidylinositol signaling pathway was highly enriched in the α5- 
treated group (Fig. 1G). Phosphoinositides (PIs) act as signaling mole-
cules in the PI3K/Akt/mTOR cascade, which has a central role in 
cellular metabolism, cell growth, cytoskeletal changes, and actin 
remodeling [35]. Taurine metabolism was activated in the 
vehicle-treated injured spinal cords and further increased in the 
α5-treated mice (Fig. 1F, G). Taurine is synthesized from methionine and 

Fig. 1. Functional metabolic rewiring of the injured spinal cord upon α5 supplementation. A) Schematic drawing of the spinal cord highlighting the site of the lesion 
(T11 vertebra), the 0.5 cm injured fragment (red dashed lines) analyzed by LC-MS, and the perilesional area (blue dashed lines) evaluated for morpho-functional 
studies; the spinal cord section corresponding to the 0.5 cm lesion site was also analyzed in the unlesioned, vehicle-treated healthy mice by LC-MS for compari-
son. B) Timeline of the experimental setting. C) and D) Principal component analysis (PCA) of the metabolites analyzed in the vehicle-treated (green ellipse), α5- 
treated (blue ellipse), and healthy (red ellipse) spinal cord tissues. E) Schematic representation of the results of the 1-way ANOVA analysis (expressed as log10 (p- 
value)) of the metabolites detected by LC-MS (indicated as peak mz/rt). Red dots represent the 32 metabolites - listed in F - significantly modulated in the three 
experimental groups. F) Heatmap showing the mean values – as z-score - of the metabolites differentially regulated within the 3 groups. G) Pathway enrichment 
analysis built by comparing the lesioned α5-treated (red dots) and vehicle-treated (black dots) mice against the healthy group. Enrichment ratio (ER) is shown as dot 
size and ΔER represents the difference between the ER from lesioned α5-treated and the ER from vehicle-treated mice. Data are collected at 14 DPI, N = 6 healthy, 4 
vehicle- and 5 α5-treated mice/group. DPI = day post-injury. Data are expressed as mean ± SEM, statistical analysis was performed with 1-way ANOVA and Tukey 
post hoc test for comparison, * p < 0.05, * * p < 0.01. 

S. Dolci et al.                                                                                                                                                                                                                                    



Pharmacological Research 178 (2022) 106149

5

(caption on next page) 

S. Dolci et al.                                                                                                                                                                                                                                    



Pharmacological Research 178 (2022) 106149

6

cysteine, with a pyridoxal phosphate requiring step [36]; such substrates 
and cofactors are part of the α5 formulation (Table 1) [15]. Thiamine 
metabolism was impaired in the vehicle-treated SCI mice, and it was 
significantly, albeit partially, rescued in the α5-treated group (Fig. 1F, 
G). Glutathione pathway and oxPPP were strongly increased in the 
spinal cords of α5-treated mice (Fig. 1G), suggesting augmented anti-
oxidant defense. Furthermore, following α5 treatment, we observed an 
increase of arginine biosynthesis in the spinal cords of α5-treated mice 
(Fig. 1F, G). Arginine is a key amino metabolite that drives macrophage 

polarization [37,38]. 
These data demonstrated that oral administration of the α5 modu-

lated the injured spinal cord metabolism supporting the restoration of 
TCA cycle intermediates, and metabolic pathways involved in mito-
chondrial OXPHOS, neuroprotection, and inflammatory response. 

