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Abstract

Introduction: Spinal cord injury (SCI) is a debilitating condition characterized by primary
mechanical damage followed by secondary injury processes, including inflammation and
gliosis. These complex pathophysiological responses significantly hinder neuronal recovery
and functional restoration. Emerging therapies, such as low-level laser therapy (LLLT), offer
promising avenues for mitigating these secondary effects and promoting repair. This review aims
to explore the pathophysiology of SCI, with a focus on inflammation and gliosis, and to evaluate
the therapeutic potential of LLLT in improving outcomes after SCI.

Methods: A comprehensive literature search was conducted across PubMed, Scopus, Cochrane
Database, Google Scholar, and Web of Science databases to identify studies published from
2000 to 2024. Keywords included “spinal cord injury,” “inflammation,” “gliosis,” and “low-
level laser therapy.” Articles were screened based on relevance, and data were extracted and
synthesized to provide insights into the mechanisms and therapeutic applications.

Results: Inflammation following SCI involves a cascade of cellular and molecular events that
contribute to secondary damage. Gliosis, predominantly driven by astrocytes and microglia,
forms a glial scar that impedes axonal regeneration. While these processes are initially protective,
their prolonged activation exacerbates neural damage. LLLT has shown the potential to
modulate these responses by reducing oxidative stress, promoting anti-inflammatory pathways,
and enhancing neuroprotection. Preclinical studies demonstrate that LLLT improves functional
recovery, reduces gliosis, and supports axonal regeneration, although standardized protocols
and clinical validation remain challenges.

Conclusion: The interplay between inflammation and gliosis significantly influences the
outcomes of SCI. LLLT emerges as a promising therapeutic strategy by targeting these processes
and promoting regeneration. Further research is needed to standardize LLLT protocols and
validate its efficacy in clinical settings, paving the way for improved management of SCI.
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Introduction While the initial mechanical insult constitutes the

Spinal cord injury (SCI) is a devastating condition
that results in significant physical, psychological, and
socioeconomic burdens worldwide. It disrupts the
structural and functional integrity of the spinal cord,
leading to motor, sensory, and autonomic impairments.

primary injury, much of the long-term damage arises
from secondary injury processes. These processes, which
include inflammation and gliosis, exacerbate neuronal
loss and hinder repair mechanisms. Inflammation is
a hallmark of the secondary phase of SCI and plays a
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dual role.'* In neurodegenerative diseases, free radical
production, autophagy, and inflammation are the main
factors causing damage to neurons.”® Closely linked to
inflammation is gliosis, a reactive process characterized
by astrocyte and glial cell activation. While gliosis forms
a protective barrier to prevent the spread of injury, it can
also inhibit axonal regeneration and functional recovery.”
Recent advances in therapeutic interventions have sought
to target these processes to promote healing and improve
outcomes in SCI patients.® One promising approach is
low-level laser therapy (LLLT), a non-invasive treatment
that uses photobiomodulation to modulate cellular
functions.’ By reducing inflammation and influencing the
behavior of reactive glial cells, LLLT has demonstrated
the potential to mitigate the detrimental effects of SCI
and foster neural repair.’ This review explores the
pathophysiology of SCI with a focus on inflammation
and gliosis, highlighting their complex roles in injury
progression and recovery. Furthermore, it examines the
emerging role of LLLT as a therapeutic strategy, with an
emphasis on its mechanisms, preclinical evidence, and
future prospects in managing SCI.

Methods

This review article was conducted following established
guidelines for systematic and narrative reviews. The
process involved a comprehensive literature search,
study selection, data extraction, and synthesis to provide
a detailed overview of SCI, its pathophysiology, and the
therapeutic potential of LLLT.

Search Strategy

A systematic literature search was performed using
PubMed, Scopus, Cochrane Database, Google Scholar,
and Web of Science databases. The search covered
publications up to December 2024 and included both
original research articles and review papers. The
following keywords and Boolean operators were used:
“spinal cord injury” AND (“inflammation” OR “gliosis”)
AND “low-level laser therapy”. Additional terms
such as “SCL” “neuroinflammation,” “astrogliosis,”
“photobiomodulation,” and “regeneration” were included
to refine the search.