Fig. 2. α5 supplementation activated the mTORC1 pathway and improved mitochondrial function in SCI. A) Immunostaining of p-p70S6K+ cells (white arrows) in 
the perilesional spinal cord sections and quantitative analysis performed on B) total nuclei and C) total NeuN+ cells. D) Immunostaining of p-rpS6+ cells (white 
arrows) in the perilesional spinal cord sections and quantitative analysis performed on E) total nuclei and F) total NeuN+ cells. N = 5 mice/group for A-F. G) 
Representative immunoblot of OXPHOS subunits and of the mitochondrial marker VDAC1 of vehicle- and α5-treated lesioned spinal cord sections (see Fig. 1 A). H) 
Quantitative analysis of the immunoblot normalized to the signal of tubulin and expressed as fold-change compared to the vehicle-treated mice (n = 9 mice/group). 
I) mtDNA molecules/ng of DNA extracted from the lesioned spinal cord sections (n = 7–8 mice/group). J) Immunostaining of TOMM20+ spots (white arrows) in 
longitudinal sections of the perilesional spinal cord and K) quantitative analysis. L) TOMM20+/NF200+ coverage and M) quantitative analysis. N = 5 mice/group for 
J-M. N) Basal respiration of mitochondria extracted from the lesioned spinal cord tissues; other parameters include O) ADP-driven respiration (state III), P) uncoupled 
respiration (state IIIu) and Q) ATP-linked respiration (state IVo). The mitochondrial respiration (N-Q) was analyzed on n = 6 vehicle- and n = 8 α5-treated mice. The 
quantifications of TOMM20, Neurofilament-200 and of the coverage of TOMM200/Neurofilament-200 were expressed as percentage of positive area/total area 
considered. Data in A-F and J-M refer to the perilesional area of the spinal cord analyzed at 34 DPI. Data in G-I and N-Q refer to the site of the lesion at 14 DPI. Data 
are expressed as mean ± SEM, statistical analysis was performed with unpaired t-test, * p < 0.05, * * p < 0.01, * ** p < 0.005 and * ** * p < 0.001. Pictures A, D, J, 
L are maximum intensity projections of z-stack confocal images. Scale bars: 10 µm in A, D, J and 5 µm in L. 

Fig. 3. α5 supplementation decreased the oxidative damage and apoptotic marker in SCI at 34 DPI. A) Oxidative damage detected as 8-OHdG+ staining (white 
arrows) in the perilesional spinal cord sections and B) quantitative analysis. C) Representative immunoblot of ACO2 and SOD2 performed in vehicle- and α5-treated 
lesioned spinal cord sections (see Fig. 1 A), and D) and E) quantitative analysis referred to n = 4–5 mice/group. F) Immunostaining of cleaved Caspase-3+ cells in the 
perilesional spinal cord sections and quantitative analysis referred on G) total nuclei and H) total NeuN+ cells; white arrows represent double-positive cells. N = 5–6 
mice/group. Data are expressed as mean ± SEM, statistical analysis was performed by unpaired t-test, * * p < 0.01 and * ** * p < 0.001. Pictures A and C are 
maximum intensity projections of z-stack confocal images. Scale bars: 10 µm in A and C. 

S. Dolci et al.                                                                                                                                                                                                                                    



Pharmacological Research 178 (2022) 106149

7

Fig. 4. Functional metabolic rewiring promoted neuronal survival and a partial motor recovery after SCI. A) Immunostaining of NeuN+ cells in transversal sections 
of the perilesional spinal cord and B) quantitative analysis. C) Immunostaining of NF200+ cells and D) quantitative analysis. E) Cholinergic neurons detected by 
ChAT+ immunostaining and F) quantitative analysis. N = 5–6 mice/group in A-F. G) BMS locomotor score of vehicle- and α5-treated mice, n = 24–25 mice/group. H) 
Linear regression between BMS and neurofilament amounts represented as NF200+ area. I) Schematic score representation of the evaluation of ankle flexibility. J) 
Ankle flexibility score of vehicle- and α5-treated mice (n = 21 and 15 mice/group, respectively). Data are expressed as mean ± SEM, statistical analysis was per-
formed with unpaired t-test (B, D, F) and 2-way ANOVA with repeated measurements (G and J) * p < 0.05, * ** p < 0.005. Picture C is maximum intensity pro-
jections of z-stack confocal images. Scale bars: 500 µm in A and E, 5 µm in C. 