The search yielded a total of 326 articles. After removing
51 duplicates, 275 articles remained for title and abstract
screening. Of these, 164 articles were excluded based
on relevance, leaving 111 full-text articles for further
assessment. Following a detailed review, 54 articles met
the inclusion criteria and were included in this study
(Figure 1).

Eligibility Criteria

Articles were included if they met the following criteria:

o Study type: Original research, systematic reviews, or
meta-analyses.

(n=812)

1

| Excluded records (n=583) |

l

| Duplicates removed (n=564) |

|

Manual review of references
(n=441)

|
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| PubMed, Scopus, Web of Science |

(n=315)

|

Full-text articles retrieved
(n=256)
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Data extracted and synthesized
(n=179)

l

Quality assessment completed
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Figure 1. Flowchart of the Systematic Review Search Strategy

o Focus: Studies exploring SCI pathophysiology,
including inflammation and gliosis, or evaluating the
effects of LLLT.

o Language: Published in English.

o Timeframe: Studies published from 2000 to 2024.

o Human and animal studies: Both preclinical and
clinical studies were included.

Exclusion Criteria

o  Studies with insufficient details about mechanisms or
outcomes related to SCI or LLLT.

o Case reports, editorials, or conference abstracts
without full-text access.

Study Selection

All retrieved articles were screened in two phases:

o Title and abstract screening: Initial screening
excluded irrelevant articles based on titles and
abstracts.

o Full-text review: The remaining articles were
reviewed in full to confirm relevance and quality.

Data Extraction

Key data points were extracted from the included studies,

including:

o Study design and population characteristics (human
or animal models).

o SCI pathophysiological mechanisms, with a focus on
inflammation and gliosis.

o LLLT protocols (wavelength, dosage, application
timing, and duration).
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e  Outcomes related to neuroinflammation,
neuroprotection, and functional recovery.

Synthesis of Findings

Data from selected studies were synthesized qualitatively

to:

o Summarize the underlying mechanisms of SCI,
including inflammation and gliosis.

o Highlight the potential therapeutic effects of LLLT.

o  Compare and contrast findings across preclinical and
clinical studies.

Quality Assessment

The quality of the included studies was assessed using

appropriate checklists:

o Preclinical studies: SYRCLE’s risk of bias tool.

o Clinical studies: Joanna Briggs Institute (JBI) critical
appraisal tools.

Results

SCI involves a complex cascade of pathological events
that can be broadly divided into two phases: primary
injury and secondary injury. Understanding these
phases is critical for developing effective therapeutic
interventions." The primary injury occurs at the time of
trauma and involves immediate mechanical damage to
the spinal cord. This includes compression or contusion,
shearing forces, hemorrhage, and ischemia. The primary
injury is irreversible, initiating a series of events that
contribute to secondary injury."”” Secondary injury is a
progressive and prolonged phase that occurs minutes
to weeks after the initial trauma. It involves molecular
and cellular responses that exacerbate the damage
caused by the primary injury. Key components include
inflammatory response, oxidative stress, excitotoxicity,
edema and vascular dysfunction, cell death, gliosis, and
scar formation.”® The pathophysiology of SCI reflects a
balance between protective and detrimental processes.
While some responses, such as inflammation and gliosis,
aim to protect and repair the injured tissue, they can
also exacerbate damage and limit recovery. Addressing
these dual roles is a key challenge in the development of
effective therapies.'>'*

Inflammation Following SCI

Inflammation is a critical component of the secondary
injury phase in SCI. While it plays a role in tissue repair
and debris clearance, excessive or prolonged inflammation
can exacerbate neuronal damage and impede recovery.*®
Immediately after SCI, the damaged tissue triggers a
cascade of inflammatory signals, including the release
of damage-associated molecular patterns (DAMPs)
from necrotic cells. These DAMPs activate immune cells
and initiate the inflammatory response through pattern
recognition receptors (PRRs) such as Toll-like receptors