S. Dolci et al.                                                                                                                                                                                                                                    



Pharmacological Research 178 (2022) 106149

8

3.2. α5 supplementation activates the mTORC1 pathway and increases 
mitochondrial OXPHOS metabolism in damaged spinal cord tissue after 
severe SCI 

To assess whether the changes in the injured spinal cord metabolism 
could increase neural cell anabolism and mitochondrial OXPHOS, we 
analyzed specific hallmarks of the mTORC1 pathway, i.e., the phos-
phorylation of the p70S6Kinase (p70S6K) at Thr389 (p-p70S6K), and of 
the 40 S ribosomal protein S6 (rpS6) at Ser235 and 236 residues (p- 
rpS6) [39]. We found an upregulation of the p-p70S6K in the spinal cord 
cells (vehicle-treated group: 1.25 ± 0.13% vs α5-treated group: 1.90 
± 0.12%, p < 0.01) and in NeuN+ neurons of the α5-treated SCI mice 
(vehicle-treated group: 5.80 ± 0.57% vs α5-treated group: 8.10 
± 0.18%, p < 0.01) (Fig. 2A-C). Similarly, the levels of p-rpS6 were 
significantly elevated in the spinal cord sections of α5-treated versus 
vehicle-treated animals (total cells: vehicle-treated group: 3.39 ± 0.45% 
vs α5-treated group: 9.00 ± 1.02%, p < 0.01, n = 4–5 mice/group; 
NeuN + cells: vehicle-treated group: 19.55 ± 2.51% vs α5-treated group: 
31.35 ± 2.64%, p < 0.01, Fig. 2D-F). 

Accordingly, the mitochondrial respiratory chain complex subunits 
NDUFB8 (complex I), SDHB (complex II), UQCRC2 (complex III), MT- 
COI (complex IV), alpha subunit ATP5A (complex V), and the mito-
chondrial outer membrane marker VDAC1 [40] were upregulated in the 
α5-treated compared to vehicle-treated injured spinal cords (Fig. 2 G, 
H). Consistently, the number of mtDNA molecules extracted from the 
injured spinal cord was higher in the α5-treated compared to 
vehicle-treated mice (vehicle-treated group: 2.45 × 105 

± 0.16 × 105 vs 
α5-treated group: 3.18 × 105 

± 0.32 × 105 mtDNA molecules/ng of 
DNA, p < 0.05, Fig. 2I), and the mitochondrial outer membrane marker 
TOMM20 was significantly higher in the longitudinal section of the 
spinal cord tissue of α5-treated compared to vehicle-treated mice 
(vehicle-treated group: 0.22 ± 0.08% vs α5-treated group: 2.48 
± 0.43%, p < 0.001, Fig. 2 J, K), confirming the increased mitochon-
drial mass. Since mitochondria are required for axonal regeneration 
[16], we also quantified the content of axonal mitochondria. The per-
centage of coverage between TOMM20 and the neurofilament marker 
NF200 signals was increased in the α5-treated compared to 
vehicle-treated mice (vehicle-treated group: 0.33 ± 0.06% vs α5-treated 
group: 0.99 ± 0.16%, p < 0.01, Fig. 2 L, M). The markers of mito-
chondrial dynamics were, however, not affected by the administration 
of the α5 (Suppl. Fig. S2A-D), suggesting that, in pathological condi-
tions, oxidative substrates, TCA cycle intermediates, and cofactors 
preferentially support mitochondrial survival and function rather than 
modulate the mitochondrial network [13]. In line with this observation, 
the basal respiration of mitochondria obtained from the lesioned spinal 

cord in the presence of mitochondrial complex I (glutamate and malate) 
and complex II (succinate) substrates was higher in the α5-treated group 
(oxygen consumption rate of vehicle-treated mitochondria: 6.12 ± 0.59 
pmol/min/µg protein vs α5-treated mitochondria: 7.54 ± 0.27 
pmol/min/µg protein p < 0.05, n = 6–8 mice/group, Fig. 2 N), sug-
gesting a more efficient OXPHOS capacity at the basal state. No signif-
icant differences were found in state III, state IIIu and state IVo of 
mitochondrial respiration (Fig. 2O-Q). 

Consistent with the increase of glutathione metabolism and oxPPP 
(Fig. 1H), we found that the reactive oxygen species (ROS) content at the 
site of the lesion, evaluated by 8-OHdG staining, was considerably 
attenuated in the α5-treated group (vehicle-treated group: 4.07 ± 0.37% 
vs α5-treated group: 1.42 ± 0.17%, p < 0.0005, n = 5–6 mice/group, 
Fig. 3 A, B); accordingly the protein levels of Aconitase 2 (ACO2, 
vehicle-treated group: 1.00 ± 0.09 vs α5-treated group: 1.85 ± 0.31, 
p < 0.037, n = 4 mice/group, Fig. 3 C, D) were also increased in the α5- 
treated mice, suggesting a preserved mitochondrial function and 
reduced ROS damage. Moreover, the protein levels of the mitochondrial 
detoxifying enzyme Superoxide dismutase 2 (SOD2) were increased in 
the spinal cord tissues of α5-treated mice, suggesting an increased 
oxidative defense (vehicle-treated group: 1.00 ± 0.66 vs α5-treated 
group: 2.45 ± 0.36, p < 0.08, n = mice/group n = 3–5 mice/group 
Fig. 3 C, E). Accordingly, apoptotic cells, which were detected by the 
cleaved form of caspase-3, were significantly reduced in α5-treated 
spinal cord sections of the perilesional area (0.4 cm above and below the 
site of the lesion; vehicle-treated group: 2.87 ± 0.45% vs α5-treated 
group:1.07 ± 0.15, p < 0.005, Fig. 3 F, G). Similarly, neuronal cell 
apoptosis was significantly reduced in the α5-treated mice (vehicle- 
treated group: 9.90 ± 1.22% vs α5-treated group: 4.80 ± 0.49%, 
p < 0.005, Fig. 3 H). 

Taken together, these results indicated that the administration of 
mitochondrial substrates and cofactors activated the mTORC1 anabolic 
pathway, the OXPHOS metabolism, and ROS defense system in the 
injured spinal cords, effectively preventing neural cell death. 

3.3. α5 supplementation mitigates the damage of the spinal cord tissue 
and promoted partial motor recovery after severe SCI 

SCI disconnects the axons of the corticospinal and the reticulospinal 
tracts from their postsynaptic targets, disrupting the original circuit. The 
neural tissue loss also generates an intense local inflammation which 
determines progressive cyst surrounded by glial/fibrotic scar protecting 
the neural network from further damage [41], but also inhibiting the 
axonal elongation and regeneration [42,43]. 

The degeneration of the spinal cord resulting from the initial me-
chanical injury is followed by a secondary insult that determines further 
destruction of neuronal cells, demyelination, neuronal and axonal loss 
[44]. Therefore, we evaluated the neuroprotective effect of the α5 
treatment in severe SCI. Both the size of the scar-encased cyst (Suppl. 
Fig. S3A, B) and the severity of demyelination (Suppl. Fig. S3C, D) were 
similar between the vehicle- and α5-treated groups. 

The improvement of metabolic and mitochondrial function and the 
reduction of oxidative damage and cell apoptosis suggested a neuro-
protective potential of the α5 treatment. Accordingly, more NeuN+ cells 
(Fig. 4 A) were present in the perilesional spinal cord parenchyma of the 
α5-treated compared to vehicle-treated mice (vehicle-treated group: 
9.46 ± 0.80%vs α5-treated group: 12.03 ± 0.49% p < 0.05, Fig. 4B). 
Similarly, the neurofilament content (NF200), whose expression is 
closely related to the axonal outgrowth and neuronal homeostasis [45] 
was higher in the longitudinal sections of α5-treated spinal cord than in 
those of vehicle-treated mice (vehicle-treated group: 5.10 ± 0.33%, vs 
α5-treated group: 8.00 ± 0.46% p < 0.001, Fig. 4 C, D). Notably, spinal 
motor neurons detected by Choline acetyltransferase (ChAT) 
enzyme-immunostaining were more abundant in the ventral horns of 
α5-treated compared to vehicle-treated mice (vehicle-treated group: 
0.23 ± 0.02% vs α5-treated group 0.35 ± 0.03% p < 0.05, Fig. 4E, F). 