(TLRs). Within hours of injury, neutrophils infiltrate the
injury site. They release proteolytic enzymes and reactive
oxygen species (ROS) to clear debris but can also damage
healthy tissue. Resident immune cells of the central
nervous system (CNS) become activated and produce
pro-inflammatory cytokines such as tumor necrosis
factor-alpha (TNF-a), interleukin-1 beta (IL-1f), and
interleukin-6 (IL-6).'%'”

As the injury evolves, monocytes and macrophages
migrate to the spinal cord through the compromised
blood-spinal cord barrier (BSCB).' These cells can adopt
distinct phenotypes:

o Pro-inflammatory (M1) macrophages: These cells
exacerbate tissue damage by producing inflammatory
mediators, ROS, and nitric oxide."”

o Anti-inflammatory (M2) macrophages: These cells
promote tissue repair by secreting growth factors
such as transforming growth factor-beta (TGF-B)
and brain-derived neurotrophic factor (BDNF).?

The balance between M1 and M2 macrophages is
critical for determining the outcome of inflammation."

Inflammatory mediators released after SCI orchestrate
the immune response*?:

o Pro-inflammatory cytokines: TNF-a, IL-1f, and IL-6
contribute to neuronal apoptosis, disruption of the
BSCB, and gliosis.

o Anti-inflammatory cytokines: IL-4 and IL-10
counteract inflammation and promote tissue repair.

o Chemokines: Molecules such as CCL2 and CXCL10
attract immune cells to the injury site, amplifying the
inflammatory response.

Inflammation in SCI is a complex process with both
beneficial and detrimental effects. Beneficial effects
include clearing cellular debris and necrotic tissue,
promoting angiogenesis and tissue remodeling, and
activating repair pathways through anti-inflammatory
cytokines and growth factors. Harmful effects are causing
secondary neuronal damage via ROS, disrupting axonal
integrity and myelin sheaths, and contributing to scar
formation and inhibition of axonal regeneration.”* A
deeper understanding of the molecular pathways involved
may help in designing therapies that selectively enhance
the reparative aspects of inflammation while minimizing
its harmful consequences.

Gliosis in SCI

Gliosis is a prominent feature of the secondary injury
phase in SCL.* It is characterized by the activation of glial
cells, primarily astrocytes, microglia, and oligodendrocyte
precursor cells, in response to injury. Gliosis refers
to the reactive response of glial cells to CNS injury.”
Following SCI, glial cells undergo morphological and
functional changes, leading to the formation of a glial
scar.”® Astrocytes are the primary glial cells involved in
gliosis. They undergo hypertrophy and proliferation,
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producing a dense network of processes and extracellular
matrix (ECM) components. Reactive astrocytes secrete
chondroitin sulfate proteoglycans (CSPGs), which inhibit
axonal growth, produce cytokines and chemokines that
modulate inflammation, and express markers such as glial
fibrillary acidic protein (gfap) and vimentin, indicating
activation.””?

The glial scar is a hallmark of chronic gliosis, forming
within days to weeks after SCI. It is composed of reactive
astrocytes, microglia, oligodendrocyte precursor cells,
ECM molecules such as CSPGS, tenascin, and fibronectin
#. While the glial scar serves to contain the injury, it
also acts as a physical and chemical barrier to axonal
regeneration. The scar environment is rich in inhibitory
molecules, including CSPGs, which bind to neuronal
receptors and block axonal growth. The balance between
the pro-inflammatory (MI1) and anti-inflammatory
(M2) states of microglia determines their overall impact
on gliosis.*® Gliosis is an essential but complex process
in SCI. While gliosis plays a critical role in containing
damage and stabilizing the injury site, its inhibitory
effects on regeneration pose a significant barrier to
recovery.”’ Therapeutic strategies that can fine-tune
gliosis, enhancing its beneficial aspects while mitigating
its harmful effects, hold great promise for improving
outcomes in SCI patients.