Table 1 
Composition of α5 mixture andtherapeutic dosage used in vivo.  

Composition of α5 mixture % (g/ 
100 g) 

Therapeutic administration (mcg/ 
g/day) 

L-Leucine  31.09  932.7 
L-Lysine chlorhydrate  16.90  507 
L-Isoleucine  10.36  310.8 
L-Valine  10.36  310.8 
L-Threonine  7.25  217.5 
L-Cysteine  3.11  93.3 
L-Histidine  3.11  93.3 
L-Phenylalanine  2.07  62.1 
L-Methionine  1.04  31.2 
L-Tyrosine  0.62  18.6 
L-Tryptophan  2.07  62.1 
Vitamin B1 (Thiamine 

chlorhydrate)  
0.004  0.12 

Vitamin B6 (Pyridoxine 
chlorhydrate)  

0.0038  0.114 

Citric acid anhydrous  8.00  240 
Malic acid  2.00  60 
Succinic acid  2.00  60  
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Altogether, these results indicated that the metabolic modulation of the 
spinal cord favored motor neuronal survival and corticospinal tract 
improvement. 

To evaluate their impacts on motor recovery, we assessed the BMS 
score of α5- and vehicle-treated mice (Fig. 4 G). After SCI, mice under-
went grave disability as indicated by a BMS ≤ 0.5 (Fig. 4 G). The α5- 
treated group exhibited a mild, yet progressive, improvement of the 
locomotor performance compared to vehicle-treated mice, reaching a 
significant and stable partial recovery from 21 DPI (vehicle-treated 
group: 0.81 vs α5-treated group: 1.44, p < 0.05, n = 18–19 mice/group 
Fig. 4 G) corresponding to the movement of the ankle [18]. Interest-
ingly, the progress correlated with the abundance of neurofilaments in 
the longitudinal sections of the perilesional injured spinal cord (Fig. 4H). 
Spasticity - a symptom of the upper motor neuron impairment - is a 
common hallmark resulting from an injury, and it is a major cause of 
disability in individuals affected by a variety of CNS diseases and 
trauma. In our model, the severe injury of the spinal cord was associated 
with the onset of intrinsic tonic spasticity - evaluated through the 
analysis of the assisted movement of the ankle joint (Fig. 4I and Materials 
and Methods, Section 2.4 ) from 21 DPI onwards - which was less severe in 
the α5-treated SCI mice (Fig. 4 J). Collectively, these data showed a 
significant increase in neuronal cell number and partial improvement of 
the motor functions of the α5-treated mice. 

3.4. α5 administration promotes the activation of microglia in the 
perilesional spinal cord 

Following α5 treatment, we observed an increase of arginine 
biosynthesis in the spinal cords of treated mice. Arginine is a key amino 
metabolite that drives macrophage polarization into the pro- 
regenerative M2 phenotype [37,38]. Therefore, we compared the 
microglia/macrophages content in the injured spinal cord and we found 
an increased number of cells expressing the microglia/macrophages 
marker IBA1 in the α5-treated compared to vehicle-treated mice (vehi-
cle-treated group: 6.00 ± 0.70% vs α5-treated group: 9.22 ± 0.81% 
p < 0.05, n = 5 mice/group, Fig. 5 A, B). Since the morphology and 
functions of the immune-inflammatory cells are tightly coupled, we 
quantified the proportion of IBA1+ cells with either ramified (resting), 
or amoeboid (activated) phenotypes [46]. The activated round-ameboid 
IBA1+ cells were significantly increased in the spinal cord parenchyma 
of α5-treated mice (vehicle-treated group: 21.59 ± 1.61% vs α5-treated 
group: 37.29 ± 1.60%, p < 0.01, Fig. 5 C, D). Moreover, the percentage 
of cells expressing the M2 marker CD206 [47] was higher in the spinal 
cord parenchyma of α5-treated mice (vehicle-treated group: 5.07 
± 2.26%, vs α5-treated group: 9.11 ± 0.81% vs p < 0.01, Fig. 5E, F). 