Low-Level Laser Therapy in SCI

LLLT, also known as photobiomodulation, is an emerging

therapeutic approach for managing SCI. By delivering

low-intensity, non-thermal light to injured tissue, LLLT
stimulates cellular processes that promote repair and
recovery.”” LLLT involves the application of light in the
red to near-infrared spectrum (600-1100 nm) to the site
of injury. The light penetrates tissues and is absorbed by
chromophores, particularly cytochrome c oxidase, a key
component of the mitochondrial respiratory chain.*

Key mechanisms include *3¢ (Table 1):

o Enhanced cellular energy production: Absorption of
light by cytochrome c oxidase increases mitochondrial
activity, leading to elevated ATP production. This
provides energy for cellular repair and regeneration.

o Modulation of ROS: LLLT reduces excessive ROS
levels, preventing oxidative damage while maintaining
signaling functions necessary for healing.

o Regulation of inflammation: LLLT reduces the
production of pro-inflammatory cytokines (e.g.,
TNF-a, IL-1P) and increases anti-inflammatory
mediators (e.g., IL-10), creating a favorable
environment for recovery.

o Neuroprotection: LLLT reduces apoptosis in neurons
and glial cells by modulating signaling pathways such
as the MAPK/ERK and PI3K/Akt pathways.

o Axonal regeneration: LLLT promotes axonal
sprouting and repair by enhancing the expression of

neurotrophic factors like BDNF and nerve growth
factor (NGF).

Studies on animal models and limited clinical trials
have demonstrated the potential benefits of LLLT in SCI:
o Reduction in inflammation: LLLT suppresses

microglial activation and astrocytic gliosis, reducing
the inflammatory response.’”**

o Improvement in functional recovery: LLLT enhances
motor function recovery by promoting neural
plasticity and reducing scar tissue formation.**

o Restoration of BSCB: By modulating vascular
responses, LLLT helps restore the integrity of the
BSCB, reducing edema and secondary damage.*?

o Promotion of angiogenesis: LLLT stimulates the
formation of new blood vessels, improving oxygen
and nutrient delivery to the injured spinal cord.”**

LLLT can be applied at different stages of SCI and in
various settings, and it can reduce inflammation and
oxidative stress to prevent secondary damage in the
acute phase. Also, it enhances axonal regeneration and
functional connectivity in long-term recovery in the
chronic phase. Specific protocols, such as wavelength,
energy density, and duration of therapy, are optimized
based on the stage of injury and the targeted biological
effects.*

While LLLT holds great promise, there are several
challenges. Variability in light parameters (e.g,
wavelength, dosage) across studies complicates the
comparison of results and clinical translation.”” Also, most
evidence comes from preclinical studies, with few robust
clinical trials conducted to date. Finally, the effectiveness
of LLLT in reaching deep spinal cord tissues remains
a concern, especially in severe or chronic SCI cases.®
LLLT represents a non-invasive, promising approach
to addressing the complex pathophysiology of SCI. By
modulating inflammation, promoting neuroprotection,
and enhancing regeneration, LLLT has the potential
to improve outcomes for patients with SCI. However,
rigorous clinical research and protocol optimization are
essential to integrate LLLT into standard SCI treatment
regimens (Table 1).