To specifically assess the microglial response, we double-stained the 
spinal cord sections with the microglia-specific marker TMEM119 and 
with the IBA1 marker [48]. We observed that TMEM119/IBA1 
double-positive cells increased in α5-treated injured spinal cord (vehi-
cle-treated group: 1.19 ± 0.20% vs α5-treated group: 3.31 ± 0.78%, 
p < 0.03, n = 5 mice/group, Fig. 5 G, H). Moreover, the 
CD206+/TMEM119+ cells also increased in α5-treated mice, suggesting 
an increase of M2 phenotype (vehicle-treated group: 0.98 ± 0.16% vs 
α5-treated group: 2.83 ± 0.78%, p < 0.048, n = 5 mice/group, Fig. 5I, 
J). However, despite acute (72 h) treatment of microglial cells with α5 
was able to upregulate genes involved in acute inflammation (Cox-2, 
Il-1β, Il-6, Suppl. Fig. S4A) and in microglial phenotypes, (iNos, Arg1 and 
Socs-3, Suppl. Fig. S4A), we observed only minor modification of the 
expression of microglia markers (Suppl. Fig. S4B), and we failed to 
detect any modification in mitochondrial mass (Suppl. Fig. S4C, E), 
OXPHOS metabolism (Suppl. Fig. S4F, G), or the activation of the 
mTORC1 pathway (Suppl. Fig. S4C, D). These results suggested that α5 
administration triggered only a partial metabolic modification of 
microglial cells in vitro. 

Altogether, these data indicated that α5 treatment increased the 
fraction of microglial cells with an activated ameboid phenotype and 

expressing the CD206 marker, suggestive of pro-regenerative M2 traits 
in the spinal cord parenchyma. 

4. Discussion 

In this study, we evaluated the therapeutic effects of increased 
oxidative metabolism in neural tissue after severe contusive SCI. To this 
aim, we chose a SCI model with complete paralysis of the hindlimbs, and 
without spontaneous functional recovery, which we obtained by per-
forming a lesion at the level of the T11 vertebra. This model is clinically 
relevant as it recapitulates one of the most frequent human conditions 
that results after complete SCI [49] which is still incurable and severely 
impacts the quality of life of affected patients. Following injury, the 
neural tissue experiences a dramatic metabolic impairment [5], which 
involves a decrease of energy metabolism [7,8], and a severe reduction 
of precursor availability, including aspartate, glutamate [5], and BCAAs 
[50,51]. 

We aimed to restore the oxidative metabolism in a mouse model of 
severe contusive SCI by a chronic oral administration of the α5 meta-
bolic substrates. We previously tested various compositions in vitro on 
differentiating neural stem cells [15]. We achieved the best results on 
the modulation of mitochondrial metabolism with α5 that, contrary to 
the other mixtures, also contains Kreb’s cycle intermediates malate, 
citrate, and succinate (Table 1) [15]. Hence, we assessed the α5 effects 
on spinal cord metabolism, mitochondrial function, ROS defense system, 
neural cell survival, immune cell activation, and motor recovery. Our 
study was designed as a therapeutic intervention. Therefore, the oral 
administration of α5 started three days after the severe SCI. Although the 
molecular effects of a BCAA-treatment can be maximized by a circadian 
administration [52], we opted for a continuous supplementation of α5 in 
drinking water, as a timely oral gavage may have exposed the injured 
mice to a high risk of fatal lesions. We analyzed the metabolic state of the 
spinal cords at 14 DPI and the tissue histology at 34 DPI. Since the lo-
comotor improvement of the α5-treated group was appreciable in the 
BMS curve at 14 DPI (Fig. 4 G), this time point was selected for 
metabolomics analysis. We reasoned that tardive metabolic evaluation 
of the tissue could have led to the detection of chronic, compensatory 
alteration of the tissue metabolism rather than acute, α5-mediated 
metabolic changes. By contrast, the time point of 34 DPI was selected to 
evaluate the chronic histological changes occurring on the lesioned 
spinal cord upon α5-treatment. 