Discussion

SCI remains a devastating condition with complex
pathophysiology, encompassing primary and secondary
injury processes.”” This review highlights key aspects
of SCI including the inflammatory response, gliosis,
and the potential therapeutic application of LLLT.
While significant advancements have been made in
understanding the mechanisms underlying SCI, effective
treatments that address both inflammation and glial
scarring while promoting neural regeneration are still
lacking. Inflammation is a double-edged sword in SCI
recovery. The early inflammatory response involves the
activation of microglia and infiltration of peripheral
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Table 1. Low-Level Laser Therapy in SCI Studies

Laser
h 1 Findi
Authors Year Wavelength mportant Findings
o SCl rats treated with laser irradiation showed significantly higher functional scores.
Ando et . . . Lo . o ot .
Al 2013 808-nm e Locomotive function notably improved from day 10 post-injury in SCI rats treated with laser irradiation aligned
parallel to the spinal column, compared to those treated with perpendicular linear polarization.
o Rats with spinal contusion treated with LLLT exhibited faster motor recovery.
Paula et . LLLT helped maintain urinary system function and preserved nerve tissue at the lesion site.
2014 780-nm L . . . . .
al* o Treatment showed significant inflammation control and an increase in nerve cells and connections.
. LLLT demonstrated positive effects on spinal cord recovery following moderate traumatic SCI.
Veronez et ° Functional improvements, including enhanced tactile sensitivity, were observed after LLLT at higher fluence levels.
o 2016  808-nm e LLLT reduced lesion volume and regulated inflammation by decreasing CD-68 protein expression.
. Higher doses of LLLT effectively promoted functional recovery and modulated the inflammatory response.
. The combination of LLLT and Chondroitinase ABC (ChABC) significantly reduced cavity size and enhanced
Janzadeh 2017 660-nm myelination and axon density around the lesion.
et al’® . Functional recovery was observed in animals treated with LLLT or ChABC alone, but the combination therapy

yielded superior results.

° LLLT increased the expression of anti-inflammatory cytokines IL-4 and IL-13.

- ) o It demonstrated potential in reducing inflammation, modulating macrophage/microglia polarization, and enhancing
SEHCREIR A7 810-nm neuronal survival.
3 LLLT shows promise as an effective therapeutic option for clinical SCI treatment.
o LLLT significantly reduced TNF-a expression at the lesion epicenter and decreased iNOS expression in the caudal
Kimetal' 2017 850-nm segment. . . ) .
o It modulated inflammatory mediators, promoting motor function recovery after SCI.
. LLLT applied in the acute phase of SCI holds therapeutic potential for neuroprotection and restoring motor function.
Gong et 2018 810-nm  ° Laser treatment inhibited the tissue response to remyelination by suppressing CSPG expression.
al? o It also led to morphological improvements, including reduced glial scar formation and smaller cavity areas.
Moiarad et o LLLT resulted in a reduction of neuropathic pain following SCI.
) 2018 660-nm e Two weeks of LLLT therapy was more effective in reducing neuropathic pain compared to one week of treatment.
al*s Py 8 p p p
o LLLT provided similar pain reduction to Methylprednisolone sodium succinate, without any associated side effects.
o LLLT reduced the expression of M1 macrophage-specific markers and increased the expression of M2 macrophage-
specific markers.
Zhang et 2019 810-m " Forward and reverse experiments confirmed that LLLT activates the PKA-CREB pathway in macrophages, promoting
al” the secretion of neurotrophic factors and stimulating axon regeneration.
o Based on these findings, LLLT shows promise as an effective therapeutic approach for SCI, with potential clinical
applications.
Poorhassan . Immediate application of PBM (photobiomodulation) treatment after SCI offers neuroprotective effects by controlling
ot al 2021 810-nm oxidative stress and inflammation, preventing further damage.
. Photobiomodulation therapy also enhanced functional recovery and reduced cavity formation.
. PBM facilitated motor function recovery, inhibited the activation of neurotoxic microglia and astrocytes, alleviated
Wang et 2021 810-nm neuroinflammation and tissue apoptosis, and increased the retention of neurons after SCI.
al> . Lcn2/JAK2-STAT3 crosstalk plays a role in activating neurotoxic microglia and astrocytes after SCI, and PBM can
suppress this process.
Neshasteh- 2022 660nm The number of treatment days is crucial for improving mobility, but the daily radiation dose plays a more significant
riz et al*® role in pain relief.