Metabolomic analysis revealed significant impairment of the cellular 
metabolism following SCI and a substantial decline of the TCA cycle. 
Interestingly, our data indicated a significant upregulation of the 
glycolytic pathway in vehicle-treated spinal cords compared to the 
healthy uninjured group, suggesting the activation of a compensatory 
mechanism to produce ATP in response to the decrease of the TCA cycle. 
In the α5-treated samples, TCA cycle intermediates were restored, sug-
gesting a shift towards a more physiological oxidative metabolism. The 
administered BCAAs and EAAs can feed TCA cycle through anaplerotic 
reactions leading to the production of succinyl-CoA (through the 
breakdown of isoleucine, methionine, and valine), and α-ketoglutarate 
and oxaloacetate by transamination and deamination of any amino acids 
[53]. Indeed, microscale oxygraphy performed on isolated mitochondria 
from the lesioned spinal cords revealed increased basal respiration in the 
α5-treated group, indicating a higher proton current generated by 
mitochondrial respiratory chain enzymes [54]. In addition, we found in 
α5-treated mice an increased number of mitochondria and mitochon-
drial respiratory chain subunits at the site of the lesion (Fig. 2 G-Q), 
including in neuronal cells (Fig. 2 L, M). Consistently, we observed the 
activation of the anabolic mTORC1-signaling cascade in the resident 
spinal cord cells and neurons of the α5-treated mice. The mTORC1 
pathway has an essential role in cellular anabolism, morphogenesis, and 
survival, and it can be activated in the α5-treated injured spinal cord by 
both the direct action of the amino acids, mostly leucine [28,29], 
administered in the treatment, and by the increase of the cellular ATP 
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Fig. 5. Functional metabolic rewiring promoted the activation of the microglia in the perilesional spinal cord. A) Immunostaining of IBA1+ cells and B) quantitative 
analysis. C) Immunostaining of IBA1+ cells with ramified (white arrows) or ameboid (white arrowheads) morphologies. D) Percentage of the IBA1+ cells displaying 
ameboid or ramified morphologies. E) Immunostaining of CD206+ cells and F) quantitative analysis. G) Immunostaining of TMEM119+/IBA1+ cells (white arrows) 
and H) quantitative analysis. I) Immunostaining of CD206+/TMEM119+ cells (white arrows) and J) quantitative analysis. N = 5 mice/group in A-J. Data are 
expressed as mean ± SEM, statistical analysis was performed with unpaired t-test, *p < 0.05, * * p < 0.01, * ** p < 0.005. Pictures C, G and I are maximum intensity 
projections of z-stack confocal images. Scale bars: 500 µm in A and E, 10 µm in C, G and I. 
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content resulting from the increase of oxidative metabolism [15,31]. 
Moreover, the metabolomic analysis indicated an increase of phos-

phatidylinositols in the α5-treated injured spinal cord (Fig. 1H), which 
may also positively regulate the activation of mTORC1 [55], further 
supporting the therapeutic effect of the treatment. These data confirm 
the well-documented [24,32,56–58] mitochondriogenic effects of 
BCAA- and EAA-enriched combinations in vitro and in vivo. However, we 
didn’t observe a mitochondrial network remodeling as we previously 
reported in differentiating neural stem cells (NSCs) in vitro [15]. 
Different concentrations and duration of the treatment, and the impact 
of the pathological environment on in vivo cell behavior may explain 
different effects on mitochondrial response. 

Our data are in line with previous findings which pointed to a critical 
mitochondrial dysfunction following SCI [8,9,16,34], and remarkably 
demonstrate that a functional metabolic rewiring could be exerted in 
severe contusive SCI by oral administration of therapeutic substrates. 