immune cells, which play a crucial role in debris clearance
and tissue repair. However, prolonged inflammation
exacerbates neuronal apoptosis and secondary damage.”**
Similarly, gliosis, primarily mediated by astrocytes and
microglia, provides initial protection by stabilizing the
injury site and forming a barrier against further damage.
Yet, the persistent presence of glial scars, enriched
with inhibitory molecules like chondroitin sulfate
proteoglycans (CSPGs), inhibits axonal regeneration and
functional recovery.?* Understanding how to balance
the beneficial and detrimental effects of inflammation
and gliosis is pivotal. Future therapeutic strategies
should focus on shifting the inflammatory response
from a pro-inflammatory (M1) phenotype to an anti-
inflammatory (M2) phenotype, while simultaneously
modulating gliosis to preserve its protective roles and
mitigate its inhibitory effects.””*® LLLT offers a promising
non-invasive treatment strategy for SCI. By modulating
cellular processes at the molecular level, LLLT enhances

mitochondrial activity, reduces oxidative stress, and
promotes the release of neurotrophic factors.”® These
effects collectively support neuronal survival, axonal
regeneration, and functional recovery. Moreover, LLLT
has demonstrated significant potential in modulating
both inflammation and gliosis.”® The suppression of
pro-inflammatory cytokines and the promotion of anti-
inflammatory pathways are critical mechanisms by which
LLLT mitigates secondary injury. Additionally, the ability
of LLLT to reduce astrocytic hypertrophy and CSPG
deposition presents an innovative approach to managing
glial scarring. These dual effects make LLLT a compelling
therapeutic candidate for addressing the multifaceted
challenges of SCL** Current SCI treatments, such as
surgical decompression, pharmacological interventions
(e.g., methylprednisolone), and experimental strategies
like stem cell therapy, focus primarily on either mitigating
inflammation or promoting regeneration.*% LLLT,
however, offers the unique advantage of simultaneously
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targeting inflammation, oxidative stress, and glial

scarring.**® Despite these advantages, the translation of

LLLT into clinical practice faces several challenges. The

variabilityin protocols, such as wavelength, energy density,

and duration, underscores the need for standardization.

Furthermore, the depth of light penetration in human

tissues, particularly in severe or chronic SCI cases, limits

its efficacy and requires further investigation.***

The therapeutic potential of LLLT could be significantly
enhanced by combining it with other treatments. For
instance:

o Stem cell therapy: Combining LLLT with stem cell
transplantation could synergistically promote neural
regeneration and functional recovery.

o  Pharmacological agents: Co-administration of LLLT
with anti-inflammatory or neuroprotective drugs
may amplify its benefits.

o Advanced imaging techniques: Real-time monitoring
of LLLT effects using advanced imaging modalities
could optimize treatment protocols and improve
outcomes.

Furthermore, large-scale clinical trials are essential to
validate the preclinical findings and establish LLLT as a
standard therapeutic option for SCI. Collaborative efforts
between researchers, clinicians, and engineers will be
crucial in overcoming the technical and logistical barriers
associated with LLLT implementation. While preclinical
studies have provided robust evidence supporting the
efficacy of LLLT, the lack of high-quality clinical trials
limits its translation into practice. Additionally, the
heterogeneity of SCI patients, in terms of injury severity,
timing, and comorbidities, poses challenges in designing
standardized treatment protocols. Addressing these
limitations through well-designed, multicenter clinical
studies will be critical for advancing LLLT as a viable
treatment for SCI.

Conclusion

The pathophysiology of SCI is marked by complex
interactions between inflammation, gliosis, and neural
damage, posing significant challenges to recovery. LLLT
emerges as a promising therapeutic approach, offering
multi-faceted benefits by modulating inflammation,
reducing oxidative stress, and managing glial scarring.
While the preclinical evidence is compelling, further
research is needed to refine protocols, enhance efficacy,
and validate LLLT in clinical settings. By addressing these
challenges, LLLT could play a transformative role in the
treatment of SCL
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