As observed on neuronal cells in vitro [15], the α5 treatment boosted 
the ROS defense system in the lesioned spinal cords. This effect was 
supported by the increased activation of the oxPPP and glutathione 
pathway (Fig. 1 F, H). Reduced glutathione (GSH) takes part in the 
antioxidant defense system and detoxification from mitochondrial ROS. 
The oxPPP branches from glucose 6-phosphate (G6P) to produce 
NADPH, acting as a major regulator for cellular redox homeostasis and 
biosynthesis. Such metabolic changes were accompanied by the reduc-
tion of oxidative damage (Fig. 3 A, B) cleaved caspase- 3 (Fig. 3 C, D) 
and increased cellular survival. Accordingly, α5-treated spinal cords 
preserved a higher number of neurons, including cholinergic neurons 
and also neurofilaments that structurally support the axons (Fig. 4 A-F). 
We found a positive correlation between the amount of NF200 and BMS 
(Fig. 4H), suggesting that the significant, albeit partial, motor recovery 
(Fig. 4 G) may reflect the abundance of neuronal cells and axonal cir-
cuits in the lesioned spinal cord parenchyma. 

The metabolomics analysis also revealed a restoration of thiamine 
and an increase of taurine concentration in the α5-treated injured spinal 
cord. Thiamine is a key cofactor for mitochondrial metabolic enzymes, i. 
e. the oxoglutarate dehydrogenase complex (OGDC) and the pyruvate 
dehydrogenase complex (PDC), which are inactivated in mammalian 
models of traumatic CNS injury [8,59]; its deficiency causes mitochon-
drial metabolic impairment, neural tissue damage, and oxidative stress 
[33]. Taurine is one of the most abundant amino acids in the brain that 
protects the CNS from further impairment after an injury [36]. In 
agreement with previous findings [60,61], we observed increased 
taurine levels in the spinal cords of injured mice, which were further 
enhanced in the α5-treated SCI group. Data from the literature indicate 
that acute taurine treatment may enhance axonal regeneration in a 
lamprey [61] and a murine model of SCI [62]. Altogether, the changes in 
thiamine and taurine further support the neuroprotective effects of the 
α5 mixture. 

Moreover, an increase of several metabolites involved in immune 
modulation was observed in the α5-treated spinal cords. Taurine itself 
may exert neuroprotection through the suppression of microglial M1 
polarisation-mediated neuroinflammation [63], while arginine is a key 
amino metabolite that drives macrophage M2 polarization [37,38]. 
Accordingly, α5-treated samples displayed a relevant increase of acti-
vated microglia population at the site of the lesion, expressing the 
CD206 marker suggestive of pro-resolutive, M2 phenotype. Interest-
ingly, arginine is synthesized by macrophages from engulfed apoptotic 
cells through continuous efferocytosis [38], suggesting that a greater 
clearance of apoptotic cells may occur in the α5-treated lesioned spinal 
cord [64]. The results of the in vitro study showed partial modulation in 
gene expression, without significant changes in the cellular morphology 
or metabolism of microglial cells following α5 administration. This 
could be dependent on i) the dose (α5 at 0.5% w/v in culture medium 
compared to 3 mg/g/day of the in vivo administration); ii) the short 
incubation time (72 h compared to 31 days in vivo); iii) the different 
developmental stage of the microglia (in vitro newborn-derived 

compared to adult microglia in vivo [65]); vi) intrinsic phenotypic dif-
ferences due to the different tissue of origin of the microglia (brain--
derived microglia in vitro compared to spinal cord microglia in vivo 
[66]). These factors could account for the divergences observed between 
the in vivo and in vitro data. Finally, M2-polarised microglia may prefer 
different substrates for oxidative metabolism, including gluta-
mine/glutamate and fatty acids [37,67], that could not be unraveled by 
a standard Mitostress assay. Overall, the results we obtained pointed 
toward a significant upregulation of immune cells in the spinal cord, 
whether this was obtained through a direct or indirect effect of the α5 
mixture on the immune cell’s metabolism may not be concluded. 
However, it is worth emphasizing such relevant effects on immune cells 
obtained by oral administration of metabolic precursors. 

In conclusion, our findings highlight novel and previously unchar-
acterized proof-of-concept observations showing that a therapeutic 
functional metabolic rewiring of the injured spinal cord could effectively 
reduce neural tissue damage, activate the anabolic mTORC1 pathway, 
increase the mitochondrial function, the ROS defense, and microglia/ 
macrophages activation, leading to a partial improvement of motor 
recovery. 
